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Table 1 Summary of clinical information and mutations identified in Japanese patients with Krabbe disease

Patient Genotype Phenotype Age at GALC activity CSF MCV Refs.
no. onset protein (msh
Lymphocytes Skin fibroblasts  (mg dL™")
(nmol mg~' h™) (nmol mg™' h™h)
AlP WI115X/P302A% Infantile 6 months Not Not ND ND Tatsumi
described described et al. (1995)
A2 R204X/12Del3Ins® Infantile <6 months Not Not ND ND Tatsumi
described described et al. (1995)
A3 R204X/1234T Infantile <6 months 0.08 ND ND ND
Ad L364R/T652P Infantile 5 months 0 0.1 81 Undetectable
AS 12Del3Ins/~ Infantile 6 months ND 0.27 ND ND
A6 T652P/T652P Infantile 4 months  0.07 0.3 244 Undetectable
A7 12Del3Ins/T652P  Infantile 6 months 0.1 ND 169 ND
A8 393delT/- Infantile 4 months 0 ND 185 12
A9 S257F/- Infantile 6 months 0.3 0.4 236 18
Al0 P302A/L618S Late-infantile 8 months 0 0.3 119 25
All G270D/R515H Late-infantile 2 years 0.03 0.08 71 50
Al2 166M +1289V/ Juvenile 5 years 0.09 0.14 95 24
12Del3Ins
Al3 166M + 1289V / Juvenile 3 years 0.6 ND 124 Low Fu et al.
Wwe47X°? (1999)
Al4d 166M +1289V/ Juvenile 3.5 years 0.09 0.23 75 Low
1719-1720insT
Al5 12Del31ns/~ Juvenile 3.5 years 0.12 0.5 34 ND
Al6 G270D/G270D Adult 69 years 0.2 0.8 ND ND
Al7 166M +1289V/ Adult 59 years 0.29 0.23 51 17
166M + 1289V
Patient no. Genotype Phenotype Age at onset CSF protein MCV (m s7h) Refs.
(mg dL™)
B1 12Del3Ins/12Del3]Ins Infantile 4 months ND ND Tatsumi
et al. (1995)
B2 12Del3Ins/12Del3Ins Infantile 3 months 106 Low Tatsumi
et al. (1995)
B3 S52F/W410G Infantile <6 months ND ND Fuet al. (1999)
B4 12Del3ins/T652P Infantile 4 months ND 13-18 Fu et al. (1999)
B5 R515H/RS15H Infantile 5 months 80 Low Fu et al. (1999)
B6 T2621/12Del31ns Infantile 1 years 42 36 Fu et al. (1999)
B7 G270D/G270D Adult 10-20 years Not Not Furuya
described described et al. (1997)
BS§ 166M +1289V/ Adult 10-20 years Not Not Furuya
166M + 1289V described described et al. (1997),
Kukita et al.
(1997-98)
BS 166M +1289V/Y354X Adult 10-20 years Not Not Furuya
described described et al. (1997),
Kukita et al.
(1997-98)
B10 L618S/IVS6+5G > A Adult 10-20 years Not Not Furuya
described described et al. (1997),
Kukita et al.
(1997-98)
B11 1618S/L618S Adult 51 years Not Not Satoh et al.
described described (1997)

Bold print in Genotype column denotes a novel mutation identified in this study
Normal ranges of GALC activity in lymphocytes and skin fibroblasts are 2.1+0.29 and 4.5+ 1.2 nmol mg~! h™!, respectively

“A” in patient no. column represents the subjects investigated in this study; “B” in patient no. column represents subjects reported
previously

3

CSF cerebrospinal fluid, MCV motor nerve conduction velocity, ND not done
“Previously detected mutant allele
®The patient was previously reported as late-infantile type. This has, however, been corrected to infantile type on the basis of detailed
clinical information

in the Genotype column indicates no mutation was found in the second allele in our experiment
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Exon Forward primer (5> 3") Reverse primer (5> 3") Size Predicted DHPLC oven
(bp) temperature (°C) temperature (°C)
1 GGAGTCATGTGACCCACACA CGCGTATCCCCGCAGCTT 242 56 55/56/57
2 GGTGTGCGTGAACACTGTAGA CTATGGTGAAATTCACCATCC 215 548 54/55/56
3 GGATGGTGAATTTCACCATAG TCACAGTCCATATGCTGAGGT 333 549 54/55/56
4 GGTCCTAGGAAGTACCATTCATG CACCAACACGATTCAGAATTTAA 190 56.4 55/58/61
5 GTTTTATTTTCAATAGCGCCAGC CCTCATGGCATAAAATGGTTAGTC 312 57 55/57/59
6 AATGGTATCGTAACGATAATCTG TTITCTGTGTTAGGAACCATAAGG 190 545 54/55/56
7 CTATTATCCAGAACGCTGATTTG GTAATCAAATGGGGAGAAGGC 335 544 53/55/56
8 GAAAACCTTGGAGAAGACTCGTA GGCTGGAAGAATAAGGAATTCC 354 532 54/56/58
9 CTCCAGGTTTTTAGACATTTAC CTGCTTTGTCTCTTAGAGAAGA 251 557 52/55/58
10 CAGACTCAAATTGATATACAGCT GGCATCTGTCTGTATGCTTAT 337 531 54/56/58
11 TICTGTTAATCTTGGGCATTAAC CAGGGCCTCTGTCAATTCATA 317 544 52/54/56
12 CATTGGTACATTCTTGCTGGTACT GTCACCATCCACCAAGACAAA 413 545 53.5/54.5/56.5
13 ATTCCAAGGGCCTTGATATTG TTITGACAGCCACTCCATCATG 413 55.7 54/56/60
14 AATATCAGCAAGGAGAGCTTCTG GGAGGACCATTGAAAACTCTTC 339 56.7 54/56/58
15 GCATGTGCTGTGAAATGACATA CCCACAAATAACAAGTAGGTGCT 325 551 55.1/56.1/57.1
16 CAGATGCCACTCAAGAACCCC CCCCTCCTATTTTATAACAG 251 55.1 52/54/55
17 CCATACATGATCAAGAAACAGAC GAAACAAGAATTGGCTCTGAA 301 579 56.9/57.9/58.9

healthy individuals was performed with the primer pair
for exon 8 and exon 10 (Table 2) and the product was
digested with Eco 571 and Aci 1, respectively. The nor-
mal allele of 2578 should be digested by Eco 571 and the
mutant allele of 364R should be digested by Aci L.

Results

All 27 mutations detected in this study are listed in
Table 1. The analytical procedures for GALC mutation
detection are described in detail below.

12Del3Ins

166M

NC: normal control

H: heterozygous

Fig. 1 Mutation detection for 12Del3Ins and 166M +1289V with
restriction enzyme digestion. a Genomic DNA samples were
amplified with the primer pair of exon 7; the product was digested
with Hinfl and subjected to 3% Nusieve gel. Fragments with
12Del3Ins were not digested with Hinfl. b For detection of 166M,

Screening for 12Del3Ins and 166M + 1289V
with restriction enzyme digestion

DNA isolated from peripheral blood leukocytes or cul-
tured skin fibroblasts was tested for mutation detection.
Screening for 12Del3Ins mutation by restriction enzyme
digestion revealed that five patients (A2, AS, A7, Al2,
AlS5), including one patient (A2) reported previously,
were heterozygous. As a result of screening for
I66M + 1289V, 166M was found to be homozygous in
one patient (Al7), heterozygous in three patients (Al2,
A13, and Al4), and 1289V was found to be homozygous
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amplified fragments using a sense primer of exon 2 and a mismatch-
antisense primer (5-TCATTACCTTAAAGAGATAATCCGA-3")
were digested with EcoRV. ¢ To detect 1289V, amplified fragments
with a sense primer of exon 9 and a mismatch-antisense primer (5’-
ACTAGCCACTAAATTCCAGTCGA-3") were digested with Sall
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in Al4 and A17, and heterozygous in Al2 and Al3. In
patients 14 and 17, I166M and 1289V were easily con-
firmed to reside on the same allele. To confirm that
166M and 1289V resided on the same allele in patients
A12 and A13, their parents’ DNA was also analyzed for
166M and 1289V. In Al2 and Al3, both I66M and
1289V were proved to reside on the same allele inherited
from the father of A12 and the mother of Al3, respec-
tively. 1289V substitution without I66M in patient Al4
was regarded as a polymorphism. These mutations were
also confirmed by direct sequencing analysis.

Screening for the 30 kb large deletion mutation

Shortened PCR products from the deleted allele were
not detected in any of our patients. The most frequent
mutation in Caucasians was not found in our Japanese
patients.

Mutation screening with DHPLC and mutation
detection with direct sequencing

DHPLC analysis was performed for 11 patients (Al-
11). Seventeen abnormal DHPLC elution profiles (Al,
exons 4, 9; A2, exon 7; A3, exon 7; A4, exons 10, 12, 17;
A5, exon 7; A7, exons 5, 7, 17; A8, exon 4; A9, exons 14,
15; A10, exons 9, 16; All, exon 14) were found. The
corresponding amplicons were characterized by direct
sequencing. As a result, four polymorphisms (A7,
IVS5-+71G>A; A9, IVS14+60C>T, A4, 1254C>T
(5418S); and A9, 1637T > C (I546T)) and 15 mutations
(Al, WI115X, P302A; A2, R204X, 12Del3Ins; A3,
R204X, 1234T; A4, L364R, T652P; A5, 12Del3Ins; A7,
12Del31Ins, T652P; A8, 393delT; Al0, P302A, L618S;
All, R515H) were identified in the above 17 amplicons
by direct sequencing. Within four polymorphisms, two
(IVS5+71G>A and IVS14+60C>T) were novel in-
tronic polymorphisms and the other two (1254C>T
(S418S) and 1637T > C (1546T)) were exonic polymor-
phisms which have previously been reported (Sakai et al.
1994; Kukita et al. 1997-98). Within 15 mutations, 11
mutations were first identified by DHPLC; the excep-
tions were two mutations (Al, P302A; A2, 12Del3Ins)
identified in the previous study (Tatsumi et al. 1995) and
two mutations (A5, A7, 12Del31Ins) already detected in
the screening step for 12Del3Ins. Four different novel
mutations (W115X, R204X, L364R, and 393delT) were
found in this step.

Reverse-transcription PCR and direct sequencing

Two mutations were identified in nine patients (A1, 2, 3,
4, 7, 10, 12, 13, 17) by use of the screening methods
described above. Only one mutation (12Del3Ins,
393delT, RS515H, 166M +1289V, and 12Del3Ins) was
found in five patients (A5, 12Del3Ins; A8, 393delT; All,

R515H; Al4, 166M +1289V; AlS, 12Del3Ins). In the
remaining three patients (A6, 9, 16), no mutations were
found. To identify other mutations, mutation analysis
by RT-PCR and direct sequencing were performed for
eight patients (AS, 6, 8, 9, 11, 14, 15, 16), and four dif-
ferent mutations, the exceptions being the mutations
detected by use of the above methods, were detected in
five patients (T652P homozygous in A6, S257F hetero-
zygous in A9, G270D heterozygous in All, 1719-
1720insT heterozygous in Al4, and G270D homozygous
in Al16). In patient Al4, 1289V was also confirmed on
the same allele as 1719-1720insT; 1289V is regarded as a
polymorphism, however, because substitution of 1289V
without I66M has been proven to be polymorphism
(Furuya et al. 1997) and the 1719-1720insT resulted in
frame shift leading to a premature stop codon. Two
mutations (S257F and 1719-1720insT) were novel. These
mutations were also confirmed by direct sequencing of
genomic DNA.

Screening for S257F and L364R in healthy individuals

Of the six novel mutations (W115X, R204X, S257F,
L364R, 393delT, and 1719-1720insT), two missense
mutations (S257F, L364R) were screened by restriction
enzyme digestion. These mutations were not detected in
100 healthy controls.

Genotype—phenotype correlation

The detected mutations are summarized in Table 1 with
reference to reported mutations in Japanese patients.
Table 1 includes other clinical information about the
patients. Fourteen different mutations identified in this
study were found 1n 27 detected alleles of 17 patients,
including nine missense mutations (166M -+ 1289V,
1234T, S257F, G270D, P302A, L364R, L618S, T652P),
two nonsense mutations (W115X and R204X), one
small deletion (393delT), one small insertion (1719-
1720T), and one deletion/insertion (12Del31Ins). Of these
mutations, six were novel (W115X, R204X, S257F,
L364R, 393delT, and 1719-1720insT). All GALC
mutations in Japanese patients, with their frequencies,
including those previously reported, are summarized in
Table 3.

The distribution of the clinical phenotype for each
mutation is summarized in Table 4. For rare mutations,
those detected less than twice, the genotype—phenotype
correlation remains indeterminate; for rather common
mutations, however, the tendency between genotype and
phenotype was observed. The phenotype for 12Del3Ins,
T652P, and R515H was observed mostly in infantile-
type Krabbe disease whereas 166M +1289V, G270H,
and L618S were mostly detected in the adult type and
never in the infantile form of the disease. Concerning the
regional distribution of patients, there was no specific
region for each mutation.
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Table 3 Summary of mutations

identified in 28 Japanese No. Exon/intron Nucleotide change Amino acid change Allele Allele
patients including 11 patients frequency number
previously characterized

1 2 198A>G +865A>G 166M +1289V 0.15 8

2 2 155C>T S52F 0.02 1

3 4 344G > A W115X 0.02 1

4 4 393delT L130fs; 154X 0.02 1

5 IVSé IVS6+5G>A 179-191 skipping 0.02 1

6 7 610C>T R204X 0.04 2

7 7 635-646 delfins 212-216 del 0.22 11

CTC (12Del3Ins) (NLWES)/ins (TP)

8 7 701T>C 1234T 0.02 1

9 8 770C>T S257F 0.02 1

10 8 785C>T T2621 0.02 1

11 8 809G > A G270D 0.1 5

12 9 904C>G P302A 0.04 2

13 10 1062C>G Y354X 0.02 1

14 10 1091T> G L.364R 0.02 1

15 12 1228T>G W410G 0.02 1

16 14 1544G> A R515H 0.06 3

i 17 15 1719-1720insT R574X 0.02 1
Bold print denotes novel muta- |3 16 1853T>C 1618S 0.08 4
tions identified in this study. 19 17 1941G> A W647X 0.02 1
“fs” indicates a frameshift 20 17 1954A >C T652P 0.1 5
starting after the respective Total 1 52
codon
. i are well conserved in different species, including mon-

Discussion

In this work we detected 27 mutant alleles in 17 patients.
We found six novel mutations of the GALC gene in
Japanese patients with Krabbe disease. Two, W115X
and R204X, were nonsense mutations whereas 393delT
and 1719-1720insT resulted in frame shifts. It was
obvious all four were pathogenic mutations. The final
two, S257F and L364R, were missense mutations that
were not detected in 100 healthy controls. These two loci

Table 4 Correlation between genotype and phenotype in 28 Japa-
nese subjects

Adult Total
allele

Mutation Infantile Late-infantile Juvenile

12Del31Ins 9
T652P 5
RS515H 2
R204X 2
P302A 1
S52F 1
W115X 1
393delT 1
1234T 1
S257F 1
T2621 1
L364R 1
W410G 1
0
0
0
0
0
0
0
7

"

1719-1720insT
W647X
IVS6+5G>A
Y354X

166M + 1289V
G270H

L618S

Total allele 2
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key, dog, and mouse (Luzi et al. 1997). This evidence,
when taken together, suggests that these two missense
mutations may be regarded as causative of Krabbe dis-
ease.

In four patients, only one mutant allele was detected.
Because our screening method covered the coding region
and the exon—intron boundary, undetected mutations
may lie outside the analyzed region, for example in
promoter and enhancer regions. We also did not analyze
large-scale genomic rearrangement, other than the
screened 30 kb deletion.

As reported in the literature, mutations of the GALC
gene in Krabbe disease are very heterogeneous. In
Caucasians, the 30 kb large deletion reported by Rafi
et al. (1995) and Luzi et al. (1995) was widespread within
the patient population, having a frequency of 40-50%.
Other mutations followed heterogeneous patterning. As
in Caucasians, to date, examination of Japanese patients
revealed 14 mutations with a very heterogeneous distri-
bution. It was considered hard to screen the GALC
mutation, because there is no common mutation in
Japanese patients; as our results show, however, there
are several common mutations. The most common
mutation in Japanese patients is 12Del3Ins with a 0.22
allele frequency. The second most frequent mutation,
166M + 1289V, has 0.15 prevalence. To date, these two
mutations have been identified in Japanese patients only.
These two mutations are also unique and difficult to
conceive as recurrently occurring mutations. They might
be derived from a founder; parents’ samples necessary
for haplotype analysis were unavailable from most of
the families, however.

Referring to Tables 1 and 4, the most common
mutation (12Del3Ins) and the two other mutations
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(T652P and R515H) in the homozygous state (B, B2,
A6, and B5) resulted in the classic infantile phenotype.
The second most common mutation, I166M +1289V,
contributed to late-onset-type Krabbe disease, because
the homozygous state of this mutation was found only in
the adult type (patients A17 and Bg), the mildest form of
the disease, whereas the heterozygous state was detected
in the juvenile or adult form (patients Al2, Al13, Al4,
and B9). This concordance strongly suggests that the
existence of this mutation leads to the mild clinical
phenotype. Because screening for this mutation might
directly reveal a mild phenotype of Krabbe disease in
Japanese patients, we propose a viable screening method
using restriction enzyme digestion with PCR fragments
for I66M (Fig. 1b) and 1289V (Fig. 1c). For the missense
mutations G270D and L618S, similar concordance is
shown in Tables 1 and 4, demonstrating that it will be
effective to screen for this mutation to estimate the mild
phenotype.

For most enzyme-deficiency diseases it is generally
believed there is a correlation between residual enzyme
activity and clinical severity; this does not appear to be
true for Krabbe disease, however. The expression
experiment did not always reveal better residual activity
in late-onset patients. Harzer et al. (2002) analyzed
substrate specificity for several mutations and, although
the G270D mutation led to loss of enzymatic activity for
galactocerebroside as its natural substrate, nearly nor-
mal activity for psychosine, its second substrate, was
preserved. This paper supports the idea that measure-
ment enzyme activity with one substrate does not nec-
essarily lead to identification of an essential defect. It
might be important to analyze the substrate specificity of
L618S and 166M + 1289V to elucidate genotype~pheno-
type correlation.

In a previous study, Furuya et al. (1997) investigated
I66M + 1289V allele expression, and found reduced
enzymatic activity only when these two amino acid
changes occurred on the same allele. We likewise con-
firmed that 166M and I289V occurred on the same
strand and same peptide in all four patients. That I66M
and I289V reside on the same strand suggests that each
amino acid contributes to a different function, for
example reaction center or substrate binding. Analysis
of the structure of the crystallized protein might be
important for future understanding of the mechanism of
this mutation.

Acknowledgements This work was supported by grants from the
Ministry of Education, Science, Sports and Culture of Japan and
the Health and Labor Science Research.

References

Chen YQ, Rafi MA, de Gala G, Wenger DA (1993) Cloning and
expression of cDNA encoding human galactocerebrosidase, the
enzyme deficient in globoid cell leukodystrophy. Hum Mol
Genet 2:1841-1845

Fu L, Inui K, Nishigaki T, Tatsumi N, Tsukamoto H, Kokubu C,
Muramatsu T, Okada S (1999) Molecular heterogeneity of
Krabbe disease. J Inherit Metab Dis 22:155-162

Furuya H, Kukita Y, Nagano S, Sakai Y, Yamashita Y, Fukuy-
ama H, Inatomi Y, Saito Y, Koike R, Tsuji S, Fukumaki Y,
Hayashi K, Kobayashi T (1997) Adult onset globoid cell leu-
kodystrophy (Krabbe disease): analysis of galactosylceramidase
cDNA from four Japanese patients. Hum Genet 100:450-456

Harzer K, Knoblich R, Rolfs A, Bauer P, Eggers J (2002) Residual
galactosylsphingosine (psychosine) beta-galactosidase activities
and associated GALC mutations in late and very late onset
Krabbe disease. Clin Chim Acta 317:77-84

Krabbe K (1916) A new familial, infantile form of diffuse brain
sclerosis. Brain 39:74-114

Kukita Y, Furuya H, Kobayashi T, Sakai N, Hayashi K (1997-98)
Characterization of the GALC gene in three Japanese patients
with adult-onset Krabbe disease. Genet Test 1:217-223

Luzi P, Rafi MA, Wenger DA (1995) Characterization of the large
deletion in the GALC gene found in patients with Krabbe
disease. Hum Mol Genet 4:2335-2338

Luzi P, Rafi MA, Victoria T, Baskin GB, Wenger DA (1997)
Characterization of the rhesus monkey galactocerebrosidase
(GALC) cDNA and gene and identification of the mutation
causing globoid cell leukodystrophy (Krabbe disease) in this
primate. Genomics 42:319-324

Rafi MA, Luzi P, Chen YQ, Wenger DA (1995) A large deletion
together with a point mutation in the GALC gene is a common
mutant allele in patients with infantile Krabbe disease. Hum
Mol Genet 4:1285-1289

Sakai N, Inui K, Fujii N, Fukushima H, Nishimoto J, Yanagihara
1, Isegawa Y, Iwamatsu A, Okada S (1994) Krabbe disease:
isolation and characterization of a full-length cDNA for human
galactocerebrosidase. Biochem Biophys Res Commun 198:485—
491

Satoh JI, Tokumoto H, Kurohara K, Yukitake M, Matsui M,
Kuroda Y, Yamamoto T, Furuya H, Shinnoh N, Kobayashi T,
Kukita Y, Hayashi K (1997) Adult-onset Krabbe disease with
homozygous TI1853C mutation in the galactocerebrosidase
gene. Unusual MRI findings of corticospinal tract demyelina-
tion. Neurology 49:1392-1399

Tatsumi N, Inui K, Sakai N, Fukushima H, Nishimoto J, Yan-
agihara I, Nishigaki T, Tsukamoto H, Fu L, Taniike M, Okada
S (1995) Molecular defects in Krabbe disease. Hum Mol Genet
4:1865-1868

Wenger DA, Rafi MA, Luzi P (1997) Molecular genetics of Krabbe
disease (globoid cell leukodystrophy): diagnostic and clinical
implications. Hum Mutat 10:268-279

Wenger DA, Suzuki Ku, Suzuki Y, Suzuki Ki (2001) Galactosyl-
ceramide lipidosis: globoid cell leukodystrophy (Krabbe dis-
ease). In: Scriver CR, Beaudet AL, Sly WS, Valle D (eds) The
metabolic and molecular bases of inherited disease. McGraw—
Hill, New York, pp 3669-3694



Chem. Fharm. Bull 544} 522527 {2006) Vol. 54, No. 4

Histidine-Tagged Shiga Toxin B Subunit Binding Assay: Simple and
Specific Determination of Gb3 Content in Mammaklian Cells

o
r\,

In-Sun Sam, 4 Kivotaka Nisarcawa >? Hiroki Maruya

* Depariment of A"?‘I;d’?”ll‘(l and Life Sciences, Obihivo Universiry

The Uni

0878333, Jupan: * Course of Science
University: Morioka §20-8330, Japan:
Center of Japan; Tokyo 162-8633, Jepa
and *Di n of Clinical Nephrology and Rhewmnatology, N
Sciences: Niigata 9318510, Japan.

Recetved Novewber 22, 2003; acceptzd January 11,

of 7] Bicresourcas,

*PRESTO. J

[ Graduats
*Depariment of Clinical Pharmacology, Research Institute, International Medical

apan Science o
oata U

20046; published onlins Jaguary 12

and Satoshi Isau™
of Agriculture and Veterinary Medicine: Obikiro

School of Agricultural Sciences, Pueate

d ’(’f}mo'uv‘ Agency; Saitama 332-0012, Jupan:
ersity {rraduate Schaool of Medical and Dental

. 2006

A twoestep binding assay for globotriavsylceramide (Gb3) content was developed by histidine-tagging strat-
egy, which is 4 well-esiablished method for the purification of recombinant proteins. The complete binding of the

recombinant His-tagged Shiga toxin 1B subunit (IB-His} (1 gg/mb) to the standard Gb3 adsorbed on a

mufti-well

H type plate was observed within 30 wmin at 37°C; and its binding could be visnalized by the following applica-
tions of HisProbe-HRP (8 go/mi) and tetramethylbenzidine (ITMB) perf}xidase substrate. The 1B-His binding
assay was linear over the range of 1 to 100 ng of Gb3 per well. The binding of 1B-His was specific to Gb3 sepa-
rated from Hela cells, and no major cross-reactivity of other glycolipids in Foleh’s lower fractions extracted
from Hela cells was detected. The glycolipids in Folch’s lower fractions from Hela cells, human fibroblasts and
mouse heart were suitable for this assay, but the further purification was needed for glycolipids from human
plasma, thus sample prepavation is critical factor for the reliable determination of Gb3 content, The 1B-His
binding to Gb3 was inhibited by the addition of galactose, but not mannose. This 1B-His binding assay will be
useful not only for the determination of (G83 content, but ajso for screening for the compounds which inhibix the
toxin-binding to Gb3. The strategy of our present method may be applicable for other binding assay, such as

Cholera foxin B-subunit for gangliostde GM1.

Key words  alobotrizosyiceramide; Shiga toxin; binding 2
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he recombinant histidine-tagged B subunit of Sw
His), bm,uusd 1B-His has a higher affinity towar
comnparison with His-tagged Stx 2B subunit (2
iwo-step binding assay was cs.tabhsnc by usin
HisProbe-HRP, which is 2 nickel (N#**) ach vated dervative
of horseradish peroxidase {HRP} and is specifically bound ¢
the *"r):'y--hjstid;lm residue; and the sample preparation of gly-
cosphingolipid suitable for this Gb3 assay was studied in dif-
ferent sowur Cther applications of this binding aszsay were
suggestad i this study.

{

CEs.

::’53

Hxperimental

Preparation of Recombinant 1B-Fs  The recombinant
which 6 histidine residues were added at the carboxy t:umm
units, was prepared as dascrived pr\:vxous-vm The }
s were cultored in 300 m! of LB broth {Difco at
) supplementad with “"‘)un/n" kanarayein M
Lyoto, Tapsn) at 37 C for 2h. The wails were subsequently | eat‘,d “m.h
1.0 mumol/} isoprops ide (Wako Pure Chemical In-
dustries, Lid., Osaka, ff 2 . Cells were pooled by centrifi-
zation af n for i5min at 4%. The ‘B is was exiracted from ce]l
peliets wi zh tbe Bugbuster proisin i (
WI, 15S.40) and purified by using the Hi
1o manufacim'er’s resommendations. Pur . fions
(Amersharn Biosciences, Uppsala, Swe-
saline {PBS). The purified 1R-iis
ad on SDS-PAGE (das pot shown) and its

IB-
"‘ebsm

.
YEL 82

\’\'z:a veveaisd as
aliquots ware stored
Materials

HisProbe-HR? was purchased from: Pierce Biotechnology,

2006 Phavmaceutical Socisty of Japsn,
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Ine. (Rockford, IL, US.AL). Purdfied glycosphingolipids, Gh3 from porcine
ervthrocyiss und globote.mr_\s yviceramide {Gb4) from porcine =rythrocytes
wers puschased from Nacalal Tesque. ine. and Wake Pure Charical Indus-
tries. Lid., respectively.

Cell Lines and Spc,crmm r-‘.'aLﬁ ceJl tine (JCRBH0DE) was purchased
from Human Science Resear : 5 Bank {Osaks, Jzpan) and hurnan
Abroblast cell lime was es m. a heterozygous patient with Fabry
disease. Cells w cujrurvc at 37 "'(, in Dulbzeco’s Modifisd Eagle’s
Medium (Sigma-Aldrich, . Louis, MO, U.S.A} suppiemented with
10% fatal eajl serum ('P-iolo-.).‘ | Tndusiries, ."=7~1<‘m ek, lsrael) under a humid-
ified 3% O, atmosphere. Cultured cells were washed with PBS and then
harvested by a plastic raper. Cells were precipitated by cenhtifugation at
2060 pns for § wiv. Human plasma was preparsd from the heparinized
bloed of 2 haterozyecus puatient with Fabry disease by centrifugation at
ICCCHg for Smin. Al samp)

Glveosphingelipid Extraction
(x-oalacmsid 52 A-knock oul {KO)

mted &l -

heart from an
nized using 2
a. Japan) in 0.2-
O A-1e: '.nﬂ aeiﬁrwﬁqaﬁon of -vrotejn content with 1 DC Pr
CA, US.8.), celhdar lip :
-l(,'- mg prot*".n witb 20 vomme

cmmuform -met hancx
racted with 20-foid 2 iﬂozofo T8 ‘“Mnm - 1, Y c.l
iowing Hltvation by 9-mun 5A tilter papers (Toyo Roshi Kaisha, ‘ﬁ.d.._
Tokyo, japan), cude exmacts wers dried and stored as @ cruds extract S
Crude extracis were further methanolic 1

N fJ! L-.I

ated with 1ml of

(2w NaO¥ in wmethanol) at 40 °C for 25 After neuralizing the solati
with gls acid glyroy) .ipids were further subje
Folalvs partition {(chiorcform--methanol--H,0, 8:4:3 4 40

ingolipids racovered in the jower phass wzre pooled and 1-‘310'
Foich’s fower The glycosphingoliz in a Foleh tower fraction
were further purified by th obeads (muon Laboratories, Tokyo. Japan)
column chromatography. itycosphingolipids suspended in iml of
form-methanol (21 1, vw/v) were applied to an lairobeads columa (9
equilibrated with isopropanci-hexane { ;). Ti 1 bound (vlyhe!:mds
were siuted with isopropanol-hexane : AV, Bluales
pooted and used 25 an latrobzads-binding tractior.

Separation #f Glycosphingolipids by BPLC
s lowst 1 extracied ftom Hela o vﬂs were §
104D, Shimadzu Cerpotath
£ Kannagi et o/ ' Foich's lower §
?.,...,\l of chloroiovm—meathanol (2 1]
futrcheads (GRS-80 D1
propanci-hexane { #v). Glycosphingolipi
ent of isopropanci-hiexane~watsr from 55:45:0 to 55
fiow rale was sei at Zmlimin by applying approximaiely 6
; ctjom were lacted by & fraction collector (FC 2038, Gij
1S} at Z-min intervals and the total volume of ¢

ion was dried and resuspendsd |
aliguot of wach fia

iycosphingolipids in
‘-‘ch_d by HPL\

(L

i0, Jatron Luaborats
45

cim) equilibrated with isc-
s were ohutad with a gradi-
20013 (viviv). The
T kgfrom’.

'
th

s—rpethanol
d to TLC apalysis,

r,oni-’m was performid as fchow' Sirnple .onfzining
golipids in 10 48 of 1GG% methanol were plated onto a rmulti
plate (Susitomo Bakelite Co., Lid., Tokye, Japan). The piates were pldced
to evaporate mnathanol at room fem ure for 1h, and then 200 ul of 1%
bovins senim albumin soluticn in PBS (BSA-PES) was added to esch wel
arrj incubated af 37 °C for 1h. Plates wers washed once with 460 ui of 0.2%

BSA-PES, and then inoubated wit Al in G.2% BSA-
"B\ at37¢C & 20 4] cf PR3,
the plaies were in i) in 0.2%% RBA-
PRE at 37°C for ZOD ul of PBS and
then visuatized a« = SYS-
fern. (100 uifwell)
1Ge-15wan, Re
phospheric scid and g ’)i]b °h
was determined using a J plaiz reader {MPR- n4
Japanj. For the determuination: of Gb3 content, 10--100ng o
was ccnsistenitly applied on the same plate, and absorba
wrined at each assay.

TLC and TLC-Blotting
performanr:e TL.C ) tes {Merci & Ce..
R NI OULS. y ivent :Vsm’n Jf C
i’o;m—melmnolv—‘.vacu (c(.. 35:%

sphin-
Hiype

H

shated with the
nin. The plates wers w
ith L-U"‘lr"tl‘yl 'eaz,au\

]

ized by spraying orcinoi-sulfudic acid reagent; and their band ivensities
were determined by y the image processing software Scion Tmage (Scion Cor-
ooration, Frederic TLC-blotting with 1B-His was performead
by the method of Taki yeusphingolipids were separatad on 2 TLC
plate a5 described above. The plate was sunk in §.4% poly 1sobmylmcrharw
late (PIM} schution (2.5% FIM chioroform was dilutad to ¢.4% with
hzxane) and followed by blocking with 1% BSA-PBS. After incubation with
1B-His ar luxjml at toogm temperatuve for 30mdn, the plafe was washed
with PBS. After further incubution with HisPorbe-HRP at § go/mi at room
tempetatire for 1h asd the ollowing final washing, 1B-His binding was vi-
sualized with a0 enhanced chemilumineseent substrate {Pierce Biotechnol-
ogy. Inc.).

Resulis

1B-His Binding Assay with Standard Glycosphin-
golipids To establish the 1B-His binding assay, we first
used standard plycosphingolipids ( (133 and Gvd) in the
amount of 1 O(Jnc/ml {Fig. Absorbance {abs.) at
415 o and amount of Gh3 were | 'ond correspending in the
range of T to 180ng of Gb3. 1B }11s binding was partaily
obw ved when a higher amount of Gbd was used. One imw
dred nancgrarus of Ghé shewed 0.062 abs. units; and 7.5%
of 0\2 abs. units was observed with 100ng of Gb3. ':ne
reproducible, had a very low backg
5 abs. uruis}, and there was mirmal variation bdw
tmw '].ldb}.)@]..(}@ll[ determinations for each b3 concentra-

sy

tion. The seffect of incubation time on 1B-His binding t¢
standard (b3 was anzlyzed. The iB-His solution (1 pg/ml}

in (.2% BSA-PBS was applied te nwlti- wd H ‘vpc pJatu
coated with standard Gh3 (100ng}, and mcubated for 5 dii-

ferent lengths (10, 20, 30, 60, 120 min} at 37°C '1'1“\, 1B-Hisg
binding was low for the Shu]"e\l incubation, and reached a
plateau at 30min; and the effect of incubation time on the
B-His binding was simiiar for lower Gb3 content {daa pot
shown}. This data suggested that at least 36-min incubaton
at 37 °C was necessary for the completion of 1B-His binding
1 4 M Tu Fig. 2, the optivuwn concentranon of 1B-His and
>robe-HRP was determined. The Gb3-dependent binding
of 11 -His increased, according te the concentration of {B-
His, and reached a plateav at 1 pg/ml (Fig. ZA ). 1B-His bind-
ing activity was also dependent on the addition of HisFrobe-
P, oand reached a plateau at & pg/mi (Fig. 28). These daia
indicated that the optimum concentrations of 1B-His and
HisProbe-HRP for the deteciion of Gb3 content were 1 pg/ol
and 8 pg/ml, respectively.

1.0
'E‘ 0.8
=
u3
T 08
[+
O
5 04
g
o
w
< 02

0 1 1 o)

0 25 50 75
Glycosphingolipid (ng}

100

Fig. 1. 1B-His Binding Assay with Standard Glycosphingolipids

Doubled dilutions of standard Gb3 (M) and Gb4 ({J) were applied to a multi-well H
type plate and assayed with 1 ug/mi 1B-His and 8§ ug/ml HisProbe-HRP. Results are the
mean= S.D. of three independent assays.
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Specificity of the 1B-His Binding Assay in order to de-  attached latrobeads column, and pooled into 7 fractions {Fig.
termive the specificity of the 1B-His binding assay, Folehs  3A). Fraction 1 was the pass through fraction using Jatro-
lower fraction from Hela cells was used as the source of var-  beads cojumn chromatography, and Fractions 2 to 7 were
ious lipids. As shown in Fig. 3A, more than § different gly-  cnce bound and then eluted with different soivent conditions.
colipids and a group of cholesterel were present in this frac-  The highest abs. units {1.238) in 1B-His binding was ob-
uon. All major lipid components were separated by an HPLC  served in Fraction 5, which contained Gb3. A partial 1B-His
mding (£.3104 abs. wwits) was detectad in Fraction 8, which
A B contained Gb4, but other fractions were less than background
level {«<<G.05 zbs. units) (Fig. 3B). To clarify whether the

[rZ -

[

- 12 — 2 presence of non-Gh3 lipids negatively or positively affect the
E 10 £10 1B-His binding assay, all 6 fractions other than Fraction 3
Z 08 T 08 were combined, and a different conceniration of staudard
2 o6 2 o6 (b3 {Fig. 4A) was added to the pooled lipids {Fig. 48). The
g 04 E% 04 abs. unit é_n the ].B--H_.if; binding simply corresponded 1o the
3 S content of standard Gh3, aud no significant difference was
282 302 observed between samples with or without combined Hpids

0 0 : {Fig. 40 These daia ndicaied that ne marked effect of other

6 1 2 3 4 5 0 5 10 15 lipi
18B-His (ug/mi) HisProbe-HRP (png/mi)

Fig. 2. Optimum Concentration of 1B-His (A) and HisProbe-HRP (B)

In A, wells with (@) or without (O) 100ng of standard Gb3 were treated with indi-
cated concentrations of 1B-His for 30min. Bound 1B-His was detected by 8 ug/ml
HisProbe-HRP. In B, wells coated with 100 ng of Gb3 were treated with (M) or without Dam £ Larsde mf woyrirad ol e A , Jotiaster
(0J) 1 ug/ml of 1B-His. Bound 1B-His was determined by indicated concentrations of ¥ i ""h‘m “)' ;"‘I‘Gq "fj“mg“‘ glycolipids vaerE' de t?“_“%d
HisProbe-HRP. The error bars represent $.D. (n=3). in all Iatrobeads-binding Fractions by the orcinol-staining

Fraction number

-h —h
o 23

o
n

Absorbance (415 nm)

1 2 3 4 5 6 7
Fraction number

Fig. 3. 1B-His Binding to Glycosphingolipids Fractionated by HPLC from HeLa Cells

In A, glycosphingolipids in Folch's lower fraction extracted from HeLa cells were separated through low-pressure HPLC on an Iatrobeads 6RS-8010 column. TLC analysis was
quantitatively performed with a solvent system of chloroform—methanol~water (60 : 35: 8), and glycosphingolipids were visualized by orcinol reagent as described in Experimental.
CE is crude extract in Folch’s lower fraction extracted from HeLa cells. In B, the 1B-His binding assay of each glycosphingolipid fraction was performed. 1/10 aliquot of each frac-
tion suspended in 100 4l of methanol was applied on a multi-well H type plate, and assayed as described in the legend to Fig, 1. Experiments were performed in triplicate, and the
means = 8.D. of the values are indicated.

A B c
Gb3 (ng) Gb3 (ng) 12

25 50 100 200 25 50 100 200 2Gb3 only (A)
= Mixture (B)

e o o =
5 o o o

Abhsorbance {415 nm)

o
[N)

o

25 50 100 200

Gb3 concentration {ng)

Fig. 4. Effect of All Components Other Than Gb3 in Folch's Lower Fraction from HeLa Cells on the 1B-His Binding Assay

Standard Gb3 at indicated concentrations with (B) or without {A) all components other than Gb3 in Folcht's lower fraction from HeLa cells were applied onto TL.C, and after its
development with chioroform-imethanol-water (60: 35 : 8) TLC plates were stained with orcinol reagent. In C, the 1B-His binding assay of the same sarnples used in A and B was
performed as described in the legend to Fig. 1. Experiments were performed in triplicate and the means+S.D. of the values indicated.
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{Fig. 3A). 1B-His strongly bound to Gb3 i all samples. and
weal: binding t Cbar was also observed it Halla and buman

fibroblasts; but no other binding was observed in the glyco-
iipids from human and mause sourees (Fig. 3B
Effect of Sample Preparalian on the 1B-His Binding

T

Assay For a practical application u- the 1B-His binding

assay, the effe : 2 assay sondi-

tion was studied mentmllv
;;nd ..znd, m*’ mIse tssu

i
an pnosed & a Lruds extract fraction, a Folchs lower fr ac-

fion and an latrobeads-binding f 'Jction. L\"J latrobeads-bind-
g fractions showsd good corrslavon bhetwezn sample con-
centration and the 1B-His binding, but no correlation was

observed in all crude extract fractions. Although Foich¥s
lovwer fraction from huxoan plasma did not show linear corre

mma *oL»h lower fractions from human cells and mouse
ussue corresponded wall wjfh Ea.tz'f‘ *'ads-bmrlm fractions
from respecuve sources. d1 ate"- ;' aé a Folchs
iower fraction J'ray he 3 he 1B-His

bmding assay, but not for humnan plabna
Comparison with Another Assay Method Gb3 content

was determined in 4 different sources by the 1B-His binding

Fig. 5. 1B-His Binding on Glycosphingolipids Separated by TLC of
Tatrobeads-Binding Fractions from Human Cells and Plasma, and Mouse
Heart

Glycosphingolipid samples were applied to a HPTLC plate, and separated by a sol-
vent system of chloroform : methanol : water (60: 35 : 8). After the fixation of the plate
with 0.4% PIM solution, TL.C-blotting with 1B-His (B) was performed as described in
Experimental. After the deterrnination of 1B-His binding with chemiluminescent sub-
strate, the same TLC plate was stained with orcinol reagent {A). Lanes 1 and 2, 300ng
of standard Gb3 and Gb4, respectively: lanes 3, 4, 5 and 6, Iatrobeads-binding fractions
from HeLa cells, human fibroblasts, humnan plasma and the heart from KO mouse, re-
spectively.

1.0

A

Absorbance {415 nm)
Absorbance {415 nm)

0 0.2
Concentration

04 06 0 0.04 0.08 0.2

Concentration

Fig. 6. Effect of Preparation of Lipid Samples on 1B-His Binding Assay

assay =nd the resuits were compared to the data from the

TLC-oreinoi *nem\-u {Table 1). The mean of G63 coment da-
termined B-Hiz bmang assay in Hela cells, human
fibrobiasts :m's hmm- plasioa from a heterozygous patient
with Fabry disease, and a heart fr um a KO mouse (27.3 ug/
mg protein, 37.4 ug/mg protein, 11.1 igg/mi and 7.5 pg/mg
i'&Sp"C’(!V&P/), rc.sj{,.,ﬂ.ic(: well with the values

measured by the TL.C-orcinol method (25.9 gg/mg protein,

‘J

o0
COr

347 ,uc:n protein, 13.9 ug/ml and 6.3 ug/myg protein, re-
>pr>(‘t:v ty}. Although the TLC-crcinol method was repro-

gucible, a mgh amount of Gb
for the assay; while, 10-3(
His binding assay.

Other Applications of the 1B-His Binding Assay
Blocking of 1B-His bnding to Gb3 ceourred with the addi-
tion of a high concentration of galactose bt not mannose
[Fig. 7). The abs. unit was decreased 1o 40% of the contro]
b“ the addition of 300mm galactose. These inhibition data
His binding to Gb3 was specific to galac

k! (l b——‘»Uﬂ.lg; was

Tng Gb3 was ¢

BeCessary
enough for the 18-

ndicated that 8-}
t- se.

The possibility that the 1B-His binding dbbd)’ will be appli-
cable t¢ the measurement of Gh3 synthase {al 4-galactosyl-
transferase) activity was studied. Hela-¢ 11 homogenate was
incubated with 0.3 UDP-Gal and 2.2md Jactosylee-
ramide (LacCer) at 370 for the indicated period. Folchs
lower fraction was then prepared from each reaction sohution
and Gb3 content determined by the 1B-His tinding assay
{Fig. 8. The increase in Gb3 content was 3.2, 6.8,

\,wi/m protein). after incubation for 1, 2 and 4 h, respec

{is

. |, Comparison with Gb3 Contents Determined by the Assay Meth-
ods ‘Jf T1.C-Qreinol and the 18-His Binding

Sample TiC-orcinct 1B-His binding

Hela cells 23.
Tuman fibrobiasiz 34
Human plasis i3,
Memse heart G

YLEEHIT ,ml of pizsrm

cells end mouse ¥

0.8 C 25 D
2.0
- 0.6 —
£ E
=4 =
2 215
= =
804 | 3
8 8 1.0
L £ .
e o
[} [~]
Boa 3
< < ps
0 0
0 03 06 09 12 0 0.04 0.08 0.12

Concentration

Concentration

Lipids were extracted from HeLa cells (A), humnan fibroblasts (B), human plasma (C) and heart from KO mouse (D). Preparation of crude extract fraction {A), Folch’s lower
fraction (M) and latrobeads-binding fraction () was performed as described in Experimental. Doubled dilutions of lipid samples were dried on the plate and then assayed by 1B-
His binding. Concentration 1 was corresponding to 3 ng protein content of HeLa cells, fibroblasts, mouse heart and 3 1] of human plasma. Results are mean=8.D.
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Fig. 7. Effect of Galactose and Mannose Addition in 1B-His Binding

1B-His in (.2% BSA-PBS solutions (1 ug/ml) containing galactose {A) or mannose
(B) at indicated concentrations was applied to a plate coated with 100ng of standard
Gb3. After incubation at 37°C for 30min. bound 1B-His was assayed as described in
the legend to Fig. 1. Data represent mean=S.D. of three different experiments per
point. #p<0.05 (compared with concentration =1}

30 -

Gb3 content ( pg/mg protein)

0 1 2 4
incubation time (h)

Fig. 8. The Application for Gb3 Synthase Assay

100 ¢l of homogenate from HeLa cells (5 10¢) was incubated at 37°C in assay mix-
ture containing 25 my citrate/phosphate (pH 6.0), 10 mm MgCl,, 0.2 mn LacCer, 0.3%
Triton X-100, 3mym phosphatidylglycerol, 0.5 my UDP-Gal. Folch’s lower fractions ex-
tracted from incubated samples were applied to a multi-well H type plate, and the Gb3
content was standardized by the protein amount. The error bars represent the S.D. of in-
dependent assays (n=3).

unti] 2k t:.aty n “CI a cell
was caicu ation as 3.4 gg of Gb3 )mduc--
tior/h/r This resalt .udr ates that the 1B-His bind-

ng aﬁsa;' applicable for the determination of 3b3

synthase activiiy.

Discussion
Recert studies on Six 1B '»‘t:u ture I 'vea:si that thrze sites

may be imvolv ed r tl recogiition of Gb3*™; and one of the
sites arcund Phe3l '*u'*h! play an buportan *-')'(e for the
high affinity toward Gb3 binding*" Although AB, class
toxin is & coraplex of an A subunit and S Rmuhmmg the sta-
bility and structure of B-subunits were not altered by the
binding of the A-subunit,”™ and the intracellular trafficks 1g
of B-subumits was independent of the A-subunit.®® From the
above information, § histidine residues at the czlfbnxy termini
His-tagged Swx Bmay” ¢ dlst

b2 de tection

[
L

L,”un‘;ty of
on with ZL -Hi §
or Jt)c, pu ificati
Lcm<‘4' and we med to apply for th
m our p; esent sindy. HisProbe-HRP is a uniqu
detection of His-tagged pretein. Both His and
‘3'7 ve-HEP provide us simple and specific methods for
e determination of Gb3 cortent. The strategy of this assay
Lan,- may be applicable for other binding assavs, such as

{holera toxin B-subut for ganglioside GM1 .
Although the ELISA method using verotoxin B subutit for
the deternuination of Gb3 content was ziready established'®
1e assay procedure in owr metbod {only two-siep binding

procedure} was simpler than the ELISA method (three sieps).
We believe minimum steps i a procecdure have benefits not
enly for the quick assay but also for the specific assay. o a
paper by Zeidner et al " cross reactivity was determined
-)n] with some g]‘,’(‘us}f'[ll[)d()i ipids (gl uw&y]bcxan ride, Lac-
Cer and (b4}, however we determined the c fect of
Do nelm in Folch’s lower fraction and proved the specificity of
our assay method for Gb3 in Hel.a cells (Fig. 4), and proved
15 specificity. For the f“‘li("i cal application, we also deter-
mned the ¢ mrl uf samp e pr paz'i oni on the (B-His bind-
ample preparation was critical
c»°t°"mna:mn of Gb3 content by the 1B-His
"c:-mdm;,:f SSAY F)g £). Foleh’s lower fraction was a suliabie
Preparalion for deter‘mrat'o i human cells and mouse
ncar but further purification was needed i human plasma.
Correot bindrog may be disturbed by lipids other than gly-
cosphingolipids in human plasma. We also confinned that
more than 93% of (b2 in Hela ocelis was recovered in
Foleh lower fraction by the TLC-orcinol method uat;- Gk
shown). }'rou this inforrnati {
a,‘.:iox* of

ali com-

and spacific determin Gr %
be perforn ed by 1B-His bmdmg
fraction.

(b3 is cne of the potenuial glycosphingolipid receptors for
Stx.* The cytotoxicity of Stx is highiy selective toward ceils
that express Gb3 on the cell surface; and it is widely believed
that endothelial cells ex; pressing (b3 are the main targets for
Stx in XTEC infestion. ™% Tr* prevent Stx cytotoxicity, Six
absorbents or hinding neut s have been developed

and

218}

"!

. 3 20
were for clinical application.® 7 In our ];rcmy.

stady, 18-His binding with Gb3 was blocked by g‘la {088
but not mannose (Fig. 7). This datz indicated that thi ‘iB~Hic_

~n

binding methed can be appiicai)}.e for the »ureunsng_ of Six-
binding neutralizer.

Another application of 1B-His binding was described in
Fig. R The assay of Gb3 <ymha<e ach ;j‘x;y was usually per-
formed with radicacuve materials *>* Gur present siudy in-
dicated that 2 non-radioactive assay may be possibie wit‘* the
1B lhs mndl ;_ assay, necause the incresse i Gb3

R

Cornient

5:
]
w
ro
,..
.‘?3
5‘
&

t

ol

](- tms study, we established a new Gb3 assa
using a 1ewmbman't His-tagged Stx 1B-sabunit.

were reproducible and it was proved that 2 specific assa y can,
-
¢

\L
-t

be ‘pe' formed with Folchs lower fraction from. Hal
This simple and spnciﬁc (b3 assay method is very usc‘ 1 for
'ne determination o

the treaty ment

f effectiveness of variou
bry dissase. Rec

s approaches for
ently, we described a new
active-site specific Mapﬂwdc therapy
'].",.ls ay method J,ed by this
& grucial ’cr‘ne:}-. for the preclinical and
clinical wial -3 &1\ geatment sirategy. Kunowledge of the
rmvsml {:;al and pathoiogical rele of Gb3 will increase
15 assay method.
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Abstract—Starting from (+)-epi- and (—)-vibo-quercitols readily produced by bioconversion of myo-inositol, some biologically inter-
esting phosphate and polyphosphate analogues, including the Ins(1,4,5)P; derivatives of 3-deoxy- and 6-deoxy-D-myo-inositol, could
be readily prepared in a conventional manner. In addition, chemical modification at C-2 of the 3-deoxy Ins(1,4,5)P; provided 2-epi-
mer, and 2-deoxy and 2-deoxy-2-flucro forms. Eight polyphosphate analogues obtained were assayed for biological activity against

PDH-Pase and PDH-K, and G6Pase, but none proved positive.

© 2006 Elsevier Ltd. All rights reserved.

In recent years, D-myo-inositol-1,4,5-trisphosphate
Ins(1,4,5)P3, as well as its bis and tetrakisphosphates,
have been demonstrated® to play important roles as sec-
ond messengers which control many cellular processes
by generating internal calcium signals, which then dif-
fuse through the cytosol and bind to receptors on the
endoplasmic reticulum causing the release of calcium
ions (Ca®") into the cytosol. Therefore, it is feasible that
inhibitors of enzymes of the phosphoinositide cascade,
involved in biosynthesis and degradation of Ins(1,4,5)Ps,
could be of medicinal interest and also invaluable tools
to elucidate the individual roles of metabolites in the
regulation of cell function. In order to study biochemical
and medicinal properties of these polyphosphates, a
large number of analogues and derivatives have so far
been synthesized® and their biological activity tested.
Recent findings® of insulin-like and anti-inflammatory
properties have also stimulated us to develop means
for routine synthesis of these compounds (Fig. 1).

Bioconversion* of myo-inositol readily provides some
inaccessible optically active deoxyinositols,” such as
(+)-epi- and (—)-vibo-quercitols (1 and 2), in quantity,
which might allow their application as starting materials

Keywords: Inositol phosphates; myo-Inositol-1,4,5-trisphosphate;

Deoxyinositol trisphosphate analogues; myo-Inositol bioconversion.
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Figure 1. Deoxyinositols 1 and 2, and Ins(1,4,5)P; and its deoxy
derivatives.

for development of novel biologically active cyclitol
derivatives. In preceding papers, we reported the synthe-
sis of several anhydro® and some C-(aminometh-
yldeoxyinositols,® and O-methyl-deoxyinosamines’ as
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potential candidate new glycosidase inhibitors. In this
letter, we describe convenient synthesis of a number of
mono-, tris-, and tetrakisphosphate derivatives of
3- and 6-deoxy-p-myo-inositols. In addition, chemical
modification at C-2 of the 3-deoxy Ins(1,4,5)P; was car-
ried out to prepare 2-epimer, and 2-deoxy and 2-deoxy-
2-fluoro derivatives. Furthermore, in order to provide
certain trisphosphate mimics® designed by analogy with
adenophostines,” the most potent agonists of
Ins(1,4,5)P3 receptor, the 1-phosphate function of the
3-deoxy Ins(1,4,5)P; was replaced with (phosphin-
yhalkyloxyl groups (Schemes 1 and 2).

Recently, synthesis of several polyphosphate derivatives
of 6-deoxy-D-myo-inositol'® (1) has been elaborated!!
from precursors derived from D-galactose, and their bio-
logical activity assayed. 6-Deoxy Ins(1,4,5)P; is recog-
nized by the highly selective 3-kinase,!? the kinetics of
its metabolism indicate that it is a substrate for this en-
zyme, with resultant competitive inhibition of phosphor-
ylation of Ins(1,4,5)Ps.

We here describe a convenient preparative route from
(+)-epi-quercitol* (1). Isopropylidenation® of 1 with
an excess of 2,2-dimethoxypropane and TsOH in
DMF was carried out at room temperature to give
three readily separable di-O-isopropylidene derivatives

o

9
6-Deoxy Ins(5)P

Ho o

10
6-Deoxy Ins(3)P

OH OP
¢ Ho—o e PO—O
3 24— Uy oﬁ——> p 0_57
12 13

3 (24%), 4 (26%), and 5 (31%). These were treated with
dibenzylphosphoryl chloride in pyridine at room tem-
perature to give the respective dibenzylphosphates 6
(77%), T (86%), and 8 (87%), hydrogenolysis of which
with PtO, in ethanol produced, after neutralization
with cyclohexylamine, the respective phosphates as
crystalline amine salts. Treatment of the salts with
Dowex 50 Wx 2 (H") resin gave the free phosphates
9 (88%), 10 (70%), and 11 (80%), isolated as bis-sodium
salts.

Furthermore, compounds 3 and 5 could be partially de-
O-isopropylidenated with TsOH in EtOH at 0 °C to give
the triols 12 (70%) and 14 (78%), respectively. Possible
contamination of 12 and 14 due to acid-catalyzed migra-
tion of the cis-isopropylidene groups was not observed.
Compound 14 was similarly phosphorylated to give the
protected precursor 15 (60%) of 6-deoxy Ins(1,4,5)P;."!
The structure of 15 was indirectly confirmed by the fact
that "H NMR spectrum of isomeric trisphosphate 13 ob-
tained for reference from 12 showed coupled signals (6
431, ddd, J=5.6, 89, and 139Hz) and (6 4.62,
J=5.1, and 8.9 Hz) due to H-1 and H-2 bonded to car-
bon atoms of the O-isopropylidene group. Thus, five
biologically interesting phosphate analogues could be
demonstrated to be readily available from (+)-epi-querc-
itol (1).

"

H
HO OH

11
6-Deoxy Ins(1)P

Q
P = —P(OBn),

07/\
HO 0
e
14

Scheme 1. Synthesis of some mono- and trisphosphates of 6-deoxy-D-myo-inositol. Reagents and conditions: (a) (MeO),CMe,~DMF (1:2, v/v),
TsOH, 6 h, rt; (b) (PhO),POCI (1.5 M equiv), pyridine, 1 h, rt; aqueous 80% AcOH,; (c) Hy, PtO,, EtOH, rt; C¢H;NH,; Dowex S0 W x 2 (H") resin,
1 M NaOMe, MeOH; (d) TsOH, EtOH, pH ~ 4, 0 °C; (¢) (PhO),POCI, DMAP, pyridine, rt; aqueous 80% AcOH.

PO o} ® = -[|5
15

6-Deoxy Ins(1,4,5)P5
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Scheme 2. Synthesis of some tris- and tetrakisphosphates of 3-deoxy-
myo-inositol. Reagents and conditions: (a) CHy=C(OMe)CHs, TsOH
(0.1 M equiv), DMF, 3 h, rt; (b) NaH, BnBr, DMF; (c) CSA, MeOH,
pH ~ 4, rt; (d) MeOCH,Cl (4 M equiv), diisopropylethylamine, DMF;
() aqueous 80% AcOH; (f) Bu,SnO (2 M equiv), tetrabutylammonium
bromide; (g) Ac,0, pyridine; (b) NaH, BnBr, DMF, rt; (i) 4 M HCJ,
50°C; Ac,O, pyridine; (j) NaOMe, MeOH; i-Pr,NP(OBn),
(6 M equiv), DMF, rt; mCPBA (10 M equiv), 1t; (k) Hy, 10% Pd/C,
aqueous EtOH; CsH|;NH,; Dowex 50 Wx2 (H™) resin, NaOMe,
MeOH; (I) aqueous 80% AcOH, 50 °C.

3-Deoxy-p-myo-inositol-(1,4,5)P; was first synthe-
sized’>!* from vL-quebrachitol through a multi-step
sequence and shown to be a good substrate of Ins(1,4,5)P5-
5-phosphatase (Schemes 2 and 3).

Isopropylidenation® of (—)-vibo-quercitol (2) was carried
out by treatment with 2-methoxypropene in the presence
of TsOH in DMF at room temperature. A mixture of the
1,2:4,5- 16 and 1,2:5,6-di-O-isopropylidene derivatives
17 was, without separation, treated with NaH in DMF

and then with an excess of BnBr to give the benzyl ethers
18 and 19, which were partially de-O-isopropylidenated
under the influence of CSA in MeOH to afford, after
separation over a silica gel column, the 4- and 6-O-ben-
zyl derivatives 20 (55%) and 21 (42%). Compound 20
was treated with chloromethyl methyl ether and diiso-
propylethylamine to give the di-O-methoxymethyl deriv-
ative 22 (89%), de-O-isopropylidenation of which with
80% aqueous acetic acid gave the diol 23 (88%).
Treatment of 23 with dibutyltin oxide and tetrabutyl
ammonium bromide at 120 °C, and subsequent similar
etherification, gave crude methoxymethyl ether 24
(87%). The structure of 24 could be fully characterized
with the 'H NMR spectrum of the O-acetyl derivative
25 (~100%) obtained. In addition, 24 was conventional-
ly benzylated to give the 2-O-benzyl derivative 26 (91%).
The methoxymethyl groups of 26 were removed by treat-
ment with 4 M hydrochloric acid, and the product was
subsequently acetylated to give the tri-O-acetyl deriva-
tive 27 (90% over-all yield). Compound 27 was treated
with methanolic sodium methoxide under Zemplén con-
ditions, and the resulting triol was phosphorylated with
dibenzyl diisopropylphosphoro-amidite in DMF, and,
then the reaction mixture was treated with mCPBA.
The product was isolated by chromatography on silica
gel to afford the 1,4,5-tris(dibenzylphosphate) 28 (93%
over-all yield). Hydrogenolysis of 28 in the presence of
10% Pd/C in aqueous ethanol at room temperature gave
the trisphosphate, which was purified by treatment with
cyclohexylamine to produce a crystalline salt. This com-
pound was deaminated by passage through a column
of Dowex 50 x 2 (H") resin to afford the free phosphate
isolated as a bis-sodium salt 29 (97%).

The tetra-O-acetyl derivative 30 (98%), obtained similar-
ly from 20, was deacetylated and a crude alcohol was
dibenzylphosphorylated to give tetrakisbenzylphosphate
31 (70% over-all yield). It was deprotected and the prod-
uct was obtained as a bis-sodium salt!® 32 (83%).

Oxidation of compound 24 with pyridinium chlorochro-
mate in the presence of molecular sieves 4 A in CH,Cl,
gave the deoxyinosose derivative 33 (96%), which was
reduced with sodium borohydride to give the 2-epimer
34 (56%) as a major product. The structure of 34 was
confirmed by the "H NMR spectrum of the 2-O-acetyl
derivative 35. Compound 34 was converted into the
2-epimer, 3-deoxy-scyllo Ins(1,4,5)P; 39, following the
standard sequence of reactions [—36 (95%) —37
(90%) —38 (56%) —39 (97%)].

Treatment of 24 with sulfuryl chloride in pyridine in the
presence of DAMP gave the chloride 40 (70%). This
compound was treated with tributyltin hydride in the
presence of AIBN to provide the 2-deoxy derivative 41
(54%). Starting from 41, 2,3-dideoxy Ins(1,4,5)(P;)'* 44
was obtained [—42 (96%) —43 (86%) —44 (~100%)] in
a conventional manner. Fluorination of 24 with dimeth-
yl amino sulfur trifluoride (DAST) in CH,Cl, afforded
the 2-deoxy-2-fluoro derivative 45 (70%), which was
converted into the tri-O-acetyl derivative 46 (95%). This
acetate 46 was deacylated and conventionally phosphor-
ylated to give the trisphosphate 47, which was deprotec-
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Scheme 3. Chemical modification at C-2 of 3-deoxy Ins(1,4,5)P3. Synthesis of deoxy and deoxyfluoro derivatives. Reagents and conditions: (a) PCC,
MS 4 A, CH,Cly, 1t; (b) NaBHj, EtOH; (c) Ac,0, pyridine; (d) NaH, BnBr, DMF; (e) MeOCH,(Cl], diisopropylethylamime, DMF; Ac,O, pyridine;
(f) NaOMe, MeOH; dibenzyldiisopropylphosphoro-amidite, DMF; (g) Ha, 10% Pd/C, aqueous EtOH; CsH|,NH,, Dowex 50 W x 2 (H") resin,
NaOMe, MeOH; (h) SOCl,, DAMP, pyridine; (i) BusSnH, AIBN, toluene, 120 °C; (j) Ac,O, pyridine; (k) 4 M HCI, THF; phosphorylation; (1)

DAST, CH,Cl, rt; (n) aqueous 80% AcOH; (PhO),POCIL.

ted to give the deoxyfluoro derivative!> 48 (70% over-all
yield). Similarly, the alcohol 34 was transformed into the
deoxyfluoro derivative'® 51 (80% over-all yield) via 49
and 50.

Next, adenophosphine® analogues of 3-deoxy
Ins(1,4,5)P; were prepared. Several permeant analogues
of Ins(1,4,5)P; have been synthesized® and their ability

to cross the membrane tested with vasopressin cells
(Scheme 4).

Compound 23 was treated with dibutyltin oxide in tol-
uene, and then after addition of allyl bromide, the
mixture was heated at reflux temperature to give the
allyl ether 52 (90%), which was characterized as the
acetate 53 (96%) as a syrup. Compound 52 was con-
verted into the benzyl ether (—54, 82%), which was
subjected to ozonolysis in CH,Cl,/MeOH, followed
by reduction with NaBH, (—55a) and conventional
acetylation to give the 2-acetoxyethyl derivative 56a
(60% over-all yield). Hydrolysis of 56a with 4 M
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Scheme 4. Chemical modification of the C-2 function of 3-deoxy Ins(1,4,5)Ps. Reagents and conditions: (a) Bu,SnO, TBAB, toluene, 120 °C;
CH,=CHBr; (b) Ac,0, pyridine; (¢} NaOMe, MeOH; NaH, BnBr, DMF; (d) (—55a) Os, CH,CL,/MeOH, —78 °C; NaBH,, MeOH; (—55b) BH3/
THF, THF; HyO;; () Ac,0, pyridine; (f) 4 M HC], THF; Ac,0, pyridine; (g) NaOMe, MeOH; i-Pr,NP(OBn),, 1 H-Tetrazole, DMF; mCPBA,; (h)
Ha, 10% Pd/C, aqueous 30% EtOH; CgH;;NH,, Dowex 50 W x 2 (H™) resin, 1 M NaOMe, MeOH.

hydrochloric acid in THF gave, after conventional
acetylation, the acetate 57a (80%). Conventional de-
O-acetylation of 57a gave the diol, which was treated
with 1H-tetrazole in DMF and then with dibenzyliso-
propylphosphoro-amidite to give the protected tris-
phosphate 58a (72% over-all yield). Hydrogenolysis
of 58a in aqueous ethanol in the presence of 10%
Pd/C gave the trisphosphate!® 59a (~100%) isolated
as a syrupy sodium salt.

Hydroboration of 54 was accomplished with boran—
THF complex in THF, and then the reaction was
quenched by addition of water, followed by treatment
with 35% aqueous hydroperoxide for 30 min (—55b).
The product was isolated as the acetate 56b (~100%)
and similarly converted in turn into the trisphosphate!®
59b.

None of the eight compounds 29, 32, 39, 44, 48, 51, and
59a,b activated pyruvate dehydrogenase phosphatase
(PDH-Pase), or inhibited pyruvate dehydrogenase ki-
nase (PDH-K) significantly. None of the compounds
tested inhibited glucose 6-phosphatase (G6Pase)
significantly.

Compounds 59a and 59b appeared to inhibit lipogen-
esis (Multi-Well Plate cell based assay). However, the
inhibition decreased with increasing concentrations of
the test compounds. When tested in vivo in streptozo-
tocin diabetic mice (a model of type I diabetes) at a
dose of 1mg/kg, neither 59a nor 59b had any acute
lowering effect on blood glucose. Furthermore, when
administered chronically at a dose of 1 mg/kg/day
for 10 days, 59a did not significantly lower blood
glucose.
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Jo3=8.5Hz, J54=88Hz, H-3), 241-2.35 (m, 1H, H-
6eq), 1.75-1.65 (m, 1H, H-6ax). [M—H] m/z 405,
[M+Na—2H] m/z 427, [M—2H], m/z 202; for compound
51 (in D,0); [oz],z:,1 +7.5 (¢ 1.4, Hy0); § 4.90 (4, 1H,
Jop=48.6 Hz, H-2), 4.16-4.02 (m, 1H, H-4), 3.98-3.82
(m, 2H, H-1, H-5), 3.67 (dd, 1H, Jy6=Js¢=9.5Hz, H-
6), 2.41-2.30 (m, 1H, H-3eq), 1.60 (dddd, 1H,
J23ax = 2.2 Hz, J3ax,a = 12.9 Hz, Jgem = 13.7 Hz,
Jsax ¢ = 46.9 Hz, H-3ax). [M—H] m/z 405, [M+Na—2H]
mlz 427, [M—2H), miz 202; for compound 59a (in
CDCly); [a]g +17 (¢ 2.4, CHCl3); § 7.34-7.01 (m, 40H,
8 x Ph), 5.08 and 4.44 (m, 18H, H-4, H-5, 8 x CH,Ph),
4.03-3.98 (m, 2H, 2x H-2"), 3.89 (dd, 1H, J54=9.4 Hz,
Ja3=9.8 Hz, H-3), 3.78 (br, 1H, H-1), 3.60-3.55 (m,
2H, 2xH-17), 3.26 (dd, 1H, J;,=2.7Hz, J,3=9.8 Hz,
H-2), 261 (ddd, 1H, Jygeq=Js6eq=4-4Hz,
Jeem = 13.9 Hz, H-6eq), 1.39-1.28 (m, 1H, H-6ax); and
for compound 59b (in CDCL); [of® —129 (c 13,
CHCly); 8 7.36-7.01 (m, 40H, 8xPh), 5.08 and 4.56
(m, 17H, H-5, 8 x CH,Ph), 4.52 (dd, 1H, Jy5s=9.0Hz,
Js4=9.3Hz, H-4), 4.05-3.95 (m, 2H, 2xH-3'), 3.87
(dd, 1H, J34 =93 Hz, J, 3= 9.5 Hz, H-3), 3.76 (b1, 1H,
H-1), 3.75-3.38 (m, 2H, 2xH-1), 322 (dd, 1H,
J12=27Hz, J3=95Hz, H-2), 2.65 (ddd, 1H,
Jiseq = Jsgeq =44 HZ, Jgem=14.4Hz, H-beq), 183-
1.79 (m, 2H, 2x H-2"), 1.39-1.30 (m, 1H, H-6ax).
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Preparation of Building
Blocks for Carba-
Oligosaccharides: Some
Protected 5a’-Carba-p-
hexopyranosyl-1,5-anhydro-
2-deoxy-p-arabino-hex-1-
enitols, and 5a,5a’-Dicarba
Congeners Thereof

Seiichiro Ogawa and Yoshiyuki Senba

Department of Biosciences and Informatics, Faculty of Science and Engineering, Keio
University, Yokohama, Japan

Four configurational types of two protected O-linked (5a-carba-D-hexopyranosyl)-D-
glucal and carba-pD-glucal derivatives were prepared in order to provide versatile
synthetic intermediates readily convertible into carba-oligosaccharides of biological
interest. These compounds may also find application as donors for elongation
of carba-oligosaccharide chains having O-linked carbahexopyranose residues at
nonreducing ends.

Keywords Carbohydrate mimics, Carbasugars, Carba-oligosaccharides, 5a’-Carba-
and 5a,5a’-dicarbadisaccharides, O-linked

INTRODUCTION

Recently, 5a-carbasugars!! 3! as well as N- and O-linked 5a’-carbadisaccharides
have been shown to act as substrate analogs™~® and/or inhibitors” for some
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glycosyltransferases involved in oligosaccharide chain synthesis. Therefore,
taking advantage of these distinct features of carba-oligosaccharides, much
attention has been focused on the development of new glycosyltransferase
inhibitors. b

There are three types of carba-disaccharides; taking carbacellobiose as an
example, type A is composed of two carbaglucopyranoses, and types B and C
consist of one carba- and one true-glucopyranoses (Fig. 1). In the present
study, versatﬂe protected intermediates were prepared systematically,
aiming at prov1smn of conventlonal sequences for design of biologically inter-
esting carba—ohgosacchandes of types A and B, resistant to enzymatic hydroly-
sis."For strategm reasons the use of reactive D-glucal and carba-p-glucal as
1 "'ends is de51rable to minimize the crucial glycosylation

"de to. prepare carba—dxsacchandes by allowing 1,2-
6- O-benzyhdene _5a-carba-B-D-mannopyranose® (1) to

anhydro- 3- O-Béniy
couple with scme'__ rot, 'V'cted glucal and carbaglucal derivatives 2—-6 (Fig. 2).

Three types of O-linked carbadisaccharides:

A 5a,5a-Dicarba: X = Y = CH,
.B: 5a-Carba: X = O, Y = CH,
C: 5a-Carba: X = CH,, Y = O

Bi0~  OH

preacole X=0
X - CH2

a,B-5aCMan

Protecting groups:
benzyls or benzylidene

Figure 1: Some protected 5a’-carba- and 5a,5a'-dicarba-disaccharide derivatives
synthesized in.the present study.
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Figure 2: The 5a-carba-b-mannopyranosyl donor 1 and five acceptors 2-6.

The configurations of 5a-carba-a-D-mannopyranose residues in the obtained
condensates were then structurally modified through consecutive steps: first
oxidation of the 2'-hydroxyl group, then base-catalyzed epimerization at C-1/,
and finally selective reduction, to construct 5a-carba-a- and B-mannosyl and
a-and B-glucosyl-glucal derivatives. These protected compounds may find use
as acceptors or donors for chemical and/or biochemical preparation of
complex carba-oligosaccharides of biological interest.

RESULTS AND DISCUSSION

Preparation of 5a’-Carbadisaccharide Derivatives

First, 4- and 6-O-unprotected derivatives of D-glucal were chosen as accep-
tors for coupling. Thus, 3,6-di-O-benzyl-D-glucal (2) was prepared from
D-glucal under standard conditions.'” Also 3,4-di-O-benzyl-D-glucal™® (3)
was generated from 6-O-(tert-butyldiphenylsilyl)-D-glucal.

Coupling of the epoxide 1 (1.5 molar equiv) and the oxide anion generated
from compound 2 by treatment with an excess of NaH in dry DMF was carried
out in the presence of 15-crown-5 ether at 60°C (Sch. 1). After treatment of the
reaction mixture with acetic anhydride in pyridine, a mixture of products was
easily separable by a silica gel column and the major product was isolated as
the O-acetyl derivative 8a (44%) in 87% yield based on 2 consumed. O-Deacyla-
tion of 8a with a catalytic amount of methanolic sodium methoxide in methanol
gave the alecohol 7a (97%), which was shown to be identical with the major
product observed in the coupling reaction mixture by TLC. The assigned
structure of 8a could be confirmed by *H NMR spectroscopy: resonated broad
double doublets were present at § 4.09 and 4.17 for H-1' and H-2' with





