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ABSTRACT. The receptor for advanced glycation end products (RAGE) is an important cell surface receptor
being pursued as a therapeutic target because it has been implicated in complications arising from diabetes
and chronic inflammatory conditions. RAGE is a single membrane spanning receptor containing a very
small ~40 residue cytosolic domain and a large extracellular region composed of 3 Ig-like domains. In
this study, high level bacterial expression systems and purification protocols were generated for the
extracellular region of RAGE (SRAGE) and the five permutations of single and tandem domain constructs
to enable biophysical and structural characterization of its tertiary and quaternary structure. The structure
and stability of each of these six protein constructs was assayed by biochemical methods including limited
proteolysis, dynamic light scattering, CD, and NMR. A homology model of SRAGE was constructed to
aid in the interpretation of the experimental data. Our results show that the V and C1 domains are not
independent domains, but rather form an integrated structural unit. In contrast, C2 is attached to VC1 by
a flexible linker and is fully independent. The interaction with a known RAGE ligané;<S400B, was
mapped to VC1, with the major contribution from the V domain but clearly defined secondary effects
from the C1 domain. The implications of these results are discussed with respect to models for RAGE
signaling.

The receptor for advanced glycation end products (RAGE) extracellular portion of RAGE (SRAGE) is present in human
is a member of the immunoglobulin (Ig) superfamily of cell serum, although its specific biological function is under
surface receptord(2). RAGE stimulates physiological and  debate {5, 16).

pat_hologic_al effgcts through interag:tion with a diverse set Tpe ligand promiscuity of RAGE is provocative, implying
of ligands including advanced glycation end products (AGEs) 5 range of potential effects on human healt#, (.8). AGEs
(3—7), amyloid-fibrils 8—10), amphoterin (HMG1)11), and lead to oxidative stress and complications of diabetes such
members of the S100 protein familg2—14). The soluble as cardiovascular disease and blindnek). (Amyloid-3
peptide leads to neurotoxicity associated with Alzheimer’s
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hydrophobic binding pocket that mediates protgamotein
interactions 80—32). Additionally, all S100 proteins are
minimally homodimeric but some heterodimeriZ8) and
many appear to form higher order homo- and hetero-
oligomers 84, 35).

Oligomerization is a common mechanism for activation
of a cell surface receptor, and many lg-like proteins are
known to oligomerize ¥6). However, analytical ultracen-
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thrombin cleavage site. Creation of a human S100B expres-
sion vector in pGEMEX, which produced protein of wild-
type sequence, was described previoudB).(Three Cys—
Ser mutants of human S100B (C84S, C68S, C68S/C84S)
were produced in the pPGEMEX expression vector using the
QuickChange strategy (Strategene).

Protein Expression and PurificatiorRAGE fragments
were overexpressed iBscherichia colistrain OrigamiB-

trifugation has been used to show that bacterially expressedCE3) (Novagen) grown at 37C to ODsoo ~0.8, adjusted

SRAGE is monomeric37). The lack of intrinsic SRAGE
oligomerization is consistent with the initial purification of

RAGE (2) and has been corroborated by studies with mouse

RAGE and recombinant sRAGE from yeas38( 39).
Although these studies all point to monomeric SRAGE, it
should be noted that no information exists on the oligomeric

state of the intact receptor in a membrane environment. The

identification of S100 protein as RAGE ligands is intriguing

in this context, as these may provide a means for ligand-

induced receptor oligomerization.

Knowledge of the structure of RAGE is important for
understanding how it is activated and functions in cellular
signaling. RAGE is composed of a large extracellular ligand-
binding region with three Ig-like domains (one V-type and

to 20°C for 30 min, induced with 0.5 mM IPTG, and allowed
to express for 46 h. Cells were lysed at 4C in 20 mM
Tris-HCI, 20 mM imidazole, 300 mM NacCl at pH 8.0 in the
presence of lysozyme (5 mg/mL), followed by sonication
(5 min with a 50% duty cycle). Clarified lysate was initially
purified on His-Select (Sigma) resin equilibrated in the lysis
buffer and eluted wit a 4 column volume (CV) linear
gradient to 20 mM Tris-HCI, 300 mM imidazole, 300 mM
NaCl at pH 8.0. Following dialysis, the Hitag was removed
by thrombin cleavage (32 units per mg of protein)
incubated at room temperature for-2 h followed by
separation over SourceQ (C2) using 20 mM Tris-HCI at pH
7.7 and a 18 CV linear gradient from 06 . M NacCl or
MonoS (sRAGE, VC1, C1C2, V, C1) using 20 mM sodium
phosphate at pH 6.0 and a 18 CV linear gradient from 150

two C-type, assigned based on sequence homology), a shorfy 850 mM NaCl (GE Healthcare). The Hitag was not

transmembrane helix, and a highly acidic intracellular domain
essential for RAGE signaling4(). Structures of Ig-like
domains reveal predominateBrsheet secondary structure
folded into a two sheep-sandwich and are classified
according to the number and organizatiorpestrands 41).

A conserved pair of cysteines, which form a disulfide bond
between the two sheets, is frequently present in Ig-like
domains.

Understanding the structural organization of RAGE and
receptor-ligand interactions is a necessary step toward
elucidating the molecular basis for RAGE function. In this
study we focus on characterizing the structure of SRAGE
and its interactions with an S100 protein ligand, S100B, using
a variety of biochemical and structural methods. A series of

cleaved from C1 or C1C2 due to observation of secondary
cleavage. The amino acids Gly-Ser-His-Met remained at the
N-terminus after thrombin cleavage.

The expression system for human S100B in pGEMEX
vector was described previousK2j except Luria broth (LB)
was used in place of DYT. Cells were resuspended in 20
mM Tris-HCl at pH 7.7 and lysed at4C in the presence of
lysozyme (5 mg/mL) followed by sonication (5 min with a
50% duty cycle). Purification of samples involved an initial
step of DEAE ion exchange chromatography, equilibrated
in 20 mM Tris-HCl at pH 7.7 and eluting bound protein using
a linear gradient from Qot1 M NaCl. This was followed by
Superdex 75 gel filtration in 20 mM Tris-HCI, 0.1 mM
EDTA at pH 7.7. C84S, C68S, and a double C68S/C84S

SRAGE constructs were prepared and used to characterizenutant of S100B were purified the same as wild-type.

its structure and interactions with S100B. In addition, a
structural model for SRAGE was constructed to aid in the
interpretation of the data in terms of models for RAGE
signaling.

MATERIALS AND METHODS

Molecular Biology. Bacterial expression vectors were
produced for human sRAGE (GenBank accession no.
NM_001136) and its five single and tandem domain
fragments (V, C1, C2, VC1, C1C2). The initial SRAGE DNA

was extracted from baculovirus-infected insect cells gener-

ously provided by Dr. Ann Marie Schmidt (Columbia
University, New York, NY). DNA fragments were PCR
amplified with primers containing '‘5Ndd and 3 Xhd

Samples ot*N-enriched SRAGE and S100B proteins were
produced as described above except for the use of M9
minimal media containing®NH,Cl as the sole nitrogen
source.?H,!®N-enriched protein £85% as estimated by
MALDI mass spectrometry) was produced in a similar
manner using cells adapted to growtitliyO. The integrity
of each protein sample was verified by SBIBAGE and
MALDI mass spectrometry.

Limited Proteolysis/Protease Protectidrimited proteoly-
sis was performed at room temperature on sRAGE and
domain fragments that had been dialyzed against 10 mM
HEPES-NaOH, 75 mM NaCl at pH 7.0. Typically, 5200
ug of purified protein was incubated with trypsin at an
enzyme to protein ratio of 1:500 (w/w) and a volume of 100
uL. The reaction was stopped at various time points by

(containing the stop codon) restriction sites and contained mixing 14 uL of reaction mix with 14ul. 2x SDS loading

the following RAGE protein sequences (excluding the 22
amino acid signal peptide): sRAGE (2327), VC1 (23-
243), C1C2 (122327), V (23-132), C1 (122-243), C2
(235-327). DNA fragments were subcloned into tNeld
andXhd sites of pET15b vector (Novagen), which produced
N-terminal Hig tagged fusion proteins separated by a

buffer and heating at 9%C for 5 min. For protection assays,
S100B was mixed with SRAGE or domain fragments at a
2:1 molar stoichiometry of RAGE to S100B dimer, anticipat-
ing two binding sites per S100B dimer. Ca@las added to

a final concentration of 1 mM prior to the addition of
enzyme. Control experiments with S100B alone and sSRAGE
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or domain fragments were performed under identical condi- fourth flow-cell of the sensor chip was kept empty and used
tions (i.e., in the presence of & as an internal reference. A series of various concentrations,
Mass SpectrometryMatrix-assisted laser desorption/ ranging from 12.6:M to 1.57uM for S100B, were injected
ionization time-of-flight mass spectrometry (MALDI-TOF  over the flow-cells. The running buffer was 50 mM Tris-
MS) analysis was performed on tryptic peptides derived from HCI, 150 mM NaCl, 5 mM CaGl 0.005% P20 at pH 7.4.
gel-excised Coomassie stained bands. Samples were preparethe surface was regenerated each time by 1 min contact with

by the dried-droplet method using-cyano-4-hydroxycin- 0.5 M EDTA followed by 1 min contact with 50 mM borate,
namic acid [dissolved in water/acetonitrile/trifluoroacetic acid 1 \ NaCl at pH 8.5.

(39.2:60:0.1) at a concentration of 5 mg/mL, supplemented

with 1 mg/mL ammonium citrate] as a matrix. The peptides BiaEvaluation 3.1 software from the manufacturer (Biacore),

were initially identified by comparing the experimental . : T . . .
masses of each peak with computer-predicted masses of" which association and dissociation data for the series of

tryptic peptides from the RAGE sequence. Amino acid S100B concentrations were fitted simultaneoudl§) (
sequence identity was definitively established by inducing NMR. Standard*N—!H HSQC and TROSY-HSQGCAY)
ion fragmentation using tandem TOGFOF MS. spectra were acquired at 298 K on Brukerance600 and

CD. All samples were buffer exchanged into 50 mM 800 MHz spectrometers equipped with triple resonance
potassium phosphate at pH 7.5. Protein concentration wascryoprobes. Typical acquisition parameters were 128 scans
typically around 3Q:M. Data ranging from 200 to 240 nm  with 1024 points in the directl) dimension and 128 points
(1 nm increment) were acquired on a Jasco J-810 CDin the indirect {N) dimension. Fourier transform, zero
spectrophotometer (Easton, MD). Baseline was adjustedfilling, and a 90 degree shifted squared sine window function
during acquisition from data acquired on the solution alone. ere applied using XWINNMR (Bruker) and analyzed using
All data were converted to mean residue ellipticity using the Xeasy @8). The spectrum for SRAGE was obtained in a

Binding data were analyzed by global analysis using

following equation: solution containing 20QuM protein in 20 mM sodium
) phosphate, 250 mM NacCl at pH 6.0. Initial spectra for the
[©] = 100 x signalCnl 1) other constructs were obtained under these conditions, and

then optimized specifically for each. Deviations from the

sRAGE conditions were V, 10 mM sodium citrate at pH 6.0;

C2, 20 mM sodium phosphate at pH 6.0. Protein concentra-

tions were determined using the UV absorbance at 280 nm
: nder denaturing and reducing conditions and ranged from

web server was used to estimate secondary structure conte

(43, 00 to 500uM.

Dynamic Light ScatteringAll data were acquired usinga  For studying sRAGES100B interactions*N-V and
DynaPro ProteinSolutions molecular sizing instrument (Wyatt unlabeled S100 proteins were buffered in 10 mM HEPES-
Technology Corporation). Typically, 158M protein in 10 NaOH at pH 7.0, 75 mM NaCl and 10 mM CaC8pectra
mM HEPES-NaOH, 75 mM NacCl at pH 7.0 in a volume of of isolated proteins and proteifprotein complexes were
60 uL was filtered and centrifuged at1500Q to remove acquired under identical conditions with a 2:1 ratio of RAGE
any particulate matter. Twenty scans were accumulated forto S100B dimer. Samples 6H,'>N-sRAGE were buffer
each sample at room temperature. The data were analyze@xchanged into 20 mM sodium phosphate and 500 mM NacCl
using the Dynamics 5 software provided by the manufacturer at pH 6.0 in 100% HO. Sample volume was160uL in a
and are represented as mean radiupolydispersity. 3 mm NMR tube, which was placed withia 5 mm NMR

Differential Scanning CalorimetrySamples of SRAGE,  tube filled with >99.9%2H,0.

VC1, Cl1C2, V, C1, and C2 (50100 uM) were buffer
exchanged into 50 mM sodium citrate at pH 6.7 using a 50
mL desalting column (GE Healthcare) to ensure identically
matched buffer components. Data were collected on a VP-
DSC (Microcal; Northampton, MA) with a scan from 2C

to 100°C at a rate of 90C/h. 50 mM sodium citrate at pH
6.7 was used as the reference solution. All samples and>> ™" :
buffers were thoroughly filtered and degassed prior to D|§1I|gn2, Match-Box, Multalin, and PRRP), and _model
analysis. Data were analyzed using the Origin7 software PUilding (MODELLER). Models were generated using the
package provided by the manufacturer, baseline corrected©!loWing proteins: VC1, Fab light chain in complex with

for buffer alone, and fit with a non 2-state equation. human factor 8 (PDB 11QD); V, mouse junction adhesion

Surface Plasmon Resonan@M5 sensor chips, coupling ~ molecule (PDB 1F97); C1, human B7-1 (PDB 1DR9); C2,
purchased from Biacore International SA (Freiburg, Ger- and energy minimized using SCWRL 380J. PROCHECK
many). CM5 sensor chips were preactivated using the NHS:Was used to assess the stereochemical properties of each
EDC chemistry according to previously published procedures model 61). To analyze the surface area buried in the V-C1
(44, 45). 50ug/mL V, VC1, C2, or yeast SRAGE in sodium  contacts, the model was split after the linker. Fast Connolly
acetate buffer at pH 5.5 was injected over the preactivatedsurfaces were generated in the program Sybyl (Tripos) for
surface in order to obtain about 5000 RU. The surface wasthe full VC1 model (25-222), V domain (25121), and C1
then blocked with ethanolamine. In each experiment, the domain (122-222).

where B] is mean residue ellipticity in units degn?dmol,
signal is the raw signal output in mdeg; is protein
concentration in millimolam is the number of residues, and

| is the cell path length in centimeters. Fitting using the K2d

Homology ModelingSequences for human sRAGE and
domain constructs were submitted to the ESyPred3D web
server $9). The program performs all steps of homology
modeling including homologue identification (PSI-BLAST
of NCBI NR databank then scored against the PDB), multiple
sequence and pairwise alignments (combination of ClustalW,
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Ficure 1: Limited proteolysis of SRAGE and domain constructs. (A) Schematic diagram of the structure of RAGE with each domain
labeled. (B) Reducing SDSPAGE of SRAGE digested by trypsin (500:1, w/w) at room temperature. Arrows at right highlight the three
main fragments. Each of these bands shifts in mobility when gels are run under nonreducing conditions, indicating that they contain one
or more disulfide bonds. Time points are given in minutes. (C) Sequence of recombinant SRAGE after removalagf. Hise first four

amino acids (GSHM) remain after thrombin cleavage. Ala23 is the first amino acid of the mature protein after the signal sequence is
removed. Highlighted in bold are peptides observed in mass spectrometry analysis of the trypsinized 25 kDa band (band b) in panel (B).
The only peptide observed in the mass spectrometry analysis of band a that is not seen in band b is underlined. The numbering on the right
corresponds to the last amino acid in each row. (D) Reducing-SB5E of VC1, V, and C1 proteolyses by trypsin (500:1, w/w). The
mobility of band d and that for the intact protein shift when run under nonreducing conditions. Time points are given in minutes.

RESULTS amino acid insert in bovine RAGE after Trp230 aided

Production of SRAGE and Domain Construdtigh level identification since regions of low identity and homology

production and purification protocols were developed for often represent loop and linker regions. The intervening
SRAGE and the five single and tandem domain constructs boundaries between V'and C1 proved to be more challenging

(VC1, CIC2, V, C1, C2: see Figure 1A). While the to precisely identify and had to be manually optimized based

production of recombinant SRAGE has been described for O €xpression level, solubility, ar_1d stability. This analyss
both eukaryotic and prokaryotic expression systetas3?, ?:uggested that there may be unique features relating V to
39, 52), the strategy described here provided consistent high = ) - )
level production of all six constructs without the need to  Analysis of purified constructs under reducing and non-
refold protein from inclusion bodies. Bacterial expression 'educing SDSPAGE conditions showed a mobility shift
vectors were constructed that enable purification via an consistent with formation of disulfide bonds (Figure S2).
N-terminal Hig tag and Ni* affinity chromatography. Use Observing a single _band yndt_er nonredlucmg cond_ltlons
of cells providing an oxidizing environment and optimization Suggested homogeneity in disulfide formation. Interestingly,
of expression parameters (temperature, duration, IPTG'N—H HSQC spectra of V acquired in the presence of
concentration) produced soluble protein for each of the reéducing agent showed a collapse of the chemical shift
constructs. Protein yields after purification were similar for dispersion in the'H dimension, which is characteristic of
SRAGE, VC1, V, and C2 (1520 mg/L) and lower for C1C2 ~ an unfolded protein (Figure S3). Th|§ suggests that any
and C1 (5-10 mg/L) as a result of their lower expression €Xperiments in the presence of reducmg agents could lead
levels. to artifacts due to protein unfolding.

When performing structural analysis on isolated domains  Stability of SRAGE Domaing\ series of limited proteoly-
of a protein, it is important to properly define construct sis experiments were performed in order to further character-
boundaries. Initial boundaries were based on sequenceize the domain structure of SRAGE. A time course for
alignment with known Ig family sequences and secondary digestion of the protein by trypsin shows that SRAGE is
structure prediction. Ala23 represents the first amino acid completely digested withi 4 h (Figure 1B). Two major
of the native receptor after loss of the signaling peptide and species are formed during early time points, one migrating
was selected as the N-terminus for our SRAGE construct. at ~25 kDa (Figure 1B, arrow b) and another-al2 kDa
The C-terminus of sSRAGE, Gly327, represents the end of (Figure 1B, arrow c). In-gel digestion of the 25 kDa band
the C2 structural region, which is linked to the transmem- with trypsin followed by MALDI-MS analysis showed this
brane helix. The N-terminus for the V and VC1 constructs band contained peptides unique to the V and C1 domains.
and the C-terminus for the C1C2 and C2 constructs were Figure 1C shows the sequence coverage obtained for both
the same as for sRAGE. The predicted linker region intact SRAGE (Figure 1B, arrow a) and the25 kDa
separating C1 and C2 was identified by multiple sequence fragment. Notably, coverage obtained for the V and C1
alignments of four RAGE genes (human, bovine, rat, and domains was nearly complete in the 25 kDa band (Figure
mouse; Figure S1 in Supporting Information). The eleven 1B, arrow b), ranging from a peptide encoding a region of
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given the much high€eF,, value of isolated RAGE C2 (vide

infra). Unfortunately, heating beyond 6@ leads to ag-

10 4 gregation and precipitation (Figure 2, solid line), which
precludes further analysis. VC1 responded in a very similar
manner, with a single transition corresponding Ttg at
55.1°C followed by aggregation and precipitation (Figure
2, dashed line). In an attempt to determine if the thermal
transition derives specifically from one domain, DSC experi-
ments were performed on isolated V and C1. However,
although the proteins remained soluble, no discrete transitions
were observed for either of the isolated domains (Figure S5).

. These observations were consistent with the limited pro-

e teolysis experiments, which suggested that isolated V and
C1 were not stably folded independent domains. Based on
the evidence from the thermal denaturation and limited

- 1t - 1T T T 1 proteolysis data, we attribute the unfolding event at’65

. to uncoupling of the V and C1 domains. Remarkable parallels
Temperature ("C) are found in a very thorough study of the unfolding of a

Ficure 2: Differential scanning calorimetry thermograms for tandem (one V-type and one C-type domain) Ig protein from

SRAGE (%), VC1 (---), and C2 {--). Experiment details are 3 mytiple myelomar! light chain, from which the authors

provided in Materials and Methods. .

concluded that the phenomena observed did not correspond

the N-terminus (2329) to a peptide near the C-terminus of t© unfold|_ng of independent structural domairss)( ]

C1 (199-216). Analysis of C1C2 and C2 constructs showed a single
To further confirm the origin of the 25 kDa band, limited  Unfolding transition withTr, values of 72.7C and 74.3'C

proteolysis of VC1 (Figure 1D) was performed under (Figure S6; Figure 2, dotted line), respectively. In both cases

conditions identical to those used for SRAGE. Digestion of this transition was nearly 100% reversible. This distinct
VC1 produced a small truncation to a band with the same therm_al trar)sition is attributable to unfolding of the C2

mobility as the 25 kDa band generated from SRAGE dom_am, which ;upports our limited proteolysis data sug-
digestion (arrow d, Figure 1D). Both the intact VC1 and the gesting that C2 is independent from the rest of the SRAGE

25 kDa fragment were digested at the same rates as thosdnolecule. We note that the unfolding transition for C2 in
observed in the experiment with SRAGE. Notably, the 25 the context of full SRAGE was not observed because it was

kDa fragment produced from either SRAGE or VC1 digestion masked by the aggregation/precipitation associated with VC1
was largely stable to further proteolysis despite the presencelNat occurs well below th@y of C2. Taken together, the

of both lysine and arginine residues in the expected linker IMmited proteolysis and DSC data imply that the three
region between the two domains. To further understand thePredicted domains are present. However, whereas C2 is a
apparent stability of the V-C1 linker we performed limited COMPpletely independent and highly stable domain, V and C1
proteolysis experiments on isolated V and C1. Figure 1D &€ Seen to have a significant influence on each other's
shows that both intact V and especially C1 were much more Stability.

susceptible to trypsin proteolysis than the 25 kDa fragment SRAGE Is Composed of Coupled V and C1 Domains with
that contained both V and C1. Furthermore, we failed to an Independent C2 Domaiircular dichroism and NMR
observe a truncation to a stable fragment for either constructwere used to characterize the secondary and tertiary structure
that would indicate the presence of a single stable V or C1 of SRAGE. CD provided distributions of secondary structure
domain. elements for each of the six protein constructs, all of which

Unlike SRAGE and VC1, the C1C2 construct was com- Showed a combination gi-sheet and random coil. Remark-
pletely digested by trypsin in 5 min, and only a single 12 ably, SRAGE, VC1, C1C2, and C2 all were assigned 47%
kDa band was observed thereafter (Figure S4). This stablef-sheet, 48% random coil, and 53helix, and only slightly
band had identical mobility to the 12 kDa band seen in the reduceds-sheet and increased random coil was observed for
SsRAGE digestion (Figure 1B, arrow c). The presence of this isolated V (40%g-sheet, 51% coil) and C1 (43%-sheet,
band in SRAGE and C1C2 digestions, but not for VC1, 48% coil). These results show that all six protein constructs
implies that the band belongs to the C2 domain. Exposure contain secondary structure highly consistent with one or
of isolated C2 to trypsin showed that it is completely stable more Ig-like folds.
to digestion by this protease (Figure S4). This observation The tertiary structure of SRAGE and each of the tandem
is identical to that made for the 12 kDa band in the SRAGE and single domain constructs was analyzed ‘By—!H
(Figure 1B, arrow c) and C1C2 digestions. The assignment HSQC NMR (Figure 3). Despite the relatively small size of
of the 12 kDa band to C2 and the absence of other bands inthe three domains, it was surprisingly difficult to obtain high
C1C2 digestions indicate that the C1 domain on its own is quality NMR spectra. Experimental conditions (temperature,
not stable. pH, and ionic strength) for each construct had to be optimized

Differential scanning calorimetry (DSC) experiments were independently. Dynamic light scattering was also used to
performed to better understand the stability and interdepen-complement the NMR experiments, in particular to assess
dence of SRAGE domains. Intact SRAGE showed a single whether the domain constructs were monomeric under the
thermal transition with &, at 55.1°C, which was surprising  conditions of the NMR experiments. Hence, the light

Cp (kcal/mole/°C)
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Ficure 3: Heteronuclear NMR spectra of RAGE construédsl—'H HSQC spectra are shown for sRAGE (A), VC1 (B), C1C2 (C), V
(D), C1 (E), and C2 (F). The data were collected at 600 (C1C2, C1) or 800 (SRAGE, VC1, V, C2) MHZ@t 3blution conditions are
provided in Materials and Methods.

scattering data were collected at the same protein concentra3B), as expected for a protein of this size. Not every peak
tions as those used in NMR experiments. will be discernible in a 2D experiment because those in the
In the N—'H HSQC spectrum of SRAGE, fewer than crowded central region are likely to overlap. Importantly,
100 cross-peaks were observed (Figure 3A). The line widthsthe relatively sharp and well-dispersed peaks from C2
of these signals were relatively narrow, as would be expectedobserved in the spectrum of SRAGE were clearly not present
for a single Ig domain. Moreover, the signals correspond in the spectrum of VC1. Moreover, the line widths of the
precisely to the peaks observed in the corresponding peaks in the VC1 spectrum were significantly larger than
spectrum of isolated C2 (Figure 3F). Since the NMR those observed for the C2 domain in the spectrum of SRAGE.
chemical shift is an exquisitely sensitive probe of structure, Light scattering data on VC1 were fit to an average radius
these observations indicate that the observed peaks in theof 3.43+ 0.33 nm with a low level of polydispersity (9.5%).
SRAGE spectrum arise from C2. Of note, signals in both The radius suggests an elongated molecule consistent with
spectra have uniform intensity and line width and are well- the homology model generated for VC1 described below in
dispersed, consistent with a well-folded globular domain. In addition to the ellipsoid structure modeled from analytical
addition, light scattering data on isolated C2 were fit to a ultracentrifugation 7), and indicates that the VC1 protein
mean radius of 2.2%& 0.27 nm with a polydispersity of 12%, is monomeric. The ability to observe a rather complete and
fully consistent with a monomeric nonspherigasandwich. well-dispersed>™N—'H HSQC spectrum for VC1 with
Why are the V and C1 peaks from sRAGE so much relatively uniform peak intensities, combined with the light
broader than the C2 peaks that they are not observed in ascattering analysis and the lack of signals for VC1 residues
standard HSQC spectrum? Since previously published ana-in the spectrum of SRAGE, strongly implies that the V and
Iytical ultracentrifugation experiments showed that SRAGE C1 domains are well-folded and suggests that they tumble
is monomeric 87), the likely explanations are that the two as an integrated structural unit.
domains tumble in solution with the characteristics of a larger ~ To further verify the conclusions from the analysis of VC1,
particle or that they are both conformationally heterogeneous.the use of specialized techniques to improve the sRAGE
To obtain further insight, light scattering experiments were spectrum including TROSY and perdeuteration of the protein
performed on SRAGE to verify that the protein is monodis- was investigated 4(7, 54). Perdeuteration in particular
perse. Unfortunately, the data were ambiguous because the@rovided a substantial improvement (Figure 4), and resulted
level of polydispersity assigned (33.5%) is above the in well over 200 discrete peaks in the spectrum. Interestingly,
threshold for which reliable conclusions can be drawn. [We there are two populations of peaks in spectra of perdeuterated
believe that SRAGE is not polydisperse, but rather that the SRAGE with different relative intensities and line widths.
fitting of light scattering data is not straightforward because Many peaks from the subset with lower intensity/wider line
SRAGE contains two independent, flexibly linked structural widths were well-dispersed into both upfield and downfield
modules.] We therefore turned to the smaller VC1, V and regions and corresponded well with peaks in the spectrum
C1 constructs to obtain further insights. of VC1 (Figure 4, red circles). The subset with higher
The>N—H HSQC spectrum of VC1 showed at least 150 intensity/narrower line widths overlaps well with the C2
distinct backbone peaks out of a maximum~at00 (Figure peaks observed in spectra of protonated SRAGE, C1C2, and
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Ficure 4: Domain analysis of SRAGE using heteronuclear NMiRL—*H HSQC spectrum of perdeuterated SRAGE is shown with peaks
labeled based on direct comparison to the spectra of VC1 and C2. Red circles denote cross-peaks uniquely assigned to VC1, and green
circles denote cross-peaks uniquely assigned to C2. Unmarked cross-peaks represent those that are overlapped or are not sufficiently unique
to be confidently assigned by comparison to one of the two subspectra.

C2 (Figure 3A, 3C, 3F, Figure 4, green circles). Together, 100
these observations show that V and C1 are indeed folded in f
the context of SRAGE and that the lower intensity/wider line 105

width peaks in the spectrum of sSRAGE arise from these
domains. The fact that line widths of peaks from the V and
C1 domains are the same and significantly larger than those
of C2 strongly implies that V and C1 form an integrated
structural unit.

Further support for the structural integration of the V and
C1 domains was obtained from comparisons to the chemical
shifts of isolated V and C1 (Figure 3). TAt&N—H HSQC
spectrum of C1 is highly heterogeneous, with a large excess
of peaks. In addition to a number of well-dispersed peaks, al° %~
large number of overlapped peaks in the central region are
observed along with a significant variation in signal intensity o ; . 7
(Figure 3E). Light scattering experiments revealed a very 1H(ppm)
high 39.2% level of polydispersity. These observations are Figyre 5: Comparison of the heteronuclear NMR spectra of
indicative of a metastable C1 domain with substantial isolated V construct and the tandem VC1 construct. Fie-H
unfolded or partially folded regions. THEN—H HSQC HSQC spectrum of isolated V is shown with circles marking the

; : position of same cross-peaks in the spectrum of VC1. Lines are
spectrum of isolated V (Figure 3D) has about the expected drawn between a cross-peak in the V spectrum and the cross-peak

number of peaks, but line widths are significantly larger than o yearest proximity in the VC1 spectrum. Unmarked cross-peaks
the peaks observed in the spectrum of the well-folded C2 either do not experience significant chemical shift perturbations or
domain. The larger line widths of V are presumably the result cannot be analyzed due to overlap.
of conformational heterogeneity as observed for C1 or
possibly compounded by some self-association, both as athat correspond very closely, there were a number of
byproduct of separation from C1. The high level of poly- characteristic peaks in the spectra of isolated V and C1 that
dispersity (34.5%) in light scattering on this domain is appear in clearly different locations in the spectrum of VC1,
consistent with a lack of structural stability and a tendency as shown in Figure 5. For the V domain, approximately 50
to aggregate. peaks outside the crowded 8:8.5 ppm*H region could be
Despite the complications of working with the isolated V  distinguished. Among these, approximately 20 were clearly
and C1 domains, detailed comparison of NMR chemical shifted relative to their position in the spectra of VC1 and
shifts of V, C1 and VC1 could be performed to obtain SRAGE. A number of readily distinguishable C1 peaks could
domain-specific assignments. This was possible becausealso be identified, but the analysis was not nearly as complete
many peaks in the spectrum of VC1 could be assigned to due to the metastability of C1. Regardless, there is sufficient
the V or C1 domain since they appeared in a nearly identical data to conclude that there are perturbations of peaks in the
and distinctive location in the spectrum of both VC1 and downfield dispersed region, which indicates that the structure
the corresponding isolated domain. In addition to these peaksof V is altered by the presence of C1 and vice versa, i.e.,
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B vcl 25 30 40 50 60 70 80
———————— NITARIGEPLVLKCKGAPKKPPQRLEWKLNTGRTEAWKVLSPQGGGPWDSVARVLPNG----—
ligd.A
IALTQSPGTLSLSPGERATLSCRASQSFSSSYLAWYQOKPGQAPRLLI YGASTRATGI PDRFSGSGSGTDF
vcl 90 100 110 120 130 140 150
SLFLPAVGIQDEGIFRCQAMNRNGKETKSNYRVRVYQIPGKPEIV---DSASELTAGVPNKVGTCVSEGSYP-
liqd.A

TLTISRLEPEDFAVYYCQKYGTSAITFGQGTRLEIKGTVAAPSVFIFPPSDEQLKSGTA-S-VVCLLNNFYPR

vCl 160 170 180 190 200 210 220
AGTLSWHLDGKP LVPNEKGVSVKEQTRRHPETGLFT LQSELMVTPARGGDPRPTFSCSFSPGLPRHRALRT - -~
ligd.A

EAKVQWKVDNAL----QSGNSQESVTEQDSKDSTYSLSSTLT LSKADYE-KHKVYACEVTHQGL---VTKSFNR

Ficure 6: Homology modeling of VC1. (A) Ribbon diagram of the homology model of VC1 with the V domair128) shown in red,

the linker (119-121) in black, and the C1 domain (12222) in blue. Side chains for the linker residues are shown as black wires. Side
chains for V and C1 involved in interdomain packing are shown in space filling representation in the respective colors for the domains. The
side chain of Trp51 is shown as black wire. The side chains for the two cysteine residues in the V domain are shown in ball and stick
colored according to atom (gray, carbon; yellow, sulfur). (B) Pairwise alignment of VC1 with the A chain of PDB molecule 11QD. Residues
in the linker region are in bold. Residues involved in interdomain packing are highlighted in the respective colors used in A (V, red; C1,
blue). Figure made using Chimeragj.

there is a specific structural interface between V and C1. In was modeled from human APEP-1 (PDB 1U2H).
conclusion, our data show that the V and C1 domains of The VC1 homology model predicts globular structure for
SRAGE form an integrated structural unit that is structurally residues Asn25Thr222. Thus, in the VC1 construct (Ala23
independent of and dynamically linked to the C2 domain. Glu243) used in our experimental studies, the C-terminal 21

Homology Modeling of SRAGR homology model of the residues are predicted to be unstructured because they span
three-domain sRAGE protein was constructed using MOD- the C1-C2 linker and into the C2 domain. In the model,
ELLER software via the ESyPred3D web server in order to the linker between V and C1 is predicted to be only three
facilitate analysis of our structural data and better understandresidues in length, GIn119Pro121, since Tyr118 forms
the implications for cellular signaling. An extensive database backbone hydrogen bonds topastrand in the V domain
of Ig-like domain sequences and structures is available, whichand Gly122 forms backbone hydrogen bonds fo-strand
implied that a high quality model could be generated. The in the C1 domain (Figure 6). A critical aspect of the model
automated pairwise alignment module selected NCAM (PDB is that these three linker residues are predicted to contribute
id 1QZ1) as the template protein because it has 19% identityto interdomain packing along with several residues from the
with sSRAGE after alignment. However, the structure of V domain (Thr27, Glu94, Arg114, Arg116, Vall17, Tyr118)
NCAM has no significant linkers between any of the and the C1 domain (Tyrl50, Alal52, Argl78, Argl79,
domains, which differs from our analysis of SRAGE. Thus, Thr183, Gly184, Phel186). The solvent accessible surface of
we decided to generate models of VC1 and C2 separately.V and C1 that is buried in the VC1 model is500 A? in

The pairwise alignments against VC1 resulted in highest each subunit. Although the relatively small size of this
homology with an Fab light chain (PDB 11QD), which has interface suggests that the intrinsic affinity of the two
17.6% identity, so this structure was used to generate thedomains is relatively weak, the interaction between the
model (Figure 6A). Figure 6B shows the final pairwise domains will be enforced by the short length and structural
alignment of VC1 with the template, which reveals that many integration of the linker. This interpretation is supported by
of the residues involved in interdomain packing are not the lack of chemical shift perturbations in NMR experiments
conserved. Hence, the intimate details of the interdomain acquired for mixtures of isolated V and C1 domains. Thus,
packing and orientation in the model are viewed as an the model is fully consistent with our observation that V
approximation. On the other hand, the global features of the and C1 have a structural interface and tumble as an integrated
model have a very high likelihood of being accurate. The structural unit.
high quality of the VC1 model is reflected in an analysis  S100B Binds to the V Domain of RAGE with nM Affinity
with PROCHECK, e.g., 87% of residues are in most Having established limited proteolysis conditions for SRAGE
favorable conformations, 11% in the additionally allowed and the six domain constructs, proteolysis experiments could
region, and 2% in the generously allowed region. Similar be used to characterize the interaction of S100B with RAGE.
high quality results were obtained for the C2 domain, which Initial studies with wild-type S100B led to disulfide cross-
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FIGURE 7: Protease protection of SRAGE by &5100B(C84S). Reducing SBPAGE of sRAGE (A) and VC1 (B) incubated with

trypsin in the absence (left) or presence (right) o G&8100B(C84S). Solution conditions were the same in the absence and presence of
S100 protein and are described in Materials and Methods. Filled arrows mark the S100B(C84S) band. Open arrows mark the stable 25 kDa
VC1 fragment most affected by S100B(C84S) binding. Time points are given in minutes.

linking between S100B and the V domain. While the conformational change in the VC1 region of sSRAGE that
S100B-sRAGE disulfide cross-linking could be reversed by enhances proteolysis by trypsin.
addition of DTT, the reducing agent also caused the cleavage To corroborate these findings, the experiments were
of the disulfide bond essential to maintain the structure of repeated with the various SRAGE domain constructs. Much
V (Figure S3). Consequently, a series of three EySer like intact SRAGE, isolated VC1 was reproducibly protected
mutants in S100B were prepared (C68S, C84S, C68S/C84S)n the presence of C&S100B, but the 25 kDa fragment
and purified. Analysis of the V construct in the presence of was very rapidly degraded (Figure 7B). The isolated V
the three mutants by SBSPAGE under nonreducing and domain was also more rapidly degraded in the presence of
reducing conditions confirmed that the reactive cysteine was C&"-S100B consistent with the increased rate of proteolysis
Cys84, so the C84S mutant was used for all further on VC1 (Figure S8). Corresponding experiments with C1C2
experiments (Figure S7). Notably, this cysteine to serine and isolated C1 and C2 revealed no interaction with"Ca
mutant was shown previously to be functionab), S100B as the C1 domain continues to be degraded extremely
Studies of isolated sSRAGE showed that trypsin digestion rapidly under all conditions, and the C2 domain remains
results in complete loss of the intact protein within 4 h totally resistant to digestion by trypsin under the conditions
(Figure 1B). The overall rate of digestion was similar in the of our experiments. Together, these limited proteolysis results
presence of CA-S100B (Figure 7A), although sSRAGE was indicate that the interaction of S100B with RAGE is?Ga
slightly, yet reproducibly, better protected in the presence dependent and localized primarily to the V domain.
of S100B than in isolation. As expected, this observation = S100B-sRAGE binding was further investigated using
was dependent on the presence of'Cénterestingly, the NMR spectroscopy. The optimal conditions for acquiring
25 kDa band identified as VC1 in the digestion of free NMR spectra for SRAGE required the use of high ionic
SRAGE was completely absent when 2G&100B was strength buffer £250 mM NaCl). However, the complex
present (Figure 7A, see arrows). This observation was alsocould be formed successfully only at lower ionic strength
Ca*-dependent. While protection from proteolysis is more (<100 mM NacCl), conditions under which, remarkably,
common, anincreasedrate of proteolysis is also possible free SRAGE had only very limited solubility. The fact that
when structural perturbations are induced by pretgirtein binding of S100B solubilized sRAGE is, in and of itself,
interactions. The expedited degradation of the VC1 fragment confirmatory evidence of an interaction between S100B and
in SRAGE digests could not be explained by the presence sSRAGE. The®N—H HSQC and TROSY-HSQC spectra of
of a contaminating protease in our S100B sample since this?H,!®N-sRAGE in the presence of excess?G&100B
would be inconsistent with the observation that degradation showed only peaks arising from C2. The absence of signals
of the intact protein was slowed. Thus, the interaction from VCL1 is interpreted as a result of binding of S100B to
between C#-S100B and sRAGE appears to cause a one or both domains, since it is expected that a large
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molecular complex is formed containing an S100B dimer A 2500 ———— T ——
and presumably two sRAGE molecules, although no con-
clusive experimental evidence is currently available. The
observation of C2 signals, completely unperturbed, indicates 2000 | ]
that C2 retains its rotational freedom from the rest of the ]
complex.

To complement the study of S100B binding to SRAGE,
NMR was used to probe the interaction with the V and VC1
constructs. In titrations of°N-enriched V and VC1 with
C&"-S100B, a uniform decrease in signal intensity was
observed for all except ten of the cross-peaks in VC1 as g
S100B was added. The few VC1 signals that remained
observable had chemical shifts and line widths consistent
with being part of the flexible, unstructured tail at the
C-terminus of this construct. Control experiments on C1C2,
C1, and C2 showed no changes!'?hi—'H HSQC spectra L B .
induced by the presence of €aS100B. Thus, consistent 0 200 400 600 800 1000
evidence was obtained for relatively strong interaction of
S100B with sRAGE, and that the V domain is clearly Time (s)
involved.

A detailed analysis of surface plasmon resonance (SPR)B 8000 ———— T T
measurements for S100B binding to immobilized sSRAGE
revealed affinity constants in the nM range (E.L., G.F.,, 5000
C.W.H., in preparation). SPR was used here to further probe
the binding of S100B to sRAGE using VC1, V, and C2
constructs. In these experiments, binding was observed to
VC1 and V, but no interaction with the C2 domain was !
detected.

Typical S100B binding curves for VC1 and V chips are
shown in Figure 8. In the case of VC1, the data were fit
with the parallel reaction model for heterogeneous ligand:
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where one analyte molecule (A S100B) can bind inde- ]
pendently to two ligand molecules B1 or B2 (VC1) with ol L L
Kp: the dissociation constant of the first equilibrium, and 0 200 400 600 800 1000
Kbz the corresponding parameter for the second event. This
analysis gave two binding constant&p; = 11.1 nM and Time (s)
Koz = 244 nM. These results are largely consistent with the Ficure 8: SPR binding of S100B to SRAGE domains. Representa-
affinity determined for intact SRAGE. The S100B binding {i/\glb;rr\]gilzg)siﬁanigﬁlrigem; \BOEHJSelcot%Ii Eglfégﬁt:gti@si?gnrg?gﬁg
curves for the V domain (Figure 8B) were also fit with the :
parallel reaction model. Fitting of the binding data resulted gggczrg)ére 12.6M, 6.3uM, 3.154M, and 1.57uM for both (A)
in Kpz = 550 nM andKp, = 470 nM. Although the quality
of the fit for Kp; was much poorer for VC1 than for the = or the structure of SRAGE, the C2 domain retains significant
isolated V domain, the affinity of S100B for the immobilized  otational freedom, whereas V and C1 are structurally
VC1 construct is clearly higher than that for the isolated V interdependent.
domain. In summary, our data indicate that S100B bindsto  Tpere is ample evidence for V and C1 forming an

the V domain of sRAGE and while V contains a site jniegrated structural unit. From the initial stages of analysis,
sufficient for binding of S1008B dimers, additional contribu-  the ©1 domain in particular appeared to be rather unstable
tions are made either directly or allosterically by the C1 \yithout V. Many constructs of C1 and C1C2 were designed
domain. in the attempt to obtain expression of soluble proteifEin
coli, and it was only after extensive optimization that even
DISCUSSION limited success was obtained. Even the most stable of the
The Modular Structure of SRAGHnhe generation of  C1 constructs exhibits clear signs of heterogeneity, is digested
efficient protein expression systems was critical to the studiesrapidly in limited proteolysis experiments, and readily
reported here, and opens the door to use these reagents tdegrades over time. ThEN—'H HSQC spectrum of our
probe RAGE function. Our biophysical and structural optimized C1 construct contains some signals with chemical
characterization showed that C2 exhibits the characteristicsshift dispersion, but the existence of a large excess of peaks
of a stable well-folded structural domain. In contrast, V and with variable intensities and the crowding of many signals
C1 do not form fully independent structural domains but in the central region suggests that the isolated domain is
rather behave as a single structural unit. Thus, in the modelstructurally heterogeneous and in fact a significant portion
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of this construct may be unstructured. The isolated V domain published for other SRAGE ligands. Dissociation constants
is more stable and structured than isolated C1. For exampleof 60 nM, 6.4 nM, 56.8 nM, and 91 nM have been reported
it was digested more slowly by trypsin and th@N—'H for AGE-BSA, amphoterin (HMG1), amyloig-peptide, and
HSQC spectrum of V has far fewer peaks than C1, although EN-RAGE (S100A12) respectivel?(11, 12, 58 Recently,
it too shows signs of conformational heterogeneity. Impor- Wilder and co-workers showed binding of a peptide from
tantly, both the V and C1 domains become significantly more the V domain (42-59) to S100B and reported k&, of 11
stable to trypsin digestion and more structurally homoge- «M (59). Notably, that result is 23 orders of magnitude
neous when they are linked to each other in the VC1 and weaker than thd&ps for other RAGE ligands. The authors
sRAGE constructs. proposed an important role for Trp51 in SRAGE for binding
The homology model helps to explain several key experi- of S100B §9). In our homology model of VC1 this residue
mental observations. For example, the observation of& 2 is buried in the hydrophobic core (Figure 6A), which implies
kDa truncation of VC1 in limited proteolysis experiments that it is not involved in S100B binding. The model predicts
can be correlated with the prediction of 820 residue that residues adjacent to Trp51 that are part of one or more
unstructured C-terminal tail in our RAGE(2243) VC1 loops are much more likely to contribute to S1GOBAGE
construct. The model also explains th&0 extremely sharp ~ binding. This hypothesis is consistent with our results on
peaks observed in the HSQC spectrum of V, which the model the binding of S100B to the V domain, which revealéss
predicts arise because our V construct232) extends 14  of 550 nM and 470 nM. Although clearly weaker than the
residues beyond the predicted C-terminus of the domain. Theaffinity for VC1 and sRAGE, binding of the V domain is
NMR signals from these sharp resonances change signifi-much stronger than for the V(459) peptide. Nonetheless,
cantly when they are incorporated into the VC1 construct, the constructs based on V alone lack critical binding elements
which we attribute to their shift from being unstructured in relative to VC1, which weakens the interaction with S100B.
isolated V to participating in5-sheet secondary structure Native RAGE is N-glycosylated at two potential sites in
when the C1 domain is included (Figure 5). Our homology the V domain, but the bacterially expressed proteins are not
model also suggests that three large C1 side chains (Tyr150glycosylated. Favorable effects from glycosylation on solu-
Argl79, Phel86) with significant hydrophobic character bility and stability are anticipated, but the effect on the
could be involved in interactions with V; it is possible that structure of folded proteins is generally believed to be quite
the exposure of these residues to solvent could be the sourcemall. There is significant evidence in support of the latter
of heterogeneity and/or instability. The VC1 and C2 models in the case of RAGE. First, RAGE can be readily deglyco-
taken together predict that the linker between C1 and C2 is sylated with PNGaseF. This indicates that the carbohydrates
12 residues in length (Ala223 to Glu236), much larger than are solvent accessible, which in turn implies that they do
the 3-residue linker between V and C1. The longer linker is not interact significantly with, or alter the structure of, the
fully consistent with the experimental observations showing folded protein domains6Q). Second, these authors showed
a high degree of flexibility between C1 and C2. Hence, the that RAGE deglycosylation has a minimal effect on binding
overall conclusion supported by our biochemical and mo- of the ligands amphoterin and AGE-BSA. Third, similar
lecular modeling data is that V and C1 form an integrated observations have been recently reported for the bacterially
structural unit that is fully independent of C2. expressed protein3¢). Thus, the accumulated evidence
The modular structure of SRAGE differs from the initial supports the notion that our constructs serve as valid models
assumption based on sequence analysis that there would béor the study of SRAGE structure and ligand binding.
three independent domains. It has been proposed that, over Implications for RAGE Signalinglhe characteristics of
the course of evolution, Ig-like superfamily proteins devel- sRAGE structure relate to its mechanism of signaling. Our
oped a modular assembly of domains. Ideally, each domainresults show that the C2 domain of RAGE has significant
provides unique functionality, which results in the generation rotational freedom from the VC1 region. Specifically, NMR
of proteins that can respond to multiple ligan86)( Central spectra of SRAGES100B complexes show that C2 is
to this hypothesis is the concept of one-domain, one-ligand. flexibly attached to VC1 and remains unperturbed when
However, RAGE does not seem to fit this paradigm as all S100B binds to VC1, suggesting that there is no signal passed
of its ligands identified to date, including S100B, are found directly between VC1 and C2. Hence, a mechanism where
to interact with the N-terminal V domain of the protein. In ligand binding in the VC1 region is transduced via C2 and
this respect, a recent publication suggesting that S100A12the transmembrane helix to the intracellular domain is not
binds to the C1 domain stands out as unusbidl. (However, anticipated for RAGE.
the conclusions drawn in those studies were all based on RAGE belongs to a class of receptors that contain a single
use of a C1C2 construct with an N-terminus at Ala130. Our transmembrane helix and signal through kinases. While most
sequence analysis and homology modeling suggest that thiof these receptors dimerize, the degree of oligomerization
construct eliminates the entire figgtstrand of C1, which is  varies for different members of this class. In the case of the
anticipated to be highly destabilizing. Indeed our results show erythropoietin receptor (EPOR), the D1 and D2 form an
that C1 does not maintain a proper fold in the absence of V. integrated structure that dimerizes in an autoinhibitory
Since C1 requires V for full stability and structural integrity, orientation. Ligand binding causes a conformational change
the construct used in that study may well be structurally in the interdomain angle, which is believed to promote
unstable and might exhibit aberrant function. The conclusion signaling by enabling trans-phosphoryation of the kinases
that S100A12 binds to the C1 domain may need to be re- bound to the intracellular domair6l, 62). The growth
examined with alternate reagents with these issues in mind.hormone receptor (GHR) also exists in an autoinhibited state
The nM dissociation constarkg) determined for SI00B  but dimerizes via its transmembrane helix. Ligand binding
binding to sSRAGE and VC1 is consistent with values to GHR results in rotation of the transmembrane helix, which
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Ficure 9: Models for ligand-induced activation of RAGE through
oligomerization. (A) Schematic diagram showing that ligand-
induced dimerization is possible using different surfaces of VC1.
(B) Schematic diagram of ligand-induced network of RAGE dimers.
The ligand is shown as a green circle.
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scenario, unliganded RAGE would be autoinhibited, perhaps
due to electrostatic repulsion of the highly charged intrac-
ellular kinase binding domains. Ligand binding dimerizes
the receptor and increases localization of ERK1/2 to initiate
the signaling cascade. This model could also be adapted if
it turns out that RAGE dimerizes via the transmembrane helix
(or via as yet uncharacterized ligands). Figure 9B shows a
schematic diagram of one such scenario where ligand binding
leads to formation of a network of RAGE receptors. One
important feature of this model is that the VC1 domains
would still have rotational freedom to present different
binding surfaces for different ligands. Thus, a ligand-induced
network of RAGE receptors is formed, increasing the
localization of ERK1/2 to promote signaling.

Our data and observations in the literature such as the
analytical ultracentrifugation study by Wilton and co-workers
(37) strongly suggest that the SRAGE molecule in isolation
is monomeric. These results in turn point strongly to a ligand-
mediated oligomerization mechanism for RAGE signaling.
This hypothesis is supported by data from a variety of RAGE
splice variants including a variant lacking the intracellular
domain, which was found to be dominant-negative in vivo
(22, 40). Another splice variant lacking a portion of the V
domain was not dominant-negative, presumably because
ligand binding was weakened but not abolisheib)(
Determination of the oligomeric states of sSRAGEjand
complexes and the natural oligomeric state of the unliganded
full receptor will be required in order to develop an
understanding of the molecular basis for RAGE signaling.
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ERK1/2 in aligand-dependent manné64). The absence
of any structure in the intracellular domain implies that the SUPPORTING INFORMATION AVAILABLE
most likely mechanism for RAGE signaling is via ligand-
induced oligomerization and resultant localization of multiple
kinase molecules. A proposal for RAGE signaling through
oligomerization has been reported based on the crystal
structure of S100A1235). In this model three dimers (six
subunits) of S100A12 bind three molecules of RAGE, but
the mechanistic implications for RAGE are not described.
Figure 9 shows schematic diagrams of simple models for
RAGE signaling that incorporate the multiligand functionality
of RAGE, receptor oligomerization, and the flexibility of
the C1-C2 linker. In particular, free rotation around the-€1

Figures are available for the following: sRAGE multiple
sequence alignment; SBPAGE of SRAGE+/— reducing
agent; collapse of reduced V domain NMR spectra; DSC
thermograms of C1C2, V, and C1; SBBAGE identifying
C84 of S100B; proteolysis gels of isolated C1C2 and C2;
proteolysis gel of V in the presence of S100B; characteriza-
tion of the RAGE intracellular domain. This material is
available free of charge via the Internet at http://pubs.acs.org.
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