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Background: The cytokine function of the danger-associated molecular pattern protein HMGBI is mediated through

RAGE.

Results: HMGB1-RAGE signaling depends on heparan sulfate, but heparan sulfate binding to HMGBL is dispensable.
Conclusion: Heparan sulfate is essential for HMGBI signaling because RAGE binds heparan sulfate.
Significance: Perturbing heparan sulfate may be a novel strategy to alter RAGE-dependent signaling.

In a proteomic search for heparan sulfate-binding proteins on
monocytes, we identified HMGB1 (high mobility group protein
B1). The extracellular role of HMGBI1 as a cytokine has been
studied intensively and shown to be important as a danger-asso-
ciated molecular pattern protein. Here, we report that the activ-
ity of HMGB1 depends on heparan sulfate. Binding and compe-
tition studies demonstrate that HMGBI1 interacts with CHO and
endothelial cell heparan sulfate. By site-directed mutagenesis,
we identified a loop region that connects the A-box and B-box
domains of HMGBI as responsible for heparan sulfate binding.
HMGBI1-induced Erk1/2 and p38 phosphorylation is abolished
when endothelial heparan sulfate is removed or blocked phar-
macologically, resulting in decreased HMGBI1-induced endo-
thelial sprouting. However, mutated HMGBI1 that lacks the
heparan sulfate-binding site retained its signaling activity. We
show the major receptor for HMGB1, receptor for advanced gly-
cation end products (RAGE), also binds to heparan sulfate and
that RAGE and heparan sulfate forms a complex. Our data
establishes that the functional receptor for HMGBI1 consists of a
complex of RAGE and cell surface heparan sulfate.

HMGB1 (high mobility group protein Bl) is an abundant
DNA-binding protein that normally resides in the nucleus (1).
However, inflammatory cells such as monocytes and macro-
phages can secrete HMGBI1 actively through a non-classical,
vesicle-mediated secretory pathway (2). During tissue injury,
necrotic cells also release HMGB1 as a danger-associated
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molecular pattern protein (DAMP)® (3, 4). Extracellular
HMGBI1 behaves much like a cytokine. It stimulates inflamma-
tory responses in many types of cells, including monocytes,
macrophages, neutrophils, dendritic cells, astrocytes, and
endothelial cells (1, 4—6), and induces cell migration (4, 5, 7).
Much interest exists in developing ways to block HMGB1 func-
tion in the context of various diseases such as sepsis, ischemic
injury, arthritis, atherosclerosis, and cancer (4, 5, 8).

HMGBI1 binds to the receptor for advanced glycation end
products (RAGE), a transmembrane protein with three IgG-
like extracellular domains and a short cytoplasmic domain.
RAGE is expressed at high level in alveolar epithelial cells as
well as leukocytes, endothelial cells, neurons, and tumor cells
(9). It binds to HMGBI as well as other ligands, including S100
proteins, AGEs, and amyloids, through its two N-terminal IgG-
like domains (9, 10). The extracellular domain of RAGE can be
shed by proteolysis, yielding what is commonly referred to as
soluble RAGE, or sRAGE. Alternative splicing can give rise to a
soluble form of the receptor as well (9, 10). The cytoplasmic
domain of RAGE lacks intrinsic kinase activity, suggesting that
signal transduction upon ligand binding involves recruitment
of asignaling kinase or a kinase scaffolding protein (11, 12). The
inflammatory response and migration of target cells mediated
by HMGB1-RAGE involve activation of MAPKSs, such as Erk1/2
and p38, and NF-«B nuclear translocation (8, 9).

Both HMGB1 and RAGE have been reported to bind heparin,
a property that can be exploited for protein purification. In this
report, we show that HMGB1 and RAGE also bind to heparan
sulfate. We mapped the heparin-binding site on HMGBI1 by
mutagenesis and created a mutant that lacks the capacity to
bind heparan sulfate. Surprisingly, mutant HMGB1 signals nor-
mally, butits action still depends on cell surface heparan sulfate.
This finding led to the discovery that RAGE is also a heparan
sulfate binding protein whose activity depends on binding to
cell surface proteoglycans.

3 The abbreviations used are: DAMP, danger-associated molecular pattern
protein; RAGE, the receptor for advanced glycation end products; RFU,
relative fluorescence units; sSRAGE, soluble RAGE; HMVEC-c, human cardiac
microvascular endothelial cells.
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EXPERIMENTAL PROCEDURES

Proteomic Screening—U937 cells (2 X 10%) were biotinylated
with 0.6 mM sulfo-NHS-SS-biotin (Pierce) in 10 ml of PBS, pH
8,at 4 °C for 1 h. The reaction was stopped by adding Tris base
to a final concentration of 50 mm. After two washes with cold
PBS, cells were resuspended in 3 ml of ice-cold hypotonic buffer
(10 mm Tris, 10 mm NaCl, 1.5 mm MgCl,, pH 7.4) supple-
mented with protease inhibitors. Cells were next subjected to
20 strokes in a Dounce homogenizer and then centrifuged at
1000 X g for 3 min to remove intact nuclei and unbroken cells.
The post-nuclear supernatant was solubilized with Nonidet
P-40 (final concentration of 1%)in 150 mm NaCl and clarified by
centrifugation at 14,000 X g for 15 min.

U937 supernatant (~ 10 mg of protein) was diluted to 1
mg/ml with heparin column wash buffer (20 mm HEPES, 150
mM NaCl, 1% Nonidet P-40, pH 7) and applied to a heparin fast
flow Sepharose column (1 ml; GE Healthcare). The column was
washed with 10 ml of wash buffer and eluted sequentially with 5
ml of buffer containing 300 mm NaCl, 3 ml of 500 mm NaCl and
3 ml of 1 m NaCl. The 500 mMm and 1 M eluates were combined
(~1 mg of protein).

The sample was mixed with 100 ul of neutravidin beads
(Pierce) in a 2-ml disposable column (Bio-Rad) and incubated
at room temperature for 30 min with gentle rotation. Once the
beads settled, the column was washed twice with 1 ml of cold
wash buffer (1% Nonidet P-40, 0.1% SDS in PBS), twice with 1
ml of cold 1 m KCl, and twice with 1 ml of 0.1 m Na,CO,, pH
11.5. The beads were next washed with 3 ml of PBS and trans-
ferred into a 1.5-ml centrifuge tube. Bound biotinylated protein
was eluted by incubation of the beads with 50 ul of 5% -mer-
captoethanol in PBS for 30 min in a 37 °C water bath. The elu-
tion was repeated two more times to maximize protein recov-
ery. Approximately 20 ug of protein was eluted by this method.
For LC/MS analysis, 4 ug of protein was digested using an in-gel
tryptic digestion kit (Pierce) and analyzed by University of Cal-
ifornia Davis proteomic core facility.

HMGBI and sSRAGE—U937 cells (1.2 X 10°) were chilled at
4 °Cfor 6 h, sedimented by centrifugation, and lysed in cold lysis
buffer (1% Triton X-100, 20 mm Tris, pH 8, 150 mm NaCl)
supplemented with protease inhibitors (Sigma). The cell lysate
was centrifuged at 14,000 X g for 20 min, and the supernatant
was diluted with 50 mMm Tris (pH 8.1) to achieve a final NaCl
concentration of 60 mm. The diluted lysate was applied to a
DEAE HiTrap column (2 X 1 ml, GE Healthcare). HMGB1
eluted between 150 to 240 mw salt at pH 8.1. The pooled frac-
tions were applied to a 1.3-ml UNO-Q column (Bio-Rad) after
diluting the NaCl concentration to 80 mm. HMGB1 eluted
between 200 to 325 mw salt at pH 8.1. The partially purified
HMGB1 was then applied to a 1-ml heparin-Sepharose column,
and HMGBI1 was eluted between 550 mMm to 600 mm salt at pH
7.1. In the last step of purification, pooled heparin fractions was
concentrated and resolved by a G2000SW gel permeation col-
umn (Tosoh). Approximately 50 ug of highly pure HMGBI (at
least > 95% pure as judged by silver staining of PAGE gels after
analysis of 200 ng of material) was obtained.

In experiments employing mutants of HMGB1, recombinant
protein was generated in Escherichia coli. The complete open
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reading frame of human HMGB1 (Open Biosystems) was
cloned into pET45b (Novagen) using the PshA I site. Expression
was carried out in Origami-B cells (Novagen) carrying the
pGro7 (Takara) plasmid expressing chaperonin proteins GroEL
and GroES of E. coli. Transformed cells were grown in LB
medium supplemented with 12.5 pg/ml tetracycline, 15 ug/ml
kanamycin, 35 ug/ml chloramphenicol, and 50 ug/ml carbeni-
cillin at 37 °C. When the absorbance at 600 nm reached 0.4 —
0.7, isopropyl B-p-thiogalactopyranoside (0.15 mm) and L-ara-
binose (1 mg/ml) were added to induce the expression of
HMGB1 and chaperonin proteins, respectively. The cells were
allowed to shake overnight at 22 °C. Purification was carried out
using a Ni-Sepharose 6 fast flow column, followed by gel per-
meation chromatography with HiLoad 16/60 Superdex 75 and
anion exchange chromatography with MonoQ 5/50 (GE
Healthcare). Mutagenesis was performed using a QuikChange
site-directed mutagenesis kit (Agilent).

The extracellular domain (Ala-23-Glu-326) of RAGE was
cloned into pET45b using PshA Isite. Expression was carried
out in the same way as described for HMGB1. Purification
was performed by using a Ni-Sepharose 6 fast flow column
followed by gel filtration chromatography with Superdex 200
10/300.

Biotinylation of HMGB1 and sSRAGE—HMGBI1 or sRAGE
was diluted in 3 ml of PBS and was loaded onto a 200-ul hepa-
rin-Sepharose column. Sulfo-NHS-LC-biotin in PBS (500 ul of
a 1 mm solution, pH 8) was then applied to the column, and
biotinylation was allowed to proceed for 30 min at room tem-
perature. The reaction was stopped by applying 600 ul of PBS
containing 100 mm glycine, pH 7. After washing the column
with 1 ml of 20 mm HEPES buffer (pH 7.1) containing 150 mm
NaCl, the column was eluted sequentially with 600 mm NaCl
and 1 M NaClin 20 mm HEPES buffer (800 ul). Protein eluted by
1 M NaCl was used for all binding experiments.

HMGBI and sRAGE Binding to Immobilized Heparin and
Heparan Sulfate—Porcine mucosal heparin (SPL Scientific
Protein Laboratories) and bovine kidney heparan sulfate
(Sigma) were immobilized (0.1 ml of 10 pg/ml) on 96-well hep-
arin binding plates (BD Biosciences) according to the manufac-
turer’s instructions. Plates were blocked with 5% BSA in PBS
and incubated with various concentrations of biotinylated
HMGBI1 or sSRAGE. Bound ligand was quantitated with strepta-
vidin-HRP (Jackson Immunology) followed by the addition of
HRP substrate (Thermo Scientific).

HMGBI1 and sRAGE Binding to CHO Cells—Wild-type
CHO-K1 cells or heparan sulfate-deficient mutants pgsD, pgsE,
and pgsF (5 X 10 cells) (13) were incubated with biotinylated
HMGBI (1 pg/ml) or sSRAGE (2 pg/ml) in 100 pul of PBS for 1 h
at 4 °C. After rinsing, the cells were stained with streptavidin-
phycoerythrin (eBioscience) at a dilution of 1:1000 for 15 min
and analyzed by flow cytometry. In some experiments, cells
were treated with heparin lyases I (2 milliunits/ml), IT (2 milli-
units/ml), and III (5 milliunits/ml) for 15 min at room temper-
ature prior to binding experiments. In some experiments, hep-
arin, 2-O-desulfo-heparin and 6-O-desulfo-heparin and
N-desulfo/re-N-acetylated heparin (Neoparin, Inc.) were
included (10™"" to 10~° mol/liter). The geometric means of
binding histograms obtained in the presence of heparin were
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TABLE 1

Extracellular heparin-binding proteins identified by mass spectrometry

Peptide coverage

NCBI Protein ID Protein Subcellular location” Heparin binding” Ist 2nd 3rd
%
P23284 Cyclophilin B Ex/Cp Yes 62 66 70
P09429 High mobility group protein B1 Nu/Cp/Ex Yes 60 34 55
P26038 Moesin Cp/Ex Yes 48 56 57
P04075 Fructose-bisphosphate aldolase A Cp/Ex Yes 58 22 54
Q06830 Peroxiredoxin-1 Cp/Ex NA 24 45 50
P05455 Lupus La protein Nu/Ex NA 31 17 45
P51858 Hepatoma-derived growth factor Ex/Nu Yes 19 46 19
P19338 Nucleolin Nu/Ex Yes 31 26 22
P08567 Pleckstrin Cp NA 17 30 15
Q13765 Nascent polypeptide-associated complex subunit « Cp NA 27 26 14
P06748 Nucleophosmin Nu/Ex Yes 31 9 17
P30533 a-2-Macroglobulin receptor-associated protein Ex Yes 23 12 18
P62937 Cyclophilin A Ex/Cp Yes 9 13 43
060506 Heterogeneous nuclear ribonucleoprotein Q Nu NA 33 7 9
P14866 Heterogeneous nuclear ribonucleoprotein L Nu NA 10 6 22
P08238 Heat shock protein HSP 90-3 Cp/Ex Yes 9 16 12
Q14444 Caprin-1 Cp NA 10 6 10
043390 Heterogeneous nuclear ribonucleoprotein R Nu NA 9 4 10
Q12906 Interleukin enhancer-binding factor 3 Nu/Cp NA 11 6 5
P07900 Heat shock protein HSP 90-« Cp/Ex Yes 6 4 10
P11021 78-kDa glucose-regulated protein Cp/Ex Yes 8 6 5
“Nu, Nuclear; Cp, cytoplasmic; Ex, extracellular.
> NA, data not available.
normalized to the one obtained in the absence of heparin and RESULTS

expressed as a percentage of maximum binding. The inhibition
curve was fitted to one site competition, and IC,, values were
calculated in Prism.

Endothelial Cell Sprouting Assay—Isolation of murine brain
and lung microvascular endothelial cells and a sprouting assay
using rat tail type I collagen gel (BD Biosciences) were per-
formed essentially as described (14). Highly purified U937 cell
endogenous HMGB1 or FGF2 (Shenandoah Biotechnology)
was diluted in DMEM to the desired concentration. The net
length of endothelial sprouts per (100X) microscopic field was
measured after 24 h. Data were normalized to the response of
unstimulated cells and expressed as fold stimulation.

Immunoblotting—Human cardiac microvascular endothelial
cells (HMVEC-c) cells (Lonza, cc-7030) were serum-starved in
DMEM for 5 h prior to treatment with U937-derived HMGBI.
In some experiments, HMVEC-c were incubated with a mix-
ture of heparin lyases I (2 milliunits/ml), II (2 milliunits/ml),
and III (5 milliunits/ml), or with 10 ug/ml protamine (Sigma),
or with 10 pg/ml blocking antibody to RAGE (R&D Systems) in
serum-free DMEM at 37 °C for 15 min. Cells were then stimu-
lated with 50 to 2500 ng/ml HMGB1 at 37 °C for 10 min. Cells
were lysed in radioimmune precipitation assay buffer (Cell Sig-
naling) containing protease and phosphatase inhibitors
(Pierce). Samples (10 ug) were resolved on 4-12% Bis-Tris
NuPage gel and blotted onto polyvinylidene difluoride mem-
brane. After incubation with primary and secondary antibodies
to Erk1/2, phospho-Erk1/2, and phospho-p38 (Cell Signaling),
reactive bands were visualized by West Pico chemiluminescent
substrate (Pierce).

Proximity Ligation Assay—Proximity ligation was measured
using a mouse monoclonal antibody (10E4, US Biological) to
heparan sulfate and an affinity-purified rabbit polyclonal anti-
body to human RAGE extracellular domain (Millipore), diluted
to 1 ug/ml, and processed as described previously (15).
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Identification of Monocyte Surface-expressed Heparin-bind-
ing Proteins—A four-step proteomic approach was designed to
discover heparin-binding proteins present on cells. U937
human monocytic cells were biotinylated with the impermeant
reagent, Sulfo-NHS-SS-Biotin. Biotinylated proteins were then
purified by heparin-Sepharose and streptavidin affinity chro-
matography. Analysis by liquid chromatography/mass spec-
trometry yielded 21 heparin-binding proteins, many with high
sequence coverage (Table 1). Twelve of the identified proteins
have been shown previously to bind to heparin. Interestingly,
nine proteins are classified as nuclear and 11 are classified as
cytoplasmic proteins. We were surprised at first that so many of
the tagged proteins were cytoplasmic or nuclear residents.
Contamination by cell lysis during the biotinylation step
seemed unlikely because more abundant heparin-binding
nuclear proteins, such as histones, were not identified in any of
the preparations. An in-depth literature search revealed that
many of the identified nuclear proteins can be secreted, includ-
ing HMGBI, lupus La protein, hepatoma-derived growth fac-
tor, nucleolin, and nucleophosmin (16 —19). None of the three
heterogeneous nuclear ribonucleoproteins (hnRNPs Q, L, and
R) have been shown to be expressed extracellularly, but surface
expression is likely because a related protein hnRNP U has been
observed at the cell surface (20). In subsequent studies, we
focused on the heparin-binding properties of HMGBI as a par-
adigm for future studies of the other proteins discovered in this
proteomic screen.

Binding of HMGBI1 to CHO Cells Depends on Heparan
Sulfate—HMGBI was identified originally as a DNA-binding
protein, and its capacity to bind heparin was exploited for its
purification (21). HMGB1 also can bind heparan sulfate pro-
teoglycans, but the biological significance of this interaction has
not been explored (22). Incubation of biotinylated HMGB1
with immobilized heparin or bovine kidney heparan sulfate
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FIGURE 1. Binding of HMGB1 to CHO cells depends on heparan sulfate. A, binding of biotinylated recombinant HMGB1 to immobilized heparin (circles) and
heparan sulfate (squares) was measured. B, binding of biotinylated HMGB1 (1 ng/ml) to CHO-K1 cells was measured by flow cytometry with or without heparin
lyase pretreatment. The control sample was incubated only with streptavidin-phycoerythrin (Strep-PE) and is shown as a filled gray histogram. C, binding to
wild-type CHO-K1 is shown in black, to 2-O-sulfation-deficient mutant pgsF in blue, to N-sulfation-deficient mutant pgsE in red, and to heparan sulfate-deficient
mutant pgsD in green. D, HMGB1 binding was performed by flow cytometry in the presence of 10" to 10~ ° m heparin or chemically desulfated heparins.

Shown are the relative fluorescence units normalized to maximum binding.

yielded K, values of 6.8 == 0.4 nm and 18.4 = 2 nm for heparin
and heparan sulfate, respectively (Fig. 1A4).

Heparin lyase treatment of CHO cells showed that binding of
biotinylated recombinant HMGBI strictly depends on heparan
sulfate and not other glycosaminoglycans (Fig. 1B). CHO pgsD-
677 cells, which lack heparan sulfate but make elevated
amounts of chondroitin/dermatan sulfate (supplemental Fig.
S1A), also fail to bind HMGBI1 (Fig. 1C, relative fluorescence
units (RFU) = 2 versus 64 in mutant and wild-type cells, respec-
tively). Binding decreased in pgsE-606 (RFU = 8) and in
pgsF-17 (RFU = 17) cells that lack glucosamine N-sulfotrans-
ferase and uronyl 2-O-sulfotransferase activities, respectively
(Fig. 1C). Heparin, a highly sulfated form of heparan sulfate,
blocked binding to wild-type cells with an IC,, of 1.8 = 0.2 nm

(Fig. 1D). Competition studies using various desulfated ver-
sions of heparin confirmed that loss of sulfate groups from any
position significantly reduced the capacity of heparin to block
binding (Fig. 1D, IC,, values = 21 * 6,49 = 8, and 90 * 30 nm
for 2-O-desulfo-, 6-O-desulfo, and N-desulfo heparins). The
dramatic reduction of potency when N-sulfate groups were
removed is consistent with the equally dramatic loss of binding
to pgsE cells. The combined genetic and competition studies
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suggests the order of importance of sulfate groups in binding of
HMGBI1 to heparin/heparan sulfate is N-sulfation > 6-O-sul-
fation > 2-O-sulfation. This pattern differs significantly from
the behavior of FGF2, which depends more on 2-O-sulfation
than N-sulfation in this assay (supplemental Fig. S1B).

Location of Heparan Sulfate-binding Site of HMGBI1—Most
ligands bind to heparin/heparan sulfate by way of electrostatic
interactions of the negatively charged sulfate groups and uronic
acids in the chains with positively charged lysine and arginine
residues in the ligand. HMGB1 contains a large number of basic
residues, 43 lysines and 8 arginines, which account for 24% of
the amino acids (Fig. 24 and supplemental Fig. S2). To deter-
mine the relevant lysine residues for binding, we used a map-
ping strategy that combines biotinylation, heparin affinity
chromatography, and mass spectrometry. Briefly, HMGB1 was
bound to heparin-Sepharose, biotinylated in situ, and then
eluted stepwise with a salt gradient. Unmodified HMGB1
eluted as a sharp peak centered ~555 mm NaCl. After biotiny-
lation, the majority of the HMGBI eluted at significantly lower
salt concentration (supplemental Fig. S3), suggesting that lysine

residues relevant to binding had been modified. In theory, mol-
ecules that elute with lower salt should contain more biotiny-

JOURNAL OF BIOLOGICAL CHEMISTRY 41739


http://www.jbc.org/cgi/content/full/M111.299685/DC1
http://www.jbc.org/cgi/content/full/M111.299685/DC1
http://www.jbc.org/cgi/content/full/M111.299685/DC1
http://www.jbc.org/cgi/content/full/M111.299685/DC1
http://www.jbc.org/cgi/content/full/M111.299685/DC1

HMGB1-RAGE Interacts with Heparan Sulfate

A B

C
—~ 1507 e Wild-type HMGB1 0
<D( 12.54 === Quintuple mutant 60 O
S 0
< 10.0] F50 &
q) N
S 751 0 >
g 5 o2
o 120 S
8 251 10 2
< i 5
E 5 S
6 8 10 12 14 16 18 20 22
Volume (ml)
D 17.5 =
2 150 ———
3
0 125=
s o
0 .S 100
8.5
R 2 75 T
£ 5.0
&
Q 25+
0.0 B

L] L] L]
Wildtype Mutant Wildtype Mutant

800 ng 2 ug

FIGURE 2. A cluster of basic residues located at the loop region of HMGB1
contributes to heparan sulfate binding. A, schematic representation of a
solution structure of HMGB1 (Protein Data Bank code 2YRQ). The HMGBI1
A-box is shown in light gray, and the B-box is shown in dark gray. The side
chains of all basic residues are shown as green sticks. B, basic residues that
contribute to heparan sulfate binding as determined by site-directed
mutagenesis. C, heparin-Sepharose chromatography of wild-type HMGB1
and quintuple mutant K87A/K88A/K96A/R97A/K150A. The conductivity trace
is shown as a thin black line. D, binding of wild-type HMGB1 and K87A/K88A/
K96A/R97A/K150A mutant (800 ng or 2 ug) to *>S-labeled endothelial hepa-
ran sulfate as determined by filter assay (n = 3, error bar represents S.E.). mAU,
milliabsorbance units.

lated lysines residues involved in binding than molecules that
bind at higher salt, whereas the latter should contain biotiny-
lated lysines dispensable for binding. Assisted by mass spec-
trometry, we found that most lysine residues located within the
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TABLE 2

Salt concentration for elution of HMGB1 mutants from heparin-Sep-
harose

Mutant Peak NaCl
Wild-type HMGB1 555 mm
R10A/K12A 545 mm
K68A/R70A 555 mMm
K82A 555 mm
K87A/K88A 500 mm
K90A 515 mMm
K96A/R97A 500 mm
R110A/K112A 550 mm
K141A 550 mMm
K152A/K154A 545 mm
R163A 550 mm
167stop 550 mMm
K87A/K88A/K96A/RI7A 445 mm
K87A/K88A/K96A/R97A/K150A 410 mm
K87A/K88A/K96A/RI7A/K8A 435 mMm
K87A/K88A/K96A/RI7A/K90A Not soluble
K87A/K88A/K96A/R97A/K90Q 425 mm
K87A/K88A/K96A/R97A/K86Q 445 mm

major box domains (A-box domain, residues 13-79, and B-box,
residues 99-163) were biotinylated in HMGB1 eluting in the
high salt fractions 14 —15, suggesting they were not essential for
heparin binding (supplemental Table S1). In contrast, none of
the lysine residues within the long loop region that connects the
A- and B-boxes (residues 79 —99) were biotinylated in high salt
fractions, whereas many of them (Lys-82, Lys-87, Lys-88, and
Lys-90) were biotinylated in lower salt fractions.

Based on this information and phylogenetic comparisons
indicating conservation of a subset of lysine and arginine resi-
dues (supplemental Fig. S2), we selected a number of residues
for mutagenesis (Table 2). Most of the selected mutations did
not alter the elution of HMGB1 from heparin-Sepharose,
except those located within the loop region (K87A-K88A,
K90A, K96A-R97A). Various combinations of mutations
showed that residues Lys-87, Lys-88, Lys-96, and Lys-97 from
the loop region and Lys-150 from the B-box were most relevant
to binding (Table 2 and Fig. 2B). The quintuple mutant bound
to heparin less avidly, eluting at 410 mm NaCl (Fig. 2C). The
quintuple mutant at physiological salt concentration essentially
lost the capacity to bind [**S]heparan sulfate prepared from
endothelial cells (Fig. 2D), which presumably reflects the lower
overall sulfation of heparan sulfate compared with heparin.

HMGBI-induced Sprouting Is Substantially Reduced in
Ndst1-deficient Endothelial Cells—To determine whether the
interaction of HMGBI1 with heparan sulfate affected its biolog-
ical activity, we derived primary microvascular endothelial cells
from Ndst1""Tie2Cre™ mice, which, similar to CHO pgsE cells,
are deficient in glucosaminyl N-deacetylase-N-sulfotrans-
ferase-1 (15). Binding of HMGB1 to mutant endothelial cells
was reduced to 5% of wild-type (Fig. 34), which agrees well with
reduced HM GBI binding to CHO pgsE cells (Fig. 1B). Sprout-
ing of primary endothelial cells on type I collagen was stimu-
lated by HMGB1 as much as 4.3-fold above untreated control
cells reaching a maximum at 10 ng/ml (Fig. 3B). On a molar
basis, HMGB1 was ~60% as potent as FGF2 in inducing endo-
thelial sprouting. Sprouting of Ndst1-deficient endothelial cells
was greatly reduced when challenged with either HMGBI or
FGF2 (Fig. 3B), demonstrating the importance of heparan
sulfate.
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FIGURE 3. HMGB1-induced sprouting in Ndst1-deficient endothelial
cells. A, binding of biotinylated HMGB1 (2 ng/ml) to wild-type or Ndst1-
deficient mouse microvascular endothelial cells was measured by flow
cytometry. B, sprouting of mutant and wild-type mouse endothelial cells
on collagen in response to HMGB1 after 24 h treatment. Data are mean
values = S.E. for net length of endothelial sprouts per 100X microscopic
field, normalized to the response of unstimulated wild-type cells (n = 4).
Strep-PE, streptavidin-phycoerythrin.

Stimulation of primary HMVEC-c with HMGB1 for 10 min
resulted in phosphorylation of both Erk1/2 and p38 (Fig. 4A).
Protamine, which is used to neutralize therapeutic heparin, or
brief treatment with heparin lyases blocked phosphorylation of
Erk1/2 and p38 (Fig. 4, A and B). Remarkably, heparin lyase-
treated cells remained unresponsive to HMGBI even at con-
centrations as high as 2500 ng/ml (Fig. 4B). This finding indi-
cates that loss of heparan sulfate cannot be overcome by merely
increasing the ligand concentration, which differs from the
behavior of other heparin-dependent growth factors such as
FGF2 (14). Attempts to measure signaling responses in murine
endothelial cells were met with very high background, prevent-
ing analysis of heparan sulfate-deficient cells.

DECEMBER 2,2011+VOLUME 286+NUMBER 48

HMGB1-RAGE Interacts with Heparan Sulfate

A Untreated + Protamine
p'Ersz -— “ .
p-p38 -l -

Total Erk,, SR SRS WS

HMGB1 (ng/ml) 0 50 100 400 0 50 100 400

B Untreated + Heparin Lyases
p-EI’km . - - e
p-p38 - P o=

Total Erk,, RS SSEN Y

HMGB1 (ng/ml) 0 100 400 10002500 O 100 400 1000 2500

uo37
HMGB1

C Wildtype Mutant
HMGB1 HMGB1

e

Total Erk,, b b e i b &b &I

HMGB1 (ng/ml) 0 50 50
Heparinlyases - - + - 4 -+

FIGURE 4. HMGB1-induced Erk1/2 and p38 phosphorylation. A, immuno-
blot analysis of Erk1/2 and p38 phosphorylation in HMVEC-c after stimulation
with U937-derived HMGB1. HMVEC-c were preincubated with or without 1
um protamine and then treated with 50 to 400 ng/ml of HMGB1 for 10 min. B,
HMVEC-c were pretreated with or without heparan lyases|, Il, and Il for 15 min
and then stimulated with 100 to 2500 ng/ml of HMGB1. All blots are repre-
sentative of at least three similar experiments. C, immunoblot analysis of
Erk1/2 phosphorylation in HMVEC-c after stimulation with 50 ng/ml of E. coli
expressed wild-type HMGB1, K87A/K88A/K96A/R97A/K150A mutant or
U937-derived HMGB1.
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We next examined whether the quintuple mutant of HMGB1
was able to induce phosphorylation of Erk1/2. To our surprise,
despite complete loss of heparan sulfate binding (Fig. 2D),
mutant HMGB1 induced Erk1/2 phosphorylation as well as the
control (Fig. 4C). Nevertheless, induction of Erk1/2 phospho-
rylation depended on cell surface heparan sulfate because hep-
arin lyase treatment abolished phosphorylation (Fig. 4C). This
finding indicated that heparan sulfate must be essential for the
function of certain cell surface receptors critical for HMGB1
signaling.

Heparan Sulfate Interacts with RAGE—The cytokine func-
tion of extracellular HMGBI is mediated primarily through
RAGE. Like HMGBI1, sRAGE binds to heparin and heparan
sulfate with relatively high affinity (4.8 = 0.4 nm and 28 = 2.4
nM for heparin and heparan sulfate, respectively) (Fig. 54, com-
pare with Fig. 14). sSRAGE also binds to CHO cells in a heparan
sulfate-dependent manner based on heparin lyase treatment
(RFU = 3 versus 43, Fig. 5B) and studies of pgsD cells (RFU =
2.5 versus 43, Fig. 5C). Binding to pgsE cells was reduced to 33%
(RFU = 14 versus 43, Fig. 5C), suggesting that N-sulfation was
important for binding. Interestingly, binding was only very
slightly reduced in pgsF cells (RFU = 35 versus 43, Fig. 5C),
suggesting that 2-O-sulfation was dispensable. Heparin
blocked binding to wild-type cells with an IC., 0of 3.2 = 1.1 nm.
2-O-desulfo- and 6-O-desulfo-heparin competed almost as well
as unmodified heparin (IC;, = 4.1 * 0.9 and 4.1 * 1.4 nwm,
respectively), which suggests that sulfation at these positions
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FIGURE 5. RAGE interacts with heparan sulfate. A, binding of biotinylated sSRAGE to immobilized heparin (circles) and heparan sulfate (squares) was measured.
B, binding of biotinylated sSRAGE (2 ug/ml) to wild-type CHO-K1 cells was measured by flow cytometry with or without heparin lyase pretreatment. C, binding
of biotinylated sRAGE to various CHO mutants. D, heparin and various desulfated heparins compete for sRAGE binding to CHO cells. Strep-PE,

streptavidin-phycoerythrin.

was not required for sSRAGE binding (Fig. 5D). In contrast,
N-desulfo-heparin competed poorly compared with heparin
(IC, = 28 = 8.1 nm; Fig. 5D). Thus, both RAGE and HMGB1
critically depend on N-sulfation for binding to heparan sulfate.

RAGE is a functional receptor for HMGB1 on HMVEC-c
because a blocking antibody totally abolished the phosphoryla-
tion of Erk1/2 and p38 (Fig. 6A4). We predicted that RAGE and
heparan sulfate might form a complex at the cell surface. Using
two antibodies, one against heparan sulfate and the other
against RAGE, we showed by proximity ligation that complexes
exist on the surface of endothelial cells. Interesting, the RAGE/
heparan sulfate interaction was readily detected in the absence
of HMGB1 (Fig. 6B), suggesting that there were preformed
complexes of heparan sulfate and RAGE at endothelial surface.
A time-dependent increase of association occurred after stim-
ulation with HMGBI, increasing by 35% at 5 min (Fig. 6B),
possibly as a result of receptor complex stabilization upon
ligand binding.

DISCUSSION

In this study, we show that cell surface biotinylation coupled
with heparin affinity chromatography tags many traditionally
nuclear and cytoplasmic proteins. Although lysis of some cells
could render these proteins susceptible to biotinylation, many
other abundant heparin-binding proteins such as histones and
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various transcription factors, RNA binding proteins, and pro-
teins involved in DNA replication were not detected. Other
studies have shown that several of the tagged proteins are
secreted via non-conventional pathways or during necrosis
(17). Regardless of the mechanism, the release of nuclear and
cytoplasmic proteins represents a danger signal that tissue
damage has occurred. That so many of these proteins bind to
heparin suggested that their extracellular activities might
depend on cell surface heparan sulfate, which unlike heparin is
expressed ubiquitously by virtually all animal cells. Indeed,
among the identified proteins, cyclophilin A (23), cyclophilin B
(24), and hepatoma-derived growth factor (25) have been
shown to interact with heparan sulfate and cause a cellular
response. Our attention was drawn to HMGB1 because it con-
sistently showed very high peptide coverage in three proteomic
screens, it is one of the major DAMPs released by necrotic cells
during tissue injury, and it induces angiogenic and inflamma-
tory responses in endothelial cells. We showed genetically and
biochemically that HMGB1 is indeed a heparan sulfate depend-
ent signaling factor, but to our surprise, the requirement for
heparan sulfate is manifested at the level of the receptor RAGE
rather than HMGB1.

Three other proteins identified in the screen belong to the
heat shock protein (HSP) family (Table 1). Binding between
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FIGURE 6. RAGE-dependent signaling. A,immunoblot analysis of Erk1/2 and
p38 phosphorylation in HMVEC-c after stimulation with HMGB1. Some wells
were preincubated with a blocking antibody (10 wg/ml) to RAGE for 20 min
prior to stimulation. B, interaction between endogenous RAGE and heparan
sulfate at the cell surface as measured by a proximity ligation assay. HMVEC-c
cells were either unstimulated or stimulated with 100 ng/mIHMGBT1 for 5 min,
followed by fixation and incubation with antibodies to heparan sulfate, the
extracellular domain of RAGE, and proximity ligation assay reagents. Each red
dot indicates an interaction between heparan sulfate and RAGE. Nuclei are
shown in blue. The data are presented as red dots (duolink signals) per cell. As
a negative control, cells were incubated with anti-heparan sulfate antibody
and nonspecific rabbit IgG. Error bars represent S.E. (n = 4 separate experi-
ments). Representative images of unstimulated samples were shown in the
lower panel.

HSPs and heparin has been documented as well, but whether
the interaction is physiologically relevant has not been studied
(26). Similar to HMGB1, HSPs are DAMPs released from
necrotic cells during tissue injury and can trigger inflammatory
responses (17, 27). This raises the interesting possibility that
heparan sulfate, by interacting with multiple DAMPs, might
serve as a central coreceptor that actuates the inflammatory
response in injured tissue.

The interaction of heparan sulfate with FGF2-FGFR has
become a paradigm for the action of heparan sulfate as a core-
ceptor (28, 29). However, the dependence of HMGB1 activity
on heparan sulfate differs in several ways from the interaction
of heparan sulfate with FGF2. First, N-sulfation plays a more
prominent role in mediating heparan sulfate binding to
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HMGBI1 than to FGF2 (Fig. 1C and supplemental Fig. S1B).
Although the sprouting response of Ndstl-deficient endothe-
lial cells to HMGBI1 is completely abolished, its response to
FGF2, albeit substantially reduced, remained significant (4.2-
fold over untreated cells, Fig. 3B). Second, the requirement of
heparan sulfate for signal transduction can be overcome by
increasing the concentration of FGF2 (14), whereas even a
50-fold excess of HMBG1 (2.5 ug/ml) failed to induce signal
transduction in the absence of heparan sulfate (Fig. 4B). The
complete dependence of HMGBI on heparan sulfate corecep-
tors suggests a fundamental difference in the way that RAGE
and FGF receptors function.

HMGBI1 bears an exceptionally large number of basic resi-
dues (24% of total amino acids). Mutagenesis revealed that only
six basic residues make significant contribution to heparan sul-
fate binding. Five of these residues, Lys-87, Lys-88, Lys-90, Lys-
96, Arg-97, are located within the second half of a long loop
region that connects the A-box and B-box domains. A single
residue in the last helix of B-box, Lys-150, also contributes sig-
nificantly to binding. Combined, these residues form a contig-
uous string of positive charges that lie nearly perpendicular to
the long axis of the HMGBL (Fig. 2B). Four of the six residues,
Lys-87, Lys-90, Lys-96, and Arg-97, also contribute to DNA
binding (30, 31). However, DNA binding requires at least four
additional charged residues in the A-box and six in the B-box
(32). Therefore, it appears that HMGBI uses overlapping but
distinct basic residues for heparan sulfate and DNA binding.

The quintuple mutant K87A/K88A/K96A/K97A/K150A of
HMGBI represents an ideal tool to study the physiological con-
sequences of blunted HMGB1/heparan sulfate interactions. By
analogy, the quintuple mutant is similar to the non-heparin
binding form of VEGF, VEGF121, which is able to bind and
stimulate VEGF receptors (15). Similarly, the quintuple mutant
of HMGBI signals independently of its capacity to bind hepa-
ran sulfate (Fig. 4C). However, genetic studies have shown that
mutant animals expressing only VEGF121 do not survive due to
misregulated angiogenesis (33). This phenomenon can be
explained by failure of VEGF121 to establish the correct spatial
localization, whereas the heparin binding forms of VEGF can
interact with heparan sulfate in the extracellular matrix and
form the proper gradients needed to guide angiogenesis. A sim-
ilar scenario may be relevant to HMGB1. When HMGBI is
released by necrotic tissue after damage, it presumably binds to
heparan sulfate in the matrix, which in turn restricts the cellular
responses to the area of local damage. We can test this hypoth-
esis by injection or transgenic expression of the quintuple
mutant in vivo.

During the inflammatory response, chemokines and cyto-
kines secreted by monocytes or macrophages act directly on
endothelial cells, and many of them function in a heparan sul-
fate-dependent manner (34). Endothelial heparan sulfate has
profound effects on chemokine presentation, oligomerization,
and transcytosis (35, 36). Similarly, heparan sulfate serves as a
critical co-receptor for the proangiogenic factors FGF and
VEGF by interacting with both ligands and receptors (14, 15,
37-39). We can now add HMGB1 and RAGE to the growing list
of inflammatory mediators and receptors that depend on cell
surface heparan sulfate. Although we used only endothelial
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cells in our studies, the importance of heparan sulfate in RAGE
signaling may extrapolate to other cell systems expressing
RAGE and other ligands that signal through this receptor.
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