
Bioorganic & Medicinal Chemistry 14 (2006) 3575–3582
Synthesis and receptor binding affinity of carboxylate analogues
of the mannose 6-phosphate recognition marker

Audrey Jeanjean,a Marcel Garcia,b Alain Leydet,a

Jean-Louis Monteroa and Alain Morèrea,*
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Abstract—The mannose 6-phosphate/insulin-like growth factor II receptor (M6P/IGF2R) is involved in multiple physiological path-
ways including targeting of lysosomal enzymes, degradation of IGF2, and cicatrization through TGFb activation. To target poten-
tial therapeutics to this membrane receptor, four carboxylate analogues of mannose 6-phosphate (M6P) were synthesized. Three of
them, two isosteric carboxylate analogues and a malonate derivative, showed a binding affinity for the M6P/IGF2R equivalent to or
higher than that of M6P. Contrary to M6P, all these analogues were particularly stable in human serum. Moreover, these derivatives
did not present any cytotoxic activity against two human cell lines. These analogues represent a new potential for the lysosomal
targeting of enzyme replacement therapy in lysosomal diseases or to prevent the membrane-associated activities of the M6P/IGF2R.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The mannose 6-phosphate (M6P) is a recognition
marker involved in the selective targeting of newly
synthesized lysosomal enzymes from the trans-Golgi
network (TGN) to endosomes. Sorting and transport
of lysosomal enzymes are ensured by two receptors,
the 46 kDa cation-dependent M6P receptor (CD-
M6PR) and the 300 kDa cation-independent M6P
receptor (CI-M6PR). After releasing of enzymes, the
receptors are recycled back to the Golgi apparatus or
move to the plasma membrane, where the CI-M6PR
internalizes exogenous lysosomal enzymes, while CD-
M6PR is unable to endocytose hydrolases.1 In addition
to its ability to recognize M6P-containing proteins, the
CI-M6PR is implicated in many other physiological pro-
cesses. CI-M6PR is known as M6P/IGF2R since it binds
the non-glycosylated insulin-like growth factor II
(IGF2) at the cell surface. Binding of this growth factor
is followed by internalization and subsequent degrada-
tion in the lysosomes.2 The M6P/IGF2R also binds
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retinoic acid (RA) with high affinity at a binding site
that is different from those for IGF2 and M6P on the
receptor.3 In addition to lysosomal enzymes, the M6P/
IGF2R binds other M6P-containing proteins, including,
for instance, the Granzyme B,4 which is a protease
involved in cytotoxic-T-cell-induced apoptosis, or the
latent transforming growth factor-b (LTGF-b) complex,
which is activated at the surface of the receptor.5 More-
over, several clinical studies indicated that the M6P/
IGF2R could act as a tumour suppressor. Indeed, over-
expression of the receptor acts as a growth inhibitor,6

while loss of receptor function is associated with
progression of tumorigenesis.7

In the laboratory, we focused on the M6P/IGF2R
ability to bind extracellular M6P-bearing ligands in the
hypothesis to use this receptor as a therapeutic target.
Indeed, analogues of M6P could be used to improve
wound healing which is known to be favored by M6P
delivery on the site of wounds.8 Another application
could be in enzyme replacement therapy, especially in
lysosomal diseases.9 The source for recombinant enzyme
synthesis is restricted to mammalian cells by the fact
that other organisms do not possess the M6P recogni-
tion pathway. The coupling of stable M6P analogues
could permit the use of other sources of recombinant
enzyme such as bacteria or insect cells and to increase
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the targeting efficiency of the infused enzymes to tissues
enriched in M6P receptors.

To better understand the molecular basis for the interac-
tion of the M6P/IGF2R with M6P, we synthesized
several carboxylate and malonate analogues of M6P
and studied their binding affinities for the M6P/IGF2R.
Their stability in serum and their cytotoxicity in human
cells were also evaluated.
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Scheme 1. Reagents and conditions: (i) CrO3/pyridine, CH2Cl2, 0 �C,

1 h; (ii) (EtO)2(O)P–CH2–CO2Et, NaH, THF, 10 min; (iii) CAN,

CH3CN/H2O (95/5), 15 min; (iv) 2 N NaOH, 1 h; (v) H2/Pd/C, EtOH,

4 h.
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Scheme 2. Reagents and conditions: (i) NaH, DMF, 30 min, then

t-BuO2C–CH2Br, 3 h; (ii) TFA, Et3SiH, CH2Cl2, 15 h, then DOWEX

Na+; (iii) H2/Pd/C, EtOH, 4 h.
2. Results and discussion

The M6P/IGF2R is a type I transmembrane glycoprotein
which possesses four structural domains: an amino-termi-
nal signal sequence, an extracytoplasmic region which
contains the different binding sites, a transmembrane
region, and a carboxyl-terminal cytoplasmic domain.
The large extracellular domain has a structure consisting
of 15 contiguous repeating domains. The sequence
homology between the 15 repeating segments suggests
that the M6P/IGF2R could contain 15 M6P binding sites.
In fact, experiments revealed that the M6P/IGF2R binds
only 2 mol of M6P.10 The presence of two different carbo-
hydrate recognition domains in the M6P/IGF2R provides
this receptor with a functional advantage over the
CD-M6PR, which contains only one. This difference
certainly explains why the M6P/IGF2R recognizes a
wider spectrum of lysosomal enzymes than does the
CD-M6PR.11,12 For instance, the M6P/IGF2R, unlike
the CD-M6PR, binds very efficiently Dictyostelium dis-
coideum lysosomal enzymes, which contain in their struc-
ture the phosphodiester Man-P-OCH3

13 and the mannose
6-sulfate (M6S).14 These findings are particularly interest-
ing because they demonstrate that a single negative charge
on the phosphate moiety, as well as on the sulfate group, is
sufficient to preserve the recognition phenomenon by the
M6P/IGF2R. Another structural factor, which contrib-
utes in the binding to the M6P/IGF2R, is the axial 2-hy-
droxyl group in the M6P. Indeed, glucose 6-phosphate,
the 2-epimer of M6P, is a poor inhibitor for the M6P/
IGF2R.15 On the other hand, the hydroxyl group at the
anomeric position of M6P appears to be unimportant in
the binding to the receptor.15

As a single negative charge on the M6P is sufficient to
preserve the recognition phenomenon we decided to syn-
thesize a series of isosteric or non-isosteric carboxylate
analogues of M6P to determine their binding affinities
for the M6P/IGF2R.

2.1. Synthesis of carboxylate analogues of M6P

Two isosteric carboxylate analogues of M6P were pre-
pared with slight modifications to the synthesis proto-
cols previously reported.16 The new synthesis of these
carboxylates began with the selective oxidation17 of
the methyl 2,3,4,6-tetra-O-trimethylsilyl-a-DD-mannopyr-
anoside18 using the Collins oxidative reagent (CrO3–pyr-
idine), Scheme 1. In this procedure, there are selective
trimethylsilyl ether removal at 6-position and concomi-
tantly oxidation of the intermediate alcohol to alde-
hyde.17 To the aldehyde, obtained in this one-step
procedure, was added the anion of triethyl phospho-
noacetate to lead to the carboxylate 1 in 51%. Synthetic
intermediate 1 was readily converted to the desired
deprotected carboxylate 2 by desilylation at 2,3,4-posi-
tions using the ceric ammonium nitrate (CAN) then
saponification (NaOH) of the ester moiety. The saturat-
ed carboxylate 3 was obtained by catalytic hydrogena-
tion of a fraction of 2.

The carboxylate 6, non-isosteric analogue of M6P, was
synthesized according to Scheme 2. The anion of the
methyl 2,3,4-tri-O-benzyl-a-DD-mannopyranoside19 react-
ed with the tert-butyl bromoacetate through a SN2 mech-
anism and the compound 4 was prepared in 74% yield in
this manner. The target product 6 was obtained after
deprotection of the carboxylate moiety (5) followed by
the removal of the benzyl protective groups. It is notewor-
thy that assays of reaction of the anion of the methyl 2,3,4-
tri-O-benzyl-a-DD-mannopyranoside on the less hindered
ethyl or methyl bromoacetates failed to give cleanly the
ether oxide function at 6-position since many by-products
were observed.

2.2. Synthesis of a mannose 6-malonate derivative

The key step for the synthesis of the malonate 9, Scheme
3, was the reaction of the anion of dimethyl malonate
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Scheme 3. Reagents and conditions: (i) (MeO2C)2CHNa, THF, 15 h

reflux; (ii) 4 N NaOH, THF/H2O (4/6, 35 min), then 5 N HCl; (iii) 1—

H2/Pd/C, EtOH/AcOEt (7/3), 4 h, then DOWEX Na+.
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with the methyl 2,3,4-tri-O-benzyl-6-O-trifluoromethyl-
sulfonyl-a-DD-mannopyranoside20, while the less reactive
tosylate or mesylate at C-6 of the methyl 2,3,4-tri-O-
benzyl-a-DD-mannopyranoside was not displaced under
the same conditions of reaction. The malonate 7, thus
obtained, underwent saponification (8) and subsequent
hydrogenation to afford the desired product 9. Similar
compounds to 7 were reported in the literature.21–23

The synthesis of such malonates was realized either by
the reaction of a malonate diester anion with a 6-iodo
or 6-triflate carbohydrate derivative or by a Mitsunobu
reaction between a malonate diester and the 6-position
of a mannosyl moiety.

2.3. Biological evaluation

The binding assays of the M6P analogues were per-
formed using biotinylated M6P/IGF2R (M6P/IGF2Rb).
Briefly, the M6P/IGF2R, purified on a phosphoman-
nan–Sepharose affinity column,24 was biotinylated25 by
N-hydroxysuccinimide biotin. The binding of the M6P/
IGF2Rb to pentamannose 6-phosphate (PMP) previ-
ously adsorbed to a microtitre plate was displaced by
increasing concentrations of the analogues. The bound
M6P/IGF2Rb was then determined using the couple
streptavidin/peroxidase and OPD substrate by optical
density measurements as described in Section 4. In
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Figure 1. Determination of PMP adsorption in microtitre wells and M6P

increasing concentrations of PMP adsorbed on microtitre plate was evalua

various concentrations of M6P/IGF2Rb (0–5 lg mL�1) to the microplate

overnight incubation at 4 �C.
preliminary experiments the method was standardized
by the determination of the maximal concentration of
PMP adsorbed to the microtitre plate and to the M6P/
IGF2Rb concentration required to saturate the ad-
sorbed PMP (Fig. 1).

From these measurements of the receptor binding in the
presence of increasing concentrations of analogues 2, 3,
6 or 9 were drawn dose–inhibition curves (Fig. 2) from
which were determined the IC50 values reported in
Table 1.

First analysis of the data given in Table 1 shows that
M6P presents IC50 values in good accordance with those
reported in the literature.22

The unsaturated isosteric analogue 2 binds to M6P/
IGF2Rb as well as M6P, while the saturated isosteric
analogue 3 binds to the receptor with a slightly weaker
affinity than does M6P. This is a confirmation of the re-
sults previously obtained by elution of the receptor from
PMP-affinity columns.16 Indeed, it was demonstrated
that 2.5 mM of the conjugated derivative 2 eluted the
M6P/IGF2R, retained on phophomannan–Sepharose
column, as the M6P, whereas 3 allowed the elution of
the receptor at a higher concentration (5 mM). To
explain this difference in binding affinity, it is presumed
that the geometry of the double bond in 2 leads to
greater interaction with the M6P-binding sites of the
M6P/IGF2R, in comparison with the single bond in 3.
On the other hand, the non-isosteric derivative 6 is
weakly recognized by the M6P/IGF2Rb. We suppose
that 6 does not match exactly the M6P-binding sites of
the receptor because the distance between the negative
charge and the pyranose ring in 6 is not in the same
range as that in the M6P. Indeed, this distance in 6,
by comparison to the isosteric M6P analogue 3, is
lengthened by an oxygen atom in the middle of the lat-
eral carbon chain and this lengthening of the lateral
chain probably impairs the binding affinity. A high
binding affinity was obtained with the malonate 9 which
is as well recognized by the M6P/IGF2Rb as the M6P
itself. This last result does not correlate exactly with
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Table 1. Binding affinities for M6P/IGF2R

Compound IC50 (M)a RBAb

M6P 2.3 · 10�5 ± 1 · 10�5 1.0

2 3.9 · 10�5 ± 1.1 · 10�5 0.6

3 7.4 · 10�5 ± 1.9 · 10�5 0.3

PMP 5.6 · 10�6 ± 0.7 · 10�6 4.1

6 >1 · 10�3 Nac

9 1.2 · 10�5 ± 0.3 · 10�5 1.9

a IC50 were obtained from three to five independent experiments

(±SD).
b Relative binding affinity = RBA = IC50 (M6P)/IC50 (Analogue).
c Na, not applicable.
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IC50 values determined by Berkowitz et al.22 However,
their binding test followed a procedure in which the
M6P/IGF2R was covalently bound to a Sepharose resin,
while in our case the PMP-ligand was attached to a sup-
port. This difference could explain the differences ob-
served between the binding affinities. Indeed, both
assays immobilized one of the binding partners and each
immobilization could alter the binding affinity. More-
over, Berkowitz and MacDonald assay22 involved com-
peting small molecule M6P mimics with glycoprotein
ligands, whereas small M6P analogues are here in com-
petition with an oligosaccharide ligand. This difference
could be also important for binding.

The stability after a two day-incubation in human serum
at 37 �C of the analogues 2, 3, and 9 was compared to
that of M6P. Figure 3 showed that the analogues 2, 3,
and 9 were recognized similarly along time, while M6P
shown a decreased affinity for the receptor after two
day-incubation in serum. Moreover, a 6-h incubation
appeared sufficient to decrease the binding of M6P by
32% (Fig. 3 inset). This indicates that, opposite to
M6P which is rapidly degraded by hydrolases, and par-
ticularly phosphatases, all the analogues tested are
stable after a long exposure in human serum.
Moreover, we evaluated the cytotoxicity of the ana-
logues 2, 3, and 9 on MCF7 or MDA-MB-231 human
breast-cancer cell lines (Fig. 4). After four days in the
culture medium, all the compounds appeared non-cyto-
toxic even at high concentration (10�4 M) on these two
cell lines.
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3. Conclusion

This study underlines the fact that isosteric carboxylate
analogues of M6P are efficient to preserve the recogni-
tion by the M6P/IGF2R. The affinity of the conjugated
analogue 2 was in the same order as for M6P, while the
saturated derivative 3 was slightly less well recognized
by the M6P/IGF2R. Similar to M6P, the malonate 9
showed high affinity for the receptor. Thus, the two car-
boxylic acid functions at the terminal carbon chain of 9
do not impair the recognition phenomenon by steric
hindrance. These carboxylate functions certainly
participate in a hydrogen-bonding network with the
CI-M6PR as does the M6P phosphate moiety itself.26

Therefore, compounds 2, 3, and 9 that present high
affinities for M6P/IGF2R could be good candidates in
important fields of investigation such as treatment of
lysosomal diseases by enzyme replacement therapy or
improvement of wound healing.
4. Experimental

4.1. General aspects

All solvents were dried prior to use according to stan-
dard methods.27 Analytical TLC were performed using
aluminum-coated TLC plates 60-F254 (Merck). Plates
were developed with: (1) UV light (254 nm) and (2)
immersion in a 10% H2SO4/EtOH solution. Silica gel
column chromatography was performed with silica gel
60A (Carlo Erba). Optical rotations were measured at
the sodium D-line with a Perkin-Elmer-241 polarimeter.
Electron ionization mass spectra (30 eV) were recorded
in positive or negative mode on a Waters MicroMass
ZQ. 1H NMR spectra were recorded on a Brüker
DRX 400 (400 MHz), at 25 �C. Chemical shifts (d) are
given in parts per million and referenced using residual
solvent signals (7.24 ppm for CHCl3 and 4.79 ppm for
HOD). The following abbreviations were used to ex-
plain the signal multiplicities or characteristics: s (sin-
glet), d (doublet), dd (double doublet), ddd (double
double doublet), t (triplet), td (triplet doublet), q (quar-
tet), and m (multiplet). 13C NMR spectra were recorded
on a Brüker DRX 400 (100.6 MHz). Chemical shifts (d)
are given in parts per million relative to TMS as an
external reference. The pentamannose 6-phosphate
(PMP) was functionalized with b-(p-aminophenyl)ethyl-
amine, then reduced with sodium tetrahydroborate, and
finally coupled on CNBr activated Sepharose leading to
phosphomannan Sepharose.28 Buffers and solutions
used in the purification of M6P/IGF2R and in the ELI-
SA assays were: buffer A (50 mM imidazol, pH 7;
150 mM NaCl; 5 mM b-glycerophosphate; 0.05% Triton
X-100 (w/v)); PBS (1.9 mM NaH2PO4, 8.1 mM Na2PO4,
and 154 mM NaCl, pH 7.4); carbonate buffer (0.1 M
NaHCO3/Na2CO3, pH 9.6); washing buffer (2 mg mL�1

gelatine in PBS); OPD (o-phenylenediamine 1 mg mL�1

in citrate buffer, pH 5.0, and 1 lL of 30% H2O2.)

4.2. Ethyl (methyl (E)-6,7-dideoxy-2,3,4-tri-O-trimethyl-
silyl-a-DD-manno-oct-6-enopyranosid)uronate 1

Finely ground and thorougly dried chromium(VI) oxide
(2.5 g, 24.88 mmol) were suspended in dry dichloro-
methane (80 mL) containing dry pyridine (4 mL). The
mixture was stirred at room temperature for 30 min.
Then, the mixture was cooled at 0 �C and methyl
2,3,4,6-tetra-O-trimethylsilyl-a-DD-mannopyranoside18

(2 g, 4.15 mmol) dissolved in dry dichloromethane
(6 mL) was added. After 1 h, the mixture was filtered
over silica gel to remove insoluble chromium com-
pounds. The filtrate was concentrated in vacuo affording
the aldehyde (1.24 g, 73%) that was used for the next
step without further purification.

To a suspension of NaH (98%, 204 mg, 8.33 mmol) in
THF (2 mL) was added triethyl phosphonoacetate
(2 mL, 9.99 mmol). The reaction mixture was stirred
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for 30 min at room temperature then a solution of the
crude aldehyde in THF (10 mL) was added dropwise.
The reaction was monitored by TLC (light petroleum/
Et2O, 9/1, v/v) and the mixture stirred for 10 min before
concentrating under reduced pressure. The residue was
diluted with CH2Cl2 and the organic layer was washed
with brine, dried (Na2SO4), filtered, and concentrated
under reduced pressure. The residue was purified by sil-
ica gel column chromatography (light petroleum/Et2O,
95/5 then 9/1, v/v) to afford 1 (1.4 g, 70%) as a yellow
oil. The spectroscopic data were in accordance with
the literature.16

4.3. Sodium (methyl (E)-6,7-dideoxy-a-DD-manno-oct-6-
enopyranosid)uronate 2

CAN (298 mg, 0.54 mmol) was added to a solution of 1
(1.3 g, 2.72 mmol) dissolved in a mixture of (CH3CN/
H2O, 95/5, v/v, 15 mL). The reaction was monitored
by TLC (AcOEt/MeOH, 92/8, v/v). After 20 min stirring
at room temperature, the mixture was diluted with
CH2Cl2. The organic layer was washed with H2O, brine,
dried (Na2SO4), filtered, and concentrated under re-
duced pressure. Ethyl (methyl (E)-6,7-dideoxy-a-DD-man-
no-oct-6-enopyranoside)uronate (712 mg, quantitative)
was obtained pure as a colorless oil. The spectroscopic
data were in accordance with the literature.16

Ethyl (methyl (E)-6,7-dideoxy-a-DD-manno-oct-6-enopyr-
anosid)uronate (700 mg, 2.67 mmol) was dissolved in
2 N NaOH (20 mL) at 0 �C. The mixture was stirred
for 1 h and neutralized with 0.5 N HCl until pH 7. Then,
ion exchange resin (Dowex 50WX2, Na+ form, 20 g)
was added. After stirring at room temperature for 2 h,
the resin was filtered off and washed with H2O
(100 mL). The filtrate was freeze-dried from H2O afford-
ing 2 (650 mg, 95%) as a white foam. The spectroscopic
data were in accordance with the literature.16

4.4. Sodium (methyl 6,7-dideoxy-a-DD-manno-octopyrano-
sid)uronate 3

A solution of 2 (600 mg, 2.34 mmol) in EtOH (20 mL)
was stirred vigorously under H2(g) for 4 h in the presence
of 10% Pd–C as catalyst. The mixture was filtered under
Celite, then washed with EtOH (100 mL), and concen-
trated. The crude product was purified by column chro-
matography on RP-18 silica gel using water as eluent.
After freeze-drying, 3 (568 mg, 94%) was obtained as a
white foam. The spectroscopic data were in accordance
with the literature.16

4.5. Methyl 2,3,4-tri-O-benzyl-6-O-(2-tert-butyloxy-2-
oxoethyl)-a-DD-mannopyranoside 4

To a solution of methyl 2,3,4-tri-O-benzyl-a-DD-manno-
pyranoside19 (581 mg, 1.25 mmol) in dry DMF (5 mL),
NaH (60%, 200 mg) was added under argon. The reaction
mixture was stirred at room temperature for 3 h. Then,
tert-butyl bromoacetate (1.82 mL, 12.32 mmol) was add-
ed dropwise at room temperature and the mixture was
stirred for 3 h. The solution was diluted with CH2Cl2
(100 mL) and the organic layer was washed with brine
(100 mL), dried (Na2SO4), filtered, concentrated, and
purified by silica gel column chromatography (light petro-
leum/Et2O, 9/1 then 8/2, v/v) to give 4 (537 mg, 74%) as a
colorless oil. Rf 0.55 (light petroleum/AcOEt, 8/2).
½a�20

D +29.36 (c 1.1, CHCl3). 1H NMR (CDCl3), d: 1.32
(s, 9H, 3CH3); 3.17 (s, 3H, OCH3); 3.60 (m, 1H, H-5);
3.67 (d, 1H, J2–3 = 2.3 Hz, H-2); 3.70 (d, 2H, JCH2-5

=
3.7 Hz, H-6 and 6 0); 3.78 (dd, 1H, J3–4 = 9.3 Hz, H-3);
3.83 (t, 1H, J4–5 = 9.3 Hz, H-4); 3.93 (s, 2H, H-7 and 7 0);
4.48–4.63 (m, 5H, CH2Ph); 4.59 (s, 1H, H-1); 4.83 (d,
1H, Ja–b = 10.8 Hz, CH2Ph); 7.10–7.24 (m, 15H, 15H-
aro). 13C NMR (CDCl3), d: 28.32, 28.43, 28.55 (3CH3);
55.18 (OCH3); 69.72 (C-7); 70.99 (C-6); 72.20 (C-5);
72.54, 73.11 (2CH2Ph); 74.98 (C-2); 75.20 (C-4); 75.43
(CH2Ph); 80.63 (C-3); 81.75 (C(CH3)3); 99.44 (C-1);
127.94–128.75 (15CH-aro); 138.77, 138.98, 139.07
(3CIV-aro); 170.05 (CO). MS ESI+, m/z: 601 [M+Na]+.

4.6. Methyl 2,3,4-tri-O-benzyl-6-O-(carboxymethyl)-a-DD-
mannopyranoside sodium salt 5

To a solution of 4 (532 mg, 0.92 mmol) and trifluoroace-
tic acid (918 lL, 11.92 mmol) in CH2Cl2 (2 mL), trieth-
ylsilane (366 lL, 2.29 mmol) was added under argon
atmosphere. The reaction mixture was stirred at room
temperature for 15 h. After evaporation of solvents,
the residue was dissolved with water (50 mL) and cation
exchange resin in the Na+ form was added. After stirring
at room temperature for 1 h, the resin was filtered off
and washed several times with water. The aqueous phase
was lyophilized to afford 5 (466 mg, 97%) as a white sol-
id. Rf 0.13 (light petroleum/AcOEt, 5/5). ½a�20

D �2.99
(c 1.8, CHCl3). 1H NMR (CDCl3), d: 3.13 (s, 3H,
CH3O); 3.40–3.54 (m, 3H, H-5, H-6 and 6 0); 3.70 (dd,
1H, J2–1 = 1.2 Hz, J2–3 = 2.5 Hz, H-2); 3.62–3.73 (m,
2H, H-7 and 7 0); 3.77 (dd, 1H, J3–4 = 9.5 Hz, H-3);
3.97 (t, 1H, J4–5 = 9.5 Hz, H-4); 4.48 (s, 2H, CH2Ph);
4.53 (d, 1H, Ja–b = 11,5 Hz, CH2Ph); 4.64 (d, 1H, H-
1); 4.73 (d, 1H, J a0–b0 ¼ 12:8 Hz, CH2Ph); 4.81 (d, 2H,
2CH2Ph); 7.14–7.29 (m, 15H, 15H-aro). 13C NMR
(CDCl3), d: 55.58 (OCH3); 67.96 (C-7); 69.06 (C-6);
70.51 (C-5); 72.34 (C-2); 72.50 (CH2Ph); 73.30 (C-4);
73.45 (CH2Ph); 75.52 (CH2Ph); 80.50 (C-3); 100.25 (C-
1); 127.81–129.09 (15CH-aro); 137.54, 138.39, 138.56
(3CIV-aro); 176.08 (CO). MS ESI+, m/z: 545.15 [M+H]+.

4.7. Methyl 6-O-(carboxymethyl)-a-DD-mannopyranoside
sodium salt 6

To a solution of 5 (87 mg, 0.17 mmol) in EtOH (5 mL)
was added 150 mg of 10% Pd/C. After stirring under
H2(g) for 4 h, the mixture was filtered through Celite
pad, then washed with EtOH (100 mL), and concentrat-
ed under vacuum. The crude product was purified by
column chromatography on reversed-phase (RP-18,
H2O). After lyophilization, 6 was obtained as a white
powder (37 mg, 88%). Rf 0.25 (NH4OH/H2O/i-PrOH,
1/1/8). ½a�20

D +45.75 (c 0.8, D2O). 1H NMR (D2O), d:
3.29 (s, 3H, OCH3); 3.61–3.81 (m, 6H, H-2,3,4,5,6);
4,10 (s, 2H, CH2O); 4,64 (s, 1H, H-1); 13C NMR
(D2O), d: 54.85 (OCH3); 68.23 (C-7); 69.91 (C-6);
66.57, 69.82, 70.35, 71.13 (C-2,3,4,5); 100.94 (C-1);
175.72 (CO). MS ESI�, m/z: 251.20 [M�Na]�.
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4.8. Methyl (methyl 2,3,4-tri-O-benzyl-6,7-dideoxy-7-
(methoxycarbonyl)-a-DD-manno-octopyranosid)uronate 7

To a solution of dimethyl malonate (0.66 g, 5.0 mmol) in
THF (15 mL), sodium hydride (0.1 g, 2.5 mmol) was add-
ed. The mixture was stirred under nitrogen for 30 min,
then a solution of methyl 2,3,4-tri-O-benzyl-6-O-tri-
fluoromethanesulfonyl-a-DD-mannopyranoside20 (1.14 g,
1.92 mmol) in THF (4 mL) was added dropwise. The mix-
ture was refluxed for 15 h, allowed to cool at room tem-
perature, quenched with saturated ammonium chloride,
and extracted with ether. The organic layer was washed
with brine, dried, filtered, and concentrated under re-
duced pressure. The residue was purified by silica gel col-
umn chromatography (light petroleum/Et2O, 8/2 then
7/3, v/v) affording 7 (722 mg, 65%) as a colorless oil.
Rf 0.59 (Et2O/light petroleum 6/4). ½a�20

D +36.4 (c 1.29,
CHCl3). 1H NMR (CDCl3), d: 2.04 (ddd, 1H, J 60–5 ¼
9:9 Hz, J 60–6 ¼ 14:0 Hz, J 60–7 ¼ 4:7 Hz, H-6 0); 2.50 (ddd,
1H, J6–5 = 2.4 Hz, J6–7 = 10.7 Hz, H-6); 3.19 (s, 3H,
OCH3); 3.47 (td, 1H, J5–4 = 9.9 Hz, H-5); 3.57–3.68 (m,
3H, H-2, 4 et 7); 3.63 et 3.64 (2s, 6H, 2OCH3); 3.76 (dd,
1H, J3–2 = 3.0 Hz, J3–4 = 9.6 Hz, H-3); 4.51 (s, 2H,
CH2Ph); 4.54 (d, 1H, J1–2 = 1.5 Hz, H-1); 4.58 (d, 1H,
Ja–b = 10.9 Hz, CH2Ph); 4.61 (d, 1H, J a0–b0 ¼ 12:3 Hz,
CH2Ph); 4.67 (d, 1H, CH2Ph); 4.86 (d, 1H, CH2Ph);
7.18–7.29 (m, 15H, 15H-aro). 13C NMR (CDCl3), d:
31.77 (C-6); 40.83 (OCH3); 52.90, 52.93 (2OCH3); 55.19
(C-7); 69.48 (C-5); 72.62 (CH2Ph); 73.28 (CH2Ph); 75.06
(C-2); 75.60 (CH2Ph); 79.10 (C-4); 80.51 (C-3); 99.57
(C-1); 128.00–128.75 (15CH-aro); 138.66–138.84 (3CIV-
aro); 170.00, 170.28 (2CO). MS ESI+, m/z: 601.28 [M+Na]+.

4.9. (Methyl 2,3,4-tri-O-benzyl-6,7-dideoxy-7-carboxy-a-
DD-manno-octopyranosid)uronic acid 8

To a cooled (0 �C) solution of 4 N NaOH (1.3 mL) was
added dropwise a solution of 7 (584 mg, 1.01 mmol) in
THF/water (4/6, v/v, 5 mL). The mixture was sonicated
at room temperature in an ultrasonic bath. After 35 min,
the reaction was complete, as revealed by TLC. The
mixture was acidified with a solution of 5 N HCl until
pH 4.0 and then extracted several times with ethyl ace-
tate. The organic layer was washed with brine, dried
(Na2SO4), and concentrated. The residue was purified
by silica gel column chromatography (light petroleum/
AcOEt, 95/5, v/v) affording malonic acid 8 (528 mg,
95%) as a white powder. Rf 0.52 (AcOEt/MeOH, 9/1).
½a�20

D +30.5 (c 1.13, CHCl3). 1H NMR (CDCl3), d: 2.01
(m, 1H, H-6 0); 2.49 (t, 1H, J 6–60 ¼ 14:0 Hz, J6–7 =
10.7 Hz, H-6); 3.16 (s, 3H, OCH3); 3.54 (t, 1H,
J 5–4 ¼ J 5–60 ¼ 9:5 Hz, H-5); 3.65–3.70 (m, 1H, H-7);
3.62 (t, 1H, J4–3 = 9.5 Hz, H-4); 3.66 (dd, 1H, J2–1 =
1.5 Hz, J2–3 = 2.1 Hz, H-2); 3.77 (dd, 1H, H-3); 4.49 (s,
2H, CH2Ph); 4.55 (d, 1H, H-1); 4.58 (d, 1H, Ja–b =
10.9 Hz, CH2Ph); 4.61 (d, 1H, J a0–b0 ¼ 12:3 Hz, CH2Ph);
4.67 (d, 1H, CH2Ph); 4.86 (d, 1H, CH2Ph); 7.09–7.27
(m, 15H, 15H-aro); 10.69 (br s, 2OH). 13C NMR
(CDCl3), d: 31.42 (C-6); 48.78 (OCH3); 55.54 (C-7);
69.38 (C-5); 72.71–73.32 (2CH2Ph); 75.07 (C-2); 75.84
(CH2Ph); 79.10 (C-4); 80.36 (C-3); 99.52 (C-1); 128.14–
129.06 (15CH-aro); 138.46–138.76 (3CIV-aro); 174.59,
174.91 (2CO). MS ESI�, m/z: 549.14 [M�H]�.
4.10. Sodium (methyl 6,7-dideoxy-7-carboxy-a-DD-manno-
octopyranosid)uronate 9

A suspension of 8 (512 mg, 0.93 mmol) and Pd/C (10%,
200 mg) in EtOH/AcOEt (7/3, v:v) (20 mL) was vigou-
rously stirred under an H2 atmosphere for 4 h. The reac-
tion was filtered through a Celite pad and concentrated
under reduced pressure. To the residue dissolved in
water (50 mL) was added the cation exchange resin in
the Na+ form. After 2 h, the resin was filtered off and
washed several times with water. The aqueous phase
was lyophilized affording 9 (292 mg, 97%) as a white
powder. Rf 0.28 (NH4OH/H2O/i-PrOH, 1/1/8).
½a�20

D +45.78 (c 1.35, H2O). 1H NMR (D2O), d: 1.90–
1.96 (m, 1H, H-6 0); 2.38–2.42 (m, 1H, H-6); 3.26 (s,
3H, OCH3); 3.40 (t, 1H, J4–3 = J4–5 = 9.1 Hz, H-4);
3.44–3.48 (m, 2H, H-5, H-7); 3.61 (dd, 1H, J3–2 =
3.4 Hz, H-3); 3.82 (dd, 1H, J2–1 = 1.5 Hz, H-2); 4.61
(d, 1H, H-1). 13C NMR (D2O), d: 30.94 (C-6); 52.94
(OCH3); 54.97 (C-7); 69.87, 70.22, 70.37, 70.69 (C-
2,3,4,5); 100.84 (C-1); 174.71, 175.07 (2CO). MS ESI�,
m/z: 279.19 [M�2Na+H]�.

4.11. Purification of the M6P/IGF2R

M6P/IGF2R was purified on a phosphoman-
nan–Sepharose affinity column, according to the method
described by Brouillet et al.24 Fetal calf serum (FCS)
(200 mL) diluted in buffer A (200 mL) was passed over
the PMP-affinity column. The column was washed with
buffer A (40 mL) to remove unbound protein. Then the
M6P/IGF2R was specifically eluted with 5 mM man-
nose 6-phosphate. The different fractions were analyzed
by SDS–polyacrylamide gel electrophoresis (PAGE)
(12% acrylamide) and protein (270 kDa) was detected
by Coomassie blue staining. M6P/IGF2R (672 lg) was
recovered from 200 mL of FCS.

4.12. Biotinylation of the M6P/IGF2R

N-Hydroxysuccinimide biotin in dimethylsulfoxide
(10 mg mL�1) and the M6P/IGF2R (1 mg mL�1) in
PBS were mixed in a ratio which resulted in 110 lg of
ester per milligram of receptor. The mixture was incu-
bated end over end for 7 h at room temperature. To stop
the reaction, ammonium chloride 2 M was added and
stirring was kept for 10 min. Then the receptor was dia-
lyzed against PBS to remove excess of biotin. The PBS
was changed to buffer B before use in the binding
assay.25

4.13. Binding assay for mannose 6-phosphate analogues

Phosphomannan core fragment (i.e., PMP functional-
ized with b-(p-aminophenyl)ethylamine) (200 lL well,
200 lg mL�1 in carbonate buffer) was adsorbed to
microtitre wells of an ELISA plate (96 wells) overnight
at 4 �C. Then the wells were saturated for 1 h at room
temperature with 1% gelatine (type A from porcine skin)
in PBS (400 lL) and washed five times with washing
buffer (400 lL). The analogues (10�3 to 10�7 M concen-
tration) and M6P/IGF2Rb (2.5 lg mL�1), diluted in
buffer B + 2 mg mL�1 gelatine, were incubated for
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20 min. Then these mixtures (200 lL) were placed in
each well for 2 h at room temperature. After three
washes, the wells were incubated for 1 h at room temper-
ature with 3· 10�8 M streptavidin peroxidase. After
washing, OPD solution was added (0.4 mg mL�1) and
the absorbance was measured after 15 min at 450 nm.

4.14. Serum stability and cellular cytotoxicity assays

The analogue stability was measured at 37 �C after
incubation for various time periods in human serum
(75%, v/v). The binding affinity of the analogues for
M6P/IGF2R was then tested using the assay already
described.

The cytotoxicity of the analogues was estimated in
human breast-cancer cell lines MDA-MB-231 and
MCF7. MDA-MB-231 and MCF7 were maintained in
Dulbelcco’s modified Eagle’s medium (DMEM) and in
F12/DMEM, respectively, with 10% fetal calf serum
and 5 lg mL�1 gentamicin in an atmosphere of 5%
CO2. For each experiment, 5000 cells were plated into
a 24-well plate for 24 h and then grown for four days
with cultured media containing various concentrations
in M6P or its analogues (10�4 to 10�6 M). The cell num-
ber was evaluated by MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide, Sigma) assay.
Briefly, 500 lL of a MTT solution (1 mg mL�1 in
PBS) was added per well and the mixture was allowed
to stand for 4 h at 37 �C. Then the MTT solution was
removed and the formazan crystals were dissolved in
DMSO/EtOH. The concentration of formazan was then
evaluated using a multiplate reader spectrophotometer
(Biorad 680) at 540 nm. Each data point resulted from
triplicate.
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