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L. X ER-RICEHBEEL TS
n7F—+¥ K (PK) LEBEHRETY 4
VERYE (PP) 2EATALISRHETICE
T 5 PrP™ EARKN OB 21T - 72,

TRl 16 ~ 17 FEZ, PP O C K &
GPL 7 v — 7 F VEFINRE LTz A
7T A AL EA PP (GPI' PrPSV) mRNA
% T98G MMM FE T 5 & ks L.
Z® mRNA EFIPbH#EE SN D GPI
PrPSV @ C R 2 &k T 5E /7 &
—JFVHE HPSV1T8 % B8 L 7=,

TRk 18 B I, GPIT PrPSV O #E# %
EREZRAHE L, RIZ,. AL/ 78y
kT HPSVI178 HUIE D RS % #EFE L.
T98G MM EAT D GPIT PrPSV G E
L7,

B. WFgR5IE
1. HEREREE
E N YU AT T AN — = ik
T9SG % T75 MEEEHR 7 7 R o TH
ZL, 1 HEK | EoBRE2ITo7Z,
EHEOEEITZ cm EARIEER S ¥
— L TITW, 4 BZ LT Z2c# L
7=
2. MExEAEORH
t b PrP @ cDNA % T98G fifa D &
/ I DNA OB L7z, GPIT PrPSV
® cDNA &, PP @ cDNA & D@
NIz, BRAYV IXI7VvEFRET v
7 ) — PCR CHAEITTERL
oo TNFND cDNA % pET-22b X
B —IZHAHIAFZR, KIEHE E
BL21(DE3)pLysS TR X ¥ 7=,

coli

3. A/ 7uy b

AEE SDS-RUT 7 IYAT I RS
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NEXIKE) (SDS-PAGE) THBEH.
RY 7 vk =95 (PVDF) BE~
BEL, H1HEE LTH PP RAEX
138 GPIT PIPSV v U R E ) /7 m—F
MR HPSVIT8 %, & 2 Hifke LT
BEIIYEHE VLI F I F—F
(HRP) #Z#\HT 1gG HilEz v iz~ A
Ty T 4T EITV, {LEREIE
TR LE,

4. RS EE

Y = — 4 — T T98G Fll i % A FE
%, EOAEE (500 X g, 4°C, 545D
TEHEREGZBRVW-MEBER AR
L. &= LoBE% (100,000 X g, 4°C, 60
o) W hkEE L THIRER S R, Ik
B U CERS 25T,

5. U7nE A4 LEEPCR

T98G Mifa % 55#& % . DNase I TiH{L L
“# RNA ZFA% L SuperScript III RNase
H WEEEEE (B hnyzfh)
EHWT1IASH DNAZAER L, Zh
% PCR TO#% DNA & L T. PRNP
(GenBank accession No. AL133396) ®O=—
F/2iIa—FshTW% PP A—7
v U —F 477 1 —2A(ORF) ® mRNA
EBRHT L2759 AMA~v— AT SARER
% M3 % exon—exon junction 7T A <
— (B 1) RO AFZ—E v TEIRF
ThHd BTI7Fr&2mbT o774~
—. ¥ZENENIZHIS L7 TagMan
7'ra—7 & & 1T FastStart TagMan Probe
Master (R Yo « EAT T ) AT 4w
JAR) ERWTAVF T L v 7 X PCR
#{To7z, PCR DFFERIZES ERIT.
Chromo 4 U 7 V& A A PCREEHTV AT
L (BEASAA Ty KT Y —
) ZRAWTHIEREICI D EMBL
776



PrP primer set =
PRNP exon 2 mRNA {58 L

exon-exon junction primer set

alternatively spliced mRNA [

[¥ 1. Schematic representation of quantitative RT-PCR
primer sets

The arrowed regions represent the primer sets, and the
doublets represent the expected products.

6. BHHENHEERHI

T98G ffaD MM IEE PK T
i (10 pg/ml. 37°C. 3043R) L
e, A ATy MEIZEY PP O
BAEDHBFEEEZR T,

(faEmE A~ E)

A REOZFETIEHTZY, & T
Ao BETFHBTFRICEBT 5 HEE
. ExEEMELELEVIEFTFER
BESLZELHE. ARETSLLE
HABRKORSHERICET 5%
U AS DY

C. WEKRE

1. B2 P TIF U EHERTA

TIARERBM S AV EBREOR

-l

b b PP OT I EEES 23 ~ 230
BRECHY T2 EBE (thPrP)
B O T98G M@ 23 5 95 GPIT PrPSV
mRNA @ 23 ~ 230 BEIZMAY T4
Bz EHAE (rhPrPSV) ZEEEL L 7~
T98G LD PRNP 73 =2— K% 5% PrP
=2 RY 129 12 Met/Val # o T\ 3
TEMmL, ENEFNOSEEETHHE
B2EREY RBE CTRRAIY, £E
EERNTEDEAZFEFR LTz, PrP
D NKHZBHRTH=9IE /7
o —JUHR HUC2-13 (M2 (A)) &
N CRimzELBHETDI T RE/

.41 -

Ja—F)VHE 1THS (M2 B)) |
TI8G MR EATS PP R L.
FEHED 20 PrP & RERONLE I X
EREICHYETA N FERLE, —
F. PP @ C Kimfl] 214 ~ 230 HE %
RBTDUVYXFRY 7 v—F ik
HPC2 i3 #H# %2 hPrP % . GPI" PrPSV @
C RIRAl 214 ~ 230 BEICH LT 5~
TFRERET D VAT Ju—F
JVHLE HPSV178 X/ # 2 hPrPSV % %
nETh@E@ Lz (B2 © - D), &
EofERI S, HPSV1T8 I3 GPI PrPSV
RBITDHIIEPHRENT,

A HUC2-13
hPef (25-28) wer =31
- -

B 17HS o das AT
hPeP (171-221) ~218

HPC2 ’
e
hPeP (214230) -5
D HPSVi78 cmprn -3
hPCESV(214220) ~215

codon 126 4 V MV

o3
sanple E E
€

B 2. Immunoblot analysis of recombinant human PrP
and splice variant isoform of PrP

Recombinant human PrP [codon 129M (lane 1) and

129V (lane 2)], splice variant isoform of PrP [codon
129M (lane 3) and 129V (lane 4)], and homogenates
(lane 5) from T98G cells for 40 days after 40 passages
(P40D40) were subjected to immunoblot with the
HUC2-13 (A), 17H5 (B), HPC2 (C) or HPSV178 (D)
antibodies. Epitope recognition sites located within PrP or
PrPSV are shown as amino acid numbers.

2. TI8G HRBELETIATIA X

ERAE PrPSV O fEHT

T98G Milax RHEIMEERICHRL
7= FE SR E e & vy, PrPSV A OE
fb& A 2 7°tz v METHATZ, MR
40 BFEIC 40 HFEZE LT T98G #
fa (P4OD40) T HPSV178 23:R3#+
LZAV RS20 (K2 (D)



L—r5, K3 (A) V—r1), 528
RILIBE TiX GPT PrPSV D EAENHER
Ehntz (B3 v—r2-3),

PP I 2 KDT AN X U BEER
WEHEBETHEERE T, #R 77 &
M iZ 40 HEE5%E L 7c T98G # fa

(P77D40) 13HEEH 2 A, 1| AR UBESH
MIRNFNER 35, 31 RUT25 kDa
Ny FExRLE (B3 B EE V—
¥ 1), N-Z7 U oy FiEEZEINT 5
PNGase F LBz L~ T=TRAE /) 7
o—FLHK 6H4 BERET A E ST
BO 2 KONV NFHEEL, 25 kDa

O RREELE (B3 B) LE
L— 2), —J. HPSV178 2R3
% PrPSV 1213842372 < . PNGase F

LR T 25 kDa DNV RIZEAGIE 722
-7 (M3 B FE v—r1-2),

PrP° 13 GP1 7 > b —RIE B E CHM
JEEICEET A LG, T98G Hika
NELT S GPIT PrPSV OHIFBNT®
BEEFATZ, TOSG MAiE (P77D44)
OB RREIR I 1L 6H4 D35BT 2 PrP
HEESICBREL (B3 (O LR,
HPSV178 M 5R8#& 9 5 GPI" PrPSV (3
EESICBELTWE (B3 (OF
B%),

WAz, T98G MRV EAT S PP @
A A R EIE AN 39 B IE A
BT, TI8G Mifa (P77D40) % AE
L. AT HEREmEEAN B RE
w4y EE (100,000 X g, 4°C, 60 4
M) L. B ELRBHOA L
J7uy bNEETo L, MREBEE (K
3 OLr—r1) &FJ#% N S O
PR EIEER TR E S ST 6H4 R OF
HPSV178 ﬁa%h%mm%ﬁ“é PrP &
W PIPSV 3 FET A5 (K3 D) v—
vo3) . AEMEES CIEBRE IR
-7 (B3 D Lr—r2),
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A

kDa kDa kDa KOa
123 5 el 123 5 123
o 1aa152) gag 2 .k« Ly Bs —Zts 8 B-x
o CGUD hat -2
-5 AT g lae -2t
-144 B _ 144 ~14.
kDa kDa kDa kDa
HPSVIT8 -4 - 45 - 45 45
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a g 2 23232
gaE : E5 2 £E% 2
. aa PNGase F £ E O 2 E R
ceils PTID40 P77D40 PI7D40

3. Characterization of splice variant form of GPI
anchorless PrP in T98G cells

(A) Detection of GPI' PrPSV. T98G celis for 40 days after
40 passages (P40D40), 52 passages, and 77 passages were
scraped into PBS — 2.5 mM EDTA and sonicated. The
postnuclear fractions (50 pg protein each) were subjected
to immunoblot with the 6H4 (upper panel) or HPSV178
(lower panel) antibodies.

(B) Analysis of deglycosylated forms of GPI PrPSV.
T98G cells for 40 days after 77 passages (P77D40) were
scraped into PBS — 2.5 mM EDTA and sonicated. The
postnuclear fractions (50 pg protein each) were incubated
with (lane 1) or without (lane 2) PNGase F for 120 min.
The digested homogenates were boiled for 10 min and
subjected to immunoblot with the 6H4 (upper panel) or
HPSV178 (lower panel) antibodies.

(C) Subcellular localization of GPI PrPSV. T98G cells for
40 days after 77 passages (P77D40) were scraped into
PBS — 2.5 mM EDTA and sonicated. The homogenates
(50 pg protein each) were centrifuged at 100,000 X g for
60 min at 4°C to obtain a membrane fraction and a
cytosolic fraction. The resultant fractions were subjected to
immunoblot with the 6H4 (upper panel) or HPSV178
(lower panel) antibodies.

(D) Detergent solubility of GPI PrPSV. T98G cells for 40
days after 77 passages (P77D40) were scraped into PBS —
2.5 mM EDTA and sonicated. Homogenates (H) of 50 ug
protein were dissolved in 9 volumes of 0.5 % NP-40 —
0.5 % deoxycholate — PBS and centrifuged at 100,000
X g for 4°C to obtain
detergents—insoluble pellet and a soluble
fraction. The peliet fraction

60 min at nonionic

a
supernatant

and the
methanol-precipitated supernatant fraction (soluble fr.)
were resuspended in the same volume of PBS — 2.5 mM
EDTA. Homogenates (lane 1), pellet fraction (lane 2), and
supernatant fraction (lane 3) (50 ug protein each) were
subjected to immunoblot with the 6H4 (upper panel) or
HPSV178 (lower panel) antibodies.

(insoluble fr.)
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mRNA [Z3EMU7= (&’ 4 hypoxia), [A]
BRIz, BBRREETECELULEZERE
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B34 B L. PrP mRNA OREBEIIH
4L, GPI" PrPSV mRNA ZHML7-
(X 4 CoCla),

WIZ, T98G AR (POOD40) AR
BBIEERWEA L T ay MET,
PrPSV EA O EL ATz, KEERER
ET (2% 0:) XiT= 3L MEET(100
pmol/L CoCl.) T4 BREET S &,
HPSV178 2358 #% 9 % GPI PrPSV D jE
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EHIEEEET 5 & PrP 13 PK L EIEHT
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- 43 -

10.0x10"
# 7.5x10"

5.0x107}

PrP mRNA

2.5x107}

0
4.0x10°

3.0x10°

Mo

2.0x10°}

*

1.0x10°

PrPSV mRNA#

0
0.025¢

0.020¢
0.015

0.010

PrPSVIPIP (%)

0.005

v

normoxia  CoCl,

o)

2

T98G cells (P90D40)

[ 4. Quantification of splice variant of PrP mRNA in
TI8G cells

T98G cells for 40 days after 90 passages (P90D40) were
exposed to hypoxia (2 % 02), CoClz (100 pmol/L), and
normoxia for the last 4 days. The resulting total RNA (5
pg) were analyzed by real-time quantitative RT-PCR with
PrP primer set (black bars) and exon—exon junction primer
set (white bars). Splice variant of PrP mRNA were shown
as average relative expression values normalized to PrP
mRNA (hatched bars). Values are the mean = standard
error (SE) of three independent cell samples.

" The B-actin primer set was used as a control for the
amount of RNA used in each reaction (data not shown).
) p < 0.05 compared with normoxia (Student ¢-test).
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B 5. Proteinase K sensitivity of splice variant form of
GP1 anchorless PrP in T98G cells

T98G cells for 40 days after 90 passages (P90D40) were
exposed to hypoxia (2 % Oz, lanes 5 and 6), CoCla (100
pmol/L, lanes 3 and 4), and normoxia (lanes } and 2) for
the last 4 days. Methanol-precipitated homogenates (50 pg
protein) were treated with PK (10 pg/mL) at 37°C for 30
min (lanes 2, 4, and 6) or left undigested (lanes 1, 3, and
5). The resultants homogenates were boiled for 10 min and
subjected to immunoblot with the 6H4 (upper panel) or
HPSV178 (lower panel) antibodies.
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Abstract

Sulfated glycosaminoglycans (GAGs) and sulfated glycans inhibit formation of the abnormal isoform of prion protein (PrP%) in
prion-infected cells and prolong the incubation time of scrapie-infected animals. Sulfation of GAGs is not tightly regulated and possible
sites of sulfation are randomly modified, which complicates elucidation of the fundamental structures of GAGs that mediate the inhi-
bition of PrPS® formation. To address the structure-activity relationship of GAGs in the inhibition of PrP5 formation, we screened the
ability of various regioselectively O-sulfated glycopyranosides to inhibit PrP® formation in prion-infected cells. Among the glycopyrano-
sides and their polymers examined, monomeric 4-sulfo-N-acetyl-glhucosamine (4SGN), and two glycopolymers, poly-4SGN and poly-6-
sulfo- N-acetyl-glucosamine (poly-6SGN), inhibited PrPS° formation with 50% effective doses below 20 pg/ml, and their inhibitory effect
became more evident with consecutive treatments. Structural comparisons suggested that a combination of an N-acetyl group at C-2 and
an O-sulfate group at either O-4 or O-6 on glucopyranoside might be involved in the inhibition of PrPS formation. Furthermore, poly-
meric but not monomeric 6SGN inhibited PrP5 formation, suggesting the importance of a polyvalent configuration in its effect. These
results indicate that the synthetic sulfated glycosides are useful not only for the analysis of structure-activity relationship of GAGs but
also for the development of therapeutics for prion diseases.
© 2006 Elsevier Inc. All rights reserved.

Keywords: Prion; Transmissible spongiform encephalopathy; Glycosaminoglycan; Sulfated glycosides

Transmissible spongiform encephalopathies (TSEs), so- isoform of prion protein (PrP%) in the central nervous sys-
called prion diseases, are neurodegenerative diseases with tem. PrP®° is posttranslationally generated from the host-
long incubation periods and invariably fatal outcomes.  encoded, protease-sensitive prion protein (PrP%) [1]. A cen-

Prion diseases include Creutzfeldt-Jakob disease (CJID) tral event in the pathogenesis of TSEs is the conversion of
and Gerstmann-Striusser-Schinker syndrome (GSS) in  PrPC to PrP5¢ [1]; therefore, it is expected that inhibition of
human beings, scrapie in sheep and goats, and bovine  PrP* formation will be an effective way of treating prion
spongiform encephalopathy. One of the characteristics of  diseases.

TSEs is an accumulation of a protease-resistant, abnormal It is well known that sulfated glycosaminoglycans
(GAGs) and sulfated glycans such as dextran sulfate 500

mpon ding author. Fax: +81 11 706 5293, (DSSQO) apd pento§an polysulfate (PPS) prevent prion
E-mail address: horiuchi@vetmed hokudai.ac.jp (M. Horiuchi). infection via the peripheral route when administered prior

0006-291X/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/5.bbrc.2006.08.072
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to, simultaneously, or just after the inoculation with prion
[2-5). They also have been shown to inhibit PrP%° forma-
tion in scrapie-infected murine neuroblastoma cells [6,7].
Based on these findings, sulfated GAGs and their ana-
logues have been considered as candidates for the develop-

ment of therapeutics for treating prion diseases. Recently, -

Doh-ura et al. reported that intraventricular infusion of
PPS prolonged the survival time of prion-infected mice,
antagonized PrP5¢ accumulation and also reduced neuro-
nal degeneration even when the infusion was given at the
late stage of infection [8]. Clinical trials of intraventricular
infusion of PPS to CJD and GSS patients have been started
in some countries including the United Kingdom.

GAGs consist of a number of disaccharide repeating
units, which are composed of uronic acid (glucuronic or
iduronic acid) and an amino sugar (galactosamine or glu-
cosamine). The uronic acid and the amino sugar have
one to two and two to three possible sites of sulfation,
respectively, although these sites are not always sulfated.
Consequently, the various combinations of sulfations yield
many different possible disaccharide units [9,10]. Although
sulfated GAGs may be useful for treating prion diseases,
core structures necessary for inhibition of PrPS¢ formation
are still unclear. The identification of the core structures
should help in the development of compounds with
enhanced therapeutic potential.

To examine the structure-activity relationship (SAR) of
GAG:s in the inhibition of PrPS® formation, we screened
various regioselectively O-sulfated glycopyranosides as
mimics of GAGs and their components [11-13]. Here we
show that some synthetic sulfated glycopyranosides and
their polymers inhibit PrPS® formation in prion-infected
cells. The results presented here suggest that the locations
of the O-sulfate and N-acetyl groups on glucopyranosides
are important for the inhibition of PrP5° formation.

Materials and methods

Glycopyranosides and their polymers. The structures of glycopyrano-
sides used in this study are shown in Fig. 1. Six monomeric (mono-) p-
nitrophenyl (pNP) glycosides, pNP N-acetyl-glucosaminide (GIcNAc),
pNP 3-sulfo-GIcNAc (3SGN), pNP 4-sulfo-GlcNAc (4SGN), pNP 6-sul-
fo-GlcNAc (6SGN), pNP 6-sulfo-glucopyranoside (6SGlc), and pNP 6-
sulfo-galactopyranoside (6SGal) were used. In addition, we used polymers
of the glycopyranosides, in which the mono-glycopyranosides were linked
to acrylamide chains to mimic the oligosaccharide entity of GAGs [14]
Molar ratios of acrylamide to each glycopyranoside were approximately
9:1, indicating that each polymer has ca. 10% of glycopyranoside as res-
idues. Average molecular weights of these polymers were estimated to be
approximately 1.2-3.3 x 10°. The compounds were dissolved in distilled
water or dimethyl sulfoxide and filtered through a 0.45-pm Milex filter
(Millipore). Heparan sulfate (HS) and heparin were purchased from Sig-
ma. DS500 was purchased from Polysciences. Inc. PPS (Cartrophen Vet,
Biopharm Australia Pty, Ltd.) was generously provided by Dr. Katsumi
Doh-ura, Tohoku University.

Cell culture. Neuro2a mouse neuroblastoma cells (ATCC CCL-131)
were cultured in Dulbecco’s modified Eagle’s medium (ICN Biomedicals)
supplemented with 10% fetal bovine serum (FBS) and non-essential amino
acids. Mouse neuroblastoma cells persistently infected with prion, which
were originally established by Race et al. [15), were cloned by limiting

GlcNAc 3SGN
H H
H H
H NHAc 0.8 HAc
NO, NO,
4SGN 6SGN
H SO,
-0,S0 Hr?o
Ho NHAc NHAc
NO, NO,
6SGlc 6SGal
G gs% HO ~0S0,
H HO%
H
OH
NO, \Qdoz

polymer

SO,
Hogﬁ
H
NHAc \E:L

NHC
SO,
H
HO
NHAc

NHCO

Acrylamide chain

Fig. 1. Structures of sulfated glycopyranosides and their polymers.
Structures of mono-glycopyranosides used in this study. 3SGN, 4SGN,
6SGN, 6SGal, 6SGlc, and GIlcNAc were also used in polymeric form, in
which the glycopyranosides were coupled to an acrylamide chain through
their pNP residues [14].

dilution, and a resulting subclone (I3/15-9) that possessed a high level of
PrP%° [16], was used in this study. The I3/I5-9 cells were maintained in
Opti-MEM (Invitrogen) containing 10% FBS, and cells passaged fewer
than 20 times were used for the experiments.

Treatment of cells and sample preparation, SDS-PAGE, and immuno-
blotting. The I3/15-9 cells or Neuro2a cells nearly confluent in a 25 cm®
flask were seeded in a 35 mm tissue culture dish with 1:10 dilution. On the
second day, the medium was replaced with 3 ml of Opti-MEM containing
10% FBS (for 13/15-9 cells) or 3 ml DMEM containing 10% FBS (for
Neuro2a cells) and test compounds were added to the medium. The cells
were cultured for 2 days in the presence of test compounds and examined
for the presence of PrP€ or PrP%° by immunoblotting as described previ-
ously [16). For quantitative analysis, we used one of the following: the
Western-Star™ Protein Detection Kit (Tropix) for chemiluminescent
detection and quantitation of immunoreactive bands using an LAS-1000
lumino image analyzer (Fujifilm) as described previously [16]; or an ECL
Western Blotting detection kit (Amersham Biosciences) and quantitation
with an LAS-3000 lumino image analyzer (Fujifilm).

Indirect immunofiuorescence assay (IFA). Cells seeded on 8-well
chamber slides (Nunc) were treated with test compounds for 2 days and
then fixed with methanol for 20 min at —20 °C. After blocking for 30 min
with PBS containing 5% FBS (FBS-PBS), the cells were incubated for 1 h
at room temperature with mAb 31C6 [17] diluted in 1% FBS-PBS. After
washing with PBS, the cells were incubated for 1h with 1:1,000 diluted
Alexa 488-labeled Fab fragment of goat anti-mouse IgG. Finally, the slide
was mounted with PBS containing 50% glycerol, and 1% n-propy! gallate
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and examined with an Olympus IX71 fluorescence microscope equipped
with a cooled CCD unit (CoolSNAP™ HQ, Roper).

Cell growth assay. Cells were seeded in 96-well plates at 1 x 10* cells/
well in 200 pl of medium. On day 2, test compounds were added and the
cells were incubated for 48 h. All experiments were carried out in qua-
druplicate. Next, 20 ! of a mixture of 1 mM 2-(4-iodophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium  salt
(WST-1) and 0.2 mM 5-methylphenazinium methyl sulfate was added to
each well and the plates were incubated for 3h at 37 °C. Finally, the
optical density at 450 nm was measured with a microplate reader. The
relative growth ratio in the presence of test compounds was calculated by
comparing the growth of cells with and without the test compounds.

Results

Effect of O-sulfated glycopyranosides on PrP*¢ formation in
cells

To investigate the SAR of GAGs in the inhibition of
PrP>° formation, we used regioselective O-sulfo glycopyr-
anosides synthesized by a combination of chemical and
enzymatic reactions (Fig. 1). Because GAGs are oligosac-
charides consisting of uronic acids and amino sugars, we

487

also used polymers of glycopyranosides. DS500, heparin,
and PPS, which inhibit PrP> formation in cultured cells
[6], were used as positive controls.

Fig. 2 shows representative results of immunoblot anal-
ysis for the inhibition of PrP% formation. A 2-day treat-
ment with mono-4SGN, poly-4SGN, or poly-6SGN dose-
dependently reduced PrP™ formation. In agreement with
previous reports, DS500, heparin, and PPS reduced PrP>°
formation, but HS did not [6,7]. Table 1 summarizes the
effect of glycopyranosides on PrP* formation from at least
three independent experiments. Three glycopyranosides,
mono-4SGN, poly-4SGN, and poly-6SGN, reduced Prpse
with low 50% effective dose (EDsg); EDsy of them were
10, 4, and 9 pg/ml, respectively. However, they were less
potent than PPS (EDsy=0.3pg/ml) and DS500
(EDso = 0.5 pg/ml), which are known to be the most effec-
tive GAG analogues for inhibiting PrP>° formation (Fig. 2
and Table 1). Other three glycopyranosides, mono-6SGal,
poly-3SGN, and poly-68Gal, showed weak inhibitory
activities (EDsg > 20 pg/ml; Table 1). We mainly focused
on mono-4SGN, poly-4SGN, and poly-6SGN in the subse-

a monomer
NT 4SGN 6SGal  GlcNAc DS500 Heparin HS
0 1 10 100 1 10100 1 10 100 001 .11 10100 0.01.1 110100 0O 1 10100 (ug/ml)
I TTTCLY T
(kDa) polymer
T 1
NT 6SGN 4SGN 3SGN 6SGal  GlcNAc PPS
0 1 10100 1 10100 1 10 100 1 10100 1 10 100 0 .01 .1 1 10 100 (ug/ml)
p BEH e
b monomer polymer sulfo-sugars & GAGs
150 ~+GleNAc ~8~ GlcNAc —-PPS
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% -N—e—4SGN 5o 4SGN I A A_———u/A ~0~Heparin
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Fig. 2. Inhibition of PrPS formation in prion-infected cells by sulfated glycopyranosides. (a) Representative results of PrP%° detection. 13/15-9 prion-
infected cells were treated for 2 days with various monomeric glycopyranosides and their polymers or GAGs (PPS, DS500, heparin, and HS) at the
indicated concentrations. GlcNAc was included as a representative non-inhibitory glycoside. Western blots for the samples containing PPS, DS500,
heparin, and HS were visualized with a LAS-3000 lumino image analyzer, whereas the samples containing the other compounds were detected with X-ray
film. Molecular mass markers are indicated on the left. NT, untreated cells. (b) Quantitative analysis. Quantitative analyses were carried out using an LAS-
1000 or an LAS-3000 lumino image analyzer. Results represent the average of at least three independent experiments.
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Table 1
Effect of glycopyranosides and their polymers on PrP5 formation

Compound EDso® (pg/ml)
GlcNAc >50
3SGN >50
4SGN 10
6SGal 31
6SGN >50
6SGlc >50
Poly-GlcNAc >50
Poly-3SGN 50
Poly-4SGN 4
Poly-6SGal 21
Poly-6SGN 9
Poly-6SGlc >50
PPS 0.3
DS500 0.5
Heparin 4
HS >50

® The EDs, values were estimated from the graphs shown in Fig. 2.

quent experiments because they were relatively strong
inhibitors of PrPS¢ formation.

Fig. 3 shows the results of long-term treatment with gly-
copyranosides. Mono-4SGN, and two polymers, poly-
4SGN and poly-6SGN, which reduced the level of Prps°
for two-day treatment, decreased PrP% to undetectable
level during the serial passage in the presence of the com-
pounds. In contrast, poly-6SGilc, which did not affect the
PrP% formation in 2-day treatment, did not reduce the
level of PrP5¢ even when used long-term.

Effect of O-sulfated glycopyranosides on the expression of
Prp©

GAGs bind to N-terminal region of PrP, which contains
basic amino acid residues [18,19]. In addition, GAGs are
known to accelerate PrPC endocytosis and to reduce the
total PrPC level and cell surface expression of PrP® [20].
These facts suggest that direct interaction of GAGs with
PrP€ is involved in the inhibition of PrPS formation,
although the mechanism of inhibition remains unclear.
Thus, we investigated the effect of glycopyranosides on
the expression of PrP€. Neuro2a cells were treated with test

poly- poly- poly- mono-
6SGN 6SGlc 4SGN 4SGN
) LI ) LR 1 ¥ i
036 9 3

6 9369 0 3 6 9 (day

29

i
|
1
i
- |
(kDa) -
Fig. 3. Long-term effect of sulfated glycopyranosides on PrP*> biosyn-
thesis. I3/15-9 cells were cultured in the presence of 20 pg/mi of
glycopyranosides for 3, 6, or 9 days. Day 0 indicates the untreated control.

compounds at 50 pg/ml for 2 days, and expression of PrPC
was analyzed by immunoblot and IFA. The positive con-
trols DS500 and PPS clearly reduced the total level of PrP©
(Fig. 4). Similar to the positive controls, mono-4SGN,
poly-4SGN, and poly-6SGN, which inhibited PrP5° forma-
tion, significantly reduced the total PrPC level (Fig. 4). In
contrast, test compounds that did not inhibit PrP>° forma-
tion {mono-6SGN, mono-6SGlc, poly-6SGle, and poly-
GlcNAc) did not reduce the total level of PrP. In agree-
ment with the immunoblot analysis, fluorescence intensities
in Neuro2a cells treated with DS500, mono-4SGN, poly-
4SGN, and poly-6SGN appeared to be lower than that
of untreated control cells (Fig. 5). Although the total Prp©
level was reduced by the glycopyranosides, we did not
observe a marked difference in localization of PrP<.

Effect on cell growth
The inhibition of PrP% formation by O-sulfated glyco-

pyranosides suggests that they may be useful for treating
prion diseases, however, the reduction of PrP¢ level might

a monomer polymer
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Fig. 4. Effect of sulfated glycopyranosides on PrPC level. (a) Represen-
tative results for PrPC detection. Neuro2a cells were treated for 2 days
with various glycosides at 50 pg/ml. a-Sarcomeric actin was used as an
internal loading control. PrPC was detected with mAb 31C6. NT,
untreated control. (b) Quantitative analysis of the effect of sulfated
glycosides on PrP® level. The experiment in (a) was repeated at least three
times, and the graph in (b) indicates level of PrP€ relative to the untreated
control.
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NT DS500

)

poly-6SGN

poly-4SGN

mono-4SGN

poly-GlcNAc

Fig. 5. Localization of PrP€ in Neuro2a cells treated with sulfated glycopyranosides. Neuro2a cells were cultured for 2 days in the presence of the
indicated glycosides at 50 pg/ml. PrP< was detected by IFA using mAb 31C6 and Alexa-488-conjugated secondary antibody. NT, untreated cells.

produce side-effects. To examine whether the synthetic gly-
copyranosides influence cell growth or have cytotoxicity,
we performed WST-1 and lactate dehydrogenase-release
assay. We found that mono-4SGN, poly-4SGN, and
poly-6SGN had no effect on cell growth (Fig. 6) and were
not cytotoxic (data not shown) at any of the concentrations
examined.

120

100

80

60

40

Cell viability (%)

20

0 50 100
Concentration (pg/ml)

Fig. 6. Effect of sulfated glycopyranosides on cell growth. Cell growth in
the presence of sulfated glycosides was determined by WST-1 assay as
described in Materials and methods. Values represent means = SD (n = 4)
relative cell growth compared to the untreated control.

Discussion

Sulfated glycans inhibit PrP5° formation in prion-infect-
ed cells [6,7], prevent scrapie infection by peripheral chal-
lenge [2-5], and reduce the level of PrP in the brain of
prion-infected mice [8]. The degree of sulfation appears
to be one of the factors affecting anti-prion activity of sul-
fated glycans [21,22], although other properties, such as the
chain length, repeating unit of glycans, the location of sul-
fate groups, and the type of glycan chains, will also be
involved in the inhibition of PrP®® formation [6,23]. Selec-
tive desulfation is one way to address the SAR of sulfated
GAGs [24], however, in the current studies, to examine the
SAR of sulfated glycans for inhibition of PrP5® formation,
we used synthetic sulfated glycopyranosides and their poly-
mers, in which the position of sulfation was controlled by
chemical and enzymatic reactions [11-13].

Among the compounds tested, mono-4SGN, poly-
4SGN, and poly-6SGN inhibited PrP%® formation with
EDso below 20 pg/ml. This suggests that a combination
of an N-acetyl group at C-2 and an O-sulfate group at
either O-4 or 0-6 on glucopyranoside is important for
the inhibition of PrP% formation. In fact, the monomeric
and polymeric forms of GlcNAc and 6SGlc did not inhibit
PrP*® formation, emphasizing the importance of both the
N-acetyl group at C-2 and the O-sulfate group at O-6in
the inhibition by 6SGN. However, mono-6SGN did not
inhibit PrPS° formation, suggesting that polyvalent or clus-
ter effects are also important for the inhibitory effect of
poly-6SGN.
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Heparin is a sulfated GAG that inhibits PrPS° formation
in cells [6,7]. Major constituents of heparin are disaccharide
units consisting of 2-O-sulfate-L-iduronic acid and 2-N-,
6-O-disulfate D-glucosamine, although the sulfation sites

ant alwavs sulfated [25). Thus, the inhibitory effect of

ks O-sulfate at 0-6 and an N-ac-

etyl group at C-2 participate in the anti-prion effect of hep-

arin. Preliminary experiments showed that 2-N-, 6-O-

disulfate glucosamine and its polyme mhibited PP for-

mation (data not shown), supporting the role of an N- or

O-sulfate group at C-2 and C-6 in the anti-prion effect of
heparin.

Here, we showed that mono-4SGN inhibited PrP5° for-
mation with an EDsq below 20 pg/ml. To our knowledge,
this is the first report that a monomeric glycoside antago-
nizes PrPS° formation. The GlcNAc did not inhibit PrP>
formation, suggesting a combination of O-sulfate group
at C-4 and N-acetyl group at C-2 is important for the effect
of mono-4SGN. However, further analyses of other gluco-
pyranosides such as 4SGlc will be required to address the
importance of O-sulfate group at C-4 more precisely.
Although poly-4SGN was more effective than the mono-
mer, monomeric glycosides have an advantage with respect
to understanding the SAR of GAGs and for the develop-
ment of new therapeutic compounds against prion diseases.
The purpose of this study was mainly focused to analyze
the effect of sulfated glucopyranosides on PrP5¢ formation
as constituents of GAGs. However, we also found that
mono-6SGal showed weak inhibitory effect
(EDso = 31 pg/ml) and the effect was enhanced in its poly-
mer form (EDso = 21 pg/ml). Thus this finding will prompt
to analyze the effect of other sulfated galactopyranosides.

Treatment of cells with sulfated glycans such as PPS and
DS500 stimulated endocytosis of PrP€ and reduced the
total and cell surface level of PrP© [16,20]. Reduction of
the amount of PrPC, i.e., reduction of the amount of sub-
strate available for PrPS biosynthesis, may be linked to
the inhibition of PrP5¢ formation. In this study, mono-
4SGN, poly-4SGN, and poly-6SGN reduced the PrP€ level
to about 50% of that in untreated cells, suggesting that the
mechanism of the inhibition is similar to that of PPS and
DS500. In contrast, a chemically modified dextran, hepa-
ran mimetics HM 2062, was reported to inhibit PrP>° for-
mation without altering the level of PrPC [21,22). Thus,
there may be several mechanisms for the inhibition of Prps°
formation by sulfated glycans. HS binds to PrPC possibly
via the N-terminal portion of PrP€ and this interaction is
enhanced by Cu(Il) [18,19]. The interaction between PrP¢
and HS is thought to be involved in the biosynthesis of
PrPC and possibly in the conversion of PrPC into PrP5°
[26,27]. Thus, exogenous sulfated glycans may compete
with endogenous GAG in binding to PrP€ or other mole-
cules such as laminin receptor precursor/laminin receptor.
As a consequence, blocking the interaction of PrPC with
an endogenous GAG may inhibit PrP° formation.

This study provided new information on the SAR of
GAGs in the inhibition of PrPS° formation. In addition,

the inhibition of PrP%® formation by the monoglycoside,
mono-4SGN, showed that studies of synthetic sulfated gly-
cosides can aid in the development of compounds for treat-
ing prion diseases. Although it is unlikely that sulfated
polyanions can pass through blood-brain barrier (BBB),
small molecule such as mono-glycosides may be able to
pass. The aglycons of glycopyranosides, pNP residue, can
be modified to hydrophobic moieties [28]. Such modifica-
tion may facilitate the delivery of the glycopyranosides to
the brain through BBB. Further studies using synthetic sul-
fated glycosides may provide lead structures for the devel-
opment of new compounds for the treatment of prion
diseases.
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Abstract

We analyzed the pH-induced mobility changes in moPrP€ a-helix and B-sheets by cysteine-scanning site-directed spin labeling (SDSL)
with ESR. Nine amino acid residues of a-helix1 (H1, codon 143-151), four amino acid residues of B-sheet1 (S1, codon 127-130), and four
amino acid residues of B-sheet2 (S2, codon 160-163) were substituted for by cysteine residues. These recombinant mouse PrP< (moPrP€)
mutants were reacted with a methane thiosulfonate sulfhydryl-specific spin labeling reagent (MTSSL). The 1/8H of the central (}*N
hyperfine) component (My = 0) in the ESR spectrum of spin-labeled moPrP€ was measured as a mobility parameter of nitroxide residues
(R1). The mobilities of E145R1 and Y149R1 at pH 7.4, which was identified as a tertiary contact site by a previous NMR study of moP-
P, were lower than those of D143R1, R147R1, and R150R1 reported on the helix surface. Thus, the mobility in the H1 region in the
neutral solution was observed with the periodicity associated with a helical structure. On the other hand, the values in the S2 region,
known to be located in the buried side, were lower than those in the S1 region located in the surface side. These results indicated that
the mobility parameter of the nitroxide label was well correlated with the 3D structure of moPrP. Furthermore, the present study clearly
demonstrated three pH-sensitive sites in moP1P, i.e., (1) the N-terminal tertiary contact site of H1, (2) the C-terminal end of H1, and (3)
the S2 region. In particular, among these pH-sensitive sites, the N-terminal tertiary contact region of H1 was found to be the most pH-
sensitive one and was easily converted to a flexible structure by a slight decrease of pH in the solution. These data provided molecular
evidence to explain the cellular mechanism for conversion from PrP€ to PrP% in acidic organelles such as the endosome.
© 2006 Elsevier Inc. All rights reserved.

Keywords: SDSL; ESR; Prion; Domain mobility; pH-sensitive region

Transmissible spongiform encephalopathies (TSEs), or  the “prion-only hypothesis™ [1,3.4], the abnormal (scrapie-
prion diseases, are a group of fatal neurodegenerative dis-  like and B-sheet-rich) form of prion protein (PrP%) con-

orders including Creutzfeldt-Jacob disease, Gerstmann—-  verted from the normal cellular prion protein (PrP°) is rec-
Strausler-Scheinker syndrome, fatal familial insomnia, ognized as the only pathogenic component of TSEs.
and kuru in humans, scrapie in sheep, and bovine spongi- ~ Mammalian PrP€ is a ubiquitous glycoprotein attached

form encephalopathy (BSE) in cattle [1,2]. According to  to the plasma membrane via a glycosyl phosphatidylinosi-
tol (GPI) anchor [1]. As illustrated in Fig. 1A, mouse PrP

(moPrP) consists of 208 amino acids (residues 23-231).

* Corresponding author. Fax: +81 11 706 7373. The carboxy-teminal domain of mol"rP (121—231). is
E-mail address: inanami@vetmed.hokudai.ac jp (O. Inanami). defined as a tertiary structure and contains three o-helices

0006-291X/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbre.2006.09.082
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Fig. 1. A schematic diagram of the full-length moPrP and the site-directed spin labeling (SDSL) technique. (A) The full-length moPrP and the target
region for SDSL-ESR. The full-length moPrP consisted of 208 amino acids (residues 23-231). The N-terminal domain is largely flexible and has four
octapeptide repeats. The C-terminal domain is comprised of three o-helices (H1, H2, and H3) and two B-sheets (S1 and S2). moPtP contains five Cu?*-
binding sites, two cysteines (codons 178 and 213) forming one disulfide bond, two N-glycosylation sites (codons 180 and 196), and one GPI anchor (C-
terminal end). The targets of cysteine mutation are 17 amino acids at H1, S1, and S2. (B) The reaction of the methanethiosulfonate spin-labeling reagent

with the cysteine residue generates the nitroxide side chain (R1) on moPrP.

(Helix1, Helix2, and Helix3) and two short anti-parallel
B-sheets (Sheetl and Sheet2) [1,5,6].

Though the precise mechanism of conversion from PrP¢
to PrP% is still unknown, the accumulation of PrP% in
endosomes, the main intracellular acidic organelles, indi-
cates that the process of conversion from PrP® to PrP*
requires physiological acidic pH conditions [7-9]. Recent
circular dichroism (CD) spectroscopic studies showed that
acidic conditions in the presence of a denatured agent
induce a B-sheet-rich intermediate in human (90-231) and
mouse PrP (121-231) in vitro [7,10,11]. The study, which
used antibodies to probe the structure of recombinant
Sylian hamster PrP (residues 90-231), indicated that the
conformation of epitopes localized in the C-terminus was
insensitive to pH, whereas that of the N-terminus was sen-
sitive [12]. NMR measurement of the full-length human
PrP showed that the octapeptide repeats in the N-terminal
domain constituted pH-dependent PrP oligomerization;
however, this was not detectable around pH-sensitive
regions in the C-terminal domain [13]. In contrast, studies
using molecular dynamics (MD) simulations proposed the
presence of a pH-sensitive region in the C-terminal globu-
lar domain on Sylian hamster PrP 109-219, human PrP
125-228, and bovine PrP 124-227[14.15]. In fact, high res-
olution NMR and the thermal stability of the globular
domain of truncated prion protein (hPrP 121-230) suggest-
ed that the residues at the C-terminal end of helix1 and res-
idues 161-164 of B-strand2 were candidates for the
“starting point” of pH-induced unfolding and implicated
in endosomic PrP¢ to PrP*° conformational transition

resulting in TSEs [16]. However, for the full-length PrP€,
there is no experimental evidence that low pH induces a
conformational change in the globular region of PrP.

Recently, site-directed spin labeling (SDSL) combined
with electron spin resonance spectroscopy (ESR) has prov-
en to be a useful technique for protein structural and
motional analyses, such as determination of the secondary
structure and its orientation, areas of tertiary interactions,
and domain mobility [17-20]. The data of SDSL-ESR are
applicable for conformational analysis of high molecular
weight proteins, whereas NMR and X-ray crystallographic
methods are impossible to use for such analysis [17]. In
SDSL, the nitroxide side chain (R1) derived from a sulfhy-
dryl-specific nitroxide agent such as a methane thiosulfo-
nate spin label (MTSSL) is introduced into the target
codon in the protein sequences by using site-directed muta-
genesis (Fig. 1B). Recently, by using this cysteine-scanning
spin labeling method to obtain structural information on
erythroid o and B spectrin peptides, which are not easily
studied by either NMR or X-ray methods, a new amphi-
pathic nature of the helical regions, which is critical in of§
spectrin association at the tetramerization site, was report-
ed by Mehboob et al. [21], indicating that this technique is
a powerful tool for monitoring the structure and dynamics
of proteins. We have also applied this method to obtain
biophysical information on moPrP and reported the ther-
mal stability and pH-dependent mobility changes in three
recombinant moPrP mutations (N96C, D143C, and
T189C) labeled with MTSSL on the full-length prion pro-
tein [22].





