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Abstract: Heparin (Hep) and heparan sulfate (HS) are complex, sulfated GAGs con-

sist of repeating disaccharide units each composed of a uronic acid, either glucuronate or
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iduronate [ the latter sometimes sulfated at C-2, i. e. IdoA2S], and a derivative of
glucosamine [ either N-acetylglucosamine, N-sulfated glucosamine, or unsubstituted
glucosamine | that can be variably O-sulfated. Hep/HS has important biological func-
tions in developmental processes, angiogenesis, blood coagulation, cell adhesion, and
tumour metastasis. These involve interactions with a wide variety of proteins, i. e.
enzymes, cytokines, growth factors and extracellular matrix proteins through their
specific sequences, patterns or densities of sulfation. Mass spectroscopy is now becom-
ing a much more useful tool for the structural analysis of Hep/HS oligosaccharides
because of its high detection sensitivity and molecular specificity. MS/MS of heparin/
HS oligosaccharides can produce information-rich glycosidic and cross-ring product ions
which can be used to determine the sites of acetylation or sulfation. In particular,
LC-MS clearly has the potential now to sequence most oligosaccharides, especially with
the recent development of a computational framework for dealing with the complex data
generated. In this study, porcine intestines heparin was digested by heparinase 1. The
obtained crude tetrasaccharides (dp4s) were separated and further purified by strong
anion-exchange HPLC and size-exclusion HPLC. The structures of dp4s were then
investigated by the combination of disaccharide analysis, reversed-phase liquid chroma-
tography/electrospray ionization ion trap/time-of-flight mass spectrometry (RP-LC/
ESI-IT/TOF MS) and a computational simulation method. The results showed that nine
tetrasaccharides (dp4s) were obtained, in which two series of dp4s isomer were existed.
The dp4 isomers were successfully separated using IPRP-LC/MS system with hexyl-
amine. One series of dp4s contains AHexA (2S)-GlcNS and A HexA (2S)-GIecNS(6S)
disaccharides, and other ones possess AHexA-GlcNS(6S) and A HexA (2S)-GlecNS
(6S). Because MS* analysis could produce abundant structurally useful fragments, the
former dp4 isomers were selected to investigate fragmentation patterns for the further
potential structure analysis by MS, MS’ analysis indicated that one dp4 was /A HexA
(28)-GleNS- HexA(2S)-GleNS(6S) which had one glycosidic cleavage Y,, two cross-
ring cleavages **A, and * A, in the first glucosamine residues (from the non-reducing
end) of oligosaccharide. In contrast, the other dp4 was A HexA(2S)-GIcNS(6S)-HexA
(28)-GIcNS which contained two glycosidic cleavages B; and Y, , two cross-ring cleava-
ges "' A, and ** A, in the first glucosamine residues, and a cross-ring cleavages "X, in
the first glucuronic acid residues of the oligosaccharide. This study provides a simple
and efficient method for identifying the sequences of the Hep/HS oligosaccharide
isomers, which might lead to a greater understanding of the biological roles of Hep/HS
oligosaccharides in organisms.
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PR (Hep) FIBLRR CBENTF R (HS) 2 FE° Y PUsE" RAE Mg R A A 45,
R RGH— KRR RIS Z 0. OF  ENTa Y o 8 S Hep/HS BN B B 25 )
FERM . Hep/HS FIH A B p &5tk AR CINGUIRE BUR 5 2590 55) T & 19 T 254005 .
S, Al S5VFZ R E A A BRI 2 R JF 22 B O Bl B2 (HexAD Fl D-7 b i
B AP T RE WA MRS B AR AR KRR (GLeNDBRIEE & A BB OT L g 1-4 B



30

it i 2 4

a1t

AR —BIE AR — RV K (2080 1
EPEZHEREDY . OB IR T DL D b R
B L-SORORE 9 R 1 A5 B e AT LA 2 N-Z Ak
s N-f etk JF &R M55 F i & 7E 3~40 kDa
Z a4y T B 15 kDa(— 458 KA H
45 AN O BT HS B2 A OB AL Ry
AT LU o B i R Ak 1 I R AR 254 BRI 5],
HS BEH R 740 5 A R W], 25 B0 0% i A
SEBERL AT AT Y g S A 3 AN [ B R A 7R
B A DX, BV A R AL X da (S-domain) I B R
fk X 1k (NA/NS domain) Hl TG # X 1 (NA
domain)"" NA G5 H 3k 32 22 02 th KA i 19 A
BLL B AUA-GIeNAc — B 20 B 5 11 S-45 #4382 755
I R A X 50, 2 i AUA (2S)-GIeNS Al
AUA(2S)-GleNS(6S) — B4 it s NA/NS 45 4
B 3 2R SR NA-Z5 0y S8l 22 1) 9 5o 9% 45 1
B BIAEAE N-C B AL R N-BE R 1k — % 11 58
o SR NA/NS-Z5 b 1 o i 1R 16 455 =X 19 22 1k
e TS 2R & E RO EAE B R S X
SOIE T A 2R B AR F R,
JHF 2% Tl Ao 12 AR A 2 SR ik 1ok © 4 R 43 A JEF
EIDESE IS CRON 5 it i iyt 8
Jei 2R FH G U100 43 B A A R A7 o bt
I AL A M5 B . BRI 45 4 R AE
R fi E 2 A T Hep/HS 194627 5 51 7 #0
GERY B el . B IEAR (NMR) 33 vk & Hep/
HS 4544 fift B i e 3 T H 2 =1 gl
AL PO 2 B W S R B R Ak AR X SE A (B
(45 A5 B ARG 2 R o HL4l % = AR L IR
BN 43 B 0 R, BT ik B R R R
15 BE WS TR DU 5 W) B % 43 B B A A B E
B 5B Hep/HS SEREZ5 4 19 A ) T H
5 H At G 0 43 A7 A28 52 Hep/HS 32 05 £ R A0
L o B3 s B R i AR CR R 2100 L 43 B I ]
i LA SR 8. Bl HL B8 55 i 25 (ESD '
A S5 Bl B O R W/ FE B (MAALDD M 45 45
BBy e R . MS O ok B £ wh v T
Hep/HS & B8 19 R AE, 58 B B 7 3¢ e 4 %
(SAX-HPLC) 43 & Bl il J& 5 T v fir 25 B 22
Spereel R4y S Hep/HS S50 1 HAR 36 £, (H
H T e v R 4 M W A Dy Ak 30 A
SAX-HPLC ¥t DL H 4% f1 ¢ MS, HAhidE H T
TE2k ESI-MS 3 #1903 H A £ 45 RO HEBH £

B (SEC) ™ 2R K AR €43 CHILICO) ™ i g 1
Xof AR 0,3 (IPRP) 028

B F % R A 3% (IPRP-LC) 5 MS B &
43 Mt Hep/HS SEMEAR A RN BT S AR . 7E
& 48 ROAH @35 A 1 (i in C18) , 3k gl 45 v im A
ELA g K e 5 B 09 i 28 B8 - X5 3R] L TPRP-LC
AEAR 4% Hep/HS ZEME 1) K/ iR 1k & 2t Rl 5E
S A A AR L 200 o R AT A B A

Z 9% (MS") 73 Hep/HS B4R 13 F
W T R T AL A RO N R R (S 38
1o 3 A5 T A T W 1 B S AL L
A O i 78 B IR Ak AN 2 A R VR AV A IR AR
I VR B B 1 — R B 45 R HRTE A iR
AR B T 0 A 5 S WP R 12 A HS =
B A B N-HE B 4 i 5% 2% (GleNH, ™)
JEFZR DU A RS BES  MS/MS 24 fig B
VAR R R 2 2 T SR B 1 Ak B AR O S
B DL SRR LC-MS/MS Xf Hep/HS 2 4
W R R AT e, LC-MS/MS 4 1] 25 4 16 24 &
M7 2% 5 2% HS DU [F] 53 S5 A AR 64T 4540 &
et

A S AU LA TH B 3R A0 R IRk i A 9 A
JF 25 DR I 0 A 43 0 A 12 A i RO
-89 BE- AT I ] BT 3 2 (LC/IT-TOF MS)
Xof L85 SR AT 40 BT o 5 R 28 90 0 1 I
20U B TR 4> SRR B S5 A A e
HS/Hep SEHE T IE 52 4R E 56 S i A HS/
Hep [ 73 5 #7445 44 42 4k — Fh {8 543 8500 Jr
T AR O S B A 2R R 9 HS/ Hep 4544
A BEA AL D RE I O R EEALHS B

1 KB
1.1 FENSEE5EE

a3 4% . ProPac® PA-1 (43 #74E 4. 0 mm X
250 mm. £ ¥ 4E 4. 0 mm X 50 mm) ; ACQUITY
UPLC® BEH C18 #(2. 1 mm X 150 mm X 1.7
pm)

LC/IT-TOF MS: H 4 5 #28 d@ 7= dh s it
A ZIGH (LC-20AD) A% B (DGU-20A3) |
B 3 B 2 85 (SIL-20AC) | 96 il — # 45 [ 5]
(PDA) £ I 2% (SPD-M20A) | 5 A< 5 135 # Hr
(CBM-20A) FIAE &4 (CTO-20AC) 51200 #I &
BOBAR 354 - 35 [ Agilent 28w 7 il s Milli-Q



UM RRRMESE AT R/ BRIR £ AT A DU ) 23 S b A B o o 5 R AE 31
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Table 1 Disaccharide compositions of heparin dp4s oligosaccharides
L B4 hE Disaccharide composition/ %

Dissacharide structures dp4-1 dp4-2 dp4-3 dp4A dp4-4 dp4-5 dp4-6 dp4B dp4C
AHexA-GleNS(6S) 27.6 46. 2 42.5 2.6 4.0 59.2 56.5 58.1 0
AHexA(2S)-GleNS 62. 6 28.0 31.2 52.7 53.1 4.4 5.0 4.6 0

AHexA(2S)-GleNS(6S) 9.8 25.8 26. 3 44. 7 42.9 36. 4 38.5 37.3 100

[F#f, dpd-5.dp4-6 Fl dp4B 1 2 [6] 7 5 44 1k <107
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FA] 20. 2.23. 8 min) ., 32 04 X i A4 o % D R
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Fig.3 LC/MS-IT-TOF total ion chromatograms
of dp4-1 (a), dp4-3 (b), dp4-5 (c) and dp4-6 (d)
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tetrasccharide with five sulfate groups (b)
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Table 2 Major molecular ions that appeared in the MS spectrum of dp4-1

T 2R ZE o e o 2 ) g T s E LioRIIRIEN .
. L AT 1R 22
Heparin Molecular Major ions Calculated Observed
Error
oligosaccharides formula observed value(m/z) value(m/z)
dp4 [M—3S0;—2H]*" 416. 036 416. 050 —0.014
[M—2S0;—2H]*~ 456. 028 456. 028 0. 000
C24 H3g N2 O35 S5 [M—SO;—2H >~ 496. 007 496. 009 —0.002
[M—2H]*~ 535. 986 535. 985 0. 001
[M+CsHjs N—2H]? 586. 543 586. 541 0.002
dp6 Cs6 Hs7 N3 Osp [M—2H]*~ 504. 644 505. 012 —0. 368
Cs6 Hs7 N3 O35S [M—2H %~ 544.623 544. 988 —0. 365
[M+CyHysN—2H]2 595. 552 595. 549 0. 003
Css H57 N3 O35 Sy [M—2H?~ 584. 601 583. 944 0. 657
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