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Heparin is widely used as an anticoagulant for the treatment and prevention of thrombotic disorders. Recently,
hundreds of cases of anaphylactic reaction as adverse effects were reported by the presence of contaminating oversulfat-
ed chondroitin sulfatc (OSCS) in some heparin preparations. In addition, these heparin preparations often contaminat-
¢d dermatan sulfate (DS). Unfortunatcly, the Japancse Pharmacopocia (JP) does not include appropriate purily tests.
In the present paper, we show that capillary clectrophoresis (CE) is a powerful tool for the analysis of OSCS and DS in
heparin preparations. CE method shows high resolution and good quantification of OSCS in heparin preparations. This
method (OSCS method) was cvaluated for accuracy (93.7 %), repeatability (R.S.D.=2.11), linearity (R*==0.9996),
detection limit (0.1% OSCS) and specificity. In contrast, DS was not able to be detected in high sensitivity by OSCS
method. However, a modified CE method (DS method) using the buffer at lower pHs showed good paramcters for ac-
curacy (88.1%), repeatability (R.S.D.=1.99), lincarity (R?=0.9998), detection limit (0.25% DS) and specificity. In
conclusion, CE will be an alternative to the NMR method which is being adopted for purification test of heparin sodium
in the present version of JP.
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Fig. 1. Structures of the Disaccharide Unit of Glycosaminoglycans Tested in the Present Study
(a) Heparin sodivm, (b) oversulfated chondroitin sulfate (OSCS) and (¢) dermatan sulfate (DS).
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2, BBAF LA S5 LERNWD HPLC %, I
BN/ 4733, Inhibition of Taq polymerase j%75 &

12k % OSCS ML A K 2 ITHE N f-. o &
id, INSOMIBEZEROTAINY) >F MU AL
RIDGHT 21T & & HIZ, OSCS DEEATEH S M
oY 2 F B U LARFI DRI ZETT D F ORI %
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Fig. 2. Capillary Electrophoresis Analysis of 10% (w/w)
OSCS Spiked Heparin
(a) FDA mcthod and (b) OSCS mcthod.

TRV LIZHEST DE— 713 5.8 MR N,
OSCSIZMIk T AL~ SSpiclERaN~
[Fig. 2(a)]. MiEZMMNTHIELRBTHTH- =
B, ANRUZFRUTLAMKOE—2 & OSCS i
RO -7 DI ARTERTH D, OSCS Wizt
THRRMIIEN 7. Li=Aio> T, FDA method
ERVBHBRIEOMTEENS A —% —1L, 18 R
INEPNZR) A$41% (R.S.D.=2.18%) THho/-. M
HIBRAIZ 1.5% TH D, 'H-NMR IZ X 2 OSCS 4347
DRFHHEN T A =& — LKWl ER L2 (Ta-
ble 1). 1213 /235, FDA method @ #F17 %412 1.36
%LV, BNBHRMER217% &> Em
5, "\NUYZFRUTAEOSCS DMzt T
ENE, AAERFOMERSE L THMEHT
ELHELEZIONZ, FIT, ANYYFINYILE
OSCS ik L& Hig Ui 2Rt L.
Eiiff, Somsen 5% Wielgos 51, ~/XY 2+ k
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Table 1. Validation Characteristics for OSCS Analysis by Capillary Electrophoresis and 'H-NMR

Validalion

Capillary electrophoresis

- TH-NMR*?

characteristics 0SCS method

FDA method™!

iy
Accuracy (R.S.D=2.83%)
Precision
Repeatability 2.11%
Intermed. precision 2.45%

Specificity
Detection limit 0.1% (w/w)

Quantification limit 0.25% (w/w)

Linearity (R?*=0.9996)

Range 0.1-10.0% (w/w)

y==16992x--3601.6

41% 98.3%
(R.S.D.=2.18% (R.S.D.=4.63%)

1.36% 1.6%4
2.17% —

Fig. 2b High

1.5% (w/w)
1.5% (w/w)

y=136663x—367.14
(R*=0.9758)

1.5-10.0% (w/w)

0.35% (w/w)
0.4% (w/w)

y=0.0909x — 0.064
(R2=0.9991)

0.4~10.0% (w/w)

“1 and *2, from the reports by Hashii e o/.'¥ and Kakehi ef al.\W respectively.

Ik DL LEERkE) RS 2D, o OR
WaEMRT D01, FrESY—DRNEZ SOum
M5 25 pm (T AE L THEAKD) FIT N 0
ZMEIL, & 51202 E A ERR G EE AT
WY ZICEEST 2 Z ETHfEMii L. $4
fETHE, Wi, (K pH ORI 2 I T 5
%, HBHEOITOBNAH B, WMOIELSHT

not shown), MIA T, LEICBEIKIT 58I
BAHE— R (SOuA) THRHTZ L ELE £
FERIZI LTI, AR MU ARTREFI
WO EFRIMEN - DIEINBIIL TILRT VW EREE 7R
Tl eEMmesnTng, LaLl, 200nm DY
SREBOR TR L =& 2B, AU F RU AR
F o h 5 LRI DBICHEIZ <IN TE L.
LI EFIINEERT S OSCS % DS 12 & DM
Y ETRIETES -0, fiERRELTH
WHTES, Lo &mnn, AR Tid 200 nm
DN ER WD Z & E L

AL OHFHZE DFRE L /=4 (OSCS method)
ZFWT, OSCS % 10% (w/w) L =~/ >
FRUDARIREGT U, ZOE, AU T
FPUSAIRHETAE -V 5.5 it h,
OSCSICHKTHE—7i13 46 pic@BHEINS
[Fig. 2(b)]. FDA method iz & V |5 L 7= % B
[Fig. 2(a)] &L THE, ARYDFRUTLE
OSCS D /MBI L U/ sriEt L L8
[ & LT, Somsen &% Wielgos & 2384 U /- #i il
RGP TORBI A DO Sy F VR

Ko, 109 GRRMRICFAW R U XM, oy —
A4 &L TREA A & BRIFRHEERZRL
ERENBEAEND, e FAESU-—OHD)
B 20em IZHEH L TH T2 N TE,
Somsen & D #i45 D H 4 DEFHTHBTMET L
t' 14)

1-2. OSCSHEOAWENYTF—a> i
BT B THE L/ OSCS method 2T, HA
MR HEIEBERANY F B AMERBA~D
R ARSI U DENDF—2a i, BASK
B TBERRIICRIRE N T WA HKIC Lizhin
TODIMHE/INT A—F— (T, KEE, RS,
FRIGBRAR, sERURSA, U W zkosl &
TR L O Mtk & TR U /e,

1-2-1. R OSCS % 10% (w/w) &L
oY 2 M) o AR ERBERE U TRIEL
g, ANRDF MO LARHETEE—21T
5507 - HMEL 5.0-7.0 ICikT S,
OSCSIZHIR T B — o W46 32— THmEL
TikmE N (Fig. 2(b)]. AU F RY LS
KDY —2 & OSCS DL — 713 BTk %
SRU (OB Rs=1.2), FiiEFERBITHNTE L.

1-2-22. RHBARARUERBR  0.1-5.0% (w/
w) 12725 & DI 0SCS DEERMBL 2~/ >
F R U ARBAK%EKWT, OSCS method DAk
HIER B OERIRR ZRD 7. ZO#E, Fig. 31
RT L IIZ0.1% D OSCS 25 BHRBIERTS, S/
Nkt 5 LLEDEEEE T OSCS ik — 7 2Rl T
&7~ X - TOSCS method ix, NS> KUt
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oversul fated

chondroitin sulfite .
\ <— Heparin

Absorbance at 200 nm

(e)

)

3.0 40 50 60 7.0 8.0
Migration tink (min)

Fig. 3. Lower Limit of Detection of OSCS in the Presence of

Heparin
Samples were analyzed at (a) 5.0%, (b) 1.0%, (¢) 0.5%, (d) 0.25%,
(e) 0.1% and (1) 0% OSCS spiked heparin. OSCS method was used for all
analyses.

LAPIHEALM0.1% (w/w) O OSCS #MitiTa
HiMETH B I bt Fh, A 2
NS LD 0.25% (w/w) D OSCS % GUESTA
HIZHBWNT, OSCSHIEDLE' —- % S/N L 10 L)k
DRETHRINTE /=78, KAREDELRRAE L
7=

1-2-3, B, FIE 0 0.1-10.0% (w/w) o/
HL 512 0SCS DiEEMIBEL FoANYF Y
T LBz 2 AW T, OSCS method O ##1 %
L. FORY, OSCS m& — & ik,
0.1-10.0% (w/w) DI THEN /- EAHER &
N, = OMHIEEEE 0.999 Tdh > 7- (Table 1),
124, BEERUBE  5.0% (w/w) @ OSCS
ESOANY 2 MU ARBEHEZBWT, §n
BN H25: % 171> OSCS method 17 3513 2 SRS % i qll
L7z, ZO#%, HwmE#EE 93.7% (R.S.D.=
3.83%) T&Ho/-. FDA method TOILEIX. 41%
(RS.D.=2.18%) Th-o/=Z &mnb (Table 1),
FLWHEHNEOMENASNE, &> T OSCS
method IZF IV IEEZHTAARETHALEEA S,

F/-. [ UHERE L % VT OSCS method Dk
HEDFHIi %17 57z, OSCS &' — & [ Rl O PHT R
(15 E, 6 @ME) ®RS.D. IZ2.11%THo
Foo =75, SAMBKE GRMA, &6 EE)
D R.S.D.132.45% Tdh o /- (Table 1), HF1THE
WITENFEBIREE 12, @hi- RS.D. fii %R
L.

2. DS

2-1. DS DOSWHRHGE il THEL 2 OSCS
method 21T, 5.0% (w/w) O DS %L 7=
ANYZTF MY OLAEREIRLIZEZA, DSIZ
HETHE—D, 6402 —VTHMEL, 6.0-
TORIMTTTO—- R —s L THREIN-
{Fig. 4(a)]. DS Hi3kD " — 7 I2EAio> TR h
578, HMHBRMNT 1.0% (w/w) & 'H-NMR 2k
Ltk , FDA method ZlWaF vy 5 1) —
WEIKTNIEIC L BIMIE & LR T, ol s
HI 5L & ITE AT (Table 2), OSCS iy
BRI L2 F v E S Y —BRikMEOR YT
13, DS ik izmiti 95 Z &Sk L,

T T, KR O pHICDWTHEILEE D
A, pH2.S OBFk =M VWAZ &1z kD, DS i3l
DE—2 L WEGRBHK (N=1190) THET 3
E/ASTE, OSCS method DG (N=470) & Lbig
U TRIFIRMEE 2R LT, LA EOMEHT L D E3E
U7 DS method IZ & D, DS % 5.0% (w/w) DOl
ETHMU NI 2 B U™ AR %504 U 7= 4
R, DSIF44nE2E—VIHMELE, v v—Tk
E— &L THREIN, 32400~
MU LDE - ERIFICHMS N/ (Fig. 4
(].

22. DSRHEOFBWENYF— 3>

22-1. R DS #50% (w/w) {EmL i
NN 2 DU LR ERSERE L TE L
Mk, NN FMUDAICHRTZE—213 3.2
DeC—OHAEL 2.7-43 ki AN, DS I2
METHE—I 44 3% — 7 THEE L Tkl
N7z [Fig. 4b)]. AN F MY LHEDE —
7 L& DSHRDOE — I IZRIFRMMEERL (SHEE
Rs=1.3), W& EESITHMNTE.

2-22. BRUHRARVCERER  0.25-5.0% (w
/W) ZIEBEIITDS #ikMULEANY >F MY
T LB ER % BV T, DS method OB HIKE R K
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VERBREZMIEL -, FO#E, Fig. SITRT X
H120.25% D DS =& AINY > F Y ARG
WIZBWTS/NLES LU LD T DS ko —
DEMRITEE, 2 ANULFRUTLABD
0.5% (w/w) @ DS Z&ELHBEiKICHNWT, DS
HRDE — 2 % S/N L 10 LA L DB TRIBTE /-
2, KRBEDERRA &L

2-2-3. Epd, @A 0.25-10.0% (w/w) IZ
5L DI DS ZEMU AN 2 MDD LR
ik & FWT, DS method O #E 2 FEA L 7.
Z DR, DS OE— WYL, 0.25-10.0% (w/

[Teparin —»
dennatan
sulfate

50 70 90

) dermatan

Heparin —»
P sulfate

Absorbance at 200 nm
b9

0 30 50 7.0
Migration time (min)

Fig. 4. Capillary Electrophoresis Analysis of 5.0% (w/w)
DS Spiked Heparin
(a) OSCS method and (b) DS method.

w) DG TEN/-EHENTERI N, FOHBGR
313 0.9998 Tdh - 1= (Table 2),

2244, BERUKBE  50% (w/w) DIBEIC
BBEDIDS ZRMUAANY F MY LK
A% FWT, SwmEIREIC X D IEEFmL
fo. FOR, #MENLHET 88.1% (R.S.D.=2.13

dermatan
sulfale

Absorbance at 200 nm

1.0 3.0 50 7.0
Migration time (min)
Fig. 5. Lower Limit of Detection of DS in the Presence of
Heparin
Samples were analyzed at (a) 5.0%, (b) 2.5%, (©) 1.0%, (d) 0.5%,
(e) 0.25% and {F) 0% DS spiked heparin, DS method was used for all ana-
lyses.

Table 2. Validation Characteristics for DS Analysis by Capillary Electrophoresis and '"H-NMR

Validation

Capillary electrophoresis

characteristics DS method FDA method™* H-NMR
(474 0, oy
Accuracy (RS.D22.13% (R.S.D o.78%) (RS.D~399%)
Precision
Repeatability 1.99% 2.15% 1.5%
Intermed. precision 2.43% 2.482% —
Specificity Fig. 4b fair

0.252% (w/w)
0.5% (w/w)

Detection limit
Quantification limit

Lincarity (R2=0.9998)
Range 0.25-10.0% (w/w)

y=135944x —2904.9

0.35% (w/w)
0.6% (w/w)

y=0.08534x—0.0113
(R*=0.9991)

0.6-18.7% (w/w)

1.0% (w/w)
1.0% (w/w)

y=16938x —9357.2
(R2=0.9991)

1.0-10.0% (w/w)

“1 and *2, from the reports by Hashii er al.'® and Kakchi ef al.'? respectively.
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%) Thol.

F7-, FURSRREE RO TS ORM 21757~
DS E'— & MiFUE D HTHIE (1 HER, 6 @ME)
DR.S.D. 1L 1.99% T o f=. —F, BHNEBR
GiEH, £6EHE) ®RS.D.I1243% Tdho
oo BHTRIEM T HNEBEE BIZ, @Bhi-
R.S.D. filiziL 7=,

3. AEQw bOANY T MY LBBIEEO
S WIEETICRHE U 3MMORMT, FE
KHFPREFER I LAY > F B U AR
I8 D4 M7 7 > 7=, FDA method Tit, 6.2 4z
ANYZF MITLDE =255, 6.0 4417 OSCS O
E— g (Fig. 6()]. MiEO[BILT
METH o MM AR3ThH o/, KIZ, OSCS
method IZTHHT L /FEH, AU F NS LD
E— 213 5.7 3112, OSCS D' — 713 4.3 53044
I T NRIT /2585 R U [Fig. 6(b)].
7o, DS method T4 L 7=#E4UL, AU F k)
VLDE =243 3.2 1Lz, OSCSDE — 7 i
2.6 stz a s [Fig. 6(c)). ZdANY
>F MU AWAE B OSCS 7% 8.6% (w/w)
BALTWBESUMANS. —F, AMFETE I
1 DS HE D — 2 i3 BB aNieh- ),

oversulfated
chondroitin sulfate

£
c 10,0
8 oversulfated
o chondroitin sulfaic
-
5]
[}
Q
=t
a
L
St
[=}
E 10'0 1 7l 0
< . 2
oversulfated
chondroitin sullate
(©) \/\\4— Hepurin
T T T T T i
1.0 3.0 50 7.0

Migration lime (min)

Fig. 6. Capillary Electrophoresis Analysis of Contaminated
Heparin Sodium Preparation
(a) FDA method, (b) OSCS method and (¢) DS method.

4 £

L. 08CS F+E5)—ikkihiEz A4K
RIBEERBRANINY > F M) o ASEER BRI W
DIeHITIX, OSCS %5 RINITHI T & 5 4 4t
ERETHILEND D, GO EEHT Bk
$R 4G (1000 mM Tris-phosphate buffer) % {22
S #HA L (OSCS method), AU > F R
L& OSCS % RUFIZHMET E /- (Fig. 2). 354
OSCS method 13, F+E'S ) —DHEYEEEHL
TH R ERTELIEMNS, THETI
WEEhieFr 53U —LEkDIEIZE 2 0SCS
BHIRe. ' Trehy & D& L2Ia1 4 238 Hh 5 A
ZMH5 HPLCiLIZ L % OSCS Ml & LR TH, 9
MWL =Ty FEGi Ao HiEE WA S,

A5 HT %2 OSCS B HIIZH L TR W Rt % 4
LU [Fig. 2(0)], AU F MU APIZRALE
0.1% (w/w) @ OSCS i T& /- (Fig. 3). *
Foo TUHE CERINMELER : 93.7%) = OF 1T kY
(R.S.D.=2.11%), HNEBHL (R.S.D.=2.45%)
BIRIFTHD, ENUHEYE (R2=0.9996) #RL
7= (Table ). ZTHh5DEERMNS, OSCS method
B, ANUZFRYTAPO OSCS G1ith10.1%
W/WLUTTH2DZEBETTHRERRE LT,
F AR B RIS SR AN 2 N U LSRR
W T 55k Th o L an 5,

OSCS IZ4 O HHWRDFERME THY, £1-
W TR RM L BRI E UTRAT
DOEEM RN EMNS, AU F MU o 485
TR ENDZRETIIRYL, Lo T, A/NY
F MUY LPIZERA L 72 OSCS Ok EE AT T
ZHROGWHBEER VB Z ENHEEL VL. SE
DYMZEZIT, AFEKBHICHEE XN H-
NMR 124 % OSCS it D IR 12 0.35% (w/
w) TdH5.'2 0SCS method 2L BF 4+ S —
Sk IEE, 'H-NMR 12 & BBk & =@ 2 8
MEEZALTWS, 20k, FvE I —BEik
Wi 1T & % OSCS FRSRIZ H 43K 5 5 % 4ol 195 3 5
ELTHMTHB EHTX S,

2. DS  OSCS method Ti3, DS kDL —
JRTO—RIIBBINZZENS, ANRYZF K
U AP OMED DS i WERIETHRIBT 2 2 &
Mk Ly |Fig. 4(a)]. %2 T DS DR -2 H
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& U 7=4fk (DS method) ZRNM L. FOHR,
DS &Y F MUD AZBIFIZOMTE, OFHT
ki (RS.D.=1.99%), #ANHBKE (RS.D.=
2.45%), LU GRMENIE : 88.1%) #5455
HiRUESRETHIEMNTES (Table2), DS
method 13 0.25—10.0% (w/w) O{MH T WEHR
P (R2=0.9998) M- &ins, DS Bl
W RE CE R Z B LBk ThHd I &t
bino, LLOEENS, FrE 35U K5k
RIZ &L B DS 4TS, ANXNY 2 RU I LRO DS
DBAMO025%LAT Tdh D Z & % #iET D RER
& L THAIKE S OMBERBIEICERMEETHS
ki g N

A0l O M % 2T, KREKRHICEES
IH-NMR 2 & 5 il Tid, 500 MHz o 3 it %
WTW5, ZOREm DS ORHRRIZ 0.35% Th
%, —FT, [NOLL< OWBEAEIZRIEL TV
400 MHz LLF @ NMR {28 2 /il \W % DS ik T
i, BRECHRIEIRA AR EICHEMNZENTY
2. k5T, DSICH L TEiVERM: & BE R R
EHTHFvE D) —TKKIIESH BRRBIET
HY, AAERFEEBERNNRY F BU T LM
IERBICH L =Bk & E A 5.

BITE, BIKTHAEINTWB AN > B E R H)
®, RLZYavI /7)) h BzelEedTse7
o uAhiz, —ERODSMRBALTWS L
WIHIREMA SN S, 6 ZO 7 WHIh~D DS
RAOEMOPBEEIC DV TIE, DSIEANY &
BRBZZMEATHHDOT, HUERGE L TEYICHE
MTaREETHERE, ZNETIREESOWE
M EEERBE I L DRI 2 0EITRVWET S
URnH0, EERMICHEAMAFNNTNS, DS
RANY D EFHUT AOBERICEENS LD, A
KU ORBMOERELTHERATHELLELEZS
h, SHRIEBERANY >F BUTLRAD DS D
ftORIEZTEMICHUR L 2 LT, BB ENS
MRN L TWLS BIERHS S,

% i

RIFFEICHBITBMTEN) F— 3 D ORR, F
Y5 ) —HEAkTE HARBERHERANNY > F
U ARIERE E L THATRETH 2 Z Eatbh
> 7.

I BN & i U 2= Sk FIRE 21T, £ 01t
DERBEREL T LIEHNH S, FEITHRILRAIC
BILTE, REICBOLDTHRIBEDZRS
8, AR O RREERHUENS AL, RBLE AL £
FHHRELghidhksian,

BE AU U LWHRRE S
£
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An incomplete elongation of O-glycans in mucins has been found in epithelial cancers, leading to the
expression of shorter carbohydrate structures such as Tn antigen (GalNAc-O-Ser/Thr), which has been
reported to be one of the most specific human cancer-associated structures. However, there have been

no appropriate physicochemical methods for the determination of Tn antigen in biological samples. In
the present paper, we developed a capillary electrophoresis method for the determination of Tn antigen,
and applied the method to the analysis of the expressed Tn antigen on some leukemia and epithelial can-

cer cells.

© 2009 Elsevier Inc. All rights reserved.

Cancer-associated structural alterations in O-glycans such as
high level sialylation and low-level sulfation are attracting interest
in relation to their biological significance [1]. Especially, incom-
plete elongation of O-glycans in mucins has been found in many
cancers, leading to the expression of shorter carbohydrate struc-
tures, such as Tn antigen (GalNAc-O-Ser/Thr) [2], which is one of
the most specific human cancer-associated structures and a possi-
ble early biomarker of cancer [3].

Current analytical methods for characterization of O-glycans in-
volve the initial release of the oligosaccharides. However, the re-
lease of O-glycans has been a difficult task due to lack of the
enzyme which shows wide specificity as in the case of N-glycoami-
dase for the release of N-glycans. Therefore, O-glycans still have to
be released from the core proteins by chemical methods, and most
of the methods require a lengthy reaction time and cumbersome
procedures [4]. Recently, we developed an automated glycan-
releasing apparatus (Autoglycocutter: AGC)' for O-glycosylated
proteins [5,6]. The apparatus enables the release of O-glycans having
the intact reducing end within only 3 min, and was applied to the
analysis of O-glycans from some leukemia and epithelial cancer cells
[7].

The released glycans are often labeled with a fluorescent tag,
although we have to remove the excess reagents and the accompa-
nying materials [8-11]. The procedures hitherto reported are effec-
tive for purification of higher oligosaccharides. Monosaccharides
such as Tn antigen released from the samples are often poorly

* Corresponding author.
E-mail address: k_kakehi@phar.kindai.ac.jp (K. Kakehi).
' Abbreviations used: 2-AA, 2-aminobenzoic acid; AGC, Autoglycocutter; CAE,
capillary affinity electrophoresis.

0003-2697/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.ab.2009.08.021

recovered when the clean-up procedures for higher oligosaccha-
rides are applied.

In the current study, we developed a clean-up method for col-
lection of Tn antigen and the small glycans, and applied the meth-
od to the analysis of Tn antigen in some cancer cell lines.

We used human-derived cell lines: Jurkat (acute T cell leuke-
mia), U937 (histiocytic lymphoma), K-562 (chronic myelogenous
leukemia), HL-60 (acute promyelocytic leukemia), LS174T and
HCT-15 (colorectal adenocarcinoma), BXPC3 (pancreatic adenocar-
cinoma), PANC1 (pancreatic carcinoma), and MKN7 and MKN45
(gastric adenocarcinoma).

A portion of the glycopeptide fractions obtained from each can-
cer cell line (1.0 x 107 cells) was injected to the AGC apparatus
[6,7], and the collected solution containing the released O-glycans
was evaporated to dryness followed by labeling with 2-aminoben-
zoic acid (2-AA) as reported previously [7].

In our previous work using Sephadex LH-20 for clean-up of
2-AA-labeled glycans, we could not recover Tn antigen in good
efficiency [7]. We examined several clean-up procedures for the
analysis of the 2-AA-labeled GalNAc, and calculated the recov-
ery of GalNAc (Table 1). Most of the reported methods using
carbon graphite columns [8], nylon filters [9], polyamide resin
(DPA-6S) [10], and acetone precipitation [11] are optimized
for the glycans having high molecular masses and not
appropriate for clean-up of simple mono and disaccharides.
Therefore, we examined an HPLC method using octadecylsilica
as the stationary phase. Although a long time (60min) is
required for collection of the fractions containing Tn antigen,
we found that higher than 99% of the excess amount of 2-AA
was removed and 2-AA-labeled GalNAc was recovered
quantitatively.
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Table 1
Efficiencies in purification of 2-AA-labeled GalNAc using previously reported
methods,

Method Removal Recovery Run  Reference
of the of time [Reference No.)
reagent GalNAc-2- (min)
(%) AA (%)
Sehadex LH-20 - - 180 J. Proteome Res. 8
(2009)
521-537 |7]
ENVI-carb column 10 34 60  Clin. Chem 44 (1998)
2422-2428 |8
Nylon filter 99 69 . 60 Anal Biochem. 373
(2008)
104-111 |9}
Polyamide resin (DPA- 96 78 60  Anal. Biochem. 369
65) (2007)
202-209 [10)
Acetone precipitation  § 54 30 Anal. Biochem. 384
(2009)
263-273 [11]
COSMOSIL(R) 929 99 60  Present method

5C18-PAQ
(ID 4.6 x 150 mm)

In the analysis of Tn antigen, it is necessary to resolve it from
other possible monosaccharides and the accompanying materials.
In the present study, we employed capillary electrophoresis and
achieved excellent resolution of GalNAc (see Supplemental
Fig. 1). During the alkali-catalyzed release of glycans from core
peptides using the AGC apparatus, epimerization of the glycans is
a big problem. We evaluated the epimerization reaction of Tn anti-
gen. After the solution of the standard GalNAc was passed through
AGC, the mixture was labeled with 2-AA and analyzed by CE. A
small amount of N-acetyl-n-talosamine (TalNAc) was observed,
but the peak area was 4.2% of GalNAc (see Supplemental Fig. 2).
These results indicate that the effect of epimerization during the
releasing reaction is negligible.

We applied the method to the analysis of the expressed Tn anti-
gen on Jurkat cells (Fig. 1). After a large peak of the reagent with
some artifact peaks, the peak due to Tn antigen was observed at
ca. 53 min. It should be noted that a Tn peak at 53 min accompa-
nies some minor components. After collection of this peak, we ana-
lyzed it by CE and capillary affinity electrophoresis (CAE), and
found that the peak showed the same migration time as that of
GalNAc by CE (Fig. 1B). In addition, CAE using the buffer containing
VVAB, lectin (Vicia villosa seed) at 10 uM concentration, which
specifically recognizes GalNAc [12], clearly caused disappearance
of the peak at 8.9 min. In contrast, the peak of 2-AA maltopentaose
(internal standard) at 10.3 min was not changed. These results
indicate that the pealk observed at 8.9 min was due to Tn antigen.

Based on the methods described above, we analyzed the expres-
sion of Tn antigen on some cancer cell lines (Fig. 1C). All cancer cell
lines examined in this study expressed significantly different
amounts of Tn antigen. Of the examined leukemia cell lines, Jurkat
cells express Tn antigen most abundantly. Because jurkat cells lack
a molecular chaperone (cosmc) which is necessary for expression
of core 1 beta 3 galactosyl transferase activity [13], Jurkat cells can-
not establish the core 1 structure, and the truncated O-glycan (i.e., Tn
antigen)whichis a precursor of core 1 type glycans is abundantly ob-
served. Epithelial cancer cells other than HCT-15 cells expressed Tn
antigen more abundantly than Jurkat cells. Especially, LS174T cells
expressed about 10 times larger amounts of Tn antigen than other
epithelial cancer cells. We reported that poorly differentiated pan-
creatic cancer cells (PANC1) showed simple O-glycan profiles, but
moderately differentiated pancreatic cancer cells (BxPC3) showed
relatively complex O-glycan profiles. In sharp contrast with these re-
sults, MKN45 cells (poorly differentiated species) and MKN7 cells

A Standard GalNAc-2AA

GaiNAc-2AA

2AA

Jurkat
GalNAc-2AA

Artifact

Artifact
#

10 15 20 25 30 35 40 45 50 §5 60
Elution time {min)

B Tn antigen
Standard GalNAc-2AA A
Jurkat — :‘:-altopentaose)
(Eluted §0~55 min in RP-HPLC)
1.S.
In the presence of "
VVAB, lectin at 10 uM (maltopentaose)
A AT

r T T T v T T T —
5 6 7 8 9 10 11 12 13
Migration time {(min)

Leukemia coll lings <¢=: == Epithelial cell lines
8000 [

8000 [

4000 |

mol/1.0 x 108 celis

p
~N

2
L1
T

K662 U937 Jurkat HL-60 PANC1BxPC3 LS174T HCT-15 MKN4S MKN7
Cancor coll lines

Fig. 1. Determination of Tn antigen in some cancer cells. Purification of 2-AA-
labeled Tn antigen derived from Jurkat cells by RP-HPLC (A). Conditions for
purification by RP-HPLC. Column, COSMOSIL 5C18-AR-1l (4.6 x 150 mm); cluent,
solvent A, 0.1% HCOOH in water; solvent B, 20% acetonitrile containing 0.1%
HCOOH. Gradient elution; a lincar gradient (10-20% solvent B) from 0 to 20 min,
then followed by a linear gradient (20-22.5% solvent B) from 20 to 70 min. CE and
CAE analysis of 2-AA-labeled Tn antigen form jurkat cells (B). Analytical conditions
for CE and CAE. Capillary, DB-1 capillary (100 pm i.d. x 40 cm); running buffer,
100 mM Tris-borate buffer (pH 8.3) containing 5% PEG70000; applied voltage,
25 kV; injection, pressure method (1.0 psi for 10's); temperature, 25 °C; detection,
helium-cadmium  laser-induced fluorescence (excitation 325 nm, emission
405 nm). CAE of the Tn antigen from Jurkat cells in the presence of GalNAc-specific
lectin (VVAB,). The peak obscrved at 10.3 min was due to maltopentaose labeled
with 2-AA, which is used as the internal standard for migration times. The
migration time of 2-AA-labeled maltopentaose was not changed in the presence/
absence of VVAB,, Expression of Tn antigen in 10 cancer cell lines (C). The amount
of Tn antigen was calculated by peak area observed by CE.

(well differentiated species) showed the reverse results [7). Prior
tostarting this work, we had expected that expressions of Tn antigen
are varied with stages of cancer differentiation. However, significant
differences of the expression of Tn antigen were not observed in
these four epithelial cancer cells. On the other hand, expression of
Tn antigen was quite different between HCT-15 and LS174T, which
are colon cancer cell lines. LS174T cells, high metastasis cells {14],
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expressed the largest amount of Tn antigen of the examined cancer
cells. However, HCT-15 cells, low metastasis cells {14}, expressed
trace amounts of Tn antigen. Hirao et al. indicated that Tn antigen
could be used as a marker for the level of metastasis of uterine cervix
cancer cells [15). Our present results are well correlated with their
observations.

In the present study, we developed a method for the analysis of
Tn antigen, and found that high metastasis cancer cclls expressed
Tn antigen extremely abundantly. Although further studies using
clinical samples are required, the present method will be a useful
tool for characterization of clinical significance of cancer cells.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ab.2009.08.021.
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A complex mixture of diverse oligosaccharides related to the carbohydrates in glycoconjugates involved
in various biological events is found in animal milk/colostrum and has been challenging targets for sep-
aration and structural studies. In the current study, we isolated oligosaccharides having high molecular
masses (MW ~ 3800) from the milk samples of bearded and hooded seals and analyzed their structures
by off-line normal-phase-high-performance liquid chromatography-matrix-assisted laser desorption/
ionization-time-of-flight (NP-HPLC-MALDI-TOF) mass spectrometry (MS) by combination with sequen-
tial exoglycosidase digestion. Initially, a mixture of oligosaccharides from the seal milk was reductively
aminated with 2-aminobenzoic acid and analyzed by a combination of HPLC and MALDI-TOF MS. From
MS data, these oligosaccharides contained different numbers of lactosamine units attached to the nonre-
ducing lactose (Galp1-4Glc) and fucose residue. The isolated oligosaccharides were sequentially digested
with exoglycosidases and characterized by MALDI-TOF MS. The data revealed that oligosaccharides from
both seal species were composed from lacto-N-neohexaose (LNnH, Galp1-4GIcNAcB1-6[Galp1-4Glc-
NAcB1-3]Galp1-4Glc) as the common core structure, and most of them contained Fuca1-2 residues at
the nonreducing ends. Furthermore, the oligosaccharides from both samples contained multibranched
oligosaccharides having two Galp1-4GIcNAc (N-acetyllactosamine, LacNAc) residues on the Galp1-4Glc-
NAcB1-3 branch or both branches of LNnH. Elongation of the chains was observed at 3-OH positions of
Gal residues, but most of the internal Gal residues were also substituted with an N-acetyllactosamine at
the 6-OH position.

© 2009 Elsevier Inc. All rights reserved.

Specific sequences of monosaccharides occur as important
structural elements of oligo- and polysaccharides of glycopro-
teins and glycolipids, and they comprise recognition motifs for
ligand-receptor or cell-cell interactions [1-4]. Oligosaccharides
are cooperatively synthesized by actions of various glycosyl-
transferases and are usually present as a complex mixture of di-
verse oligosaccharides. In particular, the isomeric/branching
structure is the major feature, and their structural determination
is essential for understanding the biosynthesis and biological
significance.

* Corresponding author. Fax: +81 6 6721 2353.
E-mail address: k_kakehi@phar.kindai.ac.jp (K. Kakehi).

0003-2697/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.ab.2009.03.004

Mammalian milk/colostrum is a rich source of carbohydrates of
diverse structures [5-8). Although the most dominant carbohy-
drate in mammalian milk is generally lactose, a small amount of
characteristic oligosaccharides are also present [9-13]. The milk
oligosaccharides usually have a common lactose (Galp1-4Glc) core
that is extended at the 6- and/or 3-OH positions of the Gal as lin-
ear/branched mode [14]. Furthermore, the linear/branched chains
are frequently fucosylated and/or sialylated and in a few cases
are sulfated.

Due to the similarities and complex structures of milk oligosac-
charides, structural determination of them has been a big and chal-
lenging work. Urashima and coworkers isolated various
oligosaccharides from many mammalian species’ milk/colostrum
and characterized their structural features by a combination of
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at void volumes, from the HS milk sample was used in the follow-
ing preparations and characterization of each oligosaccharide.
The fraction from the BS milk sample was further separated by
ion exchange chromatography, as indicated in the previous study
[18]. The lyophilized material was dissolved in 50 mM Tris-HCl
buffer (pH 8.7, 2.0 ml) and subjected to anion exchange chroma-
tography on a DEAE Sephadex A-50 (1.5 x 35 cm). The unadsorbed
oligosaccharide fractions were used for structural study of the oli-
gosaccharides in the previous study [18]. The adsorbed oligosac-
charides were eluted by linear gradient elution with changing
NacCl concentrations from O to 0.25 M in the same buffer. Two frac-
tions (BS1 and BS2) obtained by linear gradient elution were
pooled and lyophilized to dryness. The lyophilized material was
dissolved in water and passed through a Biogel P-2 column
(2.5 x 100 cm), The fractions eluted at the void volume were
pooled and lyophilized to dryness to yield a mixture of acidic oli-
gosaccharides (2.0 and 2.3 mg of BS1 and BS2, respectively).

Fluorescent labeling of oligosaccharides with 2AA

Fluorescent labeling of oligosaccharides was performed accord-
ing to the method reported previously [30,31]. Briefly, a solution
(250 pl) of 2-aminobenzoic acid (2AA) and NaBH4CN, prepared by
dissolution of both reagents (30 mg each) in methano! (1 ml) con-
taining 4% CH,COONa and 2% boric acid, was added to a mixture of
oligosaccharides {100 pg). The mixture was kept at 80°C for
60 min. After cooling, water (250 pl) was added, and the mixture
was applied to a small column {1 x 50 cm)of Sephadex LH-20 previ-
ously equilibrated with 50% aqueous methanol. The earlier eluted
fluorescent fractions that contained labeled oligosaccharides were
collected and evaporated to dryness. The residue was dissolved in
water (1 ml), and the solution was stored at ~20 °C until analysis.

Preparation of asialo-oligosaccharides

A mixture of 2AA-labeled acidic oligosaccharides (~10 pg) was
dissolved in 20 mM acetate buffer (pH 5.0, 50 pl), and neuramini-
dase (10 mU, 10 pl) was added to the mixture. After incubation
at 37 °C for 24 h, the reaction mixture was kept in the boiling water
bath for 5 min. After centrifugation of the mixture at 10,000g for
10 min, a portion of the supernatant was used for the analysis.

«-Fucosidase digestion

A mixture of 2AA-labeled asialo-oligosaccharides (~2 Lig), as
described above, was dissolved in 20 mM phosphate buffer (pH
7.5, 50 ul) for a1-2 fucosidase digestion or in 20 mM phoesphate
buffer (pH 6.0, 50 ul) for «1-3,4 fucosidase. al-2 Fucosidase
(40 U, 2 ) or a1-3,4 fucosidase (10 uU, 10 pl) was added to
the mixture. After incubation at 37 °C for 24 h, the reaction mix-
ture was kept in the boiling water bath for 5 min, and centrifuged
at 10,000g for 10 min. The supernatant was diluted with water to
adjust the volume of 200 pl. A portion of each solution (5 pl) was
used for NP-HPLC analysis.

Sequential exoglycosidase digestion of oligosaccharides

Each oligosaccharide isolated by NP-HPLC was dissolved in
20 mM citrate buffer (pH 3.5, 8 pul), and p-galactosidase (1 mU,
2 ul) was added to the mixture. After incubation at 37°C for
12 h, the reaction mixture was kept in the boiling water bath for
5 min. After centrifugation of the mixture, the supernatant was di-
luted with water (10 pi). A portion of the solution (2 ul) was ana-
lyzed by MALDI-TOF MS. Another portion (5 pl) was mixed with
30 mM citrate buffer (pH 5.0, 5 pl) containing p-N-acetylhexosa-
minidase (5 mU), and the reaction mixture was kept at 37 °C for

12 h. The supernatant was diluted with water (10 pt), and then a
portion of the sotution (2 ul) was also analyzed by MALDI-TOF MS.

Separation of the 2AA-labeled oligosaccharides

HPLC was performed with a Shimadzu apparatus equipped with
two LC-6ADvp pumps and an FP-920 fluorescence detector
(Waters). Separation was done with an Amide 80 column (TOSOH,
4.6 mm i.d. x 250 mm) using a linear gradient formed by 2% acetic
acid in acetonitrile (solvent A) and 5% acetic acid in water contain-
ing 3% triethylamine (solvent B). The column was initially equili-
brated and eluted with 70% solvent A for 2 min. After 2 min,
solvent B was increased to 95% over 80 min and kept for further
20 min [32]. Fluorescence detection was performed at 410 nm by
irradiating at 325 nm light.

MALDI-TOF MS

MALDI-TOF mass spectra were acquired with a Voyager DE-
PRO mass spectrometer (PE Biosystems, Framingham, MA, USA).
A nitrogen laser was used to irradiate samples, and an average shot
of 50 times was taken. The instrument was operated in a linear
mode at an accelerating voltage of 20 kV. An aqueous sample solu-
tion (2 ) was mixed with a matrix solution (2 pl} of 1% 2,5-dihy-
droxybenzoic acid (DHB) in methanol/water (1:1). The mixture
was applied to a polished stainless-steel target and then dried in
atmosphere for a few hours.

MALDI-QIT-TOF MS

MALDI-QIT-TOF mass spectra were acquired on an AXIMA-
QIT-TOF mass spectrometer (Shimadzu, Kyoto, Japan). A nitrogen
laser was used to irradiate samples, and an average shot of 50
times was taken. Argon was used for CID. The instrument was
operated in positive and reflectron mode. An aqueous sample solu-
tion (2 pl) was mixed with a matrix solution (2 pl) of 1% DHB in
ethanol/water (1:1), and the mixture was applied to a polished
stainless-steel target and dried in atmosphere for a few hours.

Results

Acidic oligosaccharides having high molecular masses in BS and HS
milk samples

The method for the preparation of the oligosaccharide samples
used in the current study was reported previously [17,18]. Two
fractions (BS1 and BS2, 2.0 and 2.3 mg, respectively) from the BS
milk sample (40 ml) and a fraction containing acidic oligosaccha-
rides (HS, 1.7 mg) were used in the current study. Because the oli~
gosaccharides from the HS and BS milk samples contained type Il
chain (Galp1-4GlcNAc-R) but not type 1 chain (Galp1-3GIcNAc-
R), we add *neo” to all core oligosaccharide structures.

Oligosaccharides obtained from BS1 and BS2 were fluorescently
labeled with 2AA and analyzed by MALDI-TOF MS. As shown in
Fig. 1A, a large number of ion signals were observed at the range
from m/z 1484.8 to m/z 3530.4. In BS1, two major molecular ions
were observed at m/z 2362.3 and 2653.3, which were due to mono-
fucosyl LNnH with one and two NeuAc residues (NACTH4N2F1-
2AA and NACc2H4N2F1-2AA). lons at mjz 2151.0, 3027.9, and
3318.6 are 80 mass units larger than the m/z values of monofucosyl
LNnH (theoretical molecular mass [mw] 2071.2), difucosyl lacto-N-
neotetradecaose (LNnTD, theoretical mw 2946.7), and monosialyl
difucosy! LNnTD (theoretical mw 3238.6), respectively. These data
indicate that these oligosaccharides are substituted with one SO;H
group. In BS2, we observed two major ions at m/z 2337.2 and
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Fig. 1. MALDI-TOF MS and NP-HPLC analysis of higher oligosaccharides from bearded and hooded seal milk. (A) MALDI-TOF MS analysis of sialo-oligosaccharides from
bearded and hooded seal milk. (B) NP-HPLC analysis of asialo-oligosaccharides from bearded and hooded seal milk. (C) MALDI-TOF MS and NP-HPLC analysis of
defucosylated asialo-oligosaccharides from hooded seal milk. BS1, DEAE-adsorbed fraction 1 in BS milk oligosaccharides; BS2, DEAE-adsorbed fraction 2 in BS milk
oligosaccharides; HS, higher oligosaccharide fraction in HS milk oligosaccharides; digestion product of HS with a1-2 fucosidase. The monosaccharide compositions of asialo-

oligosaccharides are summarized in Table 1.

2549.4, which were due to difucosyl decaose with one SOsH group
(H5N5F2-S03H-2AA) and monosialo-difucosyl neodecaose with
one SO3H group (NAc1H5N5F2-SO;H-2AA), respectively. The
molecular ion observed at m/z 3384.8 was due to monosialo LNnTD
with three Fuc residues (NAcC1H8N6F3-2AA).

HS showed characteristic ladder ions between m/z 1400 and m/
z4500. These ladder ions were classified into five groups based on
the number of lactosamine (Galp1-4GIcNAc) units. The ions ob-
served at m/z 14849 and 1631.5 have the composition of
NAc1H4N2-2AA and NAc1H4N2F1-2AA, respectively, and are
due to mono- and difucosyl LNnH with one NeuAc residue. Molec-
ular ions at m/z 1851.1 and 1997.1 are due to the oligosaccharides
having compositions of NAc1H5N3-2AA and NAc1H5N3F1-2AA,
respectively. A series of the ions at m/z 2216.2, 2362.3, 2508.4,
and 2653.3 were observed abundantly in HS and are due to the oli-
gosaccharides having monosialo lacto-N-neodecaose (LNnD) core
(NAc1H6N4-2AA) to which 0, 1, 2, and 3 Fuc residues are attached.
Five signals from m/z 2946.4 to m/z 3530.4 were consistent with
oligosaccharides of NAc1H8N6-2AA having 0 to 4 Fuc residues.
In addition, we found characteristic glycans having extremely large
molecular masses, as observed for the series of ions observed from
m/z 3676.5 to m/z 4404.7. These oligosaccharides are considered to
have the core of LNnTD to which 0 to 5 Fuc residues are attached.

To determine linkages of Fuc residues in HS oligosaccharides,
we carried out specific fucosidase digestion. A mixture of HS asi-
alo-oligosaccharides was digested with o1-3/4 fucosidase and
a1-2 fucosidase, respectively, and the products were analyzed
with MALDI-TOF MS. We found that a1-3/4 fucosidase did not
act on these oligosaccharides, whereas digestion with 21-2 fucosi-
dase (Corynebacterium sp.) caused disappearance of most ions, and
six ions were observed at m/z 1193.5, 1558.5, 1924.3, 2288.7,

2653.1, and 3385.2 (Fig. 1C(1)). These ions are consistent with
the theoretical m/z values of H4N2-2AA, H5N3-2AA, H6N4-2AA,
H7N5-2AA, H8N6-2AA, and H10N8-2AA, respectively.

The oligosaccharides obtained from milk samples were also
analyzed by HPLC using a TSK-Gel Amide-80 column after remov-
ing sialic acids with neuraminidase to improve resolution (Fig. 1B)
[32]. We collected the major peaks and observed the molecular
ions by MALDI-TOF MS. The results are summarized in Table 1.

BS1-1 obtained from the BS1 fraction was assigned as LNnH
having two LacNAc units and core Galp1-4Glc unit from its molec-
ular ion (m/z 1193.5) (Fig. 1B, top panel). Molecular ions (m/z
2071.8) of BS1-3 and BS1-4 are consistent with the theoretical
m/z values of HGN4F1-2AA, suggesting the presence of isomers
of monofucosyl LNnD. The peak observed at 30 min (BS1-5) gave
two molecular ions (m/z 2802.6 and 2949.0). The molecular ion
at mfz 2802.6 is consistent with the theoretical m/z value of
H8NGF1, suggesting the structure of monofucosyl LNnTD. Likewise,
the molecular ion at m/z 2949.0 was assigned as difucosyl LNnTD.
Minor peaks (BS1-6 to BS1-9) were due to the oligosaccharides
having a core structure of LNnD or LNnTD to which a sulfate group
is attached (for confirmation of the structure, see the following
section).

In the BS2 fraction, BS2-1 and BS2-3 are composed of H3N3F1-
2AA and H5N5F2-2AA, respectively. Digestion of BS2-1 and BS2-3
with a1-2 fucosidase caused the loss of one and two fucose resi-
dues, respectively. The defucosylated oligosaccharides gave molec-
ular ions corresponding to the theoretical m/z values of H3N3-2AA
and H5N5-2AA. From the monosaccharide compositions, these oli-
gosaccharides are considered to be hexa- and decasaccharide, hav-
ing LacNAc units at the reducing end (for confirmation of the
structure, see the following section). Oligosaccharides observed be-
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Table 1

tween 30 and 38 min (BS2-4 to BS2-10) are considered to have
multi-Fuc residues. BS2-4 and BS2-5 have the core structure of

the LNnH unit and contain Fucat1-2 residues at the nonreducing
ends because these fucose residues were specifically released by
digestion with a1-2 fucosidase (data not shown). BS2-6 and BS2-
7 showed molecular ions at m/z 2988.7 and 3134.6, respectively,
which correspond to the compositions of H7N7F2-2AA and
H7N7F3-2AA. Peaks BS2-8 to BS2-10 were LNnTD containing mul-
tiple Fucat1-2 residues. As a group of characteristic oligosaccha-
rides in BS2, oligosaccharides having 80 mass units larger than
BS2-3 were observed between 42 and 49 min. Oligosaccharides
(BS2-11 to BS2-14) showed molecular ions at m/z 2338.2, indicat-
ing the composition of HSN5F2-S03H-2AA. These oligosaccharides
are considered to be isomers having both Fuc and sulfate groups at
different positions.

We found 24 oligosaccharide peaks in total in the HS milk sam-
ple. These oligosaccharides had LNnH, LNnD, lacto-N-neododeca-
ose (LNnDD), LNnTD, and lacto-N-neooctadecaose (LNnOD) as
core structures (Table 1, part c). HS-1 and HS-2 observed at 20.0
and 21.5 min, respectively, gave molecular ions at m/z 1193.2
and 1339.3, which correspond to H4N2-2AA and H4N2F1-2AA,
respectively. HS-6, -7, -8, -9, and -10 showed molecular ions at
mfz 1923.9, 2068.7, 2069.5, 2215.2, and 2215.5, respectively. The
molecular ion of HS-6 is consistent with the theoretical mw of
H6N4-2AA, suggesting the structure of LNnD. HS-7/8 (m/z
2068.7/2069.5) and HS-9/10 (m/z 2215.2/2215.5) showed larger
molecular ions than those of HS-6 by one Fuc (146 mass units)
and two Fuc (292 mass units), respectively. From these results,
we concluded that these oligosaccharides had the core structure
of LNnD to which different numbers of Fuc residues were attached
(for confirmation of the structures, see below). The most abundant
group of peaks (HS-14 to HS-19) commonly contains LNnTD (HS-
14 at mfz 2652.7) as the core structure. HS-15, -16, -17, and -18/
19 showed m/z values larger than LNNnTD by one (146 mass units)
to four (584 mass units) Fuc residues. These results indicate that
HS-14 to HS-19 have LNnTD unit to which different numbers of
Fuc residues are attached. The peaks (HS-20 to HS-24) having high
molecular weights (m/z 3382.8 to 3820.0) were also observed be-
tween 50 and 54 min. These ladder peaks contained LNnOD (theo-
retical mw 3384.1) as the core structure to which one to four
fucose residues are attached.

Urashima and coworkers reported that GIcNAc residues of LNnT
and LNnH units in BS and HS oligosaccharides are not fucosylated.
In contrast, most GlcNAc residues in bear milk oligosaccharides are
fucosylated at OH-3 [17,18). After digestion of asialo-oligosaccha-
rides derived from HS with a1-3,4 fucosidase from Streptomyces
sp. 142 or at1-2 fucosidase from Corynebacterium sp., the digestion
products were analyzed by NP-HPLC. a1-3,4 Fucosidase did not
act on the HS oligosaccharides, indicating that the oligosaccharides
were not substituted at OH-3/4 on GIcNAc residues with fucose
residues (data not shown). In contrast, most peaks disappeared
on digestion with a1-2 fucosidase, and five peaks were observed
at 19 min (peak a), 32 min (peak b), 38 min (peak c), 43 min (peak
d), and 51 min (peak e) (Fig. 1C and Table 1, part d). These data
indicated that all core oligosaccharides observed in Fig. 1C(2) were
composed of one reducing terminal lactose and 2 to 8 LacNAc
units. Peaks a and b showed molecular ions at m/z 1193.5 and
1924.2, which correspond to the molecular masses of LNnH and
LNnD, respectively. Peak ¢ showed a molecular ion at m/z 2288.4
of LNnDD. Peak d was the most abundant one in HS and showed
the molecular ion of LNnTD at m/z 2653.1. In a similar manner,
we confirmed that peak e was due to LNnOD.

Characterization of the branching pattern of BS oligosaccharides
The structures of dominant oligosaccharides in BS1 (BS1-1, -3,

and -4 in Fig. 1B) were easily assigned. Digestion of BS1-1 with
p-galactosidase from jack beans caused loss of two galactose res-
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idues (Am/z 324). Further digestion with B-N-acetylhexosamini-
dase gave a molecular ion at m/z 461 corresponding to lactose
with 2AA (data not shown). From the data, we concluded that
BS1-1 was substituted with two Gal-GIcNAc residues at Gal
OH-6 and Gal OH-3 of lactose. The BS1-3 and BS1-4 were di-
gested with o1-2 fucosidase to afford an ion at m/z 1923.5 cor-
responding to LNnD. Digestion of the defucosylated
oligosaccharide with f-galactosidase caused the loss of three gal-
actose residues (Am/z 486), and the product showed a molecular
ion at m/z 1435. From these results, we concluded that the core
oligosaccharide of BS1-3 and BS1-4 is substituted with two Lac-
NAc units on either branch of LNnH (data not shown). Oligosac-
charides observed between 38 and 42 min gave molecular ions
H6N4F1-S0;H-2AA and H8NG6F1-SO;H-2AA (m/z 2151.2 and
3026.6, respectively). Among these oligosaccharides, we obtained
BS1-9 as nearly pure state (Fig. 2). Digestion of the BS1-9 with
a1-2 fucosidase caused the loss of one fucose residue and gave
a molecular ion corresponding to LNnD (m/z 2005.1) with a sul-
fate group. Serial digestions of the defucosylated oligosaccharide
with B-galactosidase and B-N-acetylhexosaminidase caused the
loss of two LacNAc units and gave a molecular ion corresponding
to the composition of H4N2-SO3H-2AA (m/z 1275.6). These re-
sults indicated that the defucosylated oligosaccharide has two
nonsubstituted Gal residues at the nonreducing ends. Further
digestion of the oligosaccharide with p-galactosidase gave a
molecular ion, H3N2-SO3H-2AA (m/z 1113.3). Urashima and
coworkers reported that some oligosaccharides in BS milk were
sulfated at the nonreducing terminal Gal OH-3 [18]. From this
report and our observations, we concluded that the oligosaccha-
rides from BS1-6 to BS1-9 were due to LNnD and LNnTD substi-
tuted with one sulfate group at the OH-3 position of the
nonreducing terminal Gal residue.

?'O‘H 2151.2

‘{g:;’;:.«i

Structures of dominant oligosaccharides in BS2 (BS2-1 and BS2-
3) were confirmed in a similar manner. Digestion of BS2-1 with
a1-2 fucosidase caused the loss of one fucose residue (Fig. 3A).
Further digestion with p-galactosidase gave a molecular ion (m/z
911.4) corresponding to H3N3-2AA. Finally, digestion with p-N-
acetylhexosaminidase gave a molecular ion at m/z 505.1 corre-
sponding HIN1-2AA. Accordingly, we concluded that the core
disaccharide at the reducing end in BS2-1 was Gal-GlcNAc and that
BS2-1 was a hexasaccharide substituted with two LacNAc units at
OH-6 and OH-3 of Gal residue of the terminal Gal-GlcNAc. Oligo-
saccharide BS2-3 was also digested with o1-2 fucosidase to give
a glycan showing the molecular ion at m/z 1966.5 corresponding
to H5N5-2AA (Fig. 3B). Digestion of the core oligosaccharide with
B-galactosidase caused the loss of three galactose residues (Am/z
486). Further digestion with B-N-acetylhexosaminidase gave a
molecular ion (m/z 869.9) corresponding to H2N2-2AA. Thus, we
concluded that one of the branched units on BS2-1 was further
substituted with two LacNAc residues. The characteristic oligosac-
charides from BS2-11 to BS2-14 showed molecular ions at m/z
2238.1, which are consistent with the composition of HSN5F2-
SO3H-2AA. These oligosaccharides were digested with o1-2 fuco-
sidase to produce a signal at m/z 2046.3 corresponding to H5N5-
SO3H-2AA. Further digestion of the defucosylated oligosaccharide
with p-galactosidase caused the loss of two Gal residues. These
observations indicated that the oligosaccharides from BS2-11 to
BS2-14 have two LacNAc branches substituted with ot1-2 Fuc res-
idue (data not shown).

Characterization of the branching pattern of HS oligosaccharides

Digestion of the core oligosaccharide (A, peak a in Fig. 1C(2))
with p-galactosidase caused the loss of two galactose residues
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Fig. 2. Stepwise exoglycosidase digestion of characteristic oligosaccharide BS1-9 observed in Fig. 1B. Conditions for the enzymatic reaction with exoglycosidases are shown in
Materials and methods. Symbols: open circles; Gal; filled circles, Glc; filled squares, GlcNAc; filled triangles, Fuc. Linkage positions are assigned tentatively.
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(Am/z 324) and gave a product ion at m/z 868.8 (Fig. 4A). The oli-
gosaccharide at m/z 868.8 was further digested with p-N-acetyl-
hexosaminidase, and a new ion corresponding to Gal-Glc-2AA
was observed at m/z 462.4. From these observations, we concluded
that the oligosaccharide (peak a) has the structure of Galp1-4Glc-
NAcp1-6[Galp1-4GIcNAcp1-3]Galp1-4Glc (LNnH). Digestion of
the core oligosaccharide (B, peak b in Fig. 1C(2)) with p-galactosi-
dase caused the loss of three galactose residues (Am/z 486), and
the product showed a molecular ion at m/z 1437.5 (Fig. 4B). The
oligosaccharide at m/z 1437.5 was further digested with p-N-acet-
ylhexosaminidase to release three GIcNAc residues. These observa-
tions indicated that the core oligosaccharide (peak b) has a
triantennary structure, The produced oligosaccharide correspond-
ing to Gal-GIcNAc-Gal-Glc-2AA (m/z 826.7) was again digested
with B-galactosidase to produce a peak at m/z 665.1 (GIcNAc-
Gal-Glc-2AA). The structure was confirmed by comparison of the
retention time with that of trisaccharide (GIcNAcp1-3Galpl-
4Glc-2AA) prepared by digestion of lacto-N-tetraose (Galp1-3Glc-
NAcp1-3Galp1-4Glc) with B-galactosidase using HPLC on an ODS
column and capillary electrophoresis (data not shown). These
observations indicated that the core oligosaccharide (peak b) has
two LacNAc units on the a1-3 LacNAc branch of LNnH. Digestion
of the core oligosaccharide (C, peak c in Fig. 1C(2)) with B-galacto-
sidase caused the loss of three Gal residues (Am/z 486), and the

product showed a molecular ion at m/z 1801.9. The oligosaccharide
at m/z 1801.9 was further digested with p-N-acetylhexosaminidase
to produce a molecular ion at m/z 1193.8. The oligosaccharide has
the structure of HGN4-2AA. These results indicated that peak c has
a triantennary structure. The oligosaccharide (m/z 1193.8) was
again digested with p-galactosidase to produce a peak at m/z
869.1 by the loss of two galactose residues. The course of digestion
by a combination of exoglycosidases revealed that peak ¢ was a
dodecasaccharide having three LacNAc residues at nonreducing
ends, and we concluded that the oligosaccharide of peak ¢ has
two LacNAc units and one LacNAc unit on both branches of LNnH.
Digestion of the core oligosaccharide (D, peak d in Fig. 1C(2)) with
p-galactosidase caused the loss of four galactose residues (Am/z
648), and the product showed a molecular ion at m/z 2004.5. The
product was further digested with p-N-acetylhexosaminidase to
produce an ion at m/z 1193.8 corresponding to LNnH. These obser-
vations indicated that peak d has a tetraantennary structure. The
produced oligosaccharide corresponding to LNnH was again di-
gested with p-galactosidase to produce a molecular ion at m/z
869.1. From these results, we concluded that peak d was a tetra-
decasaccharide having four LacNAc residues at the nonreducing
ends and that both branches of LNnH were substituted with two
LacNAc units. The oligosaccharide (E, peak e in Fig. 1C(2)) having
the largest molecular mass (m/z 3382.5) present in HS milk caused
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GlcNAc.

the loss of five galactose residues (Am/z 810) by digestion with p-
galactosidase, and the product showed a molecular ion at m/z
2572.2. The product was further digested with p-N-acetylhexosa-
minidase to produce a molecular ion at m/z 1556.8. The oligosac-
charide was again digested with p-galactosidase to produce a
peak at m/z 1232.1. From these results, we concluded that the oli-
gosaccharide derived from peak e was an octadecasaccharide, as
shown in Fig. 4E.

Structural determination of fucosylated decasaccharides by MALDI-
QIT-TOF MS

The core oligosaccharides in HS milk are substituted with a dif-
ferent number of fucose residues, as shown by characteristic ladder
patterns (Fig. 1B). We purified monofucosylated LNnD (MFLNnD,
HS-7, and HS-8 in Fig. 1B) and difucosylated LNnD (DFLNnD, HS-
9, and HS-10 in Fig. 1B) and analyzed them using MALDI-QIT-
TOF MS. Fig. 5 shows the MS/MS spectra using [M + Na]* observed
at m/z 2093.1 for the purified MFLNnD (Fig. 5A and B). The Y ion at
m[z 1947.5/1947.2 corresponding to the loss of 146 mass units
(dHex-18 mass) from [M + Na|"* indicates the presence of a Fuc res-

idue. The Y ions at m/z 1728.0/1728.1 and 1581.9/1582.0 are due to
H5N3F1-2AA and H5N3-2AA, respectively. These fragment ions
were commonly observed in HS-7 and HS-8. We also found the
set of B ion series, [H2N2]" at m/z 753.5/754.5, [H3N3]* at m/z
1118.7/1118.8, [H3N3F1]* at m/z 1264.8/1264.9, and [H4N3F1]*
at mjz 1791. Characteristic ions observed at m/z 1264.8 (Fig. 5A)
and m/z 1118.8 (Fig. 5B) suggested the difference in the linkage
positions of Fuc residues at the nonreducing Gal residues. The B
ion at m/z 1264.8 (Bsy) indicates that a Fuc residue is linked to
the most outer LacNAc residue. The B ion at m/z 1118.8 corre-
sponding to three LacNAc units suggests that one Fuc is attached
to the 6-branch side of the reducing terminal lactose. Urashima
and coworkers reported that small oligosaccharides in HS milk
contained type Il LacNAc (Galp1-4GIcNAc-R) but not type | LacNAc
(Galp1-3GIcNAc-R) [14]. Thus, the oligosaccharides HS-7 and HS-8
are assigned to those as indicated in Fig. 5.

Fig. 6 shows the MS/MS spectra of the ions at m/z 2239.8 for the
[M +Na]" of DFLNnD (HS-9 and HS-10 in Fig. 1B). The Y ions at m/z
2093.3 corresponding to a loss of 146 (dHex-18 mass) from
[M + NaJ* indicate the presence of Fuc residue. In a similar manner,
in the case of MS/MS of MFLNnD (Fig. 5), the Y ions observed at m/z



