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Abstract: Salmon cartilage proteoglycan fractions have recently gained favor as ingredients of
functional food and cosmetics. An optimal hot water method to extract proteoglycan from salmon
cartilage has recently been developed. The extracted cartilage includes hyaluronan and collagen in
addition to proteoglycan as counterparts that interact with each other. In this study, biochemical
analyses and atomic force microscopical analysis revealed global molecular images of proteoglycan in
the hot water extract. More than seventy percent of proteoglycans in this extract maintained their
whole native structures. Hyaluronan purified from the hot water extract showed a distribution with
high molecular weight similar to hyaluronan considered to be native hyaluronan in cartilage. The
current data is evidence of the quality of this hot water cartilage extract.

Key words: proteoglycan, glycosaminoglycan, chondroitin sulfate, hyaluronan, domain structure,
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INTRODUCTION

Proteoglycan (PG) in cartilage consists almost entirely of
aggrecan in salmon as well as in mammals.1)2) Aggrecan is
composed of a core protein and multiple chondroitin sulfate
(ChS) chains covalently linked to the core protein through
the common glucuronic acid-galactose-galactose-xylose-
serine (GluUAβ1-3Galβ1-3Galβ1-4Xylβ-O-Ser) linkages.3)

The core protein of aggrecan is composed of functional do-
mains including glycosaminoglycan (GAG) domains, i.e. a
ChS domain and a keratan sulfate (KS) domain, and globu-
lar domains 1, 2, and 3 (G1, G2, and G3).4) The G1 domain,
located at the amino terminus, interacts with hyaluronan
(HA) and link protein, anchoring the extracellular matrix.
The G3 domain, at the carboxyl terminus, includes epider-
mal growth factor (EGF)-like module(s). Salmon aggrecan
was demonstrated to have all functional domains as in the
case with mammals, except a KS domain.2) We also charac-
terized the global molecular structure of salmon aggrecan.5)

Hereafter, in this paper, the term “PG” refers to aggrecan.
Functions of salmon PG fractions have been studied in
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parallel with performing the structural analysis, although
there are differences in efficacy according to the prepara-
tion methods of the PG fractions. Effects such as immune
modulation, epidermal growth factor (EGF)-like activity on
cultured cells, and anti-angiogenesis activity have been
shown.6)7)8)9)10)11)12) In animal experimental models, thera-
peutic or prophylactic efficacy for colitis, photoaging, auto-
immune encephalomyelitis, arthritis, and type 2 diabetes
have been demonstrated.13)14)15)16)17)18)19)20) Salmon cartilage
PG fractions are now used as ingredients of functional
foods and cosmetics.

In PG preparation for industrial uses, simple and low
cost methods are required and the obtained extract needs to
be safe and preferably includes an intact, undenatured form
of PG. Recently, an optimal hot water method to extract PG
from salmon cartilage has been developed.21)22) In this
study, we analyzed the PG and HA in the hot water extract
from salmon cartilage in order to elucidate their molecular
structure.

MATERIALS AND METHODS

Materials. Salmon cartilage tips were purchased from Ni-
hon Yakuhin (Saga, Japan). DEAE-Sephacel and Sepharose
CL-4B were from GE Healthcare Japan (Tokyo, Japan).
Mouse monoclonal antibody, 12/21/1-C-6, which recogni-
zes the G1 domain of rat chondrosarcoma PG, was obtained
from the Developmental Studies Hybridoma Bank of the
University of Iowa (USA). Rabbit polyclonal antibody
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against the synthetic peptide for the internal sequence of
human aggrecan G3 domain
(2277DGHPMQFENWRPNQPDN2293), corresponding to the
peptide sequence in the salmon aggrecan G3 domain
(1182DGSPLGFENWRPNQPDN1198)2), was purchased from
Affinity BioReagents, Inc. (Golden, USA). Rabbits were
immunized with synthetic peptide for an EGF-like module
of salmon nasal cartilage aggrecan
(1069RDLCEPNQCGTGTCSVQDGI1088, which is at the N-
terminal region of the G3 domain) to generate anti-salmon
aggrecan EGF (Immuno-Biological Laboratories Co., Ltd.,
IBL, Fujioka, Japan).5) Peroxidase-conjugated goat anti-
rabbit immunoglobulins as well as peroxidase-conjugated
rabbit anti-mouse immunoglobulins were purchased from
Dako Japan (Tokyo, Japan). Actinase E (protease from S.
griseus) and cellulase (from A. niger, EC 3.2.1.4) were
from Kaken Pharmaceutical Co. (Tokyo, Japan) and Sigma-
Aldrich (St. Louis, USA), respectively. Chondroitin ABC
lyase (from P. vulgaris, EC 4.2.2.4) and unsaturated disac-
charide standards were obtained from Seikagaku Biobusi-
ness Co. (Tokyo, Japan). All analytical grade reagents were
obtained from commercial sources.
Preparation of hot water PG extract from salmon carti-
lage. Hot water PG extract of salmon cartilage was pre-
pared according to the methods previously reported by
Kato et al.21) In brief, 10 g (wet weight) of cartilage tips
were suspended in 50 mL of water and incubated for 4 h at
90 °C with stirring. After cooling, the sample was centri-
fuged at 5,000 × G for 30 min at 4 °C, and then the super-
natant was collected by suction filtration using one sheet of
Whatman filter paper No. 1 (GE Healthcare Japan). Pellets
were resuspended in 5 mL of water, and centrifuged at
5,000 × G for 30 min at 4 °C. The second supernatant was
combined with the initial supernatant as a hot water extract.
The total volume of the resulting extract was 81 mL (377.5
mg of uronic acid, 200.1 mg of protein). This preparation
was performed in the absence of protease inhibitors).
Purification of PG and HA from hot water extract of sal-
mon cartilage. PG was purified in the same manner as in
our previous report,5) in the presence of protease inhibitors
(10 mM ethylenediaminetetraacetic acid, 5 mM benzami-
dine hydrochloride, 10 mM N-ethylmaleimide, and 1 mM
phenylmethylsulfonyl fluoride). First, the hot water extract
of salmon cartilage (139.8 mg by uronic acid) was separa-
ted by ion exchange DEAE-Sephacel column chromatogra-
phy (1.8 cm φ × 15 cm) using the following eluents: 7 M
urea in 50 mM Tris-HCl buffer (pH 7.4) with a linear gradi-
ent (0 to 1.0 M) of NaCl followed by 2.0 M of NaCl in the
same buffer, at a flow rate of 0.8 mL/min. Nine-milliliter
fractions were then collected. Fractions positive both for ur-
onic acid and protein, and whose elution position corre-
sponded to around 0.5 M NaCl were pooled as PG having
ChS chains (ChS-PG) (Frs. 154–176 named pool I, in Fig.
1A). Fractions whose elution position corresponded to
around 0.2 M NaCl were pooled as HA (Frs. 112–132
named pool X, in Fig. 1A). Pools I and X were desalted and
concentrated by ultrafiltration, then pool I was further frac-
tionated by gel filtration Sepharose CL-4B column chroma-
tography (1.8 cm φ× 110 cm) using 4 M guanidine hydro-

chloride (GdnHCl) in 50 mM sodium acetate buffer (pH
6.0) as an eluent at a flow rate of 0.33 mL/min. Fractions
(3.3 mL) were collected and uronic acid positive fractions
were pooled as PG: pool II, Frs. 25–31; pool III, Frs. 37–
41; pool IV, Frs. 53–57 (Fig. 1B). Pools were desalted and
concentrated by ultrafiltration to be available for analysis.
Analytical methods. The carbazole sulfuric acid method23)

was used to determine uronic acid content. The method of
Bradford24) or monitoring the UV absorbance at 280 nm
were performed to determine protein content.

Size analysis of purified PGs and HA was performed us-
ing HPLC according to our previous report.5)25)

GAG chains for the unsaturated disaccharide composi-
tion analysis were prepared by treating PG with actinase E,
followed by cellulase (from A. niger) using its endo-β-xylo-
sidase activity.26) The GAGs were exhaustively digested
with chondroitin ABC lyase and then their unsaturated dis-
accharide compositions were determined by HPLC.27)28)

HA Assay Kit (PG Research, Tokyo, Japan) was used to
measure HA content by ELISA-like assay using HA bind-
ing protein (HABP) according to the manufacturer’s in-
structions. The absorbance at 450 nm in each well was
measured by a microplate spectrophotometer xMarkTM

(Bio-Rad Laboratories, Inc. Tokyo, Japan). Size analysis of
HA was performed per the method we reported previously.
5) Briefly, pool X recovered by DEAE-Sephacel chromatog-
raphy (Fig. 1A) was concentrated and fractionated by Sho-
dex OHpak SB-804 HQ gel filtration column and HA con-
tent in each fraction (1.0 mL/fraction) was measured, then
plotted as a chromatogram. HA purified from 4 M
GdnHCl-extract of salmon cartilage5) was used as the size
distribution control, which reflects native cartilage HA.
HPLC analyses. HPLC analysis utilized a Hitachi ELITE
LaChrom system with a model L-2420 UV-VIS detector
and model L-2490 RI detector (Hitachi HighTechnologies,
Tokyo, Japan).

Size was estimated with a Shodex OHpak SB-805 HQ
column (8.0 mm φ × 300 mm, Shodex, Showa Denko K.
K., Kawasaki, Japan) for PGs and a Shodex OHpak SB-804
HQ column (8.0 mm φ × 300 mm, Shodex, Showa Denko)
for HA, both with 0.2 M NaCl as an eluent. Elution was
performed at 40 °C with a flow rate of 1.0 and 0.5 mL/min,
respectively. Pullulans (Mr = 78.8 × 104, 40.4 × 104, 21.2 ×
104, 11.2 × 104, 4.73 × 104, 2.28 × 104, 1.18 × 104, and 0.59
× 104, Shodex, Showa Denko) were used as size standards
for the analysis of PGs, and HAs (Mr = 190 × 104, 80 × 104,
30 × 104, 10 × 104, and 4.1 × 104), courtesy of Denki
Kagaku Kogyo (Tokyo, Japan) were used for the analysis
of HA. HA octasaccharide (Mr=1623.6) and unsaturated
HA disaccharide (Mr = 379.3) that we prepared previous-
ly29) were used as low molecular weight size standards. UV
absorbance as well as differential refractive index (RI) were
used to monitor the eluate. Details of our procedures for
pretreatment of PG before HPLC to analyze core protein
and GAG chains can be found in our previous report.5)

Unsaturated disaccharides were analyzed on a YMC-
Pack Polyamine II column (4.6 mm φ × 250 mm, YMC
Co., Kyoto, Japan). A linear gradient of NaH2PO4 from 16
to 478 mM over 60 min with a flow rate of 1.0 mL/min at
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30 °C was used to elute disaccharides, which were moni-
tored by UV absorbance at 232 nm.
Dotblot analysis using antibodies specific for domains of
aggrecan. As in our previous report, reduced-alkylated PG
(0.2 μg of protein), was blotted to a PVDF membrane (Mil-
lipore, Billerica, USA) with a slot blotter (Scie-Plas, Cam-
bridge, UK), followed by analysis by probing with antibod-
ies against aggrecan G1 domain, aggrecan G3 domain, or
salmon aggrecan EGF-like module.5)

AFM imaging. As we previously reported5) atomic force
microscopy (AFM) imaging was performed in the same
manner as Yeh et al.30) and Ng et al.31) with the exception of
using a Nanocute AFM system (SII NanoTechnology, To-
kyo, Japan) with SSS-NCH probes (Nano World, Neuchâ-
tel, Switzerland).

RESULTS AND DICSUSSION

Purified PG and HA from hot water extract of salmon
cartilage.

PG was purified from hot water extract of salmon carti-
lage by DEAE chromatography followed by CL-4B chro-
matograpy (Fig. 1). In DEAE column chromatography,
fractions 112–132 were collected as pool X, which is ex-
pected to contain HA (Fig. 1A). Combined fractions 154–
176 of DEAE column chromatography were expected to
contain ChS-PG, and they were collected as pool I (Fig.
1A). Pool I was further fractionated by CL-4B column
chromatography and three uronic acid positive peaks and
two protein positive peaks were detected. The last peak de-
tected by absorbance at 280 nm was considered to be main-
ly due to the absorption of N-ethylmaleimide used as one of
the protease inhibitors. After CL-4B column chromatogra-
phy, that is, the final step of purification, recovery of PG
was calculated as 86.1 %, based on the uronic acid content;
percentage of the total uronic acid content of the three
peaks, 120.4 mg, to initial uronic acid content, 139.8 mg,
before DEAE column chromatography. Purification fold
was also calculated as 26.6, based on the protein content;
total protein content of the two peaks, 2.79 mg, to initial
protein content, 74.1 mg. A major part (73.6 %) of PGs was
eluted within the former two uronic acid positive peaks,
where the high molecular PGs from 4 M GdnHCl-extract
always elute.5) Fractions 25–31 (pool II), 37–41 (pool III),
and 53–57 (pool IV), corresponding to the top of each peak,
were collected as PG (intact or fragmented) and used for
the following analyses.

　
Molecular size distribution of purified PG from hot water
extract of salmon cartilage.

Determining the absolute molecular size distribution of
high molecular weight PGs such as aggrecan, or even its
GAG moiety, is impossible as there are no appropriate size
standards because of GAG heterogeneity. To estimate rela-
tive size distributions of PGs in hot water extract (whole
molecule, core protein, and single GAG sizes) we per-
formed gel filtration HPLC with pullulans as size standards
(Fig. 2). Table 1 shows relative size distributions (A–C)
and the values (D, E) calculated from them. For compari-

son, salmon PG purified from 4 M GdnHCl-extract, which
we studied previously,5) was analyzed simultaneously with
pools II, III, and IV. We calculated the numbers of GAG
chains (E) in the PGs using data, (A), (B), (C), from Table
1 as follows: First, the total Mr of the GAG chains was ob-
tained by subtracting the estimated Mr of core protein (B)
from the estimated Mr of the non-treated PG (A). Then, the
numbers of GAG chains in the PGs were obtained by divid-
ing the total Mr of the GAG chains by Mr of one GAG chain
(C). Thus, the numbers of GAG chains in the PG is shown:
(A)−(B)/(C), i.e., (MrPG−Mrcore)/MrGAG. Pools II and III from
hot water extract, as well as PGs from 4 M GdnHCl-extract
showed similar size distributions of core protein and GAG.
However, size distribution of non-treated PGs in pool II
was larger than those of PGs in pool III and 4 M GdnHCl-
extract, therefore, the number of GAGs of PGs in pool II
were calculated to be greater than those in the latter. It is
conceivable that the size distributions of non-treated PGs
observed in HPLC sometimes do not reflect the actual size
distribution of PG monomers because of PG aggregation.
Especially, in pool II, PGs may be partially aggregated into

DEAE-Sephacel and Sepharose CL-4B column chromatog-
raphy of hot water extract of salmon cartilage.

　Hot water extract of salmon cartilage was fractionated by DEAE-
Sephacel chromatography (A) followed by Sepharose CL-4B chro-
matography (B). Broken lines indicate the gradient curves of NaCl
and arrows the specific NaCl concentrations. Solid circles, uronic
acid content detected by carbazole sulfuric acid method; open circles,
protein content detected by the method of Bradford (A) or protein
content by monitoring the UV absorbance at 280 nm (B). Bars with
Roman numerals indicate the fractions combined for recovery of ma-
terial as: pool I (Frs. 154–176), pool II (Frs. 25–31), pool III (Frs. 37–
41), pool IV (Frs. 53–57), and pool X (Frs. 112–132). Pool I from
DEAE column chromatography was further fractionated by Sephar-
ose CL-4B column chromatography and the resulting pools II, III,
and IV were recovered and analyzed. Pool X was collected for the
analysis of HA.

Fig. 1.
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a peak (II-1) with a shoulder (II-2) in a high molecular area.
Although PGs (non-treated and core protein) in pool IV
were detected in remarkably smaller molecular sizes than
those in pools II, III, and 4 M GdnHCl-extract, the size dis-
tribution of GAGs was equivalent to the latter. The number
of GAG chains in PGs in pool IV were much less than
those of the other pools.
　

Sugar chain analyses of purified PG from hot water ex-
tract of salmon cartilage.

Previously our cDNA analysis showed that salmon PG
has no KS domain.2) Also, possible monosaccharide com-
ponents of KS were detected in only one-tenth of those in
bovine PG.5) Therefore, we only performed unsaturated dis-
accharide composition analysis after chondroitin ABC

lyase to focus on the ChS structure. Similar compositions
were seen in pools II, III, and IV from hot water extract,
and PG from 4 M GdnHCl-extract (Table 2) although that
in pool IV showed slightly less nonsulfated disaccharide
units (ΔDi-0S), indicating that in cartilage from the same
species, hot water extraction little affects the composition
of sugar chains.
　

Immunological analysis of purified PG from hot water
extract of salmon cartilage.

Pools II and III from hot water extract of salmon carti-
lage PG were shown to have G1, and G3 domains and an
EGF-like module by dot blot analysis using antibodies
against them (Fig. 3). However, signal intensities of pool
III were weaker than those of pool II and PG from 4 M

Gel filtration HPLC of PGs purified from hot water extract of salmon cartilage.
　PGs in pools II, III, and IV (Fig. 1), and PG purified from 4 M GdnHCl-extract were analyzed by Shodex OHpak SB-805 HQ gel filtration
column before treatment (a) or after treatment with LiOH followed by chondroitin ABC lyase (b) or after treatment with actinase E (c). Solid
arrows indicate the elution positions of size standards of pullulan with defined approximate molecular weight. Dashed arrows indicate the void
volume (V0) and total column volume (Vt). II-1 and II-2 indicate the peak and the shoulder, respectively.

Fig. 2.
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GdnHCl-extract, which had similar signal intensity. In pool
IV there was no signal responding to the antibody against
the internal region of the G3 domain. However pool IV still
had the reactivity to the antibody against G1 domain at the
N-terminus and the EGF-like module standing at the N-ter-
minal region of the G3 domain. These results suggested
that pool IV contained fragmented PGs that have a G1 do-
main and/or EGF-like module but do not have an intact G3
domain.

　
Molecular images of PGs.

We found that molecular images of PG monomers in
pools II and III from hot water extract by AFM were simi-
lar to those of PG monomers from 4 M GdnHCl-extract
considered as native PG that we previously studied (compa-
rative data can be found in our previous reports5)32)) (Fig.
4). The AFM images demonstrated that not only PG mono-
mers in pool II but also those in pool III retained intact
structure as we expected from size analysis and immuno-
logical analysis. In the AFM image of pool IV, what appear
to be disassembled strings are found diffusely throughout
the field. These are fragmented PGs with incomplete core
protein but mostly intact GAG chains. This observation
supports the results of the gel filtration HPLC analysis (Ta-
ble 1) and the immunological analysis (Fig. 3). Together
with the biochemical analytical data, the AFM images sup-
ported the idea that PGs in pools II and III from hot water
extract have nearly the same quality as native PG.

　
Content and size distribution of HA in hot water extract
of salmon cartilage.

In extracellular matrices PGs function with interacting

HA or other molecules, rather than PG monomers individu-
ally.3)33)34) Materials containing HA and related molecules
together with PG, would be therefore, more valuable as ma-
terials for future applications in various fields including
foods and cosmetics. We determined the HA amount in hot
water extract of salmon cartilage. HA was purified as pool
X by DEAE chromatography (Fig. 1A) and the amount was
measured by ELISA like assay. The total HA content in
pool X of DEAE chromatography (Fig. 1A) was 13.7 mg,
and the HA content in cartilage hot water extract was calcu-
lated to be 96.2 μg (by ELISA like assay) per 1 mg total ur-

Unsaturated disaccharide compositions of GAG moiety of
PG purified from hot water extract.

Unsaturated
disaccharide

Unsaturated disaccharide (%)

PG from hot water extract PG from 4 M
GdnHCl-extractPool II Pool III Pool IV

ΔDi-0Sa 16.5 14.0 6.6 11.5
ΔDi-6S 61.2 61.9 57.8 65.6
ΔDi-4S 21.1 23.2 34.4 21.8
ΔDi-diSD 1.1 0.8 1.0 1.1
ΔDi-diSE 0.1 0.1 0.2 N.D.
ΔDi-triS N.D.b N.D. N.D. N.D.

Following digestion of GAGs with chondroitin ABC lyase unsatura-
ted disaccharides were analyzed by HPLC on a YMC-Pack Polya-
mine II column. The percentage of each detected unsaturated
disaccharide to total unsaturated disaccharides was calculated. PG, pro-
teoglycan. Pools II, III, and IV were obtained in CL-4B chromatography
(see Fig. 1). aΔDi-0S, ΔGlcUAβ1–3GalNAc; ΔDi-4S, ΔGlcUAβ1–3Gal-
NAc(4S); ΔDi-6S, ΔGlcUAβ1–3GalNAc(6S); ΔDi-diSD,
ΔGlcUA(2S)β1–3GalNAc(6S); 2S, 4S, and 6S, represent 2-O-sulfate, 4-
O-sulfate, and 6-O-sulfate. bNot detected.

Table 2.

Molecular size estimation of PGs purified from hot water extract (A, B, C) and the number of repeating disaccharide units (D) and the
number of GAG chains calculated from them (E).

Calculated molecular weight PG from hot water extract
　

PG from 4 M
GdnHCl-extractc

Pool II Pool III Pool IV

(A) Non-treated
700,000–8,600,000
II-1 (4,100,000*) d

II-2 (1,520,000*)

35,000–7,500,000
(810,000*)

1,000–533,000
(138,000*)

85,000–5,300,000
(1,100,000*)

(B) Deglycosylateda

　　(core protein)
2,750–540,000

(117,000*)
2,700–650,000

(100,000*)
N.D.–147,000

(23,700*)
3,750–2,000,000

(123,000*)

(C) Peptide-degradedb

　　(GAG chain)
N.D.–112,000

(23,100*)
N.D.–130,000

(23,100*)
160–142,000

(23,500*)
50–159,000
(20,000*)

(D) Number of repeating disaccharide units
N.D.–280.2

(56.5**)
N.D.–325.5

(56.5**)
N.D.–355.7

(57.5**)
N.D.–398.5

(48.7**)

(E) Number of GAG chains

72.0–N.D.
II-1 (172.4**)

72.0–N.D.
II-2 (60.7**)

52.7–N.D.
(30.7**)

2.7–N.D.
(4.9**)

20.8–1562.5
(48.9**)

PG samples were analyzed by gel filtration HPLC using a Shodex OHpak SB-805 HQ column. Various sizes of pullulan were used as size stand-
ards. PG, proteoglycan. Pools II, III, and IV were obtained in CL-4B chromatography (see Fig. 1). aDeglycosylation by LiOH treatment followed
by chondroitin ABC lyase digestion. bPeptide-degradation by treatment with Actinase E. cThe same sample as the one used in Carbohydr. Polym.,
103, 538–549 (2014).5) dII-1 and II-2 are indicated in Fig. 2. *Molecular sizes of material eluting at the peak position and **the values calculated
from them.

Table 1.

Kakizaki et al.: Hot Water Cartilage Extract Proteoglycan 87



onic acid (by the carbazole sulfuric acid method). Size dis-
tribution of HA in the hot water extract of salmon cartilage
was found to be broad, from 3,400 to 550,000 < with the
peak at 65,000 (Fig. 5). This distribution was similar to that
of HA in 4 M GdnHCl-extract of salmon, from 7,300 to
550,000 < with the peak at 65,000. Therefore, hot water ex-
tract is likely to be an extremely useful material containing
high molecular weight HA.

In conclusion, hot water extract of salmon cartilage did
contain a high proportion of intact PG with complete pro-

Immunological analysis of PGs in hot water extract of sal-
mon cartilage.

　Reduced-alkylated proteins (0.2 μg each) were dot-blotted and
probed with antibodies to aggrecan G1 domain, G3 domain, or sal-
mon aggrecan EGF-like module. 1, H2O; 2, PG purified from 4 M
GdnHCl-extract of salmon nasal cartilage. 3, 4, 5: PG purified from
hot water extract of salmon cartilage (pools II, III, IV in Fig. 1B, re-
spectively). Domain structure of salmon cartilage aggrecan core pro-
tein (GenBank ID, BAJ61837) is shown in upper bar. G1, globular
domain 1; IGD, interglobular domain; G2, globular domain 2; GAG,
glycosaminoglycan attachment domain; EGF, EGF-like module; G3,
globular domain 3.

Fig. 3.

tein domain structure as well as HA with high molecular
weight. Heating biological samples to high temperatures
has been thought to cause protein denaturation or degrada-
tion. However, it was demonstrated that optimal conditions
of hot water extraction did not affect the quality of PG and
HA. The condition is considered to be preferable in that
probably proteases are inactive under high temperature.
This simple extraction method requiring only water with no
toxic compounds will contribute to the food and cosmetic
research and industry.
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