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Abstract

Polysulfated molecules, as the family of heparan mimetics (HMs) and pentosan polysulfate, are considered among the more promising
drugs used in experimental models of prion diseases. Regardless of their therapeutic potential, structure—function studies on these polya-
nions are still missing. Here, we report the syntheses of a library of HMs of different molecular sizes, containing various sulfation and
carboxylation levels, and substituted or not by different hydrophobic cores. The HMs capacities to inhibit the accumulation of PrPres in
chronically infected cells (ScGT1-7) and their PrPc binding abilities were examined. Our results showed that an optimal size and sulfation
degree are needed for optimum activity, that incorporation of hydrophobic moieties increases compounds efficacy and that the presence
of carboxymethyl moieties decreases it. These structural features should be considered on the modelling of polyanionic compounds for

optimum anti-prion activities and for advancing in the understanding the mechanisms involved in their biological actions.

© 2007 Elsevier Inc. All rights reserved.
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Transmissible spongiform encephalopathies (TSEs),
also called prion diseases, are fatal neurodegenerative dis-
orders which can be developed by most mammalian spe-
cies. These diseases include scrapie in sheep, bovine
spongiform encephalopathy (BSE) in cattle, and the Cre-
utzfeld-Jakob disease (CJD) and its iatrogenic variant
(vCJD) in human [1]. This last is an infective form of TSEs
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that can be transmitted via transplants of contaminated
organs or tissues or by ingestion of infected biological
products [2]. In the past two decades hundreds of iatro-
genic prion transmissions have occurred raising concerns
about prions transmission from cattle to other species
including humans. Currently, there is no effective treat-
ments for TSEs and research of therapeutic agents capable
to slow or stop the evolution of these diseases have to keep
progressing [3]. The key event in prion disease biology is
the conversion and self-propagating refolding of the host-
encoded normal cellular protein (PrPc) into the abnormal
protease resistant conformation (PrPres) [4]. To date,
PrPres is the only specific marker of the infection and the
inhibition of its accumulation is often used to evaluate
the efficacy of therapeutic drugs. Molecules that directly
or indirectly interact with PrPc and/or PrPres, and that
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are able to inhibit the accumulation of PrPres, are currently
being proposed and used as potential drug candidates [5].
Sulfated polysaccharides including some members of the
family of heparan mimetics (HM) and pentosan polysulfate
(PPS) (Fig. 1A and B) are placed among the most active
anti-prion drugs. These and some other polyanions have
focused a large interest certainly because of the rationale
of their therapeutic use. Indeed, heparan sulfate (HS)
(Fig. 1C), abundantly found on the amyloid plaques in
TSEs [6], was reported as an essential part of the cellular
receptor used for prion uptake and as a crucial factor for
cell infection [7]. It is well known that interactions of par-
ticular proteins with HS are based in the HS sulfation
degrees and patterns [8]. Preliminary studies with the HM
family of compounds have suggested that their anti-prion
activities are associated to the presence of sulfate moieties
but information concerning optimal contents or about
other structural features is still missing [9]. Documenting
on these areas is certainly an important concern on the
development of more efficient drugs. Here, we report the
chemical synthesis of a library of HM containing various
sulfation levels, of different molecular sizes, and substituted
or not by different hydrophobic cores. The synthesized
HMs capacities to bind to PrPrec and to inhibit the accu-
mulation of PrPres in chronically infected cells (ScGT1-7)
[10] were examined. The importance of these structural fea-
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Fig. 1. General formula of representative fragments of sulfated polysac-
charides. The HS fragment is here represented by a highly sulfated
sequence.

tures for optimal polyanions interactions with PrPc and
PrPres are analysed and discussed.

Materials and methods

Products. Dextrans T10 (Mr ~ 10,000, about 60 anhydroglucoses/
chain), T40 (Mr =~ 40,000, about 250 anhydroglucoses/chain), and T500
(Mr & 500,000, about 3000 anhydroglucoses/chain), were obtained from
Amersham Pharmacia Biotech (Uppsala, Sweden). 2-Ethoxy-1-ethoxy-
carbonyl-1,2-dihydroquinoline (EDDQ), sulfur trioxide dimethylform-
amide (SO;-DMF), and all inorganic salts were from Fluka. Heparin,
chondroitin sulfates A, B and C, pentosan polysulfate (PPS), congo red,
glucose-6-sulfate (Glc-6S), and all other organic chemicals were from
Sigma—Aldrich (Saint Quentin Fallavier, France). Recombinant bovine
PrP (PrPrec), which possess the N-terminal fragment, was kindly provided
by M.R. Jackman (Veterinary Laboratories Agency, Waybridge, UK).
The anti-prion 12F10 and SAF83 antibodies were kindly supplied by Dr.
J. Grassi (CEA, Saclay, France). BCA protein assay kit and TMB sub-
strate kit were from Pierce (USA).

HM syntheses. General HM synthetic protocols were described else-
where [11]. Briefly methods were as follows:

Carboxymethylated dextran HM>s5,Cys: NaOH 16 M (63 mL at 4 °C)
was poured into 100 mL of an aqueous dextran T40 solution (123.5 mmol
of anhydroglucose). The reaction mixture was stirred at room temperature
20 min then cooled to 4 °C. Monochloroacetic acid (40.5 g, 430.5 mmol)
was added and the reaction was stirred at 50 °C for 50 min before neu-
tralization. The final product was purified by tangential ultrafiltration as
stated below. The HM;50Cys sodium salt was obtained at 85% yield
(21.2 g, 105.0 mmol, dsCM =0.5). For preparation of HM,5,Copg
(dsCM = 0.8) the procedure was repeated on HM,50Cy 5.

Amidation reaction. Synthesis of HM>50CpsXp3. To a HM,50Cops:
(5.0 g, 22.1 mmol of carboxymethylated anhydroglucose) solution in
200 mL acetone/water (1:2, pH 5) at 40 °C were added 5.5 g of 2-ethoxy-1-
ethoxycarbonyl-1,2-di-hydroquinoline (22.1 mmol in 20 mL of acetone).
After stirring 20 min at 40 °C, 4.8 g of L-phenylalanine methyl ester
hydrochloride (22.1 mmol), or equivalent amount of other amine, was
added and the pH was adjusted to 6.5. The reaction was stirred at 40 °C
for 20 h. The final product was purified by tangential ultrafiltration to give
the HM;50Co.5Xo 3 sodium salt at 90% yield (5.3 g, 19.7 mmol of substi-
tuted anhydroglucose).

Sulfation reaction. Synthesis of HM550Cy.sS;.0: An aqueous solution of
HM,50Co.5 (5.0 g, 24.8 mmol of substituted anhydroglucose) was eluted
through an acidified sulfonic resin (Amberlite IR 120). After freeze drying,
the product was dissolved in 360 mL of formamide/DMF/2-methyl-2-
butene (1:4:1) and 7.4 g of SO3;-DMF (48.6 mmol) was added. The reac-
tion mixture was stirred at 30 °C for 2 h. The reaction was quenched with
a saturated NaHCOj; solution. The product was purified by tangential
ultrafiltration to give the HM;50Cy 5sS1 o at 91% yield (6.9 g, 22.6 mmol of
substituted anhydroglucose). Differently sulfated products were obtained
by modifying the amount of SO3;-DMF.

Product purification and structure characterization. Ultrafiltration was
performed on a regenerated cellulose membrane (NMWCO, cutoff 1000,
Pellicon2, Millipore, MA) against NaCl 1 M and then water. Structure
characterization was performed as reported elsewhere [11]. Briefly, degrees
of substitution (ds), defined as the number of substituted carboxymethyl
(dsCM), carboxymethyl amide (dsX), and sulfate (dsS) groups by gluco-
sidic unit, were determined by NaOH titration (Titroprocessor Metrohm
682) of protonated samples. dsS and dsX were confirmed by elemental
analysis of sulfur and nitrogen contents. Absolute molecular weight
determinations and size distributions were performed by size exclusion
chromatography (SEC) using a TSK Gel G3000-PWXL column (Tos-
oHaas, Cambridge, UK) coupled to a multiangle laser lightscattering
photometer (MALLS; Wyatt Technology, CA) connected to a refractive
index detector (ERC-7515A, Erma Cr. Inc., France) and eluted by 0.1 M
LiNOs. The number of anhydroglucoses by chain (gly/chain) were deter-
mined by dividing the polyanion average molecular mass, determined by
HPLC, by the average molecular mass of its representative substituted
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anhydroglucose unit. To resume, the structural features of compounds
used in this study are detailed in Tables 1 and 2.

Synthesis of heparin-BSA conjugate. Heparin was covalently bound to
BSA in a potassium phosphate buffer (0.2 M, pH 8) as described by
Najjam [12]. The resulting product was analysed by the BCA protein assay
kit and by the Barbosa GAG assay [13]. The dialyzed solution was used
for coating ELISA plates.

HeparinlHM competition assay towards PrPrec. ELISA plates were
coated with the heparin-BSA complex (5 pg/mL equivalent BSA; 100 pl/
well). The plate was incubated 1 h at room temperature, washed with PBS-

Table 1

Some known polyanions and their structural features including their
molecular length represented by the average number of glycosidic units in
the chain, their degrees of sulfate substitution (dsS), carboxylate substi-
tution (dsC), and hydrophobic group substitution (dsX)

Polyanion Structural features Binding ECs
nely'  dsS  dsC  dsX (hg/mL)

PPS ~25 2.0 0.1 (OMe) 0.10 80

CS-A ~50 0.5 0.5 (NAc) 0.50 >100

CS-B ~50 1.0 0.5 (NAc) 0.50 >100

Cs-C ~50 0.5 0.5 (NAc) 0.50 >100

HS ~50 0.3 0.5 (NAc) variable ~ >100
Heparin ~50 1.1 0.5 (NAc) <0.2 >100
HM5004 ~250 1.3 0.3 — 5.0

HM2602 ~250 0.7 0.9 (BnNH) 0.2 0.9

ECs represents the concentration needed to inhibit 50% of PrPrec binding
to immobilized heparin.
# Number of glycosidic units.

Table 2

Tween 20 0.05%, blocked with PBS-BSA 3% and rewashed. Polyanions
solutions at various concentrations (0, 0.1, 1, 10, 100, 1000, 10,000, and
100,000 ng/mL in PBS-BSA 1%; 50 pL/well in triplicate) were added fol-
lowed by addition of a PrPrec solution (200 ng/mL in PBS-BSA 1%;
50 uL/well). Plates were incubated 1 h at room temperature, washed, and
the 12F10 antibody (1:1000 in PBS-BSA 1%; 100 puL/well) was added. An
anti-rabbit peroxidase antibody (0.3 ng/mL in PBS-BSA 1%) was used to
reveal PrPrec using the TMB substrate kit.

Cell culture. ScGT1-7 cells (GT1 hypothalamic neuronal cells chroni-
cally infected with the Chandler scrapie strain), kindly provided by
S. Lehman, (Montpellier, France), were cultured and maintained as
described previously [10], except that DEMEM was replaced by Opti-MEM
(Invitrogen, France) supplemented with 5% fetal calf serum (FCS), 5% fetal
horse serum, 1% penicillin—streptomycin, and 1% sodium pyruvate.

Drugs treatment of cells. 96-well plastic plates were used to seed 2000
cells per well. Cell medium solutions of the polyanions at various con-
centrations (0, 0.01, 0.1, 1, 10, 100, 1000, and 10,000 ng/mL in NaCl 0.9%)
were added in duplicate to the corresponding wells and the plates were
incubated for 4 days at 37 °C in 5% of CO,.

Analysis of PrPres levels. A Dot-blot assay was used as previously
described [14]. Briefly ScGT]1 cells in a 96-well plates were rinsed with PBS
and lysed at 4 °C in a 50 mM Tris/HCI, pH 7.4 containing 0.5% sodium
deoxycholate and 0.5% Triton X-100. Wells were treated with proteinase
K (5 pg/ml final concentration) for 30 min at 37 °C. Pefabloc was added at
0.8 mM final concentration before applying wells contents to a nitrocel-
lulose membrane by using a dot-blot system. The membrane was treated
with 3 M guanidine thiocyanate and blocked with 5% of skim milk in PBS/
Tween 20 0.1%. PrPres was detected by incubating the membranes with
the SAF83 antibody for 1 h at room temperature, followed by incubation
with an alkaline phosphatase-conjugated antimouse antibody. Immuno-
reactivity was detected by an enhanced chemiluminescence probe (ECL
kit, Amersham) from images taken through a light box illumination with a

Synthesized HMs and their structural features including: molecular length (n gly/cain), degrees of sulfate substitution (dsS), of carboxylate substitution

(dsC), and of hydrophobic group substitution (dsX)

Polyanion Structural features ECsp (ng/mL [uM])
n gly® dsS dsC dsX Binding® PrP.¢
Size effect
HM;S, 1 1 — >100 [>700] >100 [>700]
HMg0S:.0 60 2.0 — >10.0 [>70.0] 7.42[0.378]
HM150S2.0 250 2.0 — 0.70 [0.008] 0.09 [0.001]
HM300082.0 3000 2.0 — 0.09 [<0.001] 0.10 [<0.001]
Sulfate effect
HM150S0.0 250 0.0 — >100 [>2.00] 100 [>2.000]
HM>50S0.3 250 0.3 — 7.10 [0.148] 8.70 [0.181]
HM,50S1.0 250 1.0 — 0.15 [0.002] 0.01 [<0.001]
HM,50S,.0 250 2.0 — 0.70 [0.008] 0.09 [0.001]
HM,50Co.5S0.0 250 0.0 0.5 nd >10 [>0.100]
HM,50Co.550.5 250 0.5 0.5 nd >10 [>0.100]
HM,50Co.5S0.0 250 0.9 0.5 nd 8.93 [0.121]
HM150Co.551.0 250 1.0 0.5 nd 0.39 [0.005]
HM,50Co 5511 250 1.1 0.5 nd 3.35[0.043]
HM,50Co.5S1.4 250 1.4 0.5 nd 9.40 [0.109]
Hydrophobic effect on HM,50Cy 5S0.5X0.3
X =none 250 0.5 0.5 nd >10
X = -n-oct 250 0.5 0.5 0.3 nd 8.5
X = -eth-hex 250 0.5 0.5 0.3 nd 3.0
X =-t-oct 250 0.5 0.5 0.3 nd 1.5
X = -Phe-Me 250 0.5 0.5 0.3 nd 0.6

ECs, represents the concentration needed to inhibit 50% of PrPrec binding to immobilized heparin or 50% of PrP accumulation in cultured ScGT1-7 cells.

% n gly: number of glycosidic units.

® Concentration to inhibit 50% of PrPrec binding to immobilized haparin.

¢ Concentration to inhibit 50% of PrPres accumulation in cultured ScGT1-7 cells.
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CCD black and video camera (Panasonic, WV-BL200, 12.5 mm objective)
coupled to a Scion LG-3 image acquisition device. The amount of PrPres
was determined by the ImageJ software according to the method described
by Wayne Rasband at http://rsb.info.nih.gov/ij/docs/examples/dot-blot/
index.html.

Results and discussion

Heparan sulfates have recently emerged as cellular
receptors implicated in cellular prion uptake [7,15]. These
compounds, as other endogenous polysaccharides includ-
ing heparin, CS and DS, have showed to bind prions
[16,17] and to inhibit the neurotoxicity of amyloid fibrils
[18]. On these bases, a number of polyanions have been
tested for their capacities to inhibit PrPres accumulation.
Here, the interaction of PrPrec with various polyanions
including heparin, HS, CS-A, CS-B, CS-C, PPS, DNA,
and the synthetic HM2602 and HM5004 were compared
by using an ELISA based competition assay. The recombi-
nant PrPrec used possesses the octarepeat basic epitope
known to interact with heparin. In accord with previous
reports, results in Fig. 2 show that PPS and Congo red bind
to PrPrec better than to heparin, to HS, and to CS [19].
However, the two HMs showed the highest capacity to
bind the protein while DNA remained the worst. It is
important to remark that the tested products differ in a
number of structural features including their sulfate, car-
boxylate and hydrophobic core contents and their molecu-
lar sizes (Table 1). This raises real questioning on the
impact of these factors for compounds anti-prion activity.
For instance, PPS, which PrPrec binding capacity was
lower than that of the two HMs, is a 1-4 B-p-xylopyrano-
side of about 25 glycosidic units (25 gly/chain), highly
sulfated (dsS =2.0), and bearing 4-methylglucopyrano-
syluronic acids (dsC = 0.1, dsMethyl = 0.1) linked to C-2
positions every 10 xylopyranoses (Fig. 1) [20]. Compared
to PPS, HM2602 is a 10 times longer polyanion (250 gly/

n
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Fig. 2. Comparative effect of a series of polyanions on their capacities to
inhibit PrPrec binding to immobilized heparin.

chain in a 1-6 a-p-glucopyranoside backbone) bearing
hydrophobic benzylamide residues (dsX = 0.2) and substi-
tuted with significantly lower sulfate and higher carboxyl-
ate contents (dsS=0.7, dsC=0.9) (Table 1). The
HM5004 derivative differs from HM2602 not only in the
absence of hydrophobicity but also in its degree of sulfa-
tion (dsS = 1.3) and carboxylation (dsC = 0.3) (Table 1).
Hence, these results show the difficulty to find a logical
relationship between these compounds structures and their
PrPrec binding abilities.

To examine the impact of these structural features on
polyanions capacities to inhibit PrPrec binding to heparin
and PrPres accumulation in ScGT1-7 infected cells, the
work was continued with the HM family of compounds,
in which size and substitution levels can be controlled.
We first investigated the importance of the molecular
length and prepared a series of products with equal sulfate
content (dsS =2.0) and different chain lengths including
60 (HMgpS2,0), 250 (HM250S2,0), and 3000 (HM3000S2.0)
gly/chain (Table 2). Products were tested by using mass
concentrations (pug/mL) to compare them at equivalent
number of glycosidic units and only examine the effect
of the way these units are grouped. Results show that
the polyanions abilities to inhibit the PrPrec binding to
heparin increase by increasing the HMs length (Fig. 3A).
This indicates that the polyanion PrP binding capacity
by glycosidic unit is higher in long molecules possibly
because the PrP binding sites can better be sheared in
longer products. Interestingly, in the cell assay, a maxi-
mum effect at 250 gly/chain was observed. This might tra-
duce a limited concentration of PrP in the cell
environment or indicate that the biological activity is
not only related to the polyanion PrP binding capacity
but that other factors, as saturable receptors or other mol-
ecules binding PrP or heparin, can influence products effi-
cacy. Obviously, the size effect was more apparent when
transforming the pg/mL concentrations into uM concen-
trations (Table 2).

Studies in models involving or not prions have demon-
strated that the content of sulfates in HMs is crucial for
inducing biological activity and suggested that compounds
activities increase with their sulfate contents [7,21]. In this
work, a battery of HMs sized of 250 gly/chain (HM,s)
but sulfated at different degrees (dsS =0.0, 0.3, 1.0 and
2.0, Corresponding to HMzsos0.0, HM250S0A3, HMzsoslio,
and HM,50S, o, respectively) were prepared. The ELISA
based competition assay clearly showed that the HMs
degree of sulfation (dsS) modifies, with a Gaussian shape
(optimum dsS = 1.1), the capacities of HMs to inhibit
PrPrec binding to immobilized heparin (Fig. 3C and D).
The best effect was found with the partially sulfated
HM,50S1 o and not, as could be expected, with the highly
sulfated HM55¢S5 . HM»50Sg o showed no effect. A similar
Gaussian curve shape (optimum dsS = 1.0) was obtained
when the effect of the carboxylated (dsC = 0.5) and differ-
ently sulfated products HMZSOCO.SSOAO, HM250C0A580_4,
HM>50Co.5S0.0,  HM250Co 5810, HM»50Co.5S12,  and
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Fig. 3. Effect of the HMs structural features in the inhibition of PrPrec binding to immobilized heparin and of the PrPres accumulation in cultured
ScGT1-7 cells. (A,B) Size effect; (C,D) sulfation degree effect; (E) sulfation degree and carboxymethyl effect; (F) hydrophobic substituent effect on

HM,50Cy 5S0.5X0.3 products. For compounds structural details see Table 2.

HM550Co 5S|4 were compared in the cultured ScGT1-7
infected cells assay using the non-carboxylated HM»5,S;
as a control (Fig. 3E). Carboxymethyl groups were
included considering that HMs, HS and other GAGs, are
classically carboxylated (dsC = 0.5). These results indicate
that the window range of sulfation for optimum effect is
narrow and confirm our results with HM5004 (dsS = 1.3)
which capacity to bind PrPrec was superior to that of
PPS (dsS = 2) (Fig. 2), although the last is a smaller mole-
cule. It has been demonstrated that sulfated polyanions
interact with the heparin binding octapeptide-spanning
53-93 peptide motif of PrP [17], thus it is not surprising
that the optimal dsS in HMs (dsS = 1.1) is as in heparin
(dsS = 1.1) which efficacy compared to other polyanions
might be lower due to its shorter size and to the presence
of carboxylates. Conceivably, the presence of carboxylates
in a polysaccharide must modify its global charge and its
more stable conformation modifying its specific interaction
sites with proteins [8]. Nonetheless, since a sole carboxylate
content was used in this study the question concerning the
influence of this feature on the anti-prion activity of polya-
nions remains to be reconsidered.

Finally, we investigated the role of HMs hydrophobicity
on the ScGT1-7 cells assay. In previous studies, the pres-
ence of benzylamide moieties in HMs appeared to increase

their anti-prion activities but the tested products differed
also in their sulfate and carboxylate contents [7,9]. Here,
we investigated if other considerably less toxic hydropho-
bic functionalities modify products efficacies. We prepared
partially hydrophobized molecules with a low sulfated con-
tent (dsS =0.5) and of intermediary size (250 gly/chain).
The hydrophobic cores, noted as X in HM»50Cg 5Sg 5X0 3,
were n-octylamine (n-oct), z-octylamine (#-oct), ethylhexyl-
amine (eth-hex), and phenylalanine methylester (Phe-Me).
The X substitution degree (dsX) was 0.3 (dsX =3,
dsC =0.5). Compared to the non-hydrophobized product
HM250C0'580'5X0‘0, HM250C0'5SO_5X0'3 showed increased
abilities to inhibit PrPres accumulation in ScGT1-7 cells
(Fig. 3F). It is to note that the more voluminous and aro-
matic PheMe derivative was the one presenting the best
activity. This effect can be related to the observations sug-
gesting that the C-terminal fragment of the PrPc is rich in
hydrophobic residues which confer to the PrP an ideal
binding point to hydrophobic moieties as observed with
acridine derivatives [23,24]. This C-terminal domain has
also been associated to the conformational change of PrPc
into PrPres [25]. Thus, introduction of hydrophobic moie-
ties in polyanions can be expected to increase their affinity
for PrP and participate in the control of the conforma-
tional changes associated to pathogenesis, as suggested
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by the HM2602 decrease of the protease-resistant PrPSc
synthesis, without affecting the level of PrPc [25,26].

Taken together, our results suggest that there is a struc-
tural rational on HMs anti-prion activities. This rational
can be used to analyse the activities of other polyanions
and to design more efficient agents. Our binding experi-
ments indicate that HMs can compete with cellular HS
for interaction with prions and that this competition can
be modulated by product size, degree of sulfation and car-
boxylation and by the introduction of hydrophobic moie-
ties. This may have different consequences in the
inhibition of the HS binding to the 37-kDa/67-kDa lami-
nine receptor, which acts as a receptor for infectious prions
[15] and in the inhibition of the PrPc conversion into
PrPres [22], as showed in vitro for HS and other polya-
nions. We showed that increasing the polyanion size
increases product efficacy. Although it might be considered
in disagreement with a therapeutic application based in the
compounds capacities to cross the gastrointestinal or the
haematoencephalic blood brain barriers, the HMs nearly
linear structures and the introduction of hydrophobicity
should increase products bioavailabilities.

In conclusion, we propose that controlling the structure
features of anti-prion agents can be at the base of more effi-
cient therapeutic applications in prion diseases and should
also contribute to progress on the understanding the phys-
iopathology of these diseases. We are currently working in
these areas.
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