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Abstract
RAGE (Receptor for Advanced Glycation End-Products) has emerged as a major receptor that
mediates vascular inflammation. Signaling through RAGE by damage-associated molecular
pattern molecules often leads to uncontrolled inflammation that exacerbates the impact of the
underlying disease. Oligomerization of RAGE is believed to play an essential role in signal
transduction, but the molecular mechanism of oligomerization remains elusive. Here we report
that RAGE activation of Erk1/2 phosphorylation on endothelial cells in response to a number of
ligands depends on a mechanism that involves heparan sulfate-induced hexamerization of the
RAGE extracellular domain. Structural studies of the extracellular V-C1 domain-
dodecasaccharide complex by X-ray diffraction and small-angle X-ray scattering revealed that the
hexamer consists of a trimer of dimers, with a stoichiometry of 2:1 RAGE:dodecasaccharide.
Mutagenesis studies mapped the heparan sulfate binding site and the interfacial surface between
the monomers, and demonstrated that electrostatic interactions with heparan sulfate and inter-
monomer hydrophobic interactions work in concert to stabilize the dimer. The importance of
oligomerization was demonstrated by inhibition of signaling with a new epitope-defined
monoclonal antibody that specifically targets oligomerization. These findings indicate that RAGE-
heparan sulfate oligomeric complexes are essential for signaling and that interfering with RAGE
oligomerization might be of therapeutic value.
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INTRODUCTION
The Receptor for Advanced Glycation End-Products (RAGE) is a promiscuous pattern
recognition receptor that interacts with a variety of ligands. RAGE was first discovered as
the receptor for advanced glycation end-products (AGE) generated by the Amadori
rearrangement of non-enzymatically glycated proteins 1. Additional ligands include many
damage-associated molecular pattern proteins such as S100 proteins and High Mobility
Group protein B1 (HMGB1) that are released from the nucleus or cytoplasm in response to
inflammation or cellular necrosis 2, 3. Activation of RAGE by its ligands often leads to
prolonged inflammation that exacerbate tissue damage in many disease settings, including
diabetes, atherosclerosis, multiple sclerosis, ischemic-reperfusion injury and sepsis 4–8.
Therefore, there is great interest in developing agents to antagonize RAGE signaling as a
way to suppress uncontrolled inflammation.

RAGE is a multi-domain protein consisting of three extracellular immunoglobulin domains
(V-C1-C2, also known as sRAGE), a single transmembrane domain, and a short cytoplasmic
tail 9. The two most N-terminal immunoglobulin domains, V and C1, are responsible for
most if not all ligand binding 10–13. The short cytoplasmic tail lacks intrinsic kinase activity,
but serves an essential role in signal transduction by recruiting adaptor proteins, such as
Diaphanous-1 and Toll-Interleukin 1 Receptor Domain containing Adaptor Protein
(TIRAP), or the extracellular signal-regulated kinase Erk1 14–16. RAGE oligomerization has
been observed in situ at the cell surface using fluorescence resonance energy transfer and
chemical crosslinking17, 18. Immunoprecipitation and in vitro binding assays further support
that RAGE can self-associate 10, 12, 18, 19. Moreover, disrupting oligomerization of
endogenous RAGE with sRAGE results in greatly reduced mitogen-activated protein kinase
phosphorylation and nuclear factor NF-κB activation, suggesting that targeting RAGE
oligomerization might have therapeutic potential 18. Key questions that remain unanswered
concern the mechanism of RAGE oligomerization and the organization of the oligomers.

Here we report that heparan sulfate is an integral part of the functional RAGE signaling
complex and functions by promoting RAGE oligomerization. We show that
dodecasaccharides derived from heparin, a highly sulfated form of heparan sulfate, support
formation of a stable RAGE hexamer, with a stoichiometry of 2:1 RAGE:oligosaccharide.
We further present the crystal structure of the RAGE hexamer in complex with
dodecasaccharides, which is arranged as a trimer of dimers. The solution structure of RAGE
hexamer was also determined by small-angle X-ray scattering (SAXS) and shows a high
degree of agreement with the crystal structure. Finally, these structural insights led to the
successful identification of an epitope-defined monoclonal antibody that inhibits RAGE
signaling by hindering RAGE oligomerization.

RESULTS and DISCUSSION
Endothelial heparan sulfate is essential for RAGE signaling

RAGE is a transmembrane receptor that binds many damage-associated molecular pattern
proteins. Previous studies showed that RAGE on the cell surface exists as an oligomer of
unknown stoichiometry17, 18, but a stable RAGE oligomer has not been reported to form in
vitro, which greatly hinders biophysical characterization of RAGE oligomerization.
Recently, we showed that RAGE exists in a complex with heparan sulfate 20, a ubiquitous
polysaccharide found covalently linked to membrane and matrix proteoglycans. To gain
better insight into the role that heparan sulfate plays in receptor architecture and function,
we first tested a variety of ligands that activate RAGE. Some of these ligands bind to
heparan sulfate (HMGB1, S100A8/A9 and S100A12), whereas others do not (S100b, AGE-
BSA) 21–23. Nevertheless, RAGE signaling by all five ligands depends on heparan sulfate,
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as measured by the loss of Erk1/2 phosphorylation after removal of cell surface heparan
sulfate (Fig. 1). Erk1/2 phosphorylation was chosen as the readout of RAGE signaling
because it is associated with RAGE activation in endothelial cells 7, 20. Thus, the
requirement for heparan sulfate for signaling appears to be an intrinsic property of RAGE.

Heparin-derived oligosaccharide induces a stable RAGE oligomer
To test if heparan sulfate promotes RAGE oligomerization, we mixed recombinant sRAGE
(V-C1-C2 domains) with heparin-derived oligosaccharides of defined size and examined
RAGE oligomerization by size exclusion chromatography (SEC). Heparin is related in
structure to heparan sulfate and thus mimics the behavior of heparan sulfate in most systems.
By itself, sRAGE eluted from the column as a monomer, with an apparent molecular mass
larger than its predicted mass (~41 kDa vs. 32 kDa), presumably due to its elongated
shape 9, 10. However, when we mixed sRAGE with heparin-derived dodecasaccharide
(dp12), sRAGE eluted as a single peak of ~200 kDa (Fig. 2a). The formation of this
oligomer has a strict dependence on the length of the oligosaccharide, as exemplified by a
total lack of oligomerization by heparin decasaccharide (dp10) (Fig. 2a). We also found that
V-C1 domains were sufficient to support the formation of a stable oligomer (Supplemental
Fig. 1a).

We next examined the stoichiometry of the sRAGE/oligosaccharide complex by Isothermal
titration calorimetry (ITC). Fitting of the thermogram for titration of the dodecasaccharide
into sRAGE yielded a dissociation constant (Kd) of 114 ± 18 nM and a stoichiometry of 0.49
± 0.01 (Fig. 2b), suggesting the stoichiometry of the oligomeric complex is two RAGE
molecules to one oligosaccharide. Using multiple-angle light scattering (MALS) coupled
with SEC, we determined the complex has a molecular mass of 196 ± 5 kDa, very close to
the predicted molecular mass of an sRAGE hexamer plus 3 oligosaccharides (202 kDa,
Supplemental Fig. 1b).

Location of the heparan sulfate-binding site of RAGE
To identify the amino acid residues that are responsible for binding of RAGE to heparan
sulfate, a systematic site-directed mutagenesis study of the 22 conserved lysine and arginine
residues in V-C1 was performed (Supplemental Fig. 2). Alanine substitution mutants
showed greatly reduced binding to heparin-Sepharose, displaying a reduction of 50 –110
mM in salt concentration required for elution (Supplemental Table 1). Seven critical
residues were identified in this way, five located in the V domain (K39, K43, K44, R104
and K107), and two located in the C1 domain (R216 and R218, Fig. 2c).

We also found that these mutants showed greatly reduced binding to endothelial heparan
sulfate in solution, and the effect was especially dramatic with double mutants (Fig. 2d).
However, these mutants bound the ligand HMGB1 with a Kd of 8–13 nM (10 nM for wild-
type RAGE) and to S100b with a Kd of 63–90 nM (83 nM for wild-type RAGE)
(Supplemental Table 2). The preservation of HMGB1 and S100b binding affinity suggested
that these ligands and heparan sulfate interact with separate surfaces of RAGE. We also
found that all heparin sulfate-binding mutants displayed substantially reduced hexamer
formation (70–100% reduction compared to wild-type RAGE) when mixed with
oligosaccharide (Supplemental Fig. 3).

Heparan sulfate stabilizes a hydrophobic dimeric interface of RAGE
Examination of the crystal structures of the monomeric RAGE V-C1 domain (PDB-id: 3CJJ
and 3O3U) revealed a hydrophobic patch (P33, V35, L36, V78, L79, P80, F85, L86, and
P87) that is involved in crystal packing between two molecules (Fig. 3a). To test if these
residues mediate oligomerization, we prepared three mutants in the center of the
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hydrophobic patch (V35A, V78A-L79A, F85A-L86A). Remarkably, all three mutants
showed severe defects in hexamerization. The single mutation, V35A, supported partial
hexamer formation when mixed with oligosaccharide, but the majority of the protein eluted
as a broad peak that overlaps with the elution position of the monomer, suggesting that the
oligomer was destabilized (Fig. 3b). The effect was more pronounced with the two double
mutants, V78A-L79A and F85A-L86A, which eluted in SEC exclusively as a broad peak
(Fig. 3b). MALS analysis of the V78A-L79A mutant suggested that the broad peak
contained mostly species with molecular weights in the range of 32 to 70 kD, consistent
with the idea of a monomer/dimer equilibrium (Supplemental Fig. 1b).

All three oligomerization mutants showed wild-type level of binding to both HMGB1 and
S100b (Supplemental Table 2), and eluted from heparin-Sepharose at a similar salt
concentration as wild-type RAGE (Supplemental Table 1). These findings suggested that the
mutants probably maintain wild-type like folding and that the defects in hexamerization
most likely arose due to destabilized hydrophobic interactions between subunits. Based on
the cumulative results, we propose that the basic building block of RAGE oligomers is a
dimmer stabilized by the identified hydrophobic patch.

Examination of the dimer structure (extracted from 3CJJ) showed that two separate heparin
binding sites from each subunit converge into a large positively charged cleft that would
accommodate a negatively charged heparan sulfate oligosaccharide (Fig. 3c). Therefore, it
seemed likely that heparan sulfate might function to stabilize the RAGE dimer. Thus, we
proposed that heparan sulfate binding and the protein-protein hydrophobic interaction are
energetically coupled and that both contribute to the formation of a stable dimer. If this
model were correct, one would expect that alanine mutants of the hydrophobic patch, which
decrease dimer formation, would decrease the binding affinity of RAGE to heparan sulfate.
We tested this idea by measuring binding of V35A and V78A-L79A mutants to
oligosaccharide by ITC. As predicted by the model, V35A, which has a moderate effect on
oligomerization, showed 4-fold lower affinity for dodecasaccharide compared to wild-type
RAGE (400 ± 40 vs. 106 ± 25 nM, Fig. 3d). In comparison, V78A-L79A displayed a 20-
fold lower affinity for dodecasaccharide compared to wild-type (2200 ± 380 vs. 106 ± 25
nM, Fig. 3d). The stoichiometry of binding of RAGE to dodecasaccharide also deviated
from the value of 0.5 observed for wild-type RAGE, giving values of 0.55 and 0.64 for
V35A and V78A-L79A, respectively. These findings support the idea that dimer formation
creates the optimal surface for binding to heparan sulfate.

Crystal structure of mRAGE in presence of oligosaccharide
To obtain deeper insight into the oligomerization of RAGE, mouse RAGE V-C1 (mV-C1)
was crystallized in complex with dodecasaccharide. The structure was determined at a
resolution of 3.5 Å (Fig. 4a and Supplemental Fig. 4) in space group P4132 with one
molecule of mV-C1 in the asymmetric unit (Supplemental Table 3). Lattice packing
revealed dimeric interactions between symmetry related V domains similar to that seen in
the lattice packing of human RAGE V-C1 (hV-C1, PDB-id 3CJJ). The same dimeric
interactions were also present in recently deposited structures of hV-C1 in the presence of
DNA (PDB-id 3S58 and 3S59). The overall fold of mV-C1 closely resembles that of hV-C1
with an RMSD of 0.98 Å over 176 residues. One difference exists: residues P213–R228 of
the terminal strand of the C1 domain form a strand swap with a neighboring hexamer in the
mV-C1 crystal lattice. In our structure, three dimers come together to form a hexamer with
the V domains situated in the center forming a hub and the C1 domains extending outward
like six spokes resembling a wheel. This arrangement differs from crystal packing in
previously reported V-C1 structures obtained in the absence of heparin.
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Although the electron density maps reveal no clear density for a bound dodecasaccharide,
there are regions of discontinuous difference density within the proposed heparan sulfate
binding cleft (Supplemental Fig. 5a). The absence of clearly defined density suggests the
dodecasaccharide is bound heterogeneously to V-C1. Interestingly, superposition of the
DNA bound hV-C1 structure (PDB-id: 3S59) with the crystallographic dimer of mV-C1
reveals many residues that make contact with the DNA (K39, K43, K107, R216, and R218)
are very near the regions of positive difference density in the mV-C1 structure supporting
their role in dodecasaccharide binding (Supplemental Fig. 5b). In the DNA bound crystal
structure there is a gap of ~20 Å and four base pairs across the dimerization interface where
there are no hydrogen bond interactions with the DNA. The lack of interactions in this
region could contribute to the disorder of the less rigid polysaccharide to mV-C1.

The crystal structure of the hexameric complex is consistent with previous RAGE ligand
binding studies in that the proposed S100b, AGE and lysophosphatidic acid binding surface,
which includes K52, R98 and K110, is exposed to solvent (Fig. 4b) 10, 13, 24. The
architecture of the hexamer indicates that the three dimers are tethered together by
interacting with each other within the core of the hexamer. Unfortunately, the majority of a
key loop (65SPQGGGPWDS74) that is centrally located at the interface is disordered. The
conformations of this loop are different among three crystal structures of isolated RAGE V-
C1 (3CJJ, 3S59 and 3O3U), which suggests that the loop is flexible 25. The loop is
presumably involved in inter-dimer interactions. A conserved D73 residue (D72 in mouse) is
located at the end of the disordered loop (Fig. 4b). The alanine mutant of this residue was
detrimental to formation of the hexamer (Fig. 4c), consistent with the possible role of D73 as
a hexamer stabilizer.

The crystal structure shows clearly that the dimer is the basic building unit of the RAGE
hexamer. The dimer possesses four discrete functional surfaces with almost no overlap. The
flat ligand binding surfaces are located at the ends of the V domain. The hydrophobic
dimerization interface is embedded centrally in the core of the dimer. The heparan sulfate-
binding residues line a positive cleft between dimer-related subunits. The residues involved
in inter-dimer interactions lie on the opposite side of the heparan sulfate-binding surface
(Fig. 3a and 3c). In the absence of heparin, RAGE does not dimerize in solution, suggesting
that the hydrophobic interactions at the dimer interface must be too weak to sustain a dimer
without an additional stabilizing factor. The small hydrophobic dimer interface is only 300
Å2, much less than the 1200 – 2000 Å2 interface commonly found at protein–protein
interfaces 26. Our mutational data indicates that hydrophobic and electrostatic interactions
work synergistically to stabilize the dimer interface.

SAXS analysis of RAGE hexamer in solution
The technique of small angle x-ray scattering was used to assess whether the structure
observed in the crystalline state is retained in solution. The scattering profile, I(q), of V-C1
and the V-C1/oligosaccharide complex and the sRAGE/oligosaccharide complex reveals
well-folded architecture, since plots of I(q) vs. q reveal the fine structure expected for
relatively fixed spatial arrangements of domains (Fig. 5a) 27, 28. The distance distribution
function, P(r), and Guinier plot was determined for all three data sets, from which real space
RG values were extracted (Fig. 5b and Supplemental Table 4). MW estimations of the
complexes based on scattering curves are also consistent with hexamer (Supplemental Table
4).

The theoretical scattering curve back-calculated from the crystal structure of hexameric V-
C1 domain displays good agreement with the experimental scattering curve with a value of
2.5 for the Chi fitting parameter (Supplemental Fig. 6). The experimental and simulated
curves exhibit excellent overlap up until q = 0.1, which suggests the two structures have
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similar overall shape but that the average conformation in solution is different from the
crystal structure. This observation is consistent with isolation of a specific low-energy
conformation in the crystal from the ensemble of structures that are populated in solution.

We further generated low-resolution models of the complexes using the ab initio envelope
reconstruction program GASBOR. The average GASBOR model of multiple runs based on
P3 symmetry is presented in Fig. 5c (V-C1 complex) and 5d (sRAGE complex). The overall
shape of V-C1 hexamer model bears striking similarity to our crystal structure, most notably
the discrete representation of the six spokes that correspond to the C1 domains. Alignment
of the GASBOR envelope of V-C1 hexamer to the crystal structure using SUPCOM showed
a high degree of agreement (ρf = 1.02, Fig. 5c). The GASBOR envelope of the sRAGE
hexamer closely resembles that of the V-C1 hexamer, except that additional density is
visible at the tip of the spokes. This additional volume nicely accommodates the C2 domains
as shown in Fig. 5d.

The combined results of the SAXS and crystallographic studies reveal that RAGE exists as a
hexamer in the presence of heparan sulfate. This configuration resembles a wheel-like
structure with the V domains forming the central hub, the C1 domains forming the spokes of
the wheel, and the C2 domains forming a rim at the periphery. Although we lack conclusive
evidence for oligosaccharide binding in the crystal, the lack of crystal formation in the
absence of dodecasaccharide (under identical crystallization conditions) and positive
difference-electron density in solvent channels of the crystal suggests the presence of
heparin.

Our structural characterization of RAGE oligomerization provides insight relevant to how
RAGE transduces signals across the cell membrane. Our data indicate that the RAGE
hexamer lies parallel to the cell surface, with one or more heparan sulfate chains arrayed
around the perimeter. In this orientation, the ligand-binding residues on the V domain (K52,
R98 and K110) are fully exposed and would be available for ligand binding. It was reported
that S100b interact with this basic surface by electrostatic interactions possibly through a
negatively charged surface 10. In addition, S100b forms oligomers and an octamer structure
of S100b has been reported 12. Interestingly, the diameter of the octameric S100b matches
quite well to the center hub formed by the V domains (Supplemental Fig. 7), suggesting that
S100b could interact with RAGE in a multivalent manner. This orientation would also allow
the C2 domains, which are connected to V-C1 through a flexible loop, and the
transmembrane domains to orient perpendicular to the hexamer. We propose that such
arrangement poises RAGE in a functionally ready state for signaling.

RAGE is an example of a growing number of receptors that depend on heparan sulfate for
activity, which includes fibroblast growth factor (FGF) and vascular endothelial growth
factor (VEGF) receptors. Although RAGE bears many structural similarities to these
receptors, it is unique in that the formation of RAGE hexamer depends only on heparan
sulfate and exists in the absence of ligand, whereas the functional forms of FGF and VEGF
receptors depend on ligand-induced dimerization and association with heparan sulfate 29–32.
These differences highlight the versatility of the heparan sulfate in regulating receptor
activation. Notably, our study stresses that heparan sulfate can function entirely at the
receptor level, without having to directly interact with its cognate ligands. Historically most
heparan sulfate-binding receptors were only discovered after their heparan sulfate-binding
ligands were known. We now need to reexamine the possibility that many more receptors
exist that depend on direct interaction with heparan sulfate for activity.
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Targeting RAGE oligomerization with mAbs
Our characterization of the receptor complex suggested that disrupting RAGE
oligomerization might block RAGE signaling. In fact, this mode of inhibition might be a
more universal way to block RAGE signaling because it should affect signaling by most if
not all RAGE ligands. To test this hypothesis, we generated a collection of rabbit mAbs
against mouse RAGE V-C1 domain. Ninety mAbs were identified and mapped against the
various mutants of RAGE, which led to the identification of one mAb (H4) that specifically
targets the hydrophobic interface. Binding of H4 to RAGE depends on amino acid residues
I77, L78, L84 and L85 (mouse homologues of human V78, L79, F85 and L86). Double
mutants involving these residues showed 50- to 70-fold reduction in affinity of the
mAb:RAGE interaction (Fig. 6a), which suggests that H4 most likely directly targets the
hydrophobic dimerization interface (a schematic view of the postulated H4:RAGE
interaction is shown in Fig. 6b). mAb H4 has an extremely high affinity for mouse RAGE
with a Kd of 23 pM, and it cross-reacts with human RAGE with a Kd of 0.9 nM. As
predicted, binding of mAb H4 to RAGE did not interfere with ligand binding (consistent
with the location of the ligand binding site on the opposite side of the V domain; Fig. 6b),
whereas a rabbit polyclonal antibody substantially inhibited both HMGB1 and S100b
binding (Fig. 6c). These properties allowed us to directly test the effect of blocking RAGE
oligomerization on RAGE signaling. When primary human endothelial cells were stimulated
with either HMGB1 or S100b in the presence of mAb H4 at 5 µg/ml, ERK1/2
phosphorylation was completely abolished (Fig. 6d). The inhibition of signaling by this
oligomerization-specific mAb suggests that RAGE oligomerization is an important part of
signaling. Pharmaceutical inhibition of RAGE oligomerization might therefore be a feasible
approach for inhibition of RAGE signaling in pathological conditions.

Most receptors require oligomerization for activity, suggesting that drug-like compounds or
mAbs that target subunit interfaces could be a viable strategy for therapeutic intervention.
Indeed, several tumor suppressing mAbs (Cetuximab and Matuzumab) abrogate EGF
receptor signaling by preventing receptor dimerization 33, 34. Similarly, a mAb that inhibits
FGFR3 dimerization has proven effective in inhibiting FGFR3 signaling in several tumor
models 35. Our development of an inhibitory mAb targeted to the dimer interface represents
another example of effective targeting of receptor oligomerization. Theoretically, mAbs that
specifically interfere with heparan sulfate binding would achieve the same effect by
inhibiting formation of RAGE hexamers. Our success with this strategy might serve as a
paradigm for developing mAbs to target other heparan sulfate-binding proteins that depend
on heparan sulfate for oligomerization. Moreover, our experience with the dimer interface-
specific mAb strongly suggests that the oligomerization interface could be explored as a
target for computer-based virtual screening and drug design.

METHODS
Protein expression

The production of recombinant sRAGE and site-directed mutagenesis is described in
Supplemental Methods.

Immunoblotting
Human dermal microvascular endothelial cells (HDMVEC, Lonza) were serum starved in
DMEM for 5 hr prior to treatment with HMGB1 (50 ng/ml) 20, S100A8/A9 or S100A12 (5
µg/ml, gifts from Geetha Srikrishna), bovine S100b or AGE-BSA (5 µg/ml, EMD
Biosciences). Selected samples were pretreated with heparin lyases as described 20. Cells
were lysed and resolved by SDS-PAGE and blotted with antibodies to Erk1/2 and phospho-
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Erk1/2 (Cell Signaling). Bands were visualized on an Odyssey Infrared imaging system (Li-
Cor).

Analytical size exclusion chromatography (SEC)
Purified sRAGE monomer (100–200 µg) and size-defined heparin-derived oligosaccharides
(Iduron) were incubated in 20 mM Tris, 200 mM NaCl, pH 7.7 at room temperature
overnight. The complexes were resolved on a Superdex 200 SEC column (size 10/300 mm
or 10/420 mm, GE Healthcare) or a SRT SEC-300 HPLC column (7.8/300 mm, Sepax).
Disaccharide analysis provided by Iduron states that the tri-sulfated disaccharide (I2S6)
represents about 75% of the disaccharides in the dodecasaccharide. The rest of the
disaccharide species are mostly di-sulfated (I0S6 or I2S0). The method for SEC-MALS is
described in Supplemental Methods.

Isothermal Titration Calorimetry (ITC)
ITC was performed on a MicroCal VP-ITC at 25 °C. Titrations were performed by injecting
10 µl (for a total of 28 injections) of 60 or 80 µM dodecasaccharide into 10 µM protein in the
sample cells. Both solutions were dialyzed into 20 mM Tris, 150 mM NaCl at pH 7.7 prior
to the experiment. Data were analyzed using Origin software (5.0) assuming single-site
binding.

Heparin-Sepharose Chromatography
Purified RAGE mutants (200 µg) were applied to a 1-ml HiTrap heparin-Sepharose column
(GE Healthcare) and eluted with a salt gradient from 150mM to 1M NaCl at pH 7.2 (HEPES
buffer). The conductivity measurements at the peak of the elution were converted to the
concentration of NaCl.

Nitrocellulous filter binding assay
Recombinant wild-type sRAGE or mutants (500 ng) were incubated with 10,000 counts
of 35S-labeled microvascular endothelial lung heparin sulfate in 100 µl of PBS for one hour
at 22 °C. The mixtures were applied to a pre-washed nitrocellulose membrane in a Bio-Rad
96 well blot apparatus and washed with 100 µl of PBS twice. Free [35S]heparan sulfate
passed through the membrane and only the portions that bound to protein were retained. The
membrane was eluted with 0.5 ml of HEPES buffer containing 1 M NaCl. Released
[35S]heparan sulfate was measured by liquid scintillation counting. The extent of binding
was quantified by dividing the counts retained by the membrane by the total input counts.

X-ray crystallography
Mouse RAGE V-C1/dodecaccharide complex was concentrated to 10.25 mg/ml in 20 mM
Tris, 100 mM NaCl, at pH 7.7. Crystals were obtained by vapor diffusion using the hanging
drop method by mixing 2.0 μL of the complex with 2.0 μL of 0.1 M Tris pH 8.5, 200 mM
MgCl2, and 22% PEG 400. For data collection crystals were flash frozen in liquid nitrogen
and placed into a stream of liquid nitrogen gas cooled to −180 °C. Diffraction data were
collected to 3.5 Å on the Southeast Regional Collaborative Access Team 22-ID beamline at
the Advanced Photon Source, Argonne National Laboratory. The structure was determined
by molecular replacement in Phenix with the hRAGEV1C1 domain (pdb id code= 3CJJ) as
the starting model 36. Refinement and model building were carried out using Phenix and
COOT respectively 36, 37.

SAXS data acquisition
Scattering data were collected at the beamline 12.3.1 at the Lawrence Berkeley National
Laboratory. Monodisperse sRAGE/dodecasaccharide and V-C1/dodecasaccharide
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complexes purified by SEC were concentrated to 1, 3, and 6 mg/ml in a buffer containing 20
mM Tris, 200 mM NaCl, 1% glycerol at pH 7.7. The scattering profile of each sample was
collected with 3 exposures (0.5, 1 and 6 sec). SAXs data analysis is described in
Supplemental Methods.

Rabbit monoclonal antibody (mAb)
Rabbits were immunized with mouse RAGE V-C1 domain. After the desired titer was
obtained, the anti-serum was purified by immobilized RAGE to obtain the polyclonal anti-
RAGE IgG. Splenocytes derived from the rabbits were fused with rabbit plasmacytoma cells
240E-W2 at Epitomics Inc. We screened 4,000 clones and obtained 90 positive clones by
antigen binding ELISA (Supplemental Methods). Positive clones were subjected to epitope
mapping by direct ELISA using immobilized heparan sulfate-binding mutants and
dimerization mutants of RAGE. Mutants that showed reduced binding affinity to a given
mAb compared to the wild-type RAGE defined residues that are part of the epitope. Rabbit
mAb H4, which blocks the oligomerization of RAGE, was purified by Protein A
chromatography from hybridoma supernatant.

Accession Codes
Coordinates for the RAGE V-C1/dodecaccharide complex structure have been deposited
with the Protein Data Bank under the accession code 4IM8.
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Figure 1. Endothelial heparan sulfate is required for RAGE signaling
Erk1/2 phosphorylation of primary human endothelial cells was measured by
immunoblotting before (lane 1) and after stimulation by RAGE ligands (lanes 2–12). In lane
2, endothelial cells were stimulated for 15 min with a mutated form of HMGB1 that does not
bind heparan sulfate. Cells were stimulated with wild-type HMGB1 (lanes 3 and 4), S100B
(lanes 5 and 6), AGE-BSA (lanes 7 and 8), S100A8/A9 (lanes 9 and 10) or S100A12 (lanes
11 and 12). Selected samples were treated with heparin lyases I, II and III for 15 min prior to
adding ligand as indicated.
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Figure 2. Heparin-derived dodecasaccharides induce a stable oligomer of RAGE
(a) Mixtures of sRAGE and heparin-derived decasaccharides or dodecasaccharides were
resolved by SEC. (b) Binding of dodecasaccharides was monitored by isothermal
calorimetry by titrating sRAGE with dodecasaccharide. (c) Cartoon representation of RAGE
V-C1 domain (PDB-id: 3CJJ). Amino residues demonstrated to interact with heparan sulfate
are shown in stick representation (gray). (d) Binding of wild-type and various RAGE
mutants to 35S-labeled endothelial heparan sulfate as determined by filter binding assay (n =
3, error bars represent the standard deviation). The extent of binding was quantified by
dividing the counts retained by the membrane by the total input counts.
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Figure 3. A hydrophobic dimeric interface is stabilized by heparin
(a) Cartoon diagram of the V-C1 dimer (salmon and green) showing the proposed dimeric
interface (gray surface) deduced from the crystal structure of hRAGE V-C1 (pdb-id: 3CJJ).
The relevant hydrophobic residues are shown in stick representation. (b) Mutants of sRAGE
were incubated with oligosaccharide at 1:1 molar ratio and the mixtures were resolved by
SEC. (c) The proposed heparan sulfate binding cleft of the dimer. Monomers are shown in
green or salmon. Amino acid residues that bind to heparan sulfate are shown in stick
representation on the corresponding monomer. A space-filling model of the
dodecasaccharide is modeled into the binding cleft (carbon in cyan, oxygen in red, nitrogen
in blue and sulfate in yellow). The hydrophobic interface between the dimers is represented
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as a grey molecular surface. (d) Binding of dodecasaccharide to wild-type, V35A or V78A-
L79A RAGE V-C1 domain was assessed by Isothermal calorimetry.
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Figure 4. Crystal structure of the RAGE hexamer
(a) Stereo view of the cartoon representation of the crystal structure of the hexameric
mRAGE V-C1 domain. The three dimmers are colored in green and cyan, yellow and
orange, and salmon and magenta, respectively. Dodecasaccharides (in sticks) were modeled
into the heparan sulfate binding clefts based on the observed sugar density in the crystal
structure. The C-terminal strands, involved in the strand-swap, from neighboring molecules
in the crystal are displayed to give a canonical view of the C1 domains. (b) The central part
of the hexamer consisting of the V-domains is shown. Residues involved in ligand binding
(K52, R98 and K110) are shown as ball and stick model and are located at the surface of the
hexamer. The aspartic acids at position 73 of each monomer are oriented inward at the core
of the hexamer. (c) D73A mutant or wild-type sRAGE were incubated with oligosaccharide
at 2:1 molar ratio and resolved by SEC.
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Figure 5. Solution structure of RAGE oligomer
(a) Raw SAXS scattering curves of the monomeric V-C1 domain, the hexameric V-C1
domain/dodecasaccharide complex and the hexameric sRAGE/dodecasaccharide complex.
(b) P(r) pair function analysis of the scattering curves. Profiles are colored as in (a). (c) The
GASBOR generated ab initio model of hexameric V-C1 is shown in gray and is
superimposed on the crystal structure of V-C1 hexamer shown in green. (d) An ab initio
model of hexameric sRAGE superimposed with the crystal structure of V-C1 hexamer
(green) and the structure of C2 domain (PDB: 2ENS, salmon) is shown.
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Figure 6. Targeting the oligomerization interface with a mAb blocks RAGE signaling
(a) Binding of anti-RAGE rabbit mAb H4 to immobilized wild-type mRAGE V-C1 domain,
I77A-L78A (mouse equivalent of human V78A-L79A), and L84A-L85A (mouse equivalent
of human F85AL86A) mutants were determined by ELISA. (b) Postulated binding model of
H4 to RAGE. Fab fragment (PDB-id: 3GRW) of IgG is shown as surface representation
with light chain in green and heavy chain in yellow. V-C1 is shown as cartoon in salmon.
Also shown are the hydrophobic dimerization interface (gray surface), heparan sulfate
binding residues (sticks) and ligand binding residues (spheres). (c) Binding of biotinylated
mRAGE V-C1 domain to immobilized HMGB1 or S100b was measured in the absence or
presence of anti-RAGE rabbit polyclonal Ab (polyAb) or H4 (both at 5 µg/ml). The
percentage of inhibition was determined by comparing the absorbance value to standard
binding curves of mRAGE V-C1 to HMGB1 or S100b. n = 3, the error bar represents SD.
(d) Immunoblot analysis of Erk1/2 and phosphoErk1/2 in human endothelial cells after

Xu et al. Page 18

ACS Chem Biol. Author manuscript; available in PMC 2014 July 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



stimulation with HMGB1 or S100b. Cells were pre-incubated with non-specific rabbit IgG,
H4, or anti-RAGE polyAb at 5 µg/ml for 30 min prior to stimulation.
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