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Hirotaka UZAWA

Research Center of Advanced Bionics, National Institute of Advanced Industrial Science
and Technology (AIST), 1-1-1 Higashi, Tsukuba 305-8565, Japan

(Received August 15, 2008)

The Shiga toxin is a highly poisonous protein produced by enterohemorrhagic Escherichia coli O157. This bacterial
toxin causes the hemolytic uremic syndrome. Another plant toxin from castor beans, ricin, is also highly toxic. The toxin
was used for assassination in London. Recently, there were several cases of postal matter containing ricin. Both toxins
are categorized as biological warfare agents by the Centers of Disease Control and Prevention. Conventional detection
methods based on the antigen-antibody reaction, PCR and other cell-free assays have been proposed. However, those
approaches have drawbacks in terms of sensitivity, analytical time, or stability of the detection reagents. Therefore, de-
velopment of a facile and sensitive detection method is essential. Here we describe new detection methods applying car-
bohydrate epitopes as the toxin ligands, which is based on the fact that the toxins bind cell-surface oligosaccharides.
Namely, the Shiga toxin has an affinity for globobiosyl (Gb,) disaccharide, and ricin binds the 8-D-galactose residue.
For Shiga toxin detection, surface plasmon resonance (SPR) was applied. A polyanionic Gb,-glycopolymer was
designed for this purpose, and it was used for the assembly of Gb,-chips using alternating layer-by-layer technology. The
method allowed us to detect the toxin at a low concentration of LDsy. A synthetic carbohydrate ligand for ricin was
designed and immobilized on the chips. SPR analysis with the chips allows us to detect ricin in a highly sensitive and
facile manner (10 pg/ml, 5 min). Our present approaches provide a highly effective way to counter bioterrorism.
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Fig. 1. The Whole Structure (A;Bs) and Dissociated Subu-
nits of Shiga Toxins
The Shiga toxin composed of a monomeric A-subunit and pentameric B-
subunits. The A;Bs structure is toxic while each subunit is non toxic.
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Fig. 2. Infectious Process of Shiga Toxin

(B

(A) Pentameric B-subunits of the toxin bind cell-surface Gb; ceramides. (B) A-subunit makes an opening in the cells. (C) A-subunit internalizes into the cells.
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Fig. 3. Structures of Globosyl Ceramide (top) and Artificial
Gb, Disaccharide (bottom)
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Fig. 4. Synthesis of Gb, Disaccharide

a: Ac,0, pyridine, DMAP, quant. b: octadecanol, TMSOTSf, MS4A in toluene, 34%. ¢: NaOMe, MeOH, quant. d: acetone-THF (10 :
15,v/v),92%. g: Bu;SnO, BnBr, Bu,NBr, quant. h: 2,3,4,6-tetra-O-benzyl-a-p-galactopyranosyl chloride 9, AgOTT,

BnBr, NaH, 96%. f: CSA, CH,Cl,-MeOH (1

1,v/v),CSA, 70%. e:

MS4A, Et,0, 0°C, 10 (o, 46%), 11 (8, 11%). it H,, Pd, MeOH, AcOEt, 50-60°C, 82-90%.
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Fig. 5. Typical Time Courses of Frequency Changes (AF) of

a QCM on the Monolayer of Globobioside 12 and Inhibition
Assay of Stx-1 in the Presence of Acrylamide Gb,
Copolymer as an Inhibitor
(A): Stx-1 (2.0nm); (B) Stx-1 (2.0 nm) +Gb, copolymer (ca. 10 times
molar equiv of Gb, unit), (C): toxin-free protein extracts (0 nm of Stx-1) as
a negative control. The measurements were carried out in a phosphate buffer
solution (0.01 M, pH 7.2, 20 ml) containing 0.15 m saline at 25°C.
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Fig. 6. Schematic Figure of Alternating Layer-by-layer Mem-
branes onto the Substrate Surface.
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Fig. 7. Synthesis of Polyanionic Glycopolymer 19 Having Gb, Disaccharide

a: 10-bromo-1-decanol, Ag,CO;, CH,Cl,, MS4A, 72%. b: NaN;, DMF, 80°C, 99%. ¢: NaOMe, MeOH. d: 2,2-dimethoxypropane, acetone, camphorsulfonic
acid (CSA), 73% (two steps) . e: BnBr, NaH, quant. f: MeOH, CSA, 84%. g: Bu,SnO, toluene, reflux, then BnBr, Buy,NBr (0.5 equiv), 93%. h: 2,3,4,6-tetra-O-
benzyl-a-p-galactopyranosyl chloride, AgClO,, Et,0, MS4A, 0°C—rt, 22 h, o (67%) +B(7%). i: Pd(OH),, H,, MeOH-AcOEt (2 : 5, v/v), 85%.
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Fig. 8. SPR Monitoring of the Layer-by-layer Processes for the Assembly of Gb, Glyco-chips with 19
Glycopolymer 19 with 25% sugar content was applied as a typical example.
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Fig. 9. Assembly of the Gb, Glycochips by Layer-by-layer Adsorption
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Fig. 12. Binding Specificity of Stx-1 to the Three Glycochips

Containing (A) Gb,-embedded Glycopolymer 19 (43%),
(B) Lactose-embedded Glycopolymer 22 (40%), and (C)
Mannose-embedded Glycopolymer 23 (37%)
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SPR Responses to Solutions of Stx-1 at Different Concentrations on Glycochips of Polyanionic Glycopolymer 19 (Gb, con-

(@) (A) 1ug/ml, (B) 500 ng/ml, (C) 100 ng/ml, or (D) 0ng/ml, (b) 10 ng/ml.
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Fig. 14. Inhibitory Experiments in the Presence of the Gb,
Acrylamidecopolymer as a Competitor to the Binding of
Stx-1 to Gb, Chips Coated with 19 (sugar content: 43 %)

Toxin concentration 14 nm. Competitor concentration: (A): 0 nm, (B):

140 nm, (C): 280 nm, (D): 420 nm

Fig. 1512, TN TN OHEAZH /& ED SPR
ZaRY. 77 UIILT 2 RERY S —2HEAICHN
7z & &1213 (Fig. 14), dose-dependent IZ fH 2 A3 7
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Fig. 15. Inhibitory Effects of Competitor 19 with Varying
Gb, Content on the Binding of Stx-1 to Gb, Chips Coated
with 19 (sugar content: 43%)

Toxin concentration: 14 nm. Competitor concentration: (A): 0nm,

(B): 420 nm (Gb,: 3%), (C): 4200 nm (Gby: 3%), (D): 420 nm (Gb,: 13

%), (E): 420 nm (Gb,: 43%).

EWZ, NOHEOBERFITERICEHEINL
[Fig. 14(D)]. KU 7 =A HEREHAY v — 19 %
Mz & EiTid (Fig. 15), RUX—HD Gb, 58
MHEBICEETHDENDIERERLEZ. DED,
Gb, ZEBN 43% DR <Y —I, 420nM (FEHED 30
ERFEOHERZINA - Z EITHY) TIEEELIC
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FHEXNDDIZR L [Fig. 15(B)], FE#HEENK
W3%DRY Y —TI, 420nM DEE TIIARELE
7BfHZE®R Lz [Fig. 15(B)]. Gb, E&A13% DR
XY —ZHWTERICHEZEZT S1T1F, 4200 nM O
FHEXNLETH> - [Fig. 15(0)]. L EDER
&0, FHEIZ, Fo T EOBHERERMICEEL
THRHESNTHO, AL, EEEOEWLERA
HiiThHsdZ ENEILEINT.

ELISA ©® Rk & Pk 2zl n =itk
i, HE, FROHEETHZ2H, bikzEiRE -
8°C) THRELRTIIASWL, RIEARHRE
HEW, AmHER, TN L THEZBET
E L <M TE %, Figure 8 OF v FEELCHE T
LR ZZDTH, 0RETHD, Fv I NEk
WCHESIN TWTHEDOHRHE DA THIUL, 3045
FEETHEN DN D DT, BRI TSN
HETH D, I TRAZBEHEZ AW -NOFER
HIZBET 5L, RDORHICEED SN TV
5'39—41)

3. EBY I OERERMRMTORREY

3. )M ENS U0, 1978 4
O R TPy —FUXMORERICHEHRHINLZ
EMHO, £/, BRI TIE, 2003-2004 412 KE D
ERERARTA MNTZFEIZY S ADD THWH
NEEINDZHEENEETNDS, U3 ~iEY
(Ricinus communis) OETIZEENTNWBHHY )N
JHEOHBETHS. HFEH YU D 500-1000 fi7H #H 1
MEWEEINTWVWS, 207D, {kELiEEeEwm
EFONOHANREINTNWS., T2, RN
BEED RV, HEER/NRBICT 52012, Ml T
R IR A AR OB FE S, ERL NIVOMEE L
THRIfThhRTI sk, 22 Thihtbih
W, BRITRIAERIERT W R &L
T, UL 2EMNGHERITERIRL T, HAZEDZ.

32, UL DOREBELERCSHMMEZRT
BEFv 7T U R, MEERBICHELET SEE
DOHEEICHES L THEERZRT. OHEMEIL X
OBFZDOHBEITELLTWS, =72, U ig,
AB, OEREZR>THBD, URXZ L7 —EiE
HEFEFDO ATy hE, MIEEREOA ) TkE
IHREBTHB-H 7212y EV 1 DEDR/EEGL T
HRMNEILS, MO THHEEHbNOHERESITRR
0, JERITKREIC B-D-T T 7 b—=X, HLLIZ, B

D-N-Z7tEFINHTI7 b I EHETHHEHEHNKA
Ui REIND. 22 ThNbONL, FEEITCEKM
WWINGOREERETHIUN > REARLT, H#E
T 5 ExidAlz. IS, 7 =X,
NI b—=ZDORKELII KRB >R (Fig. 16
DILEY 24,26) 7 BT YA LRICHTHEL /-,
F o FICEENT BT > H—IZEBIRD Y 2L
74 REZBRINUBFARICEAL 2. AL 2B
) J7 > RiZ, self-assembled monolayer (SAM) £
WEoFyFICEE L £z, L7y LR &
LT NVa—R267%5t 73 RBMY KR (Fig.
16 DibEW 27 bEKLZ. 51, EEEKDOR)
REFAXRD =D, HEBEZEZEALZUIT B
(Fig. 16 Dt & 25) AR LEZ. LU N
SROHNS, U AN B R ISERE % SPR IZ
KOWRELZ, £9, Ao aERE KD &
A, RO =2V >R (k& 24)
T, 1.5X10° &>, —F, MUV h—2X%
ET5H5EHRE (k& 25) TiE, 1.7X107 &7z
0, BIFEAREEEICE > TR 88 i b E N BT
BZENHSNIRO . FiE, WSV b—ZAt5
S KRB (fB&W26) TIE, 2.3X108 &720, FElkE
BEMKRIMEFCTH>TH, T b—ADHENH
T b —=AXD 650 fFHAEGERMRET NI &Ny
Mmolz. ZI)va—Z (ba#27) TiE, 8.2X10*
L0, I b= &R 18000 fEDEMNEL .
L7en>T, 97 =2t FIRBEULT R (kG
W24) MU OEBERMICEL TWsEEX
5N5.

3-3. BMHEBRELEESE ki, 20F7 b—
ZMEREF T &2V, 1 ug/ml, 100 ng/ml, 10 ng/
ml, 1 ng/ml, 100 pg/ml, 10 pg/ml, 0 pg/ml D& 1) &
JBEITHT S SPR OREEE TN, ZDFER,
1 ug/ml~10 pg/ml DEREITHBNTY > > 2T
X/, 10pg/ml DEBICTBNTDH, BERERETY
PUEBRHTEROT (Fig. 17), AEEEKES
U RN TH 2 Z ENFHI N, BRIBICE
U 7=REIEH 5 9 C, M, S &b ITHR
REChD. K2, VP LANDY NI EIZDON
TIERMITHEES LW BRE Lz (Fig. 18).
NpH N7 ER, YIVTI2, yagyr, Kk
O, EXHHEHR (RCAp), FTFFIIA, ¥4
X, BE—=Fwy, FHTFFL Y, A XLTPavx
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Fig. 17. SPR Responses of Ricin at Different Concentrations
to a Sugar Chip Derived from 24.

A, PIVETIREDHEMBRDL IV F > ThHb. f#
PFro#ER, RCAp ZBRWTHERD @ 8HITDWNT
13, BEAERELRWI &0 7z (Fig. 18).
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Fig. 18. Discriminative Analyses of Ricin and Different Pro-
teins Using SPR

100 DR S (fEGEH) TRAELE. —H, U
T, WHEHOMAER DAL 650 {517 L. L
Mo T, ZOEZFALT, U2 & RCAp &
ZHMICHTEZ. Thabb, U TRIY
F—=Z2IZDHEFES LD, RCAp TlET Y
N—=ZAKOH 57 b—2ADW G FEE L. i
RIETIXFRB MR 72 ) > > & RCA &%, 2 F
OB 2 W TR ISR 2 2 & TE .
NO#HER LRI, HEERZIT>REIA,
does-dependent {2 F v T ADY T HESMMHES
2. TNDZ, ARANEZ, TV B #EaIC
HEOKRMBRAETH 2 ZENFI N &
BRI EEEOBWHIEETH 5.
4. €T /NFERAVCCHESBBRMEDORR
S50 SPR DR Z2HIC, BIBH O S MAEZE
AL o —Fv FICHEEEFEEkL D&
FRIDOAHIEITKS T, X%t“:FW%%ﬁW(m
a5 24, 26,27) &S /KT (B 20nm) |
aa%@m%&;£oflﬁmbt._®%ﬁ@%
BF JRTIREIRT 2HEU EZEITHEELE. 2O
BHEHEMIS S ki TR 70T L — bk EIC—FE
RFEELD, ZZ2iZ, U2, RCAp, KU, &
VOFOoRTIVT I aMATZ. ZO/RE, V>
TlE, 97 8—Z&F /KT TOAHERENEL,
RCA» TlE, 7 b—XENTFI h—=2AD&TF /
KL FICBEENAEC 2. EN0y 2N B TIRREIR
HAHENBMNoTz. TS DORERIL, SPR OFEHE &
BIC—H Uz, Aok, FRlsEEznEs
FFHMBICE ST, 33ug/ml DY 2785 1040
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BT, 1.7ug/ml TiX30 3 CTHETE .

4. FEHE/VRZEZAWR) D CBRERIORSE

AIEIC, U2 REOEMBHEDEEER TR
A, RUOBBHOBRAERICOWTERREZ, s
ORBEHMNL, FRicHws - fERYE 2 EET
L1-0ICEETHS. L, TO—HT, HHRIH
B\ns IS OEYUEER ZELNITIO RS 2 &
HMETHD., T Thhbiud, BIEERIE
Fr, ¥—TIVHA T AMELFET, U BREA
DR ZEDTE-. ZZTRMEOBEBRT, 20
—EBIZDWTHENT T 5.

T/YZAB Y AT (O—TI)VHA T2 A
1%, 35-40 nm D /R EEFLNERIC D WS T
UT7IVT, VIIWVFIWEIZ XD KRBICEESNS. Z
MUIERMmFED 100m?/g & RKEL, T ZITHEH % E
ATHE, RIS U T 2REEETFHEIN
5. T, ZOEYRIZONONNME %
U-BESHZ B AT 5 2 & aildArz. OB AL
REEFMICBRHMLIZEZ S, 20% DREEZE
ATEDLTEMNGMoOT. RICZOWEHE /U A%
AW, U 2RETE D0 MEHITEICK S THE
il 7 (Fig. 19). ZO#ER, £196% DY 2 > ZkR
ETE BERHICEELARVWT IV T OTIE, EE
NEREINBMh -T2 (<4%). Fiz, EITRLE
SPRIKICE > TU v U RRPEHRERDZEZ A, Ik
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Fig. 19. Decontamination of Different Proteins Using a
Sugar-modified Monolith
a: ricin, b: albumin. 150 ug/ml of each protein was used in this study.
The efficiency of decontamination is also indicated.
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13, BhESTONECALEEOBGHEEEL
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K2 U URERINBEFE SN, BR, W, Bif
DYIEEERAN DR O fF I 5. AHRIL, &=
RICK D HOIBFEEOHFICHILHIRETH 5.
bibiud, T TR L =R HE RO
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HELZWEEBEZ TS,

BEE AR, BRI B
+, =TIV UA T AWEEIEGEE L, I RER
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BT DRNRM I RYE DT O—BRE L TEE
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