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Introduction

Apoptosis is a programmed cell death mechanism that uses
complex membrane and cytoplasmic regulation. In recent
years, it has been widely accepted that apoptosis is under the
control of mitochondria. The permeability transition pore
(PTP), a multiprotein complex located at the contact site be-
tween the mitochondrial inner and outer membranes, plays a
key role in this regulation.[1, 2] The loss of mitochondrial mem-
brane integrity leads to a drop of the transmembrane potential
and remodelling of mitochondrial ultrastructure, which causes
the release of toxic intermembrane proteins into the cyto-
plasm.[3] The mitochondrial peripheral benzodiazepine receptor
(mPBR) is part of the PTP complex and participates in the regu-
lation of apoptosis. Due to its localisation within a regulating
structure of apoptosis, the mPBR can be considered a potential
target for therapeutic intervention. The mPBR is overexpressed
in various human cancers, including breast,[4, 5] ovarian, and
colon cancers.[6] A correlation between mPBR expression and
colorectal cancer patient survival has also been reported.[7]

Natural mPBR ligands[8–11] as well as synthetic ligands, includ-
ing benzodiazepines,[12–17] have been identified. For therapeutic
applications, ligands should have high affinity for the peripher-
al mPBR and low affinity for GABA benzodiazepine receptors
that are located in the central nervous system. One of the lig-ACHTUNGTRENNUNGands that fulfill this requirement is RO5-4864, a 4’-chloro deriv-
ative of diazepam that binds specifically the mPBR with a Ki

value of only 23 nm.[18]

RO5-4864 has highly interesting in vitro and in vivo proper-
ties.[19] Because of its low solubility in water, however, no satis-
factory galenic forms of the molecule exist. Our aim was to
obtain a soluble form with increased selectivity for tumour
cells. Some soluble peptidic pro-benzodiazepine derivatives
have already been published. in vitro, these compounds are
stable, and their in vivo hydrolysis by peptidases leads to the
release of a benzodiazepine precursor, which then spontane-
ously cyclises to yield the active drug (Scheme 1).[20–22] How-ACHTUNGTRENNUNGever, these compounds lack selectivity for cancer cells.

The nontoxic receptor-binding B-subunit of Shiga toxin
(STxB) has been described as a tumour delivery tool[23–26] Shiga
toxin is produced by intestinal pathogenic bacteria. STxB is
noncovalently associated with the catalytic A-subunit that
modifies ribosomal RNA in the cytosol of target cells, leading
to protein biosynthesis inhibition. The STxB-based delivery
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strategy exploits the extracellular stability of the protein, its ca-
pacity to cross tissue barriers, and the fact that its cellular re-
ceptor, the glycolipid globotriaosyl ceramide (Gb3), is highly
expressed on a number of human tumours. After binding to
Gb3, STxB is internalised into primary tumours cells and
tumour cell lines, targeted to endosomes, the Golgi apparatus,
and the endoplasmic reticulum, via the retrograde route. This
specific trafficking allows avoiding degradation in lysosomes or
recycling to the plasma membrane, two processes that often
decrease the efficiency of therapeutic delivery.

We describe herein the development of a soluble derivative
of RO5-4864 with specific tumour targeting properties brought
about by conjugation with STxB. A linker arm was synthesised
that is stable in serum, but undergoes an intracellular cleavage
event liberating the RO5-4864 moiety.

Results and Discussion

Synthesis

The conjugate consists of a benzodiazepine precursor linked
to STxB through a spacer. The benzodiazepine itself is difficult
to functionalise. Our choice was to work on an open form of
the central ring. A ketoamine cyclises spontaneously to afford
the benzodiazepine structure and offers a free amine function
for derivatisation. For the linkage of this compound with a
spacer unit, a carbamate function seemed very attractive. This
group, while being prone for enzymatic cleavage by ester-ACHTUNGTRENNUNGases,[27] is more stable in the circulation than ester or carbonate
moieties.[28–30] For the coupling to STxB, a variant was chosen
that carries a C-terminal cysteine, termed STxB/Cys. The free
thiol group of this residue allows site-directed chemical cou-
pling to spacer arms. In consideration of these points, conju-
gate 1 appeared to be an appropriate choice (Scheme 2).

Among the retrosynthetic pos-
sibilities, introducing STxB/Cys at
the end of the reaction scheme
appeared advantageous, thereby
avoiding synthesis steps in the
presence of the protein. The
spacer could be coupled to the
benzodiazepine precursor that
was used as its chlorohydrate in
order to prevent prematureACHTUNGTRENNUNGcyclisation (Scheme 3).

First, the benzodiazepine was built starting from the amino-
benzophenone 6 (Scheme 4). For this, p-chloroaniline 2 was
protected as a Boc derivative. Ortho-deprotonation with
tBuLi,[31] and condensation with p-chlorobenzaldehyde gaveACHTUNGTRENNUNGalcohol 4. Oxidation with MnO2 and deprotection of the Boc
group afforded dichlorobenzophenone 6.

The amine of benzophenone 6 was methylated with methyl
sulfate in the conditions of Mouzin et al. ,[32] and then acylated
with excess chloroacetyl chloride to afford chloroacetate 8
(Scheme 5). The chloro group was transformed into an amine
by substitution by an azide, followed by hydrogen reduction
of the azide with PtO2 as catalyst. At this stage, it was impor-
tant to remain in acidic medium in which the chlorohydrate 10
is stable, contrary to the free base that spontaneously cyclises
to benzodiazepine. Finally, the spacer was introduced as a p-
nitro ACHTUNGTRENNUNGphenyl chloroformate. The coupling worked well if an
excess of chloroformate was used at 0 8C, otherwise cyclisation
to benzodiazepine RO5-4864 occurred as the major product.
Reduction of the nitro group to amine was tested in different
conditions (catalytic hydrogenation, SnCl2, SmI2). The best con-
ditions were reduction with iron albeit with a very modest
yield of 25 %. All other conditions gave by-product as cyclised
compounds or loss of the chlorine atoms. At the end of the
synthesis, reaction of the amine 12 with bromoacetic anhy-
dride afforded compound 13 ready for coupling with the thiol
group of STxB/Cys. The global yield of this 11-steps synthesis
was 4.7 %.

In the previous scheme, two problems became apparent:
the construction of the substituted benzophenone 6 was
rather tedious, and the reduction of the nitro group in one of
the last steps had a yield of only 25 %. Therefore, we set out to
find a more efficient synthesis. For this, we adopted the Suga-
sawa reaction for the synthesis of such aminobenzo-ACHTUNGTRENNUNGphenones.[33–35] The p-chloroaniline 2 reacted with ACHTUNGTRENNUNGp-

chlorobenzonitrile in the presence of boron trichlor-
ide and a Lewis acid such as aluminum trichloride or
gallium trichloride (Scheme 4). The reaction wasACHTUNGTRENNUNGregioselective and efficient (70 % yield for benzo-ACHTUNGTRENNUNGphenone 6), and there was no need for protecting
groups.

The transformation of 6 into chlorohydrate 10 was
done as previously. To avoid the nitro reduction step,
a carbamate bond was generated by using the al-
ready functionalised chloroacetyl aminophenol 14.
The chlorohydrate 10 was treated with phosgene,
and without isolation of the formed isocyanate, the

Scheme 1. Release of benzodiazepine from its prodrug. AA = various amino acids.

Scheme 2. Cleavage of prodrug 1.
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phenol 14 was introduced and gave chloroacetate 15 with a
good yield (65 % for the two steps) (Scheme 6). However, it
turned out that chloroacetate 15 was not reactive enough for
efficient coupling to STxB/Cys. This problem was solved by ex-
changing the chlorine atom by a bromine atom. With these
improvements, the seven-step synthesis had a yield of 15 %.
STxB/Cys was coupled in Hepes buffer at pH 7.5 with an excess
of bromide 13.

Solubility improvement

RO5-4864 itself is insoluble in water, and can be taken up in
DMSO or ethanol. After coupling to STxB/Cys, RO5-4864 could
be introduced into aqueous solutions. Indeed, conjugate 1 had

water solubility properties similar to those of the free STxB/
Cys.

Stability of the carbamate linkage and drug release

For sensitivity reasons, model compound 16 was prepared to
follow the stability and the cleavage of the carbamate by
HPLC. This molecule was obtained by acetylation of compound
12 (R = p-NH-CO-C6H4-NH2) with CH3COCl, and possesses the
same carbamate linkage as compound 1. As shown in Table 1,
the carbamate linkage was comparatively stable in neutral or
acidic medium, but was rapidly cleaved in alkaline medium.

In biological medium, model compound 16 was slowly
cleaved. After 6 h incubation at 37 8C in pure foetal calf serum,
15 % of total RO5-4864 was released. This value is compatible
with in vivo use. Indeed, previous experiments demonstrated
tumour targeting by STxB as early as one hour afterACHTUNGTRENNUNGinjection.[24]

To validate the mechanism of cleavage by esterases, model
compound 16 was incubated with porcine liver esterase. Start-
ing material disappeared and free RO5-4864 was formed, as
shown by HPLC. Cleavage was 10 % after 1.5 h, and 50 % after
37 h. Such slow release is compatible with the prolonged local-
isation of STxB on tumour cells up to several days,[24, 25] due to
trafficking via the retrograde transport route.

Cytotoxicity

Cytotoxicity measurements were performed on three cell lines
(HT-29, A431, CHO) (Figure 1)). As a specificity control, we also
used HT-29 and A431 cells on which Gb3 expression was inhib-
ited using the glycosylceramide synthase inhibitor PPMP.[36]

CHO cells do not express Gb3. IC50 values were determined for
1, and compared with free RO5-4864.

For free RO5-4864, IC50 values were 40 mm (HT-29) or
>100 mm (A431), independently of Gb3 expression (Figure 1).
In contrast, conjugate 1 had an IC50 value of 0.2 mm (HT-29) or

Scheme 3. Retrosynthetic scheme for compound 1.

Scheme 4. Syntheses of benzophenone 6.
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0.4 mm (A431) on Gb3 expressing cells, and 10 mm (HT-29) or
2.8 mm (A431) on non-expressing cells. This difference revealed
specificity for Gb3-expressing tumour cells, which was further
demonstrated by the finding that non-Gb3-expressing CHO
cells were not affected by STxB–RO5-4864, while their viability
was efficiently reduced by free RO5-4864 (Figure 1). Free STxB
was not cytotoxic. Importantly, we also found that 1 was more
cytotoxic than free RO5-4864 (0.2 mm versus 40 mm). A likely ex-

planation of this finding is the
increased solubility of the con-ACHTUNGTRENNUNGjugate, thereby increasing theACHTUNGTRENNUNGbioavailability of the activeACHTUNGTRENNUNGprinciple.

Mitochondrial transmembrane
potential

To evaluate the impact of STxB–
RO5-4864 on the mitochondrial
transmembrane potential (DYm),
HT29 cells were cultured for 24
and 48 h in the presence of
1 mm RO5-4864, STxB, or STxB–
RO5-4864. Valinomycin (100 mm ;
Sigma) was used as positive con-
trol. After JC-1 staining, we ob-
served a decrease of DYm in
cells that were cultured with 1,
but not with RO5-4864 or STxB
alone, demonstrating therefore a
direct mitochondrial effect of the
conjugate (Figure 2).

Conclusions

We describe a novel benzodiaze-
pine formulation in which two
critical requirements for the de-
velopment of a tumour therapy
tool are met: bioavailability of
the benzodiazepine and specific-
ity of tumour targeting. In our
approach, we exploit the retro-
grade delivery capacity of STxB.
We have previously shown that
by reaching membranes of the
biosynthetic/secretory pathway,
the protein stably associates

with primary tumour cells,[24] leading to the slow release of
therapeutic compounds.[25] In combination with highly active
RO5-4864 (Ki = 23 nm toward mPBR),[18] an interesting tool for
the development of innovative cancer treatment strategies be-
comes ACHTUNGTRENNUNGavailable.

In the light of mPBR overexpression in a large variety of
human cancers, it can be considered that this protein consti-
tutes a tumour-specific intracellular component. Furthermore,
mPBR binding by high-affinity ligands enhances apoptosis in-
duction of numerous inducers and in various types of human
tumours.[3] In combination with the retrograde delivery capa-ACHTUNGTRENNUNGcity of STxB, these parameters are expected to potentiate theACHTUNGTRENNUNGefficiency of treatment modalities that build on Gb3-based
tumour targeting. Thereby, mPBR ligation may synergise with
Gb3-specific delivery approaches to bypass tumour cell resist-
ance, ensuring more effective cancer cell eradication.

Scheme 5. Synthesis of bromide 13 : a) NaN3, DMF, 93 %; b) H2, PtO2, HCl, quant. ; c) p-ClCOOC6H4NO2 (3 equiv)
76 %; d) Fe/NH4Cl, 25 % e) (BrCH2CO)2O, 67 %.

Scheme 6. Final steps of the synthesis.

Table 1. Stability of compound 16

pH Time for 10 % decomposition [h]

9 1.5
7 18.5
5 63
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Experimental Section

General procedures : All reaction conditions dealing with air- and
moisture-sensitive compounds were carried out in a dry reaction
vessel under argon atmosphere. Melting points (mp) were mea-
sured with an electrothermal digital melting point apparatus and
are uncorrected. NMR spectra were recorded at 300 (1H) or 75 MHz
(13C). Chemical shifts d are reported in ppm, and J values in Hz.
Mass spectra were recorded using chemical ionisation (CI-MS; NH3,
positive ion mode) or FAB (positive ion mode, either MB (“magic
bullet”), or NBA (3-nitrobenzyl alcohol) as the matrix). Electrospray
ionisation mass spectra (ESI-MS) were acquired with a quadripole
instrument with a mass of charge (m/z) range of 2000. Chromatog-
raphy was conducted over silica gel (230–400 mesh).

4-chloro-N-tert-butoxycarbonylaniline (3): To a solution of 4-chlor-
oaniline (10 g, 0.078 mol) in anhydrous THF (65 mL), (Boc)2O (19 g,

0.085 mol, 1.1 equiv) and Et3N (12.1 mL, 0.085 mol, 1.1 equiv) were
added. The mixture was stirred at room temperature for 48 h. After
solvent evaporation, the residue was taken up in EtOAc (300 mL),
washed with a saturated ammonium chloride solution (2 � 100 mL),
then with H2O (2 � 100 mL), and dried over MgSO4. After removal
of EtOAc, a pure white solid (16.3 g, 92 %) was recovered. Rf : 0.41
(cyclohexane/EtOAc 7:3); mp: 100 8C; 1H NMR (CDCl3): d= 7.31–7.21
(m, 4 H, Haromatics), 6.54 (bs, 1 H, NH), 1.51 ppm (s, 9 H, (CH3)3) ;
13C NMR (CDCl3): d= 152.6 (CO), 136.9, 128.9, 128.8, 127.8, 119.7,
80.4 (CACHTUNGTRENNUNG(CH3)3), 28.3 and 28.2 ppm ((CH3)3) ; MS (CI/NH3): m/z : 245
[M+NH4]+ ; Anal. calcd for C11H14NO2Cl: C 58.03, H 6.20, N 6.15,
found: C 58.21, H 6.26, N 6.26.

4’,5-dichloro-2-(N-tert-butoxycarbonylamino)benzhydrol (4): To a
solution of compound 3 (5 g, 0.022 mol) in freshly distilled THF
(65 mL) at �78 8C, a solution of tert-butyllithium (1.7 m, 35 mL,
0.059 mol, 2.7 equiv) were added dropwise. The first equivalent
gave a colourless solution, then a yellow solution after 1.5 equiv.
After 15 min at �78 8C, the solution was left to heat till �20 8C
(orange colour). To this solution 4-chlorobenzaldehyde (3.86 g,
0.0275 mol, 1.25 equiv) in THF (19 mL) was added. The mixture was
stirred at �20 8C for 2.5 h. Et2O (100 mL) and H2O (100 mL) were
then added at room temperature. The organic phase was washed
with brine, dried over MgSO4, and evaporated. After purification
over silica gel column (eluent: CH2Cl2), compound 4 (4.83 g, 60 %)
was obtained as a yellow solid. Rf : 0.51 (CH2Cl2) ; mp: 123–124 8C;
1H NMR (CDCl3): d= 7.69 (d, 1 H, J = 8.6 Hz, H3), 7.47 (bs, 1 H, NH),
7.33–7.21 (m, 5 H, Haromatics), 7.00 (d, 1 H, J = 2.3 Hz, H6), 5.75 (s, 1 H,
CHO), 3.45 (s, 1 H, OH), 1.41 ppm (s, 9 H, (CH3)3) ; 13C NMR (CDCl3):
d= 153.3 (CO), 139.3, 135.4, 133.9 133.6, 128.7, 128.6, 128.3, 127.5,
124.1, 80.8 (CACHTUNGTRENNUNG(CH3)3), 73.8 (CHOH), 28.2 ppm ((CH3)3) ; MS (CI/NH3):
m/z : 367[M]+ ; Anal. calcd for C18H19NO3Cl2 : C 58.71, H 5.20, N 3.80,
found: C 58.43, H 5.14, N 3.68.

4’,5-dichloro-2-(N-tert-butoxycarbonylamino)benzophenone (5):
To a solution of compound 4 (3 g, 8 mmol) in freshly distilled
CH2Cl2 (50 mL), MnO2 (0.065 mmol, 8 equiv) was added. The mix-
ture was stirred at room temperature for 24 h. After filtration over
545 Celite and evaporation, the residue was purified over silica gel
(eluent: CH2Cl2/hexane 7:3). Compound 5 (2.76 g, 94 %) was ob-
tained and recrystallised in MeOH to obtain white crystals. Rf : 0.62
(CH2Cl2) ; mp: 96 8C; 1H NMR (CDCl3): d= 9.76 (s, 1 H, NH), 8.40 (d,
1 H, J = 9.0 Hz, H3), 7.66 (d, 2 H, J = 8.3 Hz, H2’), 7.49 (d, 3 H, J =
8.3 Hz, H4, H3’, H5’), 7.42 (d, 1 H, J = 2.0 Hz, H6), 1.50 ppm (s, 9 H,
(CH3)3) ; 13C NMR (CDCl3): d= 196.6 (CO ketone), 152.7 (CO carba-
mate), 139.8 and 139.3, 136.3, 134.0, 132.1, 131.2, 128.8, 125.9,
123.6, 121.6, 81.1 (CACHTUNGTRENNUNG(CH3)3), 28.2 ppm (CACHTUNGTRENNUNG(CH3)3) ; MS (FAB + ): m/z
366 [M+H]+ ; Anal. calcd for C18H17NO3Cl2 : C 59.03, H 4.68, N 3.82,
found: C 58.86, H 4.53, N 3.78.

4’,5-dichloro-2-aminobenzophenone (6): 1) From compound 5. To
a solution of compound 5 (2.5 g, 6.8 mmol) in anhydrous CH2Cl2

(40 mL), TFA (8 mL) was added at 0 8C. The cooling bath was re-
moved and the mixture was stirred during 1 h. Excess TFA was re-
moved in vacuum, the residue taken in CH2Cl2 (35 mL) and washed
with a saturated NaHCO3 solution till pH 7–8. After evaporation
and purification (eluent: CH2Cl2), compound 6 (1.73 g, 95 %) was
obtained as yellow crystals. 2) Sugasawa reaction : To a solution of
BCl3 (28.3 mL, 0.028 mmol, 1.3 equiv) in anhydrous chlorobenzene
(20 mL), was added dropwise at 0 8C, a solution of 4-chloroaniline
(5.56 g, 0.043 mmol, 2 equiv) in chlorobenzene (50 mL). The mix-
ture was stirred for 5 min (formation of a white precipitate, that
corresponds to the amine–BCl2 complex). Then, para-chlorobenzo-
nitrile (3 g, 0.022 mmol) and GaCl3 (5 g, 0.028 mmol, 1.3 equiv)
were added. The precipitate dissolved by addition of GaCl3 (orange

Figure 1. Cytotoxic activity of compounds toward HT-29, CHO, and A431
tumour cells.

Figure 2. Determination of the mitochondrial transmembrane potential.
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solution). The reaction was then heated at reflux during 24 h. After
cooling at 0 8C, a 2 n HCl (85 mL) solution was added and the mix-
ture heated at 80 8C during 45 min. The compound was extracted
with CH2Cl2, dried over MgSO4 and evaporated. Purification on
silica gel (eluent: CH2Cl2) afforded yellow crystals (4.05 g, 70 %). Rf :
0.56 (CH2Cl2); mp: 117 8C (lit : 118–119[36]) ; 1H NMR (CDCl3): d= 7.57
(dd, 2 H, J = 6.7 Hz and J’= 1.9 Hz, H2’, H6’), 7.45 (dd, 2 H, J = 6.7 Hz
and J’= 1.9 Hz, H3’, H5’), 7.36 (d, 1 H, J = 2.4 Hz, H6), 7.24 (dd, 1 H,
J = 8.7 Hz and J’= 2.4 Hz, H4), 6.71 (d, 1 H, J = 8.7 Hz, H3), 6.05 ppm
(s, 2 H, NH2); 13C NMR (CDCl3): d= 196.5 (CO ketone), 149.4, 137.8,
137.5, 134.4, 132.8, 130.5, 128.6, 119.9, 118.6, 118.3 ppm; MS (CI/
NH3): m/z 266 [M+H]+ and 283 [M+NH4]+ ; Anal. calcd for
C13H9NOCl2 : C 58.67, H 3.41, N 5.26, found: C 58.48, H 3.29, N 5.15.

4’,5-dichloro-2-methylaminobenzophenone (7): To a solution of
amine 6 (2.77 g, 0.010 mol) and tetrabutylammonium bromide
(33.5 mg, 0.01 equiv) in THF (50 mL), NaOH pellets (1.66 g, 0.041
mol, 4 equiv) were added. The mixture was stirred for 10 min at
room temperature, then dimethyl sulfate (2.96 mL, 0.031 mol,
3 equiv) was added. After 8 h at 60 8C and evaporation of THF, the
residue was taken in EtOAc (80 mL), washed with H2O to neutrali-
sation, dried over MgSO4 and evaporated to dryness. Purification
on silica gel (eluent: CH2Cl2/hexane 4:6) afforded compound 7
(2.2 g, 85 %) as a yellow solid and starting material 320 mg. Rf : 0.52
(hexane/CH2Cl2 1:1) ; mp: 122 8C (lit : 123 8C[31]) ; 1H NMR (CDCl3): d=
8.41 (s, 1 H, NH), 7.53 (dd, 2 H, J = 6.7 Hz and J’= 2.0 Hz, H2’, H6’),
7.44 (dd, 2 H, J = 6.7 Hz and J’= 2.0 Hz, H3’, H5’), 7.37–7.33 (m, 2 H,
H4, H6), 6.72 (d, 1 H, J = 8.8 Hz, H3), 2.96 and 2.94 ppm (s, 3 H,
NCH3); 13C NMR (CDCl3): d= 196.7 (CO ketone), 151.1, 138.0, 137.4,
135.0, 133.6, 130.4, 128.5, 118.3, 117.5, 112.8, 29.6 ppm (NCH3) MS
(CI/NH3): m/z 280 [M+H]+ ; Anal. calcd for C14H11NOCl2 : C 60.02, H
3.96, N 5.00, found: C 59.88, H 3.98, N 4.91.

4’,5-dichloro-N-methyl-2-chloroacetamidobenzophenone (8): To
a solution of amine 7 (300 mg, 1.07 mmol) in EtOAc/H2O (1:1,
25 mL), were added K2CO3 (162 mg, 1.17 mmol, 1.1 equiv) and
chloroacetyl chloride (341 mL, 4.28 mmol, 4 equiv). The mixture was
stirred during 40 min at room temperature. The two phases were
separated. The organic phase was evaporated and taken in CH2Cl2

(20 mL), washed four times with H2O, dried over MgSO4, and
evaporated to dryness. The residue was purified on silica gel
(eluent: CH2Cl2/acetone 9:1) and afforded compound 8 (343 mg,
90 %) that crystallise by cooling (white solid). Rf : 0.23 (CH2Cl2) ; mp:
160 8C (lit : 161–162 8C[28]) ; 1H NMR (CDCl3): d= 7.71 (d, 2 H, J =
8.3 Hz, H2’, H6’’) ; 7.61 and 7.58 (d, 1 H, J = 2.1 Hz, H6); 7.44–7.35
(m, 4 H, H3, H4, H3’, H5’) ; 3.98–3.81 (m, 2 H, CH2Cl) ; 3.41 and
3.04 ppm (rotamers) (2 s, 3 H, NCH3); 13C NMR (CDCl3): d= 193.0
and 192.1 (CO ketone), 166.7 and 166.5 (COCH2), 141.1, 140.1,
139.9, 139.4, 138.1, 137.9, 134.7, 134.3, 133.9, 132.9, 132.4, 131.9,
131.5, 131.3, 131.2, 129.5, 129.3, 129.2, 128.9, 128.8, 41.6 and 41.1
(CH2Cl), 39.5 and 38.0 ppm (NCH3 rotamers) MS (ESI + ): m/z 378
[M+Na]+ ; Anal. calcd for C16H12NO2Cl3 : C 53.89, H 3.39, N 3.93,
found: C 53.68, H 3.31, N 3.88.

4’,5-dichloro-N-methyl-2-azidoacetamidobenzophenone (9): To a
solution of chloride 8 (340 mg, 0.955 mmol) in DMF (10 mL), NaN3

(500 mg, 7.64 mmol, 8 equiv) was added at once. The mixture was
stirred at room temperature during 15 h. The reaction was
quenched with H2O (10 mL), then extracted three times with Et2O.
The organic phases were washed with H2O (2 � 20 mL), dried over
MgSO4 and evaporated. The compound was purified by chroma-
tography over silica gel (eluent: CH2Cl2 then CH2Cl2/acetone 95:5).
A white solid (323 mg, 93 %) was obtained. Rf : 0.23 (CH2Cl2) ; mp:
117–119 8C; IR (CHCl3): ñ= 2109 (N3) ; 1673 cm�1 (CO); 1H NMR
(CDCl3): d= 7.73 (d, 2 H, J = 8.4 Hz, H2’, H6’) ; 7.60 (d, 1 H, J = 2.3 Hz,

H6), 7.52–7.36 (m, 3 H, H4, H3’, H5’), 7.31 (d, 1 H, J = 8.4 Hz, H3);
3.83 (d, 1 H, J = 15.5 Hz, AB, CH2N3), 3.53 (d, 1 H, J = 15.5 Hz, AB,
CH2N3), 3.27 and 3.02 (rotamers) (2 s, 3 H, NCH3); 13C NMR (CDCl3):
d= 192.1 (CO ketone), 166.7 (COCH2), 141.1, 140.0, 138.9, 138.1,
137.9, 134.7, 134.3, 133.9, 132.9, 132.4, 131.9, 131.5, 131.3, 130.9,
129.6, 129.4, 129.3, 129.0, 128.8, 50.7 (CH2N3), 38.4 and 37.5 (NCH3

rotamers) ; MS (CI/NH3) m/z 363 [M+H]+ ; Anal. calcd for
C16H12N4O2Cl2 : C 52.91, H 3.33, N 15.43, found: C 52.73, H 3.39,
N 15.36.

4’,5-dichloro-N-methyl-2-aminoacetamidobenzophenone chloro-
hydrate (10): Azide 9 (316 mg, 0.87 mmol) was dissolved in abso-
lute EtOH (27 mL). PtO2 (69 mg) and concentrated HCl (318 mL,
10.44 mmol, 12 equiv) were added. The mixture was hydrogenated
for 4 h. After filtration over 545 Celite, washing with absolute
EtOH, and evaporation to dryness, chlorohydrate 10 (325 mg,
quantitative) was obtained as a white solid. Due to stability prob-
lems, the compound could not be purified and was used crude in
the next step. Rf : 0.37 (CH2Cl2/acetone 95:5); mp: 170 8C (decompo-
sition); 1H NMR (D2O): d= 7.60–7.50 (m, 3 H, H6, H2’, H6’), 7.37–7.15
(m, 4 H, H3, H4, H3’, H5’), 3.69 (m, 1 H, AB, CH2NH2); 3.53 (m.1 H, AB,
CH2NH2), 3.02 and 2.84 (rotamers) (2 s, 3 H, NCH3); MS (FAB + ): m/z
337 [M+H�HCl]+ .

4’,5-dichloro-N-methyl-2-para-nitrophenoxycarbonylaminoaceta-
midobenzophenone (11): To a solution of chlorohydrate 10
(110 mg, 0.29 mmol) and para-nitrophenylchloroformate (137 mg,
0.67 mmol, 2.3 equiv) in freshly distilled THF, three drops of Et3N
were added at 0 8C. After removal of the ice bath, the mixture was
stirred at room temperature for 2 h. After evaporation, the residue
was purified on silica gel (eluent: hexane/acetone 7:3). A white
slightly pasty solid (114 mg, 78 %) was isolated. Rf : 0.60 (CH2Cl2/ace-
tone 95:5); mp: 97–100 8C; 1H NMR (CDCl3): d= 8.24 (d, 2 H, J =
9.2 Hz, H3’’, H5’’), 7.76 (d, 2 H, J = 8.5 Hz, H2’, H6’), 7.63 and 7.60 (d,
1 H, J = 2.3 Hz, H6), 7.48 (dd, 3 H, J = 8.5 Hz and J’= 2.3 Hz, H4, H3’,
H5’), 7.32 (m, 3 H, H3, H2’’, H6’’), 6.02 and 5.90 (bs, 1 H, NH), 4.06
and 3.84 (d, 2 H, J = 2.7 Hz, CH2), 3.35 and 3.11 ppm (rotamers) (2 s,
3 H, NCH3), 13C NMR (CDCl3): d= 193.1 and 192.0 (CO ketone), 168.2
and 168.0 (CONCH3), 155.8, 155.7, 152.9 and 152.8 (OCONH), 144.7,
141.1, 138.6, 137.9, 134.9, 134.4, 133.9, 132.7, 132.2, 131.5, 131.4,
131.1, 130.0, 129.6, 129.4, 128.8, 125.0, 121.9, 43.4 and 43.0 (CH2);
38.1 and 37.5 ppm (NCH3 rotamers). MS (FAB + ): m/z 502 [M+H]+ ;
Anal. calcd for C23H17N3O6Cl2 : C 55.00, H 3.41, N 8.37, found:
C 55.24, H 3.48, N 8.32.

4’,5-dichloro-N-methyl-2-para-aminophenoxycarbonylaminoace-
tamidobenzophenone (12): To a solution of compound 11 (60 mg,
0.118 mmol) in THF (3 mL) were added iron (80 mg, excess) and
three drops of a NH4Cl (1N) solution. The mixture was stirred for
90 min at room temperature. After filtration over 545 Celite and
evaporation, the residue was purified on silica gel (eluent: hexane/
acetone 7:3). Compound 12 (14 mg, 25 %) was obtained as yellow
solid. Rf : 0.50 (CH2Cl2/MeOH 95:5); mp: 54–56 8C 1H NMR (CDCl3):
d= 7.75 (d, 2 H, J = 8.4 Hz, H9), 7.60 and 7.50 (d, 1 H, J = 2.3 Hz, H5),
7.49–7.32 (m, 4 H, H10, H3 and H2), 6.89 (d, 2 H, J = 8.4 Hz, H13),
6.72 (d, 2 H, J = 8.4 Hz, H14), 5.88 and 5.79 (bs, 1 H, NH), 3.83
(m, 2 H, CH2), 3.31 and 3.07 ppm (rotamers) (2 s, 3 H, NCH3); MS
(FAB + ): m/z 472 [M+H]+ ; Anal. calcd for C23H19N3O4Cl2 : C 58.49, H
4.05, N 8.90, found: C 58.30, H 3.93, N 8.76.

4-chloroacetamidophenol (14): To a solution of potassium carbon-
ate (4.0 g, 0.0302 mmol, 1.1 equiv) in acetone/H2O (3:1, 40 mL)
para-aminophenol (3.0 g, 0.027 mmol, 1 equiv) was added. The
mixture was cooled to �10 8C, then chloroacetyl chloride (2.19 mL,
0.027 mmol, 1 equiv) was added dropwise during 30 min. The
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whole mixture was stirred for 75 min at �10 8C. After evaporation
of acetone, the mixture was taken in EtOH (30 mL), dried over
MgSO4 and evaporated to dryness. The residue was purified on
silica gel (eluent: CH2Cl2/MeOH 95:5). A brown solid (3.05 g, 60 %)
was obtained. Rf : 0.56 (CH2Cl2/MeOH 9:1); mp: 146 8C; 1H NMR
(CDCl3): d= 7.32 and 7.31 (d, 2 H, J = 6.8 Hz, H3, H5), 6.76 and 6.75
(d, 2 H, J = 6.8 Hz, H2, H6), 4.08 (s, 2 H, CH2Cl) ; 13C NMR (CDCl3): d=
165.7 (COCH2), 154.4, 129.5, 122.1, 114.4, 42.5 (CH2Cl) ; MS (CI/NH3):
m/z 186 [M+H]+ ; Anal. calcd for C8H8NO2Cl: C 51.77, H 4.34,
N 7.55, found: C 51.93, H 4.29, N 7.62.

4’,5-dichloro-N-methyl-2-chloroacetamido-para-aminophenoxy-
carbonylaminoacetamidobenzophenone (15): To a suspension of
chlorohydrate 10 (60 mg, 0.16 mmol) in freshly distilled CH2Cl2

(6 mL), a phosgene solution (165 mL, 1.28 mmol, 8 equiv) and three
drops of Et3N were added at 0 8C. After 45 min stirring at 0 8C,
phenol 14 (32.5 mg, 0.17 mmol, 1.1 equiv) was added. The cooling
bath was removed and the stirring was continued for 3 h 30. The
mixture was the diluted with CH2Cl2 (10 mL), washed four times
with H2O, dried over MgSO4 and evaporated. Silica gel purification
(eluent: CH2Cl2 then CH2Cl2/acetone 8:2) afforded a white solid
(57 mg, 65 %). Rf : 0.44 (CH2Cl2/acetone 8:2); mp: 123–125 8C;
1H NMR (CDCl3): d= 8.29 (bs, 1 H, NH), 7.74 (d, 2 H, J = 6.3 Hz, H2’,
H6’), 7.59–7.22 (m, 7 H, H3, H4, H6, H3’, H5’, H3’’, H5’’), 7.06 (d, 2 H,
J = 6.9 Hz, H2’’, H6’’), 5.95 and 5.84 (bs, 1 H, NH), 4.13 (s, 2 H, CH2Cl),
4.01–3.68 (m, 2 H, CH2), 3.31 and 3.06 ppm (2 s, 3 H, NCH3); 13C NMR
(CDCl3): d= 193.1 and 192.0 (CO ketone), 168.4 and 168.3
(CONCH3), 163.8 (COCH2), 154.3 and 154.2 (OCONH), 147.8, 147.7,
141.0, 140.0, 139.9, 138.8, 137.9, 134.8, 134.0, 132.9, 132.7, 132.1,
131.5, 131.1, 131.4, 129.9, 129.5, 129.3, 128.8, 122.1, 121.0, 43.4
(CH2Cl), 43.0 and 42.8 (CH2), 38.0 and 37.5 ppm (NCH3); MS
(MALDI): m/z 570 [M+Na]+ and 586 [M+K]+ ; Anal. calcd for
C25H20N3O5Cl3 : C 54.71, H 3.67, N 7.66, found: C 54.55, H 3.58,
N 7.59.

4’,5-dichloro-N-methyl-2-bromoacetamido-para-aminophenoxy-
carbonylaminoacetamidobenzophenone (13): 1) 1st synthesis. To
a solution of amine 12 (6 mg, 0.013 mmol) in anhydrous THF
(1.5 mL), bromoacetyl anhydride (5 mg, 0.019 mmol, 1.5 equiv) and
Et3N (2 mL, 0.010 mmol, 0.8 equiv) were added. The mixture was
stirred for 30 min. The reaction was quenched with H2O (1 mL),
then extracted with CH2Cl2 (2 � 3 mL), dried over MgSO4 and evapo-
rated. The crude compound was purified on silica gel (eluent:
CH2Cl2/acetone 9:1) to give compound 13 (5.2 mg, 67 %). 2) 2nd
synthesis. To a solution of chloride 15 (39 mg, 0.071 mmol) in fresh-
ly distilled acetone, NaBr (260 mg, dried over P2O5), was added.
The mixture was heated for 48 h at reflux. After filtration, washing
with acetone and evaporation, the product was purified on silica
gel (eluent: CH2Cl2/acetone 9:1). The bromide 13 (33 mg, 78 %)
was isolated as a white solid. Rf : 0.44 (CH2Cl2/acetone 8:2); mp:
120–122 8C; 1H NMR (CDCl3): d= 8.20 (bs, 1 H, NH), 7.75 (d, 2 H, J =
8.4 Hz, H2’, H6’), 7.60 and 7.58 (d, 1 H, J = 2.1 Hz, H6), 7.49–7.41 (m,
5 H, H3, H3’, H5’, H3’’, H5’’), 7.34 (dd, 1 H, J = 8.4 Hz and J’= 2.1 Hz,
H4), 7.07 (d, 2 H, J = 8.7 Hz, H2’’, H6’’), 5.92 and 5.82 (bs, 1 H, NH),
4.02 and 3.82 (m, 2 H, CH2), 3.97 (s, 2 H, CH2Br), 3.33 and 3.07 ppm
(2 s, 3 H, NCH3); 13C NMR (CDCl3): d= 193.1 and 192.0 (CO ketone),
168.4 and 168.3 (CONCH3), 163.6 (COCH2), 154.6 and 154.5
(OCONH), 147.6, 147.5, 141.1, 140.1, 138.7, 137.8, 137.7, 134.8,
134.4, 134.3, 134.0, 132.9, 132.7, 131.5, 131.1, 131.9, 129.9, 129.5,
129.3, 128.8, 122.0, 121.0, 43.5 and 43.0 (CH2), 38.1 and 37.6 (NCH3),
29.4 and 29.2 ppm (CH2Br) ; MS (FAB + ): m/z 592 [M+H]+ ; Anal.
calcd for C25H20N3O5BrCl2 : C 50.61, H 3.40, N 7.08, found: C 50.39,
H 3.29, N 6.97.

4’,5-dichloro-N-methyl-2-acetamido-para-aminophenoxycarbo-
nylaminoacetamidobenzophenone (16): To a solution of amine
12 (6 mg, 0.013 mmol) in anhydrous CH2Cl2 (1 mL), acetyl chloride
(5 mL, 0.019 mmol, 1.5 equiv) and Et3N (2 mL, 0.011 mmol, 0.9 equiv)
were added. The mixture was stirred for 30 min. The reaction was
quenched with H2O (1 mL), extracted with CH2Cl2, dried over
MgSO4 and evaporated. The compound was purified on silica gel
(eluent: CH2Cl2/acetone 7:3). Compound 16 (5 mg, 75 %) were ob-
tained as a white slightly yellowish solid. Rf : 0.21 (CH2Cl2/acetone
8:2); mp: 125 8C; 1H NMR (CDCl3): d= 7.75 (d, 2 H, J = 8.1 Hz, H2’,
H6’), 7.59 (d, 1 H, J = 8.4 Hz, H2), 7.49–7.40 (m, 5 H, H6, H3’, H5’,
H3’’, H5’’), 7.36 (dd, 1 H, J = 8.4 Hz and J’= 2.0 Hz, H4), 7.03 and
6.97 (d, 2 H, J = 8.7 Hz, H2’’, H6’’), 5.88 and 5.78 (bs, 1 H, NH), 4.01
and 3.97 (m, 2 H, CH2), 3.32 and 3.07 (2 s, 3 H, NCH3), 2.62 and
2.13 ppm (s, 3 H, COCH3); 13C NMR (CDCl3): d= 193.1 and 192.1 (CO
ketone), 168.4 and 168.3 (CONCH3), 163.1 (COCH3), 154.3 and 154.2
(OCONH), 147.7 and 147.6 (C12), 141.1, 140.1, 138.7, 137.8, 137.7,
134.8, 134.1, 132.8, 132.7, 131.5, 131.1, 131.4, 129.9, 129.5, 129.3,
128.8, 122.0, 121.0, 38.1 and 37.5 (NCH3), 18.1 ppm (CH3); MS
(FAB + ): m/z 514 [M+H]+ ; Anal. calcd for C25H21N3O5Cl2 : C 58.38,
H 4.12, N 8.17, found: C 58.28, H 4.18, N 8.21.

Chemical coupling with STxB : STxB/Cys (2.5 mg mL�1) in 20 mm

HEPES buffer (pH 7.5, 150 mm NaCl) was incubated volume to
volume with a ninefold molar excess of compound 13. The final
DMSO concentration was 10 %. The reaction was carried out over-
night at room temperature in the dark with end-over-end mixing.
PD-10 gel filtration columns, equilibrated with PBS, were used to
separate conjugates from excess of compounds.

Mass spectrometry of conjugate 1: After dialysis of the conju-
gates against H2O, mass spectroscopy was performed on a Voyag-
er-DE PRO MALDI-TOF mass spectrometer (Applied Biosystems, Fra-
mingham, USA) operated in the delayed extraction and linear
mode. A solution of sinapinnic acid in acetonitrile/TFA (30 %/0.1 %)
was used as the matrix. Samples were prepared by mixing with the
matrix at a ratio of 1:1. The mixture was spotted onto a MALDI-
TOF plate and allowed to dry: m/z : calculated 8304, found 8308
(Figure 3).

HPLC conditions for conjugate 1: Analysis was carried out on a re-
versed-phase column (Waters X Bridge BEH300 C18, 3.6 mm, 150 �
4.6 mm) using a gradient (1 mL min�1) of H2O + 0.05 % TFA/aceto-
nitrile + 0.05 % TFA (100:0 to 60:40 in 30 min) with UV detection
at 215 nm. tR : 22.38; purity: 87.95 % (Figure 4).

HPLC conditions for cleavage of model compound 16 : Analysis
was carried out on a reversed-phase column (X-Terra MS C18

Waters, 5 mm, 150 � 4.6 mm) using isocratic conditions (1 mL min�1)
of 50 % phosphate buffer (0.02 m, pH 3) and 50 % acetonitrile with
UV detection at 226 nm (extracted from PDA 3D spectra).

Figure 3. Mass spectrum (MALDI-TOF) of conjugate 1.
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Stability of compound 16 : A solution of 190 mm of compound 16
in phosphate buffer (0.02 m, various pH) or in pure foetal calf
serum (FCS) was incubated at 37 8C. Aliquots (50 mL) were taken at
various times and analyzed by HPLC after dilution with the eluent
(150 mL).

Enzymatic cleavage of compound 16 by PLE : A solution of
190 mm of compound 16 in phosphate buffer (0.02 m, pH 7.2) was
incubated at 37 8C in the presence of 12.5 U mL�1 porcine liver es-
terase (PLE, Sigma). Aliquots (50 mL) were taken at various times
and analyzed by HPLC after dilution with the eluent (150 mL).

In vitro cytotoxicity : HT-29 (human colorectal adenocarcinoma)
cells were grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10 % (v/v) FCS, 2 mm l-glutamine, 100 U mL�1

penicillin and 100 mg mL�1 streptomycin, and kept under 5 % CO2

at 37 8C. When indicated, 5 mm PPMP was added for six days to de-
crease Gb3 expression to 2 % of control levels. 96-well plates were
seeded with 3000 control or PPMP-treated HT-29 cells per well in
100 mL medium. Twenty-four hours later, serial dilutions of conju-
gate 1 (solution in PBS) or RO5-4864 (DMSO stock solution, then
dilution in PBS) were added. The cells were exposed to the conju-
gates for five days at 37 8C. Numbers of viable cells were deter-
mined with MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoli-
um bromide) reagent, and IC50 values were calculated as the con-
centration of compounds inducing a 50 % inhibition of cell prolifer-
ation. Measurements were made in triplicate, taking into account
the errors on the measures, it was possible to give a maximum
and a minimum value for each IC50 (Table 2).

Mitochondrial transmembrane potential : The drop of the cellular
DYm value was evaluated after JC-1 staining, as described.[38]

Gb3 extraction procedures and overlay : Lipid extraction was
done according to the method of Bligh and Dyer.[39] The indicated
numbers of cells in 1 mL aqueous buffer were injected into
3.75 mL chloroform/MeOH (1:2). After mixing, 1.25 mL chloroform
and 1.25 mL H2O were added. Phases were separated after mixing,
and the hydro-alcoholic phase was washed once with 1.5 mL
chloroform. The combined chloroform phases were dried under ni-
trogen, and lipids were saponified at 56 8C for 1 h in 1 mL MeOH/
KOH. The saponification reaction was once again extracted as de-
scribed above, and the chloroform phase was washed once with
MeOH/H2O (1:1). The isolated neutral glycolipids were spotted on

high-performance thin-layer chromatography (TLC) plates (Merck,
Darmstadt, Germany) and separated with chloroform/MeOH/H2O
(65:25:4). Dried plates were soaked in 0.1 % poly(isobutylmethacry-
late) in hexane, floated for 1 h in blocking solution, followed by in-
cubation with STxB (20 nm), primary polyclonal anti-STxB, and sec-
ondary horseradish peroxidase, or alkaline phosphatase-coupled
anti-rabbit antibodies. Reactive bands were revealed with the use
of enhanced chemiluminescence or chemifluorescence (Amersham
Pharmacia Biotech, Little Chalfont, UK) and PhosphorImager.
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