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Abstract The adiponectin receptors (AdipoR1 and Adi-
poR2) are membrane proteins with seven transmembrane
helices. These receptors regulate glucose and fatty acid
metabolism, thereby ameliorating type 2 diabetes. The full-
length human AdipoR1 and a series of N-terminally trun-
cated mutants of human AdipoR1 and AdipoR2 were
expressed in insect cells. In small-scale size exclusion
chromatography, the truncated mutants AdipoR1A88 (res-
idues 89-375) and AdipoR2A99 (residues 100-386) eluted
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mostly in the intact monodisperse state, while the others
eluted primarily as aggregates. However, gel filtration
chromatography of the large-scale preparation of the tag-
affinity-purified AdipoR1A88 revealed the presence of an
excessive amount of the aggregated state over the intact
state. Since aggregation due to contaminating nucleic acids
may have occurred during the sample concentration step,
anion-exchange column chromatography was performed
immediately after affinity chromatography, to separate the
intact- AdipoR1A88 from the aggregating species. The
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separated intact AdipoR1A88 did not undergo further
aggregation, and was successfully purified to homogeneity
by gel filtration chromatography. The purified Adi-
poR1A88 and AdipoR2A99 proteins were characterized by
thermostability assays with 7-diethylamino-3-(4-malei-
midophenyl)-4-methy! coumarin, thin layer chromatogra-
phy of bound lipids, and surface plasmon resonance
analysis of ligand binding, demonstrating their structural
integrities. The AdipoR1A88 and AdipoR2A99 proteins
were crystallized with the anti-AdipoR1 monoclonal anti-
body Fv fragment, by the lipidic mesophase method. X-ray
diffraction data sets were obtained at resolutions of 2.8 and
24 A, respectively.

Keywords Membrane protein - Adiponectin receptors
AdipoR1 and AdipoR2 - Purification - Antibody -
Crystallization - Lipidic mesophase

Introduction

Adiponectin is an anti-diabetic and anti-atherogenic
adipokine, and is exclusively expressed in adipose tissue
[1-4]. Serum adiponectin levels are significantly reduced
in patients with obesity, metabolic syndrome, and type 2
diabetes [5]. We previously reported the expression
cloning of complementary DNAs encoding adiponectin
receptors (Adipor) 1 and 2 [6]. These adiponectin
receptors, AdipoR1 and AdipoR2, are key membrane
proteins that exert anti-metabolic syndrome effects.
Adiponectin accomplishes its biological effects by bind-
ing to the AdipoR1 and AdipoR2 receptors. In the liver,
both adiponectin receptors mediate the major part of the
insulin-sensitizing actions of adiponectin, while AdipoR1
primarily does so in skeletal muscle. AdipoR1 and
AdipoR2 regulate glucose and fatty acid metabolism
partly via the activation of the AMPK [7-9], Ca>* [10],
and PPARa [11, 12] signaling pathways. Interestingly,
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AdipoR1 and AdipoR2 are predicted to contain seven-
transmembrane domains [6], but they are structurally
distinct from G-protein coupled receptors (GPCRs) [13].
The adiponectin receptors possess an internal N-terminus
and an external C-terminus, which is opposite to the
topology of GPCRs. Therefore, AdipoRs are predicted
to have unique structures, as compared to those of
GPCRs.

Here, we report the expression and purification of the
N-terminally truncated human AdipoR1 and AdipoR2
proteins, crystallization of the truncated AdipoR1 and
AdipoR2 in complexes with the Fv fragment of an anti-
AdipoR1 monoclonal antibody, and their preliminary
X-ray crystallographic studies.

Materials and methods
Plasmid construction

The BgllI-FLAG-TEV-BamHI-EcoRI DNA (5'-GGAAGA
TCTATGGATTACAAGGACGACGACGATAAGGAAA
ACCTGTATTTTCAGGGCGGATCCGAATTCCCG-3)
and its complementary DNA were synthesized, annealed
together, digested with Bg/ll and EcoRI, and subcloned
into the BamHl and EcoRI sites of pFastBacl. The
resulting plasmid encodes a Flag tag followed by a TEV
cleavage site at the N-terminus, and is referred to as
pFastBacl-FT hereafter. The cDNAs encoding the full-
length human AdipoR1 (residues 1-375) and N-termi-
nally-truncated mutants of AdipoR1 and AdipoR2 (Adi-
poR1A46, residues 47-375; A76, 77-375; A88, 89-375;
A101, 102-375; and A119, 120-375; AdipoR2ASS, resi-
dues 59-386; A87, 88-386; A99, 100-386; All2,
113-386; and A130, 131-386) were amplified by PCR.
The PCR products were digested with BamHI and Xhol
for AdipoR1 and EcoRI and Xhol for AdipoR2, and then
inserted into the pFastBacl-FT vector.

Protein expression in insect cells

High-titer recombinant baculoviruses were obtained with
the Bac-to-Bac Baculovirus Expression System (Invitro-
gen), according to the manufacturer’s protocol. For large-
scale and small-scale production of the recombinant pro-
teins, Trichoplusia ni (High Five) cells, at densities of
2 x 10° and 2-5 x 10° cell/ml, respectively, were infec-
ted with the high-titer viral stock at a multiplicity of
infection (m.o.i.) of 0.5. Cells were harvested by centri-
fugation at 42-h post infection, and were washed once with
phosphate buffer saline (PBS). Cells were flash-frozen in
liquid nitrogen, and stored at —80 °C until use.
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Large-scale membrane preparation

For large-scale preparations of the full-length AdipoR1,
AdipoR1A88, and AdipoR2A99 proteins, frozen cells were
thawed in high osmotic buffer [10 mM HEPES-NaOH
buffer (pH 7.4) containing 1.0 M NaCl, 10 mM MgCl,,
20 mM KCl, and EDTA-free Complete Protease Inhibitor
Cocktail (Roche)], and disrupted by Dounce homogeniza-
tion. The raw membranes were collected by ultracentrifu-
gation at 100,000x g for 30 min, and were resuspended in
high osmotic buffer. These ultracentrifugation and resus-
pension steps were repeated four times, to remove the
peripheral membrane proteins. Finally, the washed mem-
branes were resuspended in 20 mM HEPES-NaOH buffer
(pH 7.4) containing 100 mM NaCl and 10 % (v/v) glyc-
erol, flash-frozen with liquid nitrogen, and stored at
—80 °C until use. The membrane proteins were quantified
with the DC Protein Assay (Bio-Rad), using bovine serum
albumin (BSA) as the standard.

Large-scale protein purification

The purified membranes (20 mg/ml of total membrane
proteins) were solubilized with 20 mM HEPES-NaOH
buffer (pH 7.4) containing 100 mM NaCl, 10 % (v/v)
glycerol, and 1 % (w/v) n-dodecyl-p-p-maltoside (DDM,
Anatrace), for 1-2 h at 4 °C. The insoluble materials were
removed by ultracentrifugation at 100,000xg for 1 h. The
supernatant was filtered (0.45 um) and incubated with
Anti DYKDDDDK Tag Antibody Beads (Wako) in
20 mM HEPES-NaOH buffer (pH 7.4) containing
300 mM NaCl, 10 % (v/v) glycerol, and 0.5 % (w/v)
DDM, at 4 °C with gentle agitation. The beads were
washed with thirty column volumes of buffer A [20 mM
HEPES-NaOH buffer (pH 7.4), containing 10 % (v/v)
glycerol, 0.025 % (w/v) DDM, and 0.0001 % (w/v) cho-
lesteryl-hemi-succinate (CHS, Anatrace)], containing
200 mM NaCl. Then, the adsorbed AdipoR1/AdipoR2
proteins were eluted with five column volumes of buffer
A containing 100 or 200 mM NaCl and 0.1 mg/ml DY-
KDDDDK peptide (Wako). Further purification was per-
formed by the following three methods.

First, the affinity-purified sample was concentrated by
ultrafiltration with an Ultra-15 30 K-MWCO filter (Mil-
lipore), and then loaded on a Hil.oad 16/600 Superdex
200 (GE Healthcare) column equilibrated in buffer A
containing 200 mM NaCl. Second, the affinity-purified
sample, in 100 mM NaCl, was loaded on a 1-ml HiTrap
Q column (GE Healthcare) equilibrated with buffer A
containing 100 mM NaCl, and was eluted by a
100-1,000 mM linear NaCl gradient in buffer A. The
sample was further purified by SEC on a Superdex 200

10/300 (GE Healthcare) column, in buffer A containing
200 mM NaCl. Third, the affinity-purified sample, in
200 mM NaCl, was loaded on a 1-ml HiTrap Q column
equilibrated with buffer A containing 200 mM NaCl, and
the flow-through fraction was collected. The polyhisti-
dine-tagged TEV protease was added to the anion-
exchange-purified fraction, and incubated with the
receptor overnight at 4 °C. The receptor was separated
from TEV by adsorption to TALON resin (Clontech), and
was further purified by SEC on a Superdex 200 10/300
column in buffer A containing 200 mM NaCl. The puri-
ties of the AdipoR1A88 and AdipoR2A99 proteins were
assessed by SDS-PAGE.

Small-scale SEC analysis

Frozen cells were thawed in the high osmotic buffer, and
then sonicated to disrupt the cells. The membranes were
collected by ultracentrifugation at 100,000x g for 15 min,
and were resuspended in 20 mM HEPES-NaOH buffer
(pH 7.4) containing 150 mM NaCl, 1 mM EDTA, and
5 mM MgCl,. The purified membranes (10 mg/m! of
membrane protein) were solubilized with 20 mM
HEPES-NaOH buffer (pH 7.4) containing 1 % (w/v)
DDM, 150 mM NaCl, 1 mM EDTA, and 5 mM MgCl,,
for 1 h at 4 °C. The insoluble material was removed by
ultracentrifugation at 100,000x g for 30 min. The super-
natant was incubated with 100 pl anti-FLAG M2 affinity
gel (Sigma) in 20 mM HEPES-NaOH buffer (pH 7.4)
containing 150 mM NaCl, 1 mM EDTA, 5 mM MgCl,,
5 % (v/v) glycerol, and 0.5 % (w/v) DDM, at 4 °C with
gentle agitation. The beads were washed with five col-
umn volumes of 20 mM HEPES-NaOH buffer (pH 7.4)
containing 150 mM NaCl, 1 mM EDTA, 5 mM MgCl,,
5 % (v/v) glycerol, and 0.04 % (w/v) DDM, and the
adsorbed receptor was eluted with five column volumes
of the same buffer containing 0.1 mg/ml FLAG peptide
(Sigma). The affinity purified sample was then loaded on
a Superdex 200 10/300 column in 20 mM HEPES-NaOH
buffer (pH 7.4) containing 200 mM NaCl, 10 % (v/v)
glycerol, and 0.04 % (w/v) DDM. Fractions (1 ml) were
collected. Portions (5 pl) of the eluates were separated
by SDS-PAGE, and transferred to a PVDF membrane.
The membranes were blocked in 5 % (w/v) dry milk in
TBS-T buffer [Tris-buffered saline, 0.1 % (v/v) Tween-
20] at room temperature for 1 h. The blocked membranes
were detected with the anti-FLAG M2 monoclonal anti-
body (Sigma) and the anti-mouse IgG, HRP-linked whole
antibody from sheep (GE Healthcare) in TBS-T buffer.
The membranes were visualized using Immobilon Wes-
tern Chemiluminescent HRP Substrate (Millipore), and
detected with an LAS3000 imager (Fuji).
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Characterization of the purified N-terminally truncated
mutants of AdipoR1 and AdipoR2

The purified AdipoR1A88 and AdipoR2A99 proteins were
analyzed by the following three methods. First, the thermal
stabilities of AdipoR1A88 and AdipoR2A99 were analyzed
by the 7-diethylamino-3-(4-maleimidophenyl)-4-methyl
coumarin (CPM) assay method [14, 15]. The fluorescence
of the CPM dye was measured with a 340-nm excitation
filter with a 10-nm bandpass and a 460-nm emission filter
with a 35-nm bandpass at 40 °C, on a FUSION o Micro-
plate Reader PerkinElmer. Second, the lipids that co-puri-
fied with the AdipoR1A88 and AdipoR2A99 proteins were
analyzed by thin layer chromatography (TLC). The full-
length AdipoR! and AdipoR2, prepared by FLAG affinity
and anion-exchange chromatography, were also analyzed
for comparison. The proteins were dissolved in chloroform/
methanol [2:1 (v/v)], and the bound lipids were extracted
from the proteins. The extracted samples were applied to a
silica gel 60 TLC plate (Merck Millipore), which was then
developed by a solvent system composed of chloroform/
methanol/water [65:25:4 (v/v)]. The lipids were visualized
with acetic acid/sulfuric acid [1:1 (v/v)], the phosphomo-
Iybdic reagent (Pierce), and the ninhydrin reagent (Wako).
Third, the ligand-binding activity of AdipoR1A88 was
measured by surface plasmon resonance (SPR) measure-
ments. The purified AdipoR1A88 was reconstituted into
liposomes [5 mg/ml egg yolk phosphatidylcholine (PC)
(Avanti Polar Lipids Inc.) and 0.05 mg/ml biotinyl-phos-
phatidylethanolamine (biotinyl-PE) (Avanti Polar Lipids
Inc.)], and the reconstituted liposomes were immobilized
onto a sensor chip SA. Binding analyses were performed
with a range of osmotin concentrations (0.5-8 uM) on a
Biacore T200 (GE Healthcare).

Production of the anti-AdipoR1 monoclonal antibody

All animal experiments described here were approved by
the Institutional Animal Care and Use Committee of Kyoto
University Graduate School of Medicine. The purified
untagged AdipoR1A88 was reconstituted into liposomes
[S mg/ml egg yolk PC and 1 mg/ml lipid A (Sigma)].
Female BALB/c mice were immunized five times with
0.1 mg doses of the reconstituted AdipoR1A88, at intervals
of 10 days. Single-cell suspensions were prepared from the
spleens of the immunized mice, and the cells were fused
with P3U1 myeloma cells, using the conventional poly-
ethylene glycol (PEG) method [16]. Screening of anti-
bodies was performed by three methods, enzyme-linked
immunosorbent assay (ELISA), fluorescence-detection
SEC (FSEC), and denatured dot blot assays [17, Ogasawara
et al., manuscript in preparation]. For ELISA, the purified
AdipoR1A88 was reconstituted into liposomes containing

@ Springer

biotinyl-PE, and was immobilized on Immobilizer Strep-
tavidin plates (Nunc). High-affinity antibodies that formed
stable complexes with the purified AdipoR1A88 were
selected by FSEC, using the fluorescein-conjugated Fab
fragment of an anti-mouse IgG (Jackson), on a Superdex
200 5/150 column (GE Healthcare). Antibodies that rec-
ognized the native conformation of AdipoR1A88 were
selected by dot blot assays with SDS-denatured Adi-
poR1A88. Each selected clone was isolated by the limiting
dilution-culture method, and monoclonal hybridoma cell
lines producing anti-AdipoR1A88 antibodies were
established.

Recombinant production of the Fv fragment of the anti-
AdipoR1 antibody

The sequences of the Vi and Vi regions were determined
by the standard method, with total RNA isolated from the
hybridoma cells [18]. The cloned Vg and Vi ¢cDNA frag-
ments were subcloned into the TA-cloning vector, pCR2.1
TOPO (Invitrogen) [19], encoding a fusion protein with an
N-terminal His-tag, a SUMO tag, and a SUMO protease
cleavage site. The Vy and Vi fragments were co-synthe-
sized by the E. coli cell-free protein synthesis method [20],
supplemented with DsbC and the reduced and oxidized
forms of glutathione (GSH and GSSG, respectively) to
form disulfide bonds [21]. The reaction solution was cen-
trifuged at 20,000x g and 4 °C for 10 min. The supernatant
was loaded on a 1-ml HisTrap column (GE Healthcare)
equilibrated with 20 mM Tris-HCl buffer (pH 8.0) con-
taining 500 mM NaCl and 20 mM imidazole, and was
eluted by a 20-500 mM linear gradient of imidazole in
20 mM Tris—HCI buffer (pH 8.0) containing 500 mM
NaCl. The His- and SUMO-tags were cleaved by SUMO
protease for 2-3 days at room temperature, and were
removed by a second passage through the HisTrap column.
The protein sample was then loaded on a Hil.oad 16/600
Superdex 200 column, equilibrated in 20 mM HEPES—
NaOH buffer (pH 7.4) containing 200 mM NaCl. The
purified Fv fragment (Fv43) was concentrated to approxi-
mately 20 mg/ml, by ultrafiltration with an Ultra-15 10 K-
MWCO filter (Millipore).

Preparation of the AdipoR1-Fv43 and AdipoR2-Fv43
complexes

The Fv43 (24.8 kDa) was mixed with the purified FLAG-
tagged AdipoR1AS88 (35.0 kDa) or untagged AdipoR2A99
(32.9 kDa), and incubated on ice for 30 min. The mixture
was loaded onto a Superdex 200 10/300 column equili-
brated with 20 mM HEPES-NaOH buffer (pH 7.4) con-
taining 200 mM NaCl, 0.025 % (w/v) DDM, and 0.0001 %
(w/v) CHS, and was eluted using the same buffer. Fractions
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Fig. 1 Purification of full-length AdipoR1. a Gel filtration chro-
matogram of the full-length AdipoR1 expressed in High Five insect
cells. The proteins were purified by FLAG-affinity chromatography,
and then loaded onto a Hil.oad 16/600 Superdex 200 column. The
main peak retention volume is labeled in black (46.7 ml). The
absorbances at 280 and 254 nm are colored blue and red,
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respectively. b SDS-PAGE analysis of the gel-filtration chromato-
graphic fractions containing the full-length AdipoR1. Fractions
indicated by the orange and green lines along the horizontal axis in
a were analyzed by SDS-PAGE. Lane F, the eluate from FLAG-
affinity chromatography; Lane M, molecular-weight markers (kDa)
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Fig. 2 Screening of the N-terminally truncated mutants of AdipoR1
and AdipoR2. Several N-terminal deletion mutants were analyzed by
size-exclusion chromatography. a Schematic representations of
human AdipoR1 (top) and AdipoR2 (bortom). b Amino acid
sequences of the N-terminal regions of human AdipoR1 and
AdipoR2. The starting amino acid residues of the N-terminally
truncated mutants of AdipoR1 and AdipoR2 are numbered in red.

containing the complex were collected and concentrated to
approximately 15 mg/ml by ultrafiltration (Ultra-4 30 K-
MWCO, Millipore). The purities of the AdipoR1A88-Fv43
and AdipoR2A99-Fv43 complexes were assessed by SDS-
PAGE.

Crystallization and X-ray data collection

The purified AdipoR1A88-Fv43 and AdipoR2A99-Fv43
complexes were reconstituted into a lipidic mesophase, by
mixing with molten lipid in a mechanical syringe mixer [22].
The protein-LCP mixture contained 40 % (w/w) protein
solution, 54 % (w/w) monoolein (Sigma) and 6 % (w/w)

Amino acids in putative transmembrane domains are shown in gray
letters. The sequences were aligned with ClustalW [38]. ¢ Size-
exclusion chromatograms of the full-length form and the N-terminally
truncated mutants of AdipoR1. d Detection of the AdipoR1 protein in
the size-exclusion chromatography fractions by western blotting with
the anti-FLAG M2 antibody. e Size-exclusion chromatogram of
AdipoR2A99

cholesterol (Sigma). Forty nanoliter drops of the resulting
lipidic mesophase sample were dispensed into 96 well glass
plates, overlaid with 0.8 pl precipitant solution, and covered
with thin cover glasses, by the use of laboratory-constructed
manual and robotic micro-dispensers [23, Hato et al., man-
uscript in preparation]. Crystallization setups were per-
formed at room temperature, and the plates were incubated at
20 °C. Crystals were harvested directly from the lipidic
mesophase using MiTeGen micromounts, and flash cooled in
liquid nitrogen. Data collection was performed on beamline
BL32XU at SPring-8, using an MX225HE CCD detector
[24-26]. X-ray diffraction data with a micro beam of
I pm x 10 pm (horizontal x vertical) were collected at
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100 K, by the helical scan method with 1° oscillation. The
data from the AdipoR1A88-Fv43 and AdipoR2A99-Fv43
crystals were indexed, scaled, and merged with the
HKIL.2000 program suite [27] and the XDS package [28],
respectively.

Results and discussion

Screening of deletion mutants of AdipoR1
and AdipoR2

The full-length AdipoR1 (residues 1-375) was expressed in
baculovirus-infected High Five insect cells, and the mem-
brane fractions were prepared. Upon gel filtration chro-
matography (size-exclusion chromatography, SEC) on a
Hil.oad 16/600 Superdex 200 column, the detergent-solu-
bilized full-length AdipoR1 mainly eluted just after the
void volume (40 ml) (Fig. 1). If the full-length AdipoR1
was monomeric and monodisperse, then the proteomicelle
should exhibit an estimated molecular mass of ca. 125 kDa
(the full-length AdipoR1 monomer, 44.7 kDa; DDM
micelle, ca. 80 kDa), and elute after 55 ml (the elution
volume of ferritin, 440 kDa) on the gel filtration column.
However, most of the full-length AdipoR1 eluted before
55 ml (Fig. 1), indicating that this sample was highly
polydisperse and not suitable for crystallization.

We therefore tried to modify the AdipoR1 construct.
Prediction servers of protein secondary structure, PSIPRED
v3.3 [29], and transmembrane domains, HMMTOP [30],
suggested that human AdipoR1 and AdipoR2 have a long
N-terminal region, seven transmembrane (TM) helices with
short loops connecting the TM helices, and a short C-ter-
minal region (Fig. 2a). Since more than 50 % of the
N-terminal region was predicted to be flexible, we specu-
lated that this long N-terminal tail is related to the observed
polydispersity of AdipoR1 (Fig. 1).

Therefore, we constructed a series of N-terminally-
deleted mutants of AdipoR1 (Fig. 2b). They were expres-
sed on a small scale, and were analyzed by SEC without
concentration. In this small-scale SEC analysis of AdipoR1
(Fig. 2c, d), the non-concentrated sample of the full-length
AdipoR1 was less aggregated, as compared with the con-
centrated sample in the large-scale preparation, because it
exhibited a small peak eluting at ca. 13 ml (Fig. 1). This
ca. 13-ml elution volume in the small-scale SEC analysis
should correspond to ca. 65 ml in the large-scale gel fil-
tration chromatography. Deletions of residues 1-46 (A46)
and 1-76 (A76) of AdipoR1 significantly increased the
fraction eluting at ca. 13 ml, as compared with the full-
length AdipoR1. However, the total amounts of these
deletion mutants were much lower than that of the full-
length AdipoR1 obtained from the same amount of cells.
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Fig. 3 Large-scale preparation of FLAG-tagged AdipoR1A88 and»
AdipoR2A99 expressed in High Five cells. In the chromatograms (a,
c-h, j, k, m, n), the absorbances at 280 and 254 nm, and the NaCl
concentration are shown in blue, red, and light green, respectively.
a Gel filtration chromatogram of FLAG-tagged AdipoR1A88
expressed in High Five insect cells. The proteins were purified by
FLAG-affinity chromatography, and then chromatographed on a
HiLoad 16/600 Superdex 200 column. The main peak elution volume
is labeled in black (58.8 ml). b SDS-PAGE analysis of the gel-
filtration chromatographic fractions containing the FLAG-tagged
AdipoR1A88. Fractions indicated by the orange and green lines along
the horizontal axis in a were analyzed by SDS-PAGE. Lane M,
molecular-weight markers (kDa). ¢ Anion-exchange chromatogram of
the FLAG-tagged AdipoR1A88, with isocratic elution by 100 mM
NaCl in buffer A, and subsequently with gradient elution by
100-1,000 mM NaCl in buffer A. d, e Gel filtration chromatograms
of the peak 1 (d) and peak 2 (e) fractions, indicated by the orange and
green lines in ¢, respectively. f Anion-exchange chromatogram of the
FLAG-tagged AdipoR1A88, with isocratic elution by 200 mM NaCl
in buffer A, and subsequently with gradient elution by 200-1,000 mM
NaCl in buffer A. g, h Gel filtration chromatograms of the flow-
through (g) and adsorbed (h) fractions, indicated by the orange and
green lines in f, respectively. i SDS-PAGE analysis of the FLAG-
tagged AdipoR1A88. Lane M, molecular-weight markers (kDa); lane
1, the membrane fraction; lane 2, DDM-solubilized membrane
proteins in the supernatant after ultracentrifugation; lane 3, the
flow-through fraction from FLAG-affinity chromatography; lane 4,
the eluate from FLAG-affinity chromatography; lane 5, the flow-
through fraction from anion-exchange chromatography (f); lanes 6--9,
the peak fractions of the FLAG-tagged AdipoR1A88 from gel
filtration chromatography (g). j Anion-exchange chromatogram of
AdipoR2A99, with isocratic elution by 200 mM NaCl in buffer A and
subsequently with gradient elution by 200~1,000 mM NacCl in buffer
A. k Gel filtration chromatogram of the flow-through fractions
indicated by the orange line in j. 1 SDS-PAGE analysis of
AdipoR2A99. Lane M, molecular-weight markers (kDa); lane 1, the
membrane fraction; lane 2, DDM-solubilized membrane proteins in
the ultracentrifugation supernatant; lane 3, the flow-through fraction
from FLAG-affinity chromatography; lane 4, the eluate from FLAG-
affinity chromatography; lane 5, the flow-through fraction from
anion-exchange chromatography after the TEV protease digestion;
lane 6, the flow-through fraction from TALON chromatography;
lanes 7-11, the peak fractions of AdipoR2A99 from gel filtration
chromatography. m, n Gel filtration chromatographic analysis of the
purified FLAG-tagged AdipoR1A88 (m) and the purified Adi-
poR2A99 (n)

By contrast, the deletion of residues 1-88 (A88) of Adi-
poR1 further improved the monodispersity in the SEC
analysis, and the total amount of this deletion mutant
protein was as high as that of the full-length AdipoR1
(Fig. 2¢, d). On the other hand, further deletion mutants
(AdipoR1A101 and AdipoR1A119) were less aggregated
than the full-length protein, but appreciably more aggre-
gated than AdipoR1A88. Thus, we concluded that the
AdipoR1A88 mutant was the best among the tested dele-
tion mutants. The screening of AdipoR2A58, A87, A99,
A112, and A130 was performed in the same manner, and
AdipoR2A99 was found to be the best (Fig. 2e). Conse-
quently, the AdipoR1A88 and AdipoR2A99 mutants were
selected and used for further crystallization trials.



The human adiponectin receptors AdipoR1 and AdipoR2 17

a os b 40-55 ml 55-70 ml

0 1 192

Absorbance (AU)

58.8 ml
0.2 1

void

0 20 4 60 80 100 120
Elution volume (ml)
C 24 d Q_peakl € 5| Qpeak2
7~ 1000 0.6 7
peakl H
g / 5 =
5 peak2 [ 800 & 2
i @ B
5 / = £oaq g 04
4 i = 2 ©
- 7 600 E 2 2
g 14 / = g 5
£ ‘ g 2 2
-l 2 < <
; F 400
é i 02 4 0.2 q
0.5 A
1 - 200 .
void void
SSJ % ¥
0 et o o T T 0 v . : ;
0 10 20 30 40 50 60 0 s 10 15 20 25 [ 5 10 15 20 25
Elution volume (mli) Elution volume (ml) Elution volume (ml)
f g o4 Q_flow through h ,, | Qadsorbed
~r 1000 :
03 A f
800 5 03 =
/ 2 2
5 - 3 ¥ 021
= - 2 =3
s 02 i F 600 % 5 &
] = £ o2 H]
5 / g g 8
2 2 2 2
g r 400 < <
2 01
< - i
01 (J\\ 0.1
» [ 200 void void
7 -
L) g o 4 T = 0 -
0 10 20 30 40 50 60 Y 5 10 15 20 0 5 10 15 20
Elution volume {ml} Elution volume {ml}

Elution volume (ml}

—
-~

04 1 Q_flow through
0.2 A £ T 000 ’
rﬂ"-"_- / r 800 =
2
= =
z 5 8
g rew 2 E
g = 3
< i S £ 02
_g 0.1 k] §
2 " F 400 <
<
200
void
0 H— : 0 0 4 !
0 10 Z'O 30 40 50 60 1] 5 10 15 20 25
Elution volume (ml) Elution volume (ml)
Q $200
— R m n
5 6 7 8 9 10 11 0.8
B S B ¥ SN 40
= E)
2 06 1 H
£
£ £
2 °
S 04 8
5 5 20 4
@ :
TEV £ g
2 A 2
v e e e i o RZAGY g 02 S
g o
<
N . y 0 T T T 1
0 5 10 15 20 25 0 5 10 15 20 25

Elution volume {ml} Elution volume {ml}

@ Springer



18

H. Tanabe et al.

c d e
>a 1.0 b 10 Chelesteral i
2 > .
£ 2
2 §
E7 Erg s .
83 2 !
H é 05 gf 05 % & I |
2 53 pc I | "
i z ,
S &
00 0.0 g o - L
0 1 2 3 4 5 6 0 1 2 3 4 5 6 AB8 FL1 M A99 FL2 A88 FL1 M A99 FL2  A88 FL1 M A99 FL2
time [hour] time [hour] AdipoR1 AdipoR2  AdipoR1  AdipoR2  AdipoR1 AdipoR2

Fig. 4 Characterization of the purified AdipoR1A88 and Adi-
poR2A99 proteins. a, b CPM assay of AdipoR1A88 (a) and
AdipoR2A99 (b). c-e TLC analysis of AdipoR1A88 (AS88), the
full-length AdipoR1 (FL1), AdipoR2A99 (A99), and the full-length

Large-scale preparations of N-terminally truncated
AdipoR1 and AdipoR2

The FLAG-tagged AdipoR1A88 and AdipoR2A99 were
overexpressed in baculovirus-infected High Five insect
cells. In general, membrane proteins are purified by
minimal steps of chromatography, such as one-step
affinity chromatography or two-step (affinity and size-
exclusion) chromatography, to avoid deterioration caused
by delipidation due to excessive washing with detergents.
Therefore, the FLAG-tagged AdipoR1A88 was partially
purified by stepwise FLAG affinity chromatography, and
then fractionated by gel filtration chromatography, in
which the AdipoRI1A88 eluted from the void volume
(40 ml) to 70 ml, and formed two peaks (Fig. 3a, b). In
this large-scale preparation, the affinity-purified Adi-
poR1A88 behaved differently in the gel filtration (Fig. 3a,
b), as compared to the small-scale SEC analysis (Fig. 2c,
d). The low molecular mass fraction eluting at 58.8 ml
(Fig. 3a) was considered to correspond to the monodis-
perse fraction of AdipoR1AS88 eluting at 13 ml in the
small-scale SEC analysis. On the other hand, the high
molecular mass, aggregated fraction was drastically larger
-in the large-scale preparation, as compared to the small-
scale preparation (Figs. 2c, 3a). Therefore, the affinity-
purified AdipoR1A8S still aggregated during the sample
concentration for gel filtration chromatography, as in the
case of the full-length AdipoR1 (Fig. 1), although the
properties of AdipoR1 were greatly improved by the
N-terminal deletion (A88).

Accordingly, we explored the cause of the aggregation.
As compared with the monodisperse fraction, the aggre-
gated fraction exhibited a stronger absorbance at 254 nm
relative to that at 280 nm (Fig. 3a). Therefore, we
hypothesized that nucleic acids contained in the FLAG-
affinity-purified AdipoR1A88 preparation promoted pro-
tein aggregation. To quickly remove the putative nucleic
acid contamination, we included an anion-exchange
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AdipoR2 (FL2). The lipids were visualized with acetic acid/sulfuric
acid [1:1 (v/v)] (c), the phosphomolybdic reagent (d), and the
ninhydrin reagent (e). Lane M, polar lipid mixture (Matreya)

column chromatography step immediately after the FLAG
affinity chromatography. The FLAG-tagged AdipoR1AS8S,
in buffer A containing 100 or 200 mM NaCl, was applied
to a 1-ml HiTrap Q column. The FLAG-tagged Adi-
poR1A88, in buffer A containing 100 mM NaCl, was
adsorbed on the column and eluted at low salt concentra-
tions (150-250 mM NaCl) (Fig. 3c—e), whereas that in
buffer A containing 200 mM NaCl was eluted in the flow-
through fraction (Fig. 3f-i). On the other hand, the aggre-
gated AdipoR1A88 was adsorbed on the column with either
100 mM or 200 mM NaCl, and was eluted at high salt
concentrations (250-400 mM NaCl) (Fig. 3c, e, f, h). Thus,
we could quickly separate the “intact” FLAG-tagged
AdipoR1A88 from the aggregated AdipoR1AS88, in buffer
A containing 200 mM NaCl, by anion-exchange chroma-
tography (Fig. 3f, g). Once it was purified in this manner,
the “intact” FLAG-tagged AdipoR1A88 did not undergo
the fast aggregation, and was eluted as a symmetrical peak
in gel filtration chromatography. In other words, the “rot-
ten apple” (the nucleic acid-aggregated AdipoR1) can be
removed quickly by the anion-exchange chromatography,
before it “spoils the barrel”. As the cause of the aggrega-
tion had been found, we tried another method to reduce it:
the sonication of the membrane preparation was also useful
for breaking up nucleic acids, and the aggregation of the
receptors was significantly reduced during the purification
step.

In the same manner, the affinity-purified FLAG-tagged
AdipoR2A99, in buffer A containing 200 mM NaCl, was
eluted in the flow-through fraction in the HiTrap Q column
chromatography (Fig. 3j-1). The FLAG tag of Adi-
poR2A99 was removed after the HiTrap Q column chro-
matography. Thus, the FLAG-tagged AdipoR1A88 and the
untagged AdipoR2A99 were purified to near homogeneity
(Fig. 3m, n). Removing the nucleic acids during the
membrane preparation and the early stages of purification
was essential to obtain larger amounts of the highly
homogeneous AdipoR1 and AdipoR2 proteins.



The human adiponectin receptors AdipoR1 and AdipoR2

a

3 4 5 6 7 8 8 10 it__12
A [0088] 0.073] 0.083] 0.078] 0083] 0.077] 0.263] 0.087] 1.587] 0.13] 0.075] 0.082]
80092 0.068| 0.079| 008] 007] 0.071| 0.151] 0072 1412| 0.144| 0065| 0.065
¢ [ 0087] 0.087] 0.089] 0.071| 0.079] 0.389] 0:495] 0.103] 0.77] 0.075] 0.074] 0.106
D | 0.088] 0.089] 0.153] 0.074] 0.081] 0.114] 0.094| 0.236| 0.356] 0.107] 0.115] 0.064
£ [0084] 0.077] 0.086] 0.099] 0.086] 0.077] 0.073] 0.071] 0.21] 0.069] 0.204] 0.07
F [[0.116] 0.083[702 0226 0.071] 0.092] 0216] 0. 072 0.122] 0]
G| 0083] 0.101] 0.116] 0.211] 0.125] 0.084] 0.088] 0.101[ 0.108] 0.075 0239] 0.0
+{70.094] 0.179] 011] 0.121] 0.099] 0.228] 0.165| 0.1 0.107] 0.083] 0.154] 0.0

1 79 #170250,33cA14957
2 10:187.26:,34:42:50 58
03 M 190.27.354F51¢59
4 12020528 36: 44052060
5+ 13921029 370A553061
30,38 A6 54CH?2
31:,39:A755.63
247 32040:48:56

Fig. 5 Screening of anti-AdipoR1 antibodies. a Representative
ELISA plate results. Yellow areas represent ELISA positive clones.
Well C7, enclosed in a red box, indicates clone #43. b FSEC analyses
of IgG#43 (top) and IgG#55 (bottom). Peaks pl, p2, and p3 represent
the peak of the ternary complex (AdipoR1A88, the antibody from
hybridoma cells, and the fluorescein—Fab fragment), the antibody

Characterization of the purified AdipoR1A88
and AdipoR2A99 proteins

First, the stabilities of the purified AdipoR1A88 and Adi-
poR2A99 proteins were analyzed by the CPM assay
method [14, 15] (Fig. 4a, b). When the #;,, value of thermal
denaturation at 40 °C is 17 min or longer, the membrane
protein is considered to be sufficiently stable [31]. The
corresponding #;, values of our AdipoR1A88 and Adi-
poR2A99 proteins are 74 and 20 min, respectively. The
CPM profile of AdipoR2A99 revealed two phases, fast and
slow, probably corresponding to the exposed and trans-
membrane cysteine residues, respectively, among which
the latter reflect the stability of the transmembrane struc-
ture. In fact, AdipoR2A99 has more exposed cysteine
residues than AdipoR1AS88. Therefore, the 7, value of
20 min for AdipoR2A99 may be an underestimate. Con-
sequently, we concluded that both of the present prepara-
tions of AdipoR1A88 and AdipoR2A99 are sufficiently
stable. Second, the lipids that co-purified with the Adi-
poR1A88 and AdipoR2A99 in these preparations were
analyzed by TLC [32] (Fig. 4c—e). Several lipid species co-
purified with AdipoR1A88 and AdipoR2A99, as well as the
full-length proteins, indicating that the “bound lipids”,
which are important for the native folding of the membrane
proteins, are probably retained in these preparations. Third,
the purified AdipoR1A88 protein was reconstituted into
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complex (the antibody from hybridoma cells and the fluorescein—Fab
fragment), and the free fluorescein-Fab fragment, respectively.
¢ SDS-denatured dot blot screening of anti-AdipoR1 antibodies.
IgG#17, 1gG#21, and IgG#55 stained denatured AdipoR1. IgG#43
and IgG#55 are numbered in red

liposomes by the reported method [33]. The reconstituted
proteoliposomes exhibited the binding activity for osmotin
(Kp = 0.7 pM; Rpax = 49.2 RU) in the SPR analysis.
Together, these results confirmed that we have successfully
prepared structurally and functionally intact samples of
AdipoR1 and AdipoR2 that are suitable for crystallization.

Thus, crystallization trials of AdipoR1A88 and Adi-
poR2A99 were performed with commercially available
kits, such as MemStart, MemSys, and MemGold (Molec-
ular Dimensions), by the vapor diffusion method. First,
AdipoR2A99 crystals were obtained in one of the Mem-
Gold kit conditions. Despite extensive attempts to optimize
the crystallization conditions to improve the crystal quality,
no diffraction was obtained from these crystals. Further-
more, crystallization trials by the lipidic mesophase
method were performed for the AdipoR1A88 and Adi-
poR2A99 preparations. However, crystals were obtained
only in a limited number of conditions, and their diffrac-
tions were all poor (data not shown). Consequently, these
results indicated that improvement of the crystal packing
was necessary.

Antibody generation
Antibody fragments are useful tools to improve the reso-

lution in membrane protein crystallography [34]. In fact,
GPCRs, such as the P, adrenergic receptor and the Ajs
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Fig. 6 Isolation of the AdipoR1A88-Fv43 and AdipoR2A99-Fv43
complexes. a, b Gel filtration chromatograms of the Adi-
poR1A88-Fv43 (a) and AdipoR2A99-Fv43 (b) complexes. c,
d SDS-PAGE analysis of the crystallization samples of the Adi-
poR1A88-Fv43 (c) and AdipoR2A99-Fv43 (d) complexes

adenosine receptor, were co-crystallized with antibody
fragments [35, 36]. Therefore, we planned to produce a
high affinity and conformational epitope-recognizing anti-
AdipoR1 antibody, to improve the crystal packing of
AdipoR1. The purified untagged AdipoR1A88 was recon-
stituted into liposomes, and the resultant proteoliposomes
were used as the immunogen. Mouse anti-AdipoR1 anti-
bodies were produced by a conventional hybridoma sys-
tem. Proteoliposomes containing the purified AdipoR1A88
and biotinyl-PE were used for screening the antibodies by
ELISA (liposome-ELISA). In the first round of liposome-
ELISA from 960 wells of hybridoma cultures, 72 positive
wells were selected (Fig. 5a). Subsequently, 11 positive
clones were selected in the second round of liposome-
ELISA and FSEC (Fig. 5b). Finally, 2 stable hybridoma
cell lines (clone #43 and clone #55) were established. The
denatured dot blot analysis showed that IgG#43 recognized
the native conformation of AdipoR1, whereas IgG#55
recognized the linear epitope (Fig. 5¢). In addition, ELISA
and FSEC analyses revealed that both IgG#43 and IgG#55
cross-reacted with AdipoR2A99 (data not shown). The
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c¢DNAs encoding the Vi and Vi regions of IgG#43 were
cloned from hybridoma cells, according to the standard
method [18]. The very N-terminal amino acid residues of
the Vy and Vi fragments were determined by Edman
degradation, and the 15 residue sequences of the N-termini
of the Vy and V|, regions from clone #43 were determined
as EVLLQQSGPELVKPG and DIQMTQSPASLSASV,
respectively. The base sequences of the cloned cDNAs
were corrected accordingly. The variable region of IgG#43
(Fv43) was synthesized by the E. coli cell-free protein
synthesis method, and purified to homogeneity by column
chromatography. The vyield of the purified Fv43 was
0.3 mg per 1 ml cell-free synthesis reaction.

Data collection and processing

The cell-free produced Fv43 was mixed with the purified
AdipoR1A88 and AdipoR2A99, and the AdipoR1A88-Fv43
and AdipoR2A99-Fv43 complexes were isolated by gel fil-
tration chromatography (Fig. 6). The AdipoR1A88-Fv43 and
AdipoR2A99-Fv43 complexes were crystallized by the lipi-
dic mesophase method. The AdipoR1A88-Fv43 crystals with
10-15 pm lengths were obtained in 100 mM bicine buffer
(pH 8.0) containing 50-150 mM MgSO, and 29-33 % (v/v)
PEG400 (Fig. 7a, b). The AdipoR2A99-Fv43 crystals with
3040 pm lengths were obtained in 100 mM Na-citrate
buffer (pH 6.0) containing 375-425 mM K-citrate and
28-30 % (v/v) PEG400 (Fig. 7c, d). The crystals reached
their full sizes within one week.

We successfully collected all of the data sets by the helical
scan method, with a microbeam of 1 um x 10 pm ¢horizon-
tal x vertical) at beamline BL32XU at SPring-8 [24-26]. The
AdipoR1A88-Fv43 and AdipoR2A99-Fv43 crystals diffracted
up to 2.8 and 2.2 A resolutions, respectively (Fig. 8). Data
collection from the AdipoR1 crystal was limited to 10-30
images per crystal, due to radiation damage in the microcrys-’
tals, and therefore the data from six crystals were merged to
complete the data set. The diffraction data of the AdipoR2
crystal were collected from a single crystal. The data collection
statistics are shown in Table 1. The AdipoR1A88-Fv43 and
AdipoR2A99-Fv43 crystals belonged to the space groups
€222, with unit cell parameters a = 92.7, b = 1944,
c=1744 f\, and P2,2,2, with unit cell parameters a = 74.6,
b = 108.6, ¢ = 101.0 A, respectively. Under the assumption
that the asymmetric unit contained one AdipoR1A88-Fv43
complex or one AdipoR2A99-Fv43 complex, the Matthews
coefficients of the AdipoR1A88-Fv43 and AdipoR2A99-Fv43
complexes were calculated to be 2.8 A% Da™! with a solvent
content of 56.1 % and 3.6 A’Da™! with a solvent content
of 65.4 %, respectively. An initial phase for the Adi-
poR2A99-Fv43 complex was obtained by molecular replace-
ment using the Fv fragment (the Vi and V. fragments from



The human adiponectin receptors AdipoR1 and AdipoR2 21

Fig. 7 Crystals of the FLAG-tagged AdipoR1A88-Fv43 and Adi- complex. Crystals are shown in bright field (a, ¢) and under crossed
poR2A99-Fv43 complexes. a, b Crystals of the FLAG-tagged polarizers (b, d)
AdipoR1A88-Fv43 complex. ¢, d Crystals of the AdipoR2A99-Fv43

Fig. 8 X-ray diffraction images of the AdipoR1A88-Fv43 complex (a) and the AdipoR2A99-Fv43 complex (b)
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Table 1 Data collection statistics

Structure AdipoR1A88-Fv43 AdipoR2A99-Fv43
complex complex
No. of crystals 6 1

X-ray source
Wavelength (A)
Space group
Cell dimensions
a, b, ¢ (10\)
o B,y (%)

No. of reflections
measured

No. of unique
reflections

Resolution (A)

Rinerge

Mean I/c(])
Completeness (%)
Redundancy

Vu (A*Da™h
Solvent content (%)

BL32XU, SPring-8
1
€222,

9277, 194.4, 74.4
90.0, 90.0, 90.0
135111

16509

20.00-2.80
(2.90-2.80)

0.176 >1)
8.5 (1.3)
97.2 (99.1)
8.2 (8.0)
2.8

56.1

BL32XU, SPring-8
1
P2,2,2

74.6, 108.6, 101.0
90.0, 90.0, 90.0
145165

32174

19.52-2.40
(2.49-2.40)

0.115 (1.297)
8.6 (1.2)
98.3 (99.4)
4.5 (4.5)

36

65.4

Values in parentheses are for the outer shell

PDB IDs 1E6J and 1FDL, respectively) in Phaser [37] as search
models. The refinement is in progress.
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Complement Clg-induced activation of [B-catenin
signalling causes hypertensive arterial remodelling
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Hypertension induces structural remodelling of arteries, which leads to arteriosclerosis and
end-organ damage. Hyperplasia of vascular smooth muscle cells (VSMCs) and infiltration of
immune cells are the hallmark of hypertensive arterial remodelling. However, the precise
molecular mechanisms of arterial remodelling remain elusive. We have recently reported that
complement Clq activates B-catenin signalling independent of Wnts. Here, we show a critical
role of complement Cl-induced activation of B-catenin signalling in hypertensive arterial
remodelling. Activation of B-catenin and proliferation of VSMCs were observed after
blood-pressure elevation, which were prevented by genetic and chemical inhibition of
B-catenin signalling. Macrophage depletion and Ciga gene deletion attenuated the hyper-
tension-induced B-catenin signalling, proliferation of VSMCs and pathological arterial
remodelling. Our findings unveil the link between complement C1 and arterial remodelling and
suggest that Cl-induced activation of B-catenin signalling becomes a novel therapeutic target
to prevent arteriosclerosis in patients with hypertension.
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ypertension, as the leading risk factor for various
cardiovascular diseases, caused 9.4 million deaths in
2010 (ref. 1). In 2000, nearly one billion people have
hypertension worldwide, and that number is estimated to increase
to 1.5 billion by 2025 (ref. 2). One direct physiological
consequence of blood-pressure elevation is the structural
remodelling of the arteries. Prolonged high blood pressure
causes arterial degeneration due to lack of capability of
optimized remodelling, leading to pathological conditions
such as arteriosclerosis and end-organ damage>*. Hypertrophy/
hyperplasia of vascular smooth muscle cells (VSMCs) and
infiltration of inflammatory cells are the characteristics of
pathological arterial remodelling*®. A variety of humoral
factors such as growth factors, proteases and cytokines, secreted
by infiltrated immune cells, have been reported to be involved in
VSMC proliferation®’, however, precise molecular and cellular
mechanisms of how hypertensive arterial remodelling is
developed remain elusive.

Wnt/B-catenin signalling is an evolutionarily conserved
intracellular signalling that plays an important role in embryonic
development and various diseases”S. The Wnt/B-catenin pathway
is the most well-understood signalling cascade initiated by Wnt
proteins and acts as a mitogenic signal during the development of
multiple organs, and the aberrant activation of Wnt/B-catenin
signalling pathway is often associated with cancer’'!. Wnt/pB-
catenin signalling regulates the proliferation and differentiation of
smooth muscle cells during embryonic and postnatal
angiogenesis'>!3, Furthermore, activation of Wnt/B-catenin
signalling is implicated in VSMC proliferation during intimal
thickening after vascular injury'41°.

Recently, we have reported that complement protein Clg, an
initiator of the classical complement pathway, activates canonical
What signalling in a complement cascade-independent manner?®.
Given that the major source of complement Clq is monocyte-
derived cells'” and that macrophages (M¢s) within the aortic wall
play a vital role in pathogenesis of arterial remodelling, we
hypothesized that aortic Md-derived Clq activates [-catenin
signalling and induces proliferation of VSMCs. In the present
study, we elucidated that complement Clq, which is mainly
secreted by alternatively activated aortic Mds, is involved in
hypertensive arterial remodelling via activation of [B-catenin
signalling.

Results

VSMC proliferation as an early event in hypertension. Infusion
of angiotensin II (AngIl) (1.8 ugkg™ 1 min~1) to male C57BL/6
mice increased blood pressure by ~70mmHg and promoted
arterial remodelling characterized by thickening and dilation of
the abdominal aorta at 6 weeks after Angll infusion (Fig. la—c), as
reported previously!8. The number of 5-bromo-2'deoxyuridine
(BrdU)-positive, proliferating VSMCs was significantly increased
as early as 1 week after AnglI infusion (Fig. 1d), when the gross
structural remodelling of the arteries was not observed. These
results suggest that VSMC proliferation is one of the earliest
events that occur in response to Angll-induced blood-pressure
elevation.

B-catenin signalling is activated at early hypertension. Various
growth factors and G-protein-coupled receptor agonists induce
VSMC proliferation”?, and their mitogenic effects are often
given by the activation of the mitogen-activated protein kinases,
especially the extracellular signal regulated kinase (ERK)
signalling pathway>?0. Therefore, we first examined whether
ERK signalling was activated concurrently with VSMC
proliferation after Angll infusion, and found that there was no
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Figure 1 | Proliferation of VSM(Cs is observed at the initial stage of Angll-
induced arterial remodelling. (a) Haematoxylin and eosin staining and
immunostaining for a-smooth muscle actin (aSMA) of the abdominal aorta
from 1-week saline-infused mice (saline Twk), 1-week Angll-infused mice
(Angll Twk) and 6-week Angll-infused mice (Angll 6wk) (n=>5-7). Scale
bar, 100 um. (b,e) Morphometric analysis. (b) Medial thickness and (¢)
vessel diameter were calculated using Imagel. **P<0.01, ***P<0.001
versus saline-infused mice (n=>5-9). (d) Aortic tissues were
immunostained for BrdU (green) and aSMA (red). Scale bar, 100 um. The
number of double-positive (BrdU(+ )/aSMA(+)) cells per section is
shown. **P<0.01 versus saline-infused mice (n=>5-7). Statistical
significance was determined using one-way analysis of variance with
Turkey's post hoc test for b and ¢, and the unpaired two-tailed Student’s
t-test for d. Results are represented as mean + s.d.

increase in the phosphorylation levels of ERK1/2 (Supplementary
Fig. 1a). Moreover, Angll activated ERK1/2 but had no effect on
proliferation of cultured human aortic smooth muscle cells
(HASMCGs) (Supplementary Fig. 1b,c), suggesting that signalling
pathways other than the ERK pathway play a key role in VSMC
proliferation at the early stage of Angll-induced hypertension.
Wnt/B-catenin signalling has been reported to regulate
proliferation and differentiation of smooth muscle cells during
embryonic and postnatal angiogenesis!>!® and intimal thickening
after vascular injury!®!°. We therefore tested whether B-catenin
signalling was involved in VSMC proliferation after Angll
infusion. Activation of B-catenin signalling upregulates the
expression of Wnt/B-catenin target genes including Axin2
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(ref. 10). At 1 week after Angll infusion, the number of LacZ-
positive VSMCs was increased in Wnt reporter Axin2'4% mice!!
(Fig. 2a) and the aortic VSMCs were strongly stained for B-
catenin and Axin2 in wild-type mice (Fig. 2b; Supplementary
Fig. 2a,b). Western blot (WB) analysis revealed that the amount
of non-phosphorylated, active B-catenin (ABC)*! was increased
(Fig. 2¢), and gene expression analysis also showed upregulation
of Wnt/-catenin target genes in aortic tissue (Fig. 2d). Although
B-catenin was also expressed in endothelial cells of aorta
(Supplementary Fig. 2¢), Axin2 expression was not induced in
endothelial cells 1 week after Angll infusion (Fig. 2ab;
Supplementary Fig. 2b), suggesting that B-catenin signalling was
more potently activated in aortic VSMCs rather than endothelial
cells at the early stage of hypertension. Both activation of f3-
catenin signalling and proliferation of VSMCs were attenuated
when we normalized blood pressure in Angll-infused mice by
oral administration of hydralazine (Supplementary Fig. 3a-c).
Taken together, these results suggested that the elevation of blood
pressure was responsible in part for activation of B-catenin
signalling in the aortic VSMCs during hypertensive arterial
remodelling.

B-catenin signal activation induces VSMC proliferation. To
determine whether the activation of B-catenin signalling induces
proliferation of VSMCs, we first treated cultured HASMCs with
Wnt3A, a canonical Wnt ligand, or lithium chloride, which
stabilizes B-catenin by inhibiting glycogen synthase kinase-3.
Both Wnt3A and lithium chloride treatment activated B-catenin
signalling and induced proliferation of HASMCs (Fig. 3a,b).
Moreover, overexpression of constitutively ABC also induced
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Axin2
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o

proliferation of HASMCs (Fig. 3c), suggesting that activation of
f3-catenin signalling is sufficient to induce VSMC proliferation
in vitro. On the other hand, Angll treatment did not induce
activation of B-catenin signalling or proliferation of HASMCs
(Supplementary Figs 1c¢ and 3d), but induced cellular hypertrophy
of HASMC:s (Supplementary Fig. 3e). We next examined whether
activation of B-catenin signalling was required for Angll-induced
VSMC proliferation in vivo. Intraperitoneal injection of
PKF115-584, a small-molecule inhibitor of B-catenin signalling®?,
suppressed VSMC proliferation without lowering blood pressure
at 1 week after Angll infusion (Fig. 3d; Supplementary Fig. 3f). To
further determine the role of the B-catenin signal in VSMCs, we
generated smooth muscle cell-specific, tamoxifen-inducible,
B-catenin knockout mice by crossing SMMHC-CreER™? mice??
with  Ctnnb110910X  mjce (SMMHC/B-catenin  CKO). The
expression levels of B-catenin and Axin2 in aortic tissue were
downregulated when they were treated with tamoxifen (Fig. 4a-
¢). There was no change in systolic blood pressure of SMMHC/3-
catenin CKO mice as compared with control mice (Fig. 4d). TdT-
mediated dUTP nick end labelling staining revealed that there
was no change in cell death and cell density in aortic media after
tamoxifen treatment (Fig. 4e,f). There was less proliferation of
VSMCs after Angll infusion in SMMHC/B-catenin CKO mice as
compared with control mice (Fig. 4g), suggesting that activation
of B-catenin signalling substantially contributes to enhanced
proliferation of VSMCs at the early phase of hypertensive arterial
remodelling.

Recruitment of Mds is essential for B-catenin signalling. Mds
were recruited to the aortic adventitia by 1 week after Angll
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Figure 2 | B-catenin signalling is activated in the aortic media at the early stage of hypertension. (a) $-galactosidase staining of the aortic tissue from
1-week saline- or Angll-infused Axin2t2Z mice. Arrowheads indicate B-galactosidase-positive nuclei. Scale bar, 50 pm. The number of LacZ-positive cells in
the aortic media from Axin22Z mice is shown. *P< 0.05 versus saline-infused mice (n=5). (b) Aortic tissues from 1-week saline- or Angll-infused mice
were immunostained for Axin2 (green) and B-catenin (red). Scale bar, 100 um. () Western blot analysis for non-phosphorylated active B-catenin (ABC) in
the aortic tissues from 1-week saline- or Angll-infused mice. Activation of B-catenin signalling was quantified by measuring the relative level of ABC
over actin. The values are shown as fold induction over saline-infused mice. **P < 0.01 versus saline-infused mice (n=6, 7). (d) Real-time PCR analysis for
the expression levels of the B-catenin target genes (Axin2, f-TrCP, cyclin D1 (CyD1), WispT and Wisp2) in the aortic tissue from 1-week saline- or
Angll-infused mice. The values are shown as fold induction over saline-infused mice. *P<0.05, **P<0.01 versus saline (n=6). Statistical significance was
determined using the unpaired two-tailed Mann-Whitney U-test for a, ¢ and d. Results are represented as mean + s.d. DAPI, 4',6-diamidino-2-phenylindole.
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Figure 3 | Activation of B-catenin signalling induces VSMC proliferation.
(a) Western blot analysis. HASMCs were treated with LiCl (10 mm) or
Wnt3A (80 ngml~"), and the amount of ABC and cytosolic B-catenin was
analysed. Activation of B-catenin signalling was quantified by measuring the
relative level of ABC over actin. (b) The number of BrdU(+) HASMCs after
LiCl 10 mm) or Wnt3A (80 ng ml~1) treatment. The values are shown as
fold induction over non-treated HASMCs (Con). **P<0.01 versus non-
treated HASMCs (n=4). (¢) The number of BrdU(+) HASMCs after
infection with control retrovirus (vector control) or with constitutively
active B-catenin (CA B-catenin) whose phosphorylation sites at the N
terminus are all mutated. The values are shown as fold induction over
control vector-transfected HASMCs. *P<0.05 versus control vector-
transfected HASMCs (n=3). (d) The number of double-positive

(BrdU( +)/aSMA(+)) cells per aortic section from saline-infused mice,
Angll-infused mice treated with DMSO (solvent), and Angll-infused mice
treated with PKF115-584. **P < 0.01 versus Angli-infused mice treated with
DMSO (n=8). Statistical significance was determined using one-way
analysis of variance with Turkey's post hoc test for b, the unpaired two-tailed
Student's t-test for ¢ and the Kruskal-Wallis test with Dunn's correction for
multiple comparisons for d. Results are represented as mean + s.d.

infusion (Fig. 5a; Supplementary Fig. 4a). To elucidate the role
of these Mds, we injected liposomes containing clodronate
(Clo-Lip)** before Angll infusion to deplete the cells of monocyte
lineage. Clo-Lip treatment reduced the number of infiltrating
Mos (Fig. 5b; Supplementary Fig. 4a), and strongly suppressed

4

I

activation of B-catenin signalling and proliferation of VSMCs at 1
week after Angll infusion (Fig. 5c—e). These results suggest that
infiltrating Mds play critical roles in activation of B-catenin
signalling and proliferation of VSMCs at the early phase of
arterial remodelling.

M2 Mds secrete a potent activator of f-catenin signalling. Mds
change their phenotypes in response to various environmental
factors. Classically activated Mds or M1 Mds are induced by
lipopolysaccharide (LPS), interferon-y and tumour necrosis fac-
tor, and secrete pro-inflammatory cytokines to increase their
killing ability. On the other hand, alternatively activated M¢s or
M2 Mos are induced by interleukin (IL)-4 and IL-13, and con-
tribute to tissue remodelling and wound healing?®. To determine
the phenotype of Mds that accumulate into the aortic wall at the
early stage of arterial remodelling, we used flow cytometric
analysis to characterize M1-type Md for Ly6c expression and
M2-type M¢ for CD206 expression®. Approximately 40% of the
aortic Mds from Angll-infused mice expressed CD206
(CD11b + F4/80 + CD206 + Ly6c —: M2 type) and ~10% of
them expressed Lyé6c (CD11b+ F4/80+ CD206-Ly6c+: Ml
type) (Fig. 6a; Supplementary Fig. 4b). Immunofluorescent
analysis also showed large numbers of CD206-positive Més in
aortic adventitia (Fig. 6b). These results prompted us to postulate
that M2-type Mds secrete humoral factors that activate B-catenin
signalling and induce proliferation of VSMCs. To test this
hypothesis, we first examined the effects of humoral factors
secreted by M2 Mds on VSMCs. The M1 or M2 phenotype was
elicited in vitro by treating Raw264.7 cells with LPS or IL-4,
respectively. Conditioned media (CM) from Raw264.7 cells
treated with PBS (Con Raw264.7 CM), LPS (LPS Raw264.7
CM) or IL-4 (IL-4 Raw264.7 CM) were added to HASMCs.
IL-4 Raw264.7 CM activated B-catenin signalling and promoted
cell proliferation in HASMCs more potently than Con Raw264.7
CM or LPS Raw264.7 CM (Fig. 6¢,d). As Raw264.7 cells are
known to be already activated, we performed the same
experiments using bone marrow-derived Més (BMDMs), and
found that CM from IL-4-treated BMDMs (IL-4 BMDM CM)
activated P-catenin signalling and induced proliferation of
VSMCs more than CM from PBS-treated BMDMSs (Con
BMDM CM) or LPS-treated BMDMs (LPS BMDM CM)
(Supplementary Fig. 4c,d). These results collectively suggest
that M2 Mds, recruited to the vessel wall in response to blood-
pressure elevation, secrete a substance that activates B-catenin
signalling in VSMCs, thereby inducing VSMC proliferation
in a paracrine manner. Expression levels of canonical Wnt
ligands (Wntl, 2, 2b,3, 3a, 7a, 7b, 8a, 8b, 10a and 10b), which
could activate the B-catenin signalling pathway'®?7-2%, were not
upregulated in Raw264.7 cells or BMDMs by IL-4-induced M2
polarization (Supplementary Fig. 4e,f).

Complement Clq is a Md-derived B-catenin signal activator.
We have recently reported that complement protein Clg, an
initiator of the classical complement pathway, activates B-catenin
signalling and induces aging-associated impairment of skeletal
muscle regeneration’d. Given that monocyte/M¢ lineage has
been shown to be the major source of Clq biosynthesis!” and
tumour-associated Mds have been reported to produce
complement C1q’0, we examined whether B-catenin signalling
was activated in VSMCs by M2 Md-derived Clq. In vitro,
M2-polarized Raw264.7 M¢s by IL-4 treatment markedly
increased Clqa gene expression compared with PBS-treated
or LPS-treated Raw264.7 Mds (Fig. 7a). To examine whether
Clq is predominantly produced by M2 Mds rather than MO or
M1 Mdos in vivo, we sorted MO-type (CD11b+ F4/80+
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Figure 4 | B-catenin signal activation is responsible for VSMC proliferation after Angll infusion. (a) Western blot analysis. The amounts of B-catenin in
the aortic tissues from SMMHC-CreERTZCtnnb1 7/ + mice (SMMHC-B-catenin wild type (WT)) and SMMHC-CreERT2:Ctnnb110%/f0X mice (SMMHC-B-
catenin CKO) were analysed in aortic tissues isolated 6 days after the final tamoxifen treatment. (b) PCR analysis of aortic tissue DNA. DNA extracted
from aortic tissues of tamoxifen-treated SMMHC-B-catenin WT and SMMHC-B-catenin CKO mice were amplified with a PCR primer set designed for
detecting the null allele. (¢) Real-time PCR analysis for the expression level of the Axin2 gene (one of the major Wnt/B-catenin target genes) in the
aortic tissue isolated from tamoxifen-treated SMMHC-B-catenin WT and SMMHC-B-catenin CKO mice. The values are shown as fold induction over
SMMHC-B-catenin WT mice. **P<0.01 versus SMMHC-B-catenin WT mice. (d) Systolic blood pressure before and after Angll infusion for 1 week. There
was no difference in systolic blood pressure between SMMHC-B-catenin WT mice and SMMHC-B-catenin CKO mice before and after Angll infusion.
**P<0.01 versus Post Twk Angll infusion. (e) TdT-mediated dUTP nick end labelling (TUNEL) staining of aortic tissue and percentage of TUNEL-positive
cells. TUNEL staining of aortic tissue from SMMHC-B-catenin WT and SMMHC--catenin CKO mice 1 week after Angll infusion. The DNase (TACS
nuclease)-treated section is presented as a positive control. Percentage of TUNEL-positive cells per total cells in aortic media was calculated. Scale bar,
50 um. (F Cell density of aortic media was calculated by measuring the number of aSMA-positive cells per field of view size (40 x 40 um?). (g) The
number of double-positive (BrdU(+)/aSMA(+)) cells per aortic section from T-week saline-infused SMMHC-CreERT2:CtnnbT*/ * mice (SMMHC-B-
catenin WT +saline), 1-week Angll-infused SMMHC-CreERT2:Ctnnb1+/+ mice (SMMHC-B-catenin WT -+ Angll) and SMMHC-CreERTZCtnnbiflox/flox
mice (SMMHC-B-catenin CKO + Angll). *P<0.05 versus SMMHC-B-catenin WT + Angll (n=12). The values are shown as fold induction over SMMHC-
B-catenin WT mice (n=5). Statistical significance was determined using the unpaired two-tailed Student's t-test for ¢, e and f, two-way analysis of variance
followed by Sidak's multiple comparisons test for d and the Kruskal-Wallis test with Dunn's correction for multiple comparisons for g. Results are
represented as mean  s.d. NS, not significant.

CD206 —Ly6c—),  Ml-type (CD11b + F4/80 + CD206 — The direct effect of Clq on HASMCs was examined in vitro.
Ly6c+) and M2-type (CDI11b+F4/80+4 CD206+Ly6c—) Clq protein activated f-catenin signalling and promoted
Mds from aortic tissue and compared the expression levels of proliferation of cultured HASMCs in a dose-dependent
Clq among three types of M¢s, and found that M2-type Mds manner, and these effects were suppressed by Cl-inhibitor
expressed more Clq than MO- or Ml-type Mds (Fig. 7b; (C1-INH), an endogenous inhibitor of Clr and Cls (Fig. 7c,d;
Supplementary Fig. 4b). Supplementary Fig. 5a). Moreover, treatment with the CI
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Figure 5 | Recruited M¢s activate p-catenin signalling and induce VSMC proliferation after Angll infusion. (a,b) Representative density plots. Aortic
Mds of 1-week saline- and Angll-infused mice (a) of and in Angll-infused mice treated with PBS liposome (PBS-Lip) or clodronate liposome (Clo-Lip)
(b) were analysed by flow cytometry. Cells within the boxes are CD11b + F4/80 + Mds. The flow cytometric analysis was performed with pooled aortic
tissues from a total of 3-10 mice and percent gated cell frequencies are indicated in each representative plot. (€) B-Galactosidase staining of the aortic
tissue from Angll-infused Axin2'2Z mice, treated with PBS-Lip or Clo-Lip. Arrowheads indicate B-galactosidase-positive nuclei. Scale bar, 50 um. The
number of LacZ-positive cells in the media of aortic tissue from Axin2t2Z mice is shown. *P<0.05 versus PBS-Lip-treated Angll-infused mice (n=5-6).
(d) Aortic tissues from Angll-infused mice treated with PBS-Lip or Clo-Lip were immunostained for BrdU (green) and B-catenin (red). Scale bar, 100 um.
(e) The number of double-positive (BrdU(+ )/aSMA(+)) cells per aortic section from Angll-infused mice treated with PBS-Lip or Clo-Lip. *P<0.05
versus PBS-Lip-treated Angll-infused mice (n=15). Statistical significance was determined using one-way analysis of variance with Turkey's post hoc test for
¢, and the unpaired two-tailed Mann-Whitney U-test for e. Results are represented as mean t s.d. DAPI, 4',6-diamidino-2-phenylindole.

complex, which is composed of Clg, Clr and Cls, also
activated B-catenin signalling in HASMCs, and this effect
was inhibited by C1-INH (Supplementary Fig. 5b). WB analysis
of cell culture media revealed that both Clr and Cls were
secreted from HASMCs but not from Md¢s (Supplementary
Fig. 5c,d). Activation of B-catenin signalling and proliferation
of HASMCs induced by M2 M¢-CM was prevented by
C1-INH (Fig. 7ef; Supplementary Fig. 5ef). These results
collectively suggest that the C1 complex, which is composed of
M2 Mo-derived Clq and VSMC-derived Clr/s is the factor
that activates B-catenin signalling and induces proliferation of
VSMCs.

6 NATURE COMMU

Cl-induced B-catenin signalling causes arterial remodelling.
We next examined whether Cl1 is responsible for hypertension-
induced activation of P-catenin signalling and proliferation of
VSMCs in vivo. Expression levels of Clga, Clra and Cls genes
were increased in the aortic tissue 1 week after Angll infusion
(Fig. 8a). Aortic Mds increased Clga gene expression, but
not Clra and CIs, 1 week after Angll infusion (Fig. 8b).
Treatment with C1-INH prevented the activation of B-catenin
signalling in aortic VSMCs and suppressed proliferation of
VSMCs induced by Angll infusion (Fig. 8c,d; Supplementary
Fig. 6a). In addition, activation of B-catenin signalling and
proliferation of VSMCs were both attenuated in Clqa-deficient
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