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A Sulfur Tripod Glycoconjugate that Releases a High-Affinity Copper

Chelator in Hepatocytes™**
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The copper ion is essential for life as a cofactor in a number of
vital processes. Its main role is to exchange electrons in
cuproenzymes needed for oxidative metabolism, neurotrans-
mitter and hormone biosynthesis, free-radical detoxification,
or iron absorption. However, high concentrations of copper
can be deleterious as they promote Fenton-like reactions,
thereby leading to oxidative damage of all the cell constitu-
ents, proteins, lipids, and nucleic acids. Therefore, the intra-
cellular copper concentration is strictly controlled so that
copper is provided to the enzymes that need it and does not
reach toxic levels.!"! Detoxification of the whole body occurs
in the liver, where copper is pumped towards the bile for
further elimination. The Wilson’s disease patients whose
ATP7B gene is mutated lack the protein that is responsible
for pumping the copper ions out of the hepatocytes and suffer
from copper overload.”) They need lifelong treatments by
chelators that help to lower dietary copper absorption and to
detoxify their body; unfortunately, these treatments have
harmful side effects and are not always efficient.”! Since the
pool of intracellular copper is in the + I oxidation state, we
figured that a chelator that would enter the hepatic cells and
be specific for Cu' could potentially represent an improving
alternative. Therefore, we are designing bifunctional mole-
cules that are able to both efficiently complex Cu' and
specifically target hepatocytes.

An efficient strategy to target hepatocytes is to use ligands
of the asialoglycoprotein receptor (ASGP-R), a hepatic lectin
that is chiefly expressed at the surface of these cells® and
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a promising candidate for drug delivery into hepatocytes.
ASGP-R recognizes terminal galactose (Gal) and N-acetyl-
galactosamine (GalNAc) with a better affinity for GalNAc
than for Gal.l" Besides, sugar—protein interactions are greatly
enhanced by multivalent events, commonly known as the
“cluster glycoside effect”, which leads to a 10°-10°-fold
increase of the affinity for ASGP-R with each additional
carbohydrate from mono to triantennary structures.!”!

On the other hand, proteins involved in copper homeo-
stasis are outstanding sources of inspiration for the design of
efficient Cu' chelators. In metallochaperones, Cu' is mainly
bound by soft donors like cysteine thiolates in CXXC
sequences. This binding motif has led us to design peptides
including two cysteine residues;® these peptides show
a similar affinity for Cu' as the metallochaperones (K, ca.
1071 and a high selectivity for Cu' over Zn'", another
essential metal ion found in cells. Recently, one of these
peptides was functionalized with a cluster of carbohydrates to
target hepatocytes and shown to enter these cells and to
chelate intracellular copper.’” Even more efficient Cu'
chelators were obtained by favoring a CuS; coordination
environment in mononuclear and cluster-type complexes, as
found in metallothioneins. Indeed, the tripodal ligand L?
(Scheme 1), which is based on a nitrilotriacetic acid (NTA)
moiety extended by three converging cysteines for metal
binding, shows a very high affinity for Cu', similar to that of
metallothioneins (K, ca. 107"),! and a large selectivity over
Zn" (10°-10°-fold).™™

Herein, we report on the glycoconjugate 1, which is
derived from ligand L? and has the properties of L? once it is
in the hepatocytes. Indeed, our synthetic strategy consists in
tethering to each chelating thiolate of L? one carbohydrate
through a disulfide bond, which will be cleaved in the
reducing intracellular medium. Therefore, glycoconjugate
1 will acquire its specificity for Cu' chelation by entering the
cells. Interestingly, among the structures proposed for optimal
ASGP-R recognition are tripods bearing on each arm a f3-
linked GalNAc moiety that is kept 20 A away from the
branching point of the tripod by an ethylene glycol spacer."
The tripodal architecture of ligand L? is thus perfectly suitable
for the design of a triantennary glycoside cluster (1 in
Scheme 1). To ensure an optimal orientation of the three
terminal B-linked GalNAc moieties for recognition by ASGP-
R, an ethylene glycol spacer consisting of nine atoms has been
chosen to establish the 20 A connections between the
GalNAc and the branching point. The analogue 1-TAMRA,
bearing a carboxytetramethylrhodamine fluorescent unit, was
also synthesized to visualize the uptake into hepatocytes.
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a 10% decrease of the
amount of Cu complexed in
[Cu'(bes),]*. However, when
GSH was added together with
1, the amount of Cu bound to
the bes ligand decreased dra-
matically to 8% of the total
copper, thereby evidencing the
release of the high-affinity che-
lator L?* after reduction of the
disulfide bridges of 1 into free
thiolates. For comparison, in the
presence of L? only 2% of the
total copper is bound in the
[Cu'(bes),]* complex.'?®! These
experiments demonstrate that
the glycoconjugate 1 is not
a Cu' chelator. However, the
reduction of 1 by GSH converts

Scheme 1. Design and synthetic approach for the glycoconjugates 1, 1-Lys, and 1-TAMRA. Reagents and
yields: a) DMF; 36% (1) and 20% (1-Lys); b) TAMRA-NHS, diisopropylethylamine (DIEA), DMF; 16%

(1-TAMRA).

The synthetic strategy that leads to the glycoconjugates
(Scheme 1), consists in assembling the two building blocks L?
and 2 through three disulfide bonds in the last step. The
synthesis of the tripodal building block L* was reported
recently!'™ and a similar procedure was used to obtain L?-Lys
from Na,Na-bis(carboxymethyl)-L-lysine, which affords a pri-
mary amine for the introduction of the fluorophore
(Scheme S1 in the Supporting Information). The GalNAc-
containing intermediate 2 was prepared from peracetylated
galactosamine, which was O-glycosylated through an oxazo-
line intermediate as the glycosyl donor, to favor the stereo-
selective formation of the f$anomer (SchemeS2 in the
Supporting Information).'**!¥l The two tripods L? and
L?-Lys were then coupled to three equivalents of intermediate
2 to afford glycoconjugates 1 and 1-Lys in 36 % and 20 %
yield, respectively (Scheme 1). The reaction of 1-Lys with the
N-succinimidyl ester of carboxytetramethylrhodamine
(TAMRA-NHS) gave the fluorescent analogue 1-TAMRA
in 16 % yield after reverse-phase HPLC using a C18 column.

The Cu-chelating properties of 1 were evaluated in the
test tube, by competition with sodium bathocuproine disul-
fonate (Nay(bcs)). The [Cu'(bes),]* complex is formed as
shown in Equation (1) and is easily detected by its visible
absorption band (483 nm, 13300M ' cm™").*1%12l Thus, when
bes ligand is added to any Cu'L complex, as shown in
Equation (1), the more intense is the band at 483 nm, the
lower is the stability of the Cu'L complex.

Cu' 4 2bes?™ — [Cu'(bes),]*~ (1)

As expected, 1 did not bind Cu' as it contains three
disulfide bridges and no free thiolate functions: 100 % Cu is
bound in a complex with bes (Figure 1). Glutathione (GSH,
1 mm) was used to mimic the reducing intracellular medium:
in agreement with the low affinity of GSH for Cu', it induced
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it into an efficient Cu' chelator,
thus confirming its potential
ability to bind Cu' once entered
in the reducing medium of the
hepatic cells.

The efficiency of 1 was tested in two hepatic cell lines.
In vivo, hepatocytes are polarized cells, displaying apical
poles in contact with the outer medium, basal poles in contact
with the inner medium, and lateral poles in contact with
adjacent cells. In the liver, the outer medium is the bile that is
collected by a network of canaliculi formed by the union of
apical poles of adjacent hepatocytes, sealed by tight junctions
(Figure 2¢). ASGP-R is embedded in the basal membrane in

GSH 1 mM

T 100,

80
% of Cu
in [Cu(bcs),]*- 60

\ Reduction of 1 in L2
by GSH

40 \

\

201 1+GSH1mM L2

0,

a b c d
Figure 1. Percentage of Cu in the complex [Cu(bcs),]* for samples
containing [Cu(CH;CN),]PF¢ (45 um), bcs (100 um) in phosphate
buffer (20 mm), pH 7.4 at 298 K, and a) 50 pm 1; b) 50 pm 1 and 1 mm
GSH; ¢) 50 um L%; d) 1 mm GSH.

contact with the blood. We checked that 1-TAMRA enters
HepG?2 cells, the most commonly used human hepatic cell
line, and WIF-B9 cells, which are able to reconstitute
remarkably stable and polarized epithelia with functional
bile canaliculi within seven to ten days.'*! After two hours, the
dye was in all the cells and concentrated in a cell compartment
facing the canalicular spaces reconstituted by WIF-B9 cells.
Importantly, we also checked whether 1-TAMRA could enter
HeLa cells, a cell line deprived from ASGP-R.'! This
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Figure 2. Effect of Cu on ATP7B localization in WIF-B9 cells and efficiency of the glycoconjugate 1. a—d) ATP7B and HA4 (a canalicular membrane
marker) were detected by indirect immunofluorescence and imaged by confocal microscopy. In each panel are presented from left to right, the
Nomarski image, the green and red images of the sum of two confocal sections taken in the middle of the cell layer, and the merge image. On
the Nomarski images, bile canaliculi are indicated by blue asterisks. a) Cells kept in the basal culture medium for 5 h. b) Cells kept in the basal
culture medium plus CuCl, (1 pm) for 5 h. c) Cells kept with CuCl, (1 um) for 2 h and further treated with 1 (10 pm) for 3 h. d) Cells kept with
CuCl, (1 pm) for 2 h and further treated with C1 (10 um) for 3 h. e) Scheme of polarized hepatic cells showing the localization of ATP7B (green) in
presence of high and low Cu concentrations. f) Dose-dependence effect of 1, C1, C2; the % of bile canaliculi surrounded by ATP7B is presented
as a function of the compound concentrations; all the experiments used in this curve were performed as in c) or d).

experiment showed that 1-TAMRA does not enter HeLa cells
under the conditions where it enters HepG2 and WIF-B9
cells, thereby illustrating the role of the hepatic receptor in
the cellular uptake of the glycoconjugate (Figure S2 in the
Supporting Information).

By following the work of Hubbard and co-workers,!'” we
have recently used the localization of ATP7B, the protein
responsible for copper detoxification, as an intracellular
copper sensor in WIF-B9 cells."”! WIF-B9 cells were incu-
bated under basal conditions or with added copper ions
(1 um) and the localizations of ATP7B protein (in green) and
HAA4 protein (a canalicular membrane protein®! in red) were
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monitored by immunofluorescence. A complementary
experiment with the detection of a Golgi protein,"! instead
of the HA4 protein is shown in Figure S3 in the Supporting
Information. In agreement with previous work,[" under basal
conditions where the copper concentration is low, ATP7B was
in the Golgi network between the nucleus and the apical
membrane (Figure 2a), whereas with copper ions (1 uMm) in
the culture medium, ATP7B was mainly localized in a con-
tinuous crown around the canaliculus to excrete the excess of
copper into the bile (Figure 2b). The latter localization of
ATP7B bears all the hallmarks of the physiological needs for
copper detoxification and can therefore be used as an
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evidence for the ability of our compounds to chelate excess of
intracellular Cu. Hence, ATP7B and HA4 localizations were
monitored in the presence of copper ions (1 um) and either 1,
or C1, C2, L* as control compounds (Scheme 2 and the
Supporting Information). C1is a molecule similar to 1 with no
sulfur atoms at all, unable to release the sulfur tripod. C2
mimics one arm of 1 and is able to release in the intracellular
medium low-affinity monothiol compounds that resemble
glutathione. L** is the oxidation product of L? a dimer
containing three disulfide bridges but lacking the sugar
targeting units; L*** could become a chelator if it entered
the cells.
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Scheme 2. Structures of control compounds.

After incubation for three hours with 1 (10 um), the
pericanalicular distribution of ATP7B changed dramatically
as the green fluorescence localized at a large compartment
reminiscent of the Golgi network (Figure 2¢), close to the
nucleus; this distribution resembles that observed in basal
conditions (Figure 2a). In similar experiments using C1 (10—
50 um) or €2 (30-90 um) or L** (50 pum), ATP7B distribution
did not change, thus indicating that the cells still needed
detoxification (Figure 2d and Figure S4 in the Supporting
Information). The proportion of bile canaliculi surrounded by
ATP7B increases with excess Cu concentration and is there-
fore related to the ability of the compounds to chelate toxic
excess copper and to cancel the detoxification process by
ATP7B. This proportion clearly decreased as the concentra-
tion of the sulfur tripod glycoconjugate 1 increased, whereas
the pericanalicular distribution of ATP7B is not sensitive to
the other compounds (Figure 2 f). These experiments dem-
onstrate that the two functions present in 1, the glycoside
cluster for ASPG-R targeting and the sulfur tripod for
efficient Cu' chelation, are essential to promote the release
of a high-affinity intracellular Cu' chelator once it is in hepatic
cells.

In conclusion, we demonstrated that the tripodal Cu'
chelator L? derived from NTA by an extension with three
cysteines, which exhibits an affinity for Cu' as high as that of
metallothioneins, could be derived to enter hepatic cells and
complex intracellular copper. The glycoconjugate 1 can thus

be considered as a vector delivering L% the active compound,
at the right place to chelate excess Cu'. For the Wilson’s
disease patients, 1 could represent an interesting concept of
a prodrug to be further developed.
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