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ABSTRACT: Targeted contrast agents can improve magnetic resonance imaging (MRI) for accurate cancer diagnosis. In
this work, we used the Shiga toxin B-subunit (STxB) as a targeting agent, which binds to Gb3, a glycosphingolipid highly
overexpressed at the surface of tumor cells. We developed STxB-targeted MRI probes from cyclic peptide scaffold
functionalized with 6 to 9 monoamide DO3A[Gd(III)] chelates. The influence of structural constraints on the longitudinal
relaxivity (r,) of the contrast agents has been studied. The cyclic peptide carrying 9 monoamide DO3A[Gd(III)] exhibited a
r, per compound of 32 mM7s?and 93 mM7s™ at 9.4 T and 1.5 T respectively. Its conjugation to the pentameric STxB protein
led to a 70 kDa compound with a higher r, of 150 mM™s? and 475 mMs*at 9.4 T and 1.5 T respectively. Specific accumulation
and cellular distribution of this conjugate in Gb3 expressing cancer cells were demonstrated using immunofluorescence
microscopy and quantified by ICP-MS dosage of Gd(III). Such agent should enable the in vivo detection by MRI of tumors

expressing Gb3 receptors.

INTRODUCTION

Tumor specific delivery of potent anticancer drugs is a
primary goal of cancer therapy research. Indeed, delivery
of high dose of drug specifically to the tumor allows
reducing systemic toxicity. Tumor targeting can be
achieved using delivery vectors that target receptors
overexpressed in cancer cells and accumulate in tumors
together with their drug payload. However, due to
heterogeneity of tumors and patients, such strategies need
to be combined with suitable imaging before or during
therapy to estimate in individual subjects and tumors the
actual level and distribution of the targeted receptor. This
can be achieved through imaging using contrast agents
conjugated to the vector.! In this work, we used the Shiga
toxin B-subunit as a tumor targeted vector. The parental
Shiga toxin is produced by intestinal pathogens, Shigella
dysenteria, and some pathogenic strains of E. Coli.>3 It
belongs to the class of AB; toxins, formed by the assembly
of a toxic catalytic A-subunit that inhibits protein
biosynthesis, and a nontoxic homopentameric B-subunit
(STxB)+ that is responsible for the binding to the

glycosphingolipid  globotriaosyl =~ ceramide  Gbs3.5
Overexpression of the receptor Gb3 has been reported in
human cancers® such as Burkitt’s and centrofollicular
lymphomas?8 and in a wide range of solid tumors such as
breast9’, ovarian", pancreatic’?, colon3, gastric’,
testicular tumors'®, and tumor neovasculature.”7*8 STxB can
therefore be used as a vector for image-guided targeted
tumor therapy.®> After binding to Gb3, STxB is
endocytosed and follows the retrograde route from the
plasma membrane to the endoplasmic reticulum via early
endosomes and the Golgi apparatus.> Unlike the
endosomal-lysosomal route taken classically by antibody-
drug conjugates, retrograde transport allows STxB-
conjugates to avoid degradation in lysosomes. STxB has
furthermore a high stability against proteolytic
degradation, the capacity to cross tissue barriers, and low
immunogenicity in humans.?425 Repeated administrations
of STxB by the oral or intravenous route are well tolerated
and do not cause adverse side effects.>

All these properties make STxB a promising vector for
imaging and targeted delivery in cancer treatment.>® For



this purpose, an engineered variant of STxB (STxB-Cys),
carrying an additional cysteine at the C-terminus, was
developed? for its chemical conjugation with maleimide,
isothiocyanate or sulfhydryl groups. The potential of STxB
conjugates for imaging of Gb3 expressing solid tumors has
already been demonstrated in mouse models of digestive
cancer.3* The fluorescent dye fluorescein and a
['®F]fluoropyridine radiotracer were chemically coupled to
STxB-Cys.® Both conjugates accumulated at the tumor
sites, allowing tumor visualization using confocal
endoscopy  and positron-emission tomography
respectively. These imaging techniques however have
limitations: optical fluorescence imaging is mainly
restricted in vivo by limited depth of penetration (few cm)
in tissue*® while PET needs the production of a
radionuclide labelled molecule (with a half-life of 110 min
for '8F), and its spatial resolution is limited to about 1 mm
for preclinical PET cameras, and to several mm for clinical
PET cameras.3° To circumvent these limitations, we
considered magnetic resonance imaging as a promising
technique to develop a molecular contrast agent for
imaging of Gb3 expressing solid tumors.

MRI is a widespread whole body preclinical/clinical
imaging technique, endowed with high spatial resolution
(typical in plane resolution of about 100 pm for preclinical
MRI and about 1 mm for clinical MRI). It is based on the
detection of stable isotopes (mainly protons of water and
fatty acid hydrogen atoms) and may be considered as the
most flexible and multi-parametric anatomical and
functional imaging technique. Discrimination between
pathological and normal tissue with MRI may be optimized
by the use of contrast agents. Gadolinium chelates are by
far the most widely used contrastophores in clinical
practice. They induce a local decrease of the longitudinal
relaxation times T, of the water protons leading to contrast
enhancement at the site of accumulation. The magnitude
of this effect is given by equation 1. Where 1/T\° is the
relaxation rate of the tissue without contrast agent, [C] is
the concentration of contrast agent within the tissue, and
r, is the longitudinal relaxivity of the contrast agent.>32

1/T:°% = 1/T:%+ 1 [C] (1)

While conventional contrast-enhanced MRI yields
mainly anatomical and physiological information,
molecular MRI provides additional information at the
molecular or cellular levels. It requires responsive or
targeted probes specific of a biological process.’34 In
particular, conjugation of a contrastophore with a
targeting moiety should enable detection of the conjugate
and therefore the target via its effect on water proton
relaxation times upon specific accumulation at the target
site. However MRI suffers from rather low sensitivity and
Gd(III) concentrations typically need to be in the
micromolar range to be detectable53°  Such
concentrations are rarely reached for biochemical targets
and especially membrane receptors. Therefore, molecular
MRI based on targeted contrast agents is still considered
challenging.374° Recently, a peptidic MRI contrast agent
(MT218) targeting overexpressed fibronectin in the stroma

of solid tumors#+ received FDA approval for Phase 1
clinical trials.

Different systems were designed to achieve high
concentration of contrastophores with high relaxivity at
the site of interest. This goal may be pursued using
nanoparticles, polymers, dendrimers, liposomes or
microemulsion conjugating multiple contrastophores to
the targeting moiety$+ and/or taking advantage of
receptor-mediated internalization to accumulate the
targeted contrastophores.?” Solid phase synthesis has been
advantageously used for the development of complex and
specific MRI probes.4® Success of the strategy depends on
accumulation of the vector-contrastophore conjugate at
the cell-surface or inside the cell and therefore on its access
to tumor cells, its affinity for the receptor, and the
concentration of the receptor. If internalized, the
intracellular trafficking pathway taken by the conjugates
might have an effect since its trapping in a sub-cellular
vesicle/endosome/lysosome can quench the expected
relaxation rate gain495° and/or lead to the release of free
toxic gadolinium.s375 In this context, the STxB/Gbs3
receptor system can be considered as a good candidate for
the design of tumor cell targeted MRI contrast agents. It
offers the possibility to directly address the
contrastophores to the endoplasmic reticulum by
circumventing  acid-mediated  endosomal-lysosomal
degradation.>* To our knowledge, STxB has not yet been
used for molecular MRI:

In the current paper we designed a potential tumor cell
targeted imaging agent by conjugating each subunit of the
STxB pentamer to a cyclotetradecapeptide platform
carrying 9 monoamide DO3A[Gd(III)] chelates. We
measured the relaxivity of this conjugate, carrying
theoretically up to 45 chelates, at 9.4 T and 1.5T. Its specific
accumulation in Gb3 overexpressing HeLa cells was also
quantified.

RESULTS AND DISCUSSION
Design and Synthesis

The MRI contrast agents were designed by the assembly
of a contrastophore unit and a targeting moiety via a
maleimide.

Contrastophore unit. We first considered the design and
optimization of the contrastophore unit. It was built from
a cyclic tetradecapeptide scaffold composed of an
antiparallel B-sheet constrained by two B-turns and
stabilized into a rigid conformation by intramolecular
hydrogen bonds (Figure 1).This would limits the internal
flexibility of the contrastophore and be favourable for its
relaxivity.3® This scaffold (named regioselectively
addressable functionalized template) was originally
developed by Mutter et al. in the 9o's, and presents two
spatially independent domains in a constrained manner.
Lysine (19) or diaminopropionic acid (20, 21) side chains,
oriented on one (19, 20) or on both sides (21) of the
scaffold, provide anchoring sites for six (19, 20) or nine (21)
monoamide DO3A[GA(III)]. One lysine side-chain on the
scaffold remains at this stage protected with the



allyloxycarbonyl group, which was chosen for its high
stability and its orthogonality in the solid phase peptide
synthesis strategy used herein.>* After Alloc cleavage, this
lysine can be used to graft a maleimide derivative for the
subsequent conjugation to STxB-Cys. The peptide scaffold
advantageously ensures a constrained orientation of the
side chains used to graft the monoamide DO3A[Gd(III)].

Compounds 19, 20, 21 and 31 (Figure 1) were designed to
study the influence of: i) the length of the amino acid side
chains linking the monoamide-DO3A[Gd(III)] (19 vs 20),
ii) the number of the gadolinium chelates (20 vs 21), and
iii) m-stacking constraints (19 vs 31) on r, relaxivity of the
contrastophore.
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Figure 1. Chemical structures of cyclic peptide scaffolds 19 (six monoamide-DO3A[Gd(III)] attached to the peptide scaffold by
long length linkers), 20 (six monoamide-DO3A[Gd(III)] attached to the peptide scaffold by short length linkers), 21 (nine
monoamide-DO3A[Gd(III)] attached to the peptide scaffold by short length linkers) and 31 (six monoamide-DO3A[Gd(III)]
attached to the peptide scaffold by linkers inducing m-stacking constraints).

A synthetic strategy in two steps was devised for
compounds 19, 20 and 21: (1) SPPS of linear protected
peptide fragments, followed by their cyclization in
solution; (2) sequential deprotection-functionalization of
amino acid side chains with 6 or 9 monoamide
DO3A[Gd(IIT)] complexes.

The acid-labile 2-chlorotrityl chloride resin was chosen
to obtain the protected linear peptides 4, 5 and 6 in a
standard Fmoc/tBu solid-phase chemistry (Scheme 1).5
After nucleophilic substitution of the chloride on resin
with Fmoc-Gly-OH and removal of the Fmoc group with 20
% piperidine in DMF, thirteen steps of Fmoc-AA-OH
coupling/Fmoc removal were successively performed.

Scheme 1. Synthesis scheme of cyclic peptide scaffolds 19, 20, 21 functionalized with paramagnetic monoamide
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(i) Resin loading 0.8 mmol/g of resin, Fmoc-Gly-OH 2 equiv and DIPEA 3-4 equiv in CH2Cl2 (anhydrous) - Resin capping step:
MeOH/DIPEA/CH2Cl2 (2/1/17 v/v/v) ;ii) SPPS: Coupling conditions: Fmoc-L(AA)-OH 2 equiv, PyBOP 2 equiv and DIPEA 3-4 equiv
in DMF - Deprotection conditions: 20 % piperidine in DMF; (iii) TFE/AcOH/CH,CL, (2/1/7 v/v/v); (iv) PyBOP 1.2 equiv and DIPEA
2-3 equiv in DMF ([linear peptide] 0.5 mM); (v) TFA/CH,CL, (1/1v/v); (vi) DOTA-tris(tBu)ester 1.5 equiv/NH,, PyBOP 1.5 equiv/NH,
and DIPEA 2-3 equiv/NH, in DMF; (vii) TFA/CH,CL, (1/1 v/v); (viii) GdCl; 2 equiv/monoamide DO3A in aq. sol. (pHs).



Scheme 2. Synthesis scheme of cyclic peptide scaffold 31 functionalized with paramagnetic monoamide

DO3A[Gd(III)]
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(i) 4-(Boc-amino)benzoic acid 1.5 equiv/Rs, PyBOP 1.5 equiv/R; and DIPEA 3.8 equiv/R, in DMF; (ii) TFA/CH,CL, (1/1 v/v); (iii)
DOTA-tris(tBu)ester 3 equiv/Rs, HATU 3 equiv/Rs, TBTU 0.7 equiv/Rs, PyBOP 0.7 equiv/Rs and DIPEA 8 equiv/R¢ in DMF (MW
75°C); (iv) TFA/CH,CL, (1/1v/v); (v) GACl, 3 equiv/R; in aq. acetate buffer (pHs).

The coupling reactions were achieved under slightly
basic conditions (pH 8-9) in DMF in the presence of DIPEA
and using a 2-fold excess of both Fmoc-AA-OH and PyBOP.
Cleavages of the peptides from the resin 1, 2 and 3 were
performed under mild acidic conditions to afford linear
protected peptides 4, 5 and 6. The latter were then head-
to-tail cyclized into the corresponding cyclopeptides 7, 8
and g using PyBOP coupling reagent in DMF under high
dilution condition as already reported. When necessary,
these cyclic peptides were purified by preparative reversed
phase high-performance liquid chromatography. Removal
of the Boc groups was achieved by treatment with TFA in
CH.Cl, (s0/50 v/v) for 1 h to afford 10, 1 and 12. The
deprotected amine of cyclic peptides 10, 11 and 12 were then
acylated with DOTA-tris(tBu)ester under slightly basic
conditions (pH 8-9 adjusted with DIPEA) using PyBOP as
coupling reagent to provide 13, 14 and 15. Removal of the
tBu groups was achieved by treatment with TFA in CH,Cl,
(50/50 v/v) affording 16, 17 and 18. Gd(III) complexes were
then formed by reacting these derivatized peptides with 2-
fold excess of GdCl; per monoamide DO3A in aqueous
solution in the pH range 5-6 at room temperature. The
cyclopeptides RAFT(monoamide DO3A[Gd(III)]), 19, 20
and 21 were obtained with 34 to 55 % overall yield and over
95 % purity after purification by preparative RP-HPLC
(Scheme 1).

In order to increase rotational constraint of the
monoamide DO3A[Gd(III)], we prepared the analogue 31
(Scheme 2) with a phenyl linker to induce n-stacking on
the upper face of the cyclopeptide. Modifications of
coupling protocols and longer reaction times proved
necessary to get satisfying yields.

Maleimide derived contrastophore unit. The maleimide-
derived contrastophore 25 was synthetized from the Alloc
protected precursor 15. First, the Alloc group was removed
in neutral conditions with catalytic amounts of Pd(PPh;),
in the presence of PhSiH; as a nucleophile to afford the
desired amine derivatives 22 (Scheme 3).54 The amine was
then acylated with a 2-fold excess of 3-
(maleimido)propionic acid NHS ester under slightly basic
conditions (pH 8-9 adjusted with DIPEA) to provide

compound 23. The removal of the tBu groups was achieved
by treatment with TFA in CH,CL, (50/50 v/v) and the
complexation of monoamide DO3A with GdCl; was
performed in acetate buffer at pH 5 (0.1 M) to provide the
functionalized contrastophore 25. The low pH used for
complexation prevented the hydrolysis of the maleimide
group (Scheme 3).

Scheme 3. Synthesis scheme of cyclic peptide scaffold
25 functionalized with paramagnetic monoamide
DO3A[Gd(III)] and maleimide
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(i) Pd(PPh,), 0.2 equiv, PhSiH; 100 equiv in CH,ClL,/DMF

(31 v/v)  (anhydrous) wunder argon; (i)  3-

(maleimido)propionic acid NHS ester 2 equiv and DIPEA 3

equiv (anhydrous) in CH,Cl,/DMF (1/1v/v) (anhydrous) under

argon; (iii) TFA/CH.CL, (1/1 v/v); (iv) GdCl =2

equiv/monoamide DO3A in acetate buffer o1 M (pH 5). [Ra
detailed in Scheme 1]

STxB-based targeted contrastophore unit. STxB-Cys and
compound 25 were then conjugated through the
thiol/maleimide reaction in aqueous conditions (PBS pH
7.4). STxB-Cys has the capacity to couple one molecule 25
per monomer with a maximal loading capacity of five
molecules 25 per homopentamer. As seen by HPLC, the
conjugation step proceeded cleanly and the reactions were
almost complete after 48 h by using a 3-fold excess of
compound 25 relative to each of the five thiol functions of
STxB-Cys. Purification of conjugate 26 was performed by
size-exclusion chromatography to remove compound 25 in
excess. The STxB-[Gd(III)] conjugate 26 was obtained in
PBS solution with a yield of 56 % after the purification step
(Scheme 4).5°



Scheme 4. Synthesis scheme of STxB-based targeted MRI contrast agent 26 (STxB-[Gd(III)] conjugate)

(i) PBS pH 7.4, 48 h.

Gd(IIT) quantification of conjugate 26 with ICP-MS.
The amount of Gd(III) per STxB-conjugate 26 was
measured by inductively coupled plasma mass
spectrometry analysis.5>®® From this experiment,
performed in triplicate, it appeared that the coupling of
compound 25 in excess to STxB-Cys was not fully complete,
leading to 4.3 + 0.2 R, / STxB protein, corresponding to a
mean of 39 Gd(III) per homopentamer (maximum loading:
5 R,) (detailed in supporting information).

Relaxivity. Relaxivity values for contrast agent (CA)
compounds 19, 20, 31, 21 (Figure 1), 25 (Scheme 3), 26
(Scheme 4) are given in Table 1. They were measured at 9.4
T and 1.5 T according to commonly used procedures as
described in the material and methods section. Fitting of
relaxation rates R,([CA]) to the linear model for estimation
of r relaxivity was systematically excellent with
determination coefficients R* = 1 (Figure 2).

Similarly, excellent fit quality was observed when fitting
signal intensities SI(TI) to the inversion recovery signal
equation for T, estimation at 1.5 T.%° This demonstrates the
good quality of the acquired data. As examples, SI(TI)
graphs for 25 and 26 are given as supporting information
(Figures S8). Experiments, i.e. compound synthesis,

sample preparations, and measurements, were performed
once for each compound. Therefore, to estimate the overall
precision of r, measurements, we consider r, per Gd(III)
(r%d) of compounds 20, 21, 25 to be about equal due to very
similar local molecular structures (Dap linker). Mean r,%
and standard deviation for these compounds at 9.4 T are
3.63 + 0.15 mMs™, consequently we assume an estimated
maximum error of 5% on r, values. This measurement
precision is similar to that given by Rohrer et al.®

30 | Compound 25 g 15 | Compound 26 -
= 1.5T = 1.5T
T 20 L 04T 10 e - 9.41
o ll'.:-.""'"”.l 0 e "
0 0,2 04 0 0,01 0,02 0,03
A) [CAl/mM B) [CA]/mM

Figure 2. Relaxivity r, estimations at 9.4T and 1.5T.
Representative examples of plots R, vs CA concentration
fitted to a linear model. A) Compound 25, 1, = (31.8 + 0.2)
mM's' @ 94T, 1, = (93.0 = 2.5) mM's* @ 1.5T. B)
Compound 26, 1, = (150.2 £ 1.5) mM7s" @ 9.4T, 1, = (475.2 =
20.8) mM7's" @ 1.5T.

Table 1. Relaxivity (mM™s™) of the multiplexed Gd(IIT)-MRI probes measured at 9.4 and 1.5 Tesla in water (or PBS

for compound 26)

Compounds Nb of Gd(1II) per Mw 9.4 Tesla® 1.5 Tesla
compound r: per Gd(III) r:per compound riper GA(III)  r;per compound

DOTAREM® 1 557.6 3.0 3.0 2.9¢ 2.9¢

19 6 4746.6 3.0 18.0 - -

20 6 44941 3.8 23.0 - -

31 6 5461.3 3.5 21.0 - -

21 9 6161.0 3.6 32.1 - -

25 9 6228.1 3.5 31.8 10.3° 93.0°

26 39° 70099.0 3.9 150.2 12.2*P 475.2>

2 Experimental determination by ICP-MS measurement. ® Measured at 22 °C. < Measured at 37 °C.® *Based on the experimental

determination of 39 Gd(III) per compound.

The r,? found at 9.4 T for all the compounds (Table 1)
are in the range of those reported for DO3A[GA(III)]

multiplexed magnetic resonance probes at this field.45% It
can be noticed that the r,%¢ of compounds with short side



chain of Dap as linker (compounds 20, 21, 25) are about 20
% higher than r,% of compound with a longer lysine side
chain as linker (compound 19). An 1% increase of r,%¢ is
also observed for compound 25 upon conjugation with the
STxB protein (conjugate 26). It is noteworthy that the r,
value of 150 mMs™ per conjugate for 26, thanks to up to 45
Gd(II),% is higher than for most of the reported molecular
targeted CA%% and lower than that of nanovectors
bearing tens to hundreds of MRI contrastophores
(inorganic nanoparticles, dendrimers...).67-68

Intracellular trafficking of STxB-targeted MRI
contrast agent. STxB-targeted MRI contrast agent 26 was
tested for its ability to be internalized into Gb3-positive
cells and to follow the retrograde trafficking route.
Unmodified STxB-Cys or conjugate 26 were pre-incubated
on Hela cells for 30 min at 4 °C, a temperature at which
only binding to the plasma membrane occurs since
endocytosis is blocked. After several washes to remove

a-STxB

STxB-Cys

Hela

STxB-[Gd(lll)]
conjugate 26

STxB-Cys

HelLa + PPMP

STxB-[Gd(lI)]
conjugate 26

a-Giantin

unbound STxB, the cells were incubated at 37 °C for 50 min
for synchronized internalization, before
fixation/permeabilization and immunolabelling of STxB
and giantin, a Golgi-localized protein. Similarly to the
unmodified STxB-Cys (Figure 3-A), the binding and
trafficking of the conjugate 26 remain receptor specific
(Figure 3-D), as shown by the absence of signal in HeLa
cells treated with D,L-threo-1-phenyl-2-palmitoylamino-3-
morpholino-1-propanol ~ (PPMP), an inhibitor of
glycosphingolipid biosynthesis (Figure 3-J).°> Unmodified
STxB-Cys (Figure 3A-C) as well as conjugate 26 (Figure 3D-
F) colocalize with the Golgi. Despite the bulky gadolinium
cargo, conjugate 26 thus appears to remain functional in
terms of Gb3 specificity and intracellular trafficking,
circumventing endosomal-lysosomal degradation. In
summary, the loading of up to 5 cyclic scaffolds, bearing
nine monoamide DO3A[GA(III)] each, is compatible with
the STxB targeting strategy and can be used for the design
of targeted MRI contrast agent.

Merge

Figure 3. STxB-Cys and STxB-[Gd(III)] conjugate 26 intracellular trafficking. Hela cells were incubated with 0.2 pM STxB-Cys or
STxB-[Gd(III)] conjugate 26 (STxB monomer concentration) at 4 °C for 30 min, washed and incubated at 37 °C for 50 min, before
fixation and labelling with the indicated antibodies anti-STxB (a-STxB) and anti-Giantin («-Giantin: Golgi apparatus labelling).
Hela + PPMP (glycosphingolipid biosynthesis inhibitor): glycosphingolipid-negative control condition. Merge: Magenta - Giantin,
Green — STxB, Blue - DNA stained with Hoechst. All microscopy pictures are shown with the same background and contrast
parameters per channel. For PPMP treated conditions, the same picture with higher brightness and contrast parameters is also
shown as a small insert in the bottom left corner. The signal detected is comparable to autofluorescence levels.



The relaxivity of final compounds, 25 and 26, were also
measured at a magnetic field of 1.5 T. As expected, for
macromolecular agents with long rotational correlation
time tg, 1,84 are higher at 1.5 T than at 9.4 T, with an about
threefold increase for our compounds. At this typical
clinical magnetic field, r, per conjugate of 475 mM7s™ is
reached for the protein-based compound 26.

Intracellular Gd(III) quantification with ICP-MS.
The internalization capability of the STxB-based targeted
contrast agent 26 was evaluated on a HeLa cell clone with
homogeneous Gb3 expression. Pre-treatment with PPMP
provided Gb3-negative Hela cells for control. CHO cells
(non-cancerous spontaneously immortalized ovary
mammalian cell line) were used as a second Gb3-negative
control. The amounts of Gd(III) measured by ICP-MS in
Gbs-positive and negative cell pellets after 4 h incubation
with 26 are given in Table 2.5 From these measurements,
intracellular Gd(III) concentration was estimated at 139 pM
in Gb3-positive cells. This is in accordance with theoretical
estimation based on Gb3 expression in Hela cells. Indeed,
given the number of STxB binding sites in Hela cells,
between 10° and 107,>>7°7 corresponding to STxB binding
sites concentrations between 0.6 and 6 pM,” cellular
Gd(III) concentrations (39 Gd(III) per STxB pentamer) may
be roughly expected to be within the range of 23 to 234 uM.

24% of the incubated STxB-[Gd(III)] conjugate 26 was
internalized into Gb3-positive cells, whereas Gd(III) was
below detection limit in Gb3-negative cells. These
experiments confirmed the excellent specificity of STxB-
conjugate for Gb3 expressing cells and highlighted its
capability to concentrate Gd(III) inside targeted cells. To
our knowledge, these values exceed those reported for
other targeted Gd(IIl)-conjugates and most Gd(III)
formulations.®?7374 They are well above the MRI detection
limit for Gd(III) chelates estimated to be a few uM inside a
voxel 357576 For example, our estimated intracellular
Gd(III) concentration in targeted cells is more than six
times higher than that obtained with a prostate-specific
membrane antigen targeted agent developed by Banerjee
et al.% This estimated intracellular Gd(III) concentration is
about tenfold above minimum detectable voxel
concentration, which may be considered a safe margin for
detectability as voxel concentration is expected to be lower
depending on cell packing density or heterogeneous
receptor expression in vivo in tumors.

Table 2. ICP-MS quantification of intracellular Gd(III)
in HelLa cells (pre-treated or not with PPMP) and in
CHO cells after incubation for 4 h at 37 °C with 0.2 pM
STxB-[Gd(III)] conjugate 26 (STxB monomer
concentration). Mean of three independent in cellulo
experiments

Internalized Gd(III) / 10° cells
Cells (Status) Amount (ng) % ID?
HeLa (Gb3+) 65.4+7 24.0
HeLa + PPMP  (Gb3-) < 0.25 (quantification limit) | <o.1
CHO (Gb3-) < 0.25 (quantification limit) | <o.1

a Mean incubated dose (ID = 272.2 + 13 ng of incubated
Gd(IIT) / 106 cells).

CONCLUSION

In summary, we developed a macromolecular targeted
contrast agent, STxB-[Gd(III)] conjugate with up to 45
monoamide DO3A[Gd(III)] for molecular MRI of an
abundant cancer biomarker Gb3. Rational design of this
new targeted contrast agent resulted in a protein conjugate
with a high r, relaxivity.

The STxB conjugate specifically binds Gb3 expressing
cancer cells and allows efficient intracellular Gd(III)
accumulation, leading to a theoretically estimated and
measured Gd(III) concentration higher than 100 pM in
targeted cells, which should allow detection by MRI at
preclinical as well as clinical magnetic fields. It needs now
to be evaluated in vivo to confirm its potential for
molecular imaging and to elaborate optimized
measurement protocols.

MATERIALS AND METHODS

Materials. Protected amino acids were purchased from
Iris Biotech GmbH (Germany), Bachem Biochimie SARL
(France) or Novabiochem (Germany). PyBOP® was
purchased from Novabiochem. 2-chlorotritylchloride®
resin was obtained from Activotec (UK). Tri-tert-butyl
1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetate ~ was
purchased from TCI Europe (Belgium). Other reagents
were obtained from Sigma-Aldrich (France) and Acros
(France). Recombinant STxB-Cys was produced as
previously described.”” Its concentration and that of the
STxB-[Gd(IIT)] conjugate 26 were determined by
measuring absorbance at 280 nm of the solution with a
Nanodrop 2000 (Thermo Scientific™) and using the
approximated monomeric extinction coefficient e=8370 M-
‘cm™ calculated from Gill and von Hippel coefficients.”

General methods of synthesis and characterization.
If not specified, reactions were performed at room
temperature, with synthesis grade solvents and not under
specific  atmosphere. RP-UPLC-MS analyses were
performed on Waters equipment consisting of a Waters
ACQUITY UPLC H-Class, a Waters PDA eLambda
Detector (photodiode array detector) and a Waters SQ
Detector 2 (ESI quadrupole mass spectrometer). The
analytical column used was the ACQUITY UPLC BEH C18
Column, 130A, 1.7 pm, 2.1 mm x 50 mm operated at 0.6
mL.min™ with linear gradient programs in 2.5 min run time
(classical program: 5 to 100 % of B in 2.5 min). UV
monitoring was performed most of the time between 200-
600 nm and was extracted at 214 nm. Solvent A consisted
of H,O containing 0.1 % (v/v) formic acid and solvent B was
CH,CN containing 0.1 % (v/v) FA. RP-HPLC purifications
were performed on Waters equipment consisting of a
Waters 2545 quaternary pump, a Waters 2998 photodiode
array detector and Waters FlexInject manual injector
module. The preparative column, XBridge BEH Ci8
Column, 1304, 5 pm, 4.6 mm X 150 mm was operated at 30
mL.min with linear gradient programs in 15 min run time.
Solvent A consisted of H,O containing 0.1 % (v/v) TFA and
solvent B of CH;CN containing 9.9 % (v/v) H,O and 0.1 %
TFA (classical focused programs: 10 % (v/v) slope of B in 15
min). Water was of Milli-Q quality and was obtained after



filtration of distilled water through a Milli-Q® cartridge
system. CH;CN, FA and TFA were of spectroscopic quality
grade. The efficiency of RP-HPLC purifications to get rid of
free gadolinium has been checked and confirmed by
“xylenol test”.7

Synthesis  of RAFT(monoamide

DO3A[Gd(II)])n.

General procedure for solid-phase peptide synthesis.
Assemblies of protected peptides 4, 5 and 6 were carried
out manually on 2-chlorotritylchloride® resin (theoretical
loading of 0.84 mmol/g) using Fmoc/tBu strategy in a
polypropylene reaction vessel fitted with a polyethylene
frits.

cyclopeptide

Procedure A: loading of the first amino acid on the resin.
The anchoring of the first amino acid (Fmoc-Gly-OH)
through nucleophilic substitution was performed by
stirring the resin in presence of 2 equiv of Fmoc-Gly-OH
and 3-4 equiv of DIPEA in anhydrous CH,Cl, (10 mL/g
resin) for 30 min at room temperature, followed by a resin
capping step with MeOH/DIPEA/CH,CL, (2/1/17 v/v/v)
mixture (10.0 mL/g resin) for 10 min (repeated 2 times), to
inactivate any remaining chlorotrityl function. The resin is
then washed 3 times with DMF and once with CH,Cl, (10.0
mL/g resin) for 1 min. The process yielded to an
experimental resin loading around o0.50-0.60 mmol/g
(determined by Fmoc dosage of the Fmoc removal solution
(procedure B)).

Procedure B: Fmoc removal. N-a-Fmoc protecting groups
was removed by stirring the resin in presence of a
piperidine/DMF solution (1/4, v/v) (10.0 mL/g resin) for 10
min at room temperature.®° The process was repeated 3
times, and the completeness of deprotection was verified
by the UV absorption of the piperidine washings at 299
nm.® The resin is then washed 5 times with DMF and once
with CH,Cl, (10.0 mL/g resin) for 1 min.

Procedure C: coupling steps. Coupling reactions were
performed by stirring the resin in presence of 2 equiv of N-
a-Fmoc-protected amino acid, 2 equiv of PyBOP and 3-4
equiv of DIPEA in DMF (10.0 mL/g resin) for 30 min at
room temperature (equivalents are calculated from the
experimental resin loading). The resin is then washed 3
times with DMF and once with CH,Cl, (10.0 mL/g resin) for
1 min. Completeness of the coupling was controlled by
TNBS test.2

Procedure D: resin cleavage. The resins (1, 2 and 3) were
first washed 5 times with CH,CL, (10.0 mL/g resin) before
stirring in 100 mL/g resin of a mixture of
TFE/AcOH/CH,Cl, (2/1/7 v/v/v) for 2 hours at room
temperature and then filtrated. The resin is rinsed once
with CH,Cl, (10.0 mL/g resin) for 1 min. The recovered
solutions were concentrated under reduced pressure, and
white solid were obtained by precipitation, triturating and
washing three times with diethyl ether. These crude linear
peptides 4, 5 and 6 were analyzed by RP-UPLC-MS and
subsequently used without further purification.

H-Lys(Boc)-Ala-Lys(Boc)-Lys(Alloc)-Lys(Boc)-Pro-
Gly-Lys(Boc)-Ala-Lys(Boc)-Ala-Lys(Boc)-Pro-Gly-OH
(4). The product 4 was obtained as a white powder (0.50 g

of resin - Experimental loading: 0.55 mmol/g; 0.46 g, 0.21
mmol, 77 %). Analytical UPLC ¢, = 2.30 min; ESI-MS
(positive mode) caled for CooH,;3N,,0,4 2120.3, found m/z
2122.5 (M + H)*.
H-Dap(Boc)-Ala-Dap(Boc)-Lys(Alloc)-Dap(Boc)-
Pro-Gly-Dap(Boc)-Ala-Dap(Boc)-Ala-Dap(Boc)-Pro-
Gly-OH (5). The product 5 was obtained as a white powder
(1.oo g of resin - Experimental loading: 0.53 mmol/g; 0.95
g, 0.49 mmol, 93 %). Analytical UPLC t, = 2.17 min; ESI-MS
(positive mode) caled for CgH,3,N,,0,, 1868.0, found m/z
1869.7 (M + H)*.
H-Dap(Boc)-Dap(Boc)-Dap(Boc)-Lys(Alloc)-
Dap(Boc)-Pro-Gly-Dap(Boc)-Dap(Boc)-Dap(Boc)-
Dap(Boc)-Dap(Boc)-Pro-Gly-OH (6). The product 6 was
obtained as a white powder (1.00 g of resin - Experimental
loading: 0.53 mmol/g;1.20 g, 0.53 mmol, quant.). Analytical
UPLC ¢, = 2.40 min; ESI-MS (positive mode) calcd for
Cy6Hi64N2,055 2213.2, found m/z 2215.5 (M + H)*.

General procedure E: peptide cyclisation. Linear
protected peptides 4, 5 and 6 were dissolved in DMF (0.50
mM) with 2-3 equiv of DIPEA. PyBOP (1.2 equiv) was
added, and the solutions were stirred at room temperature
for 1 h. Solvent was removed under reduced pressure, and
the residue was dissolved in the minimum of CH,CL.
Diethyl ether was added to precipitate the peptide. Then it
was triturated and washed 3 times with diethyl ether to
yield crude material, if necessary, the latter was purified by
preparative RP-HPLC (see general method and specific
conditions for each compound).

c[Lys(Boc)-Ala-Lys(Boc)-Lys(Alloc)-Lys(Boc)-Pro-
Gly-Lys(Boc)-Ala-Lys(Boc)-Ala-Lys(Boc)-Pro-Gly] (7).
Starting from 4 (0.20 g, 0.09 mmol), the crude product 7
was obtained without purification as a white powder (0.19
g, 0.09 mmol, quant.). Analytical UPLC t, = 2.76 min; ESI-
MS (positive mode) caled for CyoH,,N,,0,5 2102.3, found
m/z 2104.3 (M + H)*.

c[Dap(Boc)-Ala-Dap(Boc)-Lys(Alloc)-Dap(Boc)-Pro-
Gly-Dap(Boc)-Ala-Dap(Boc)-Ala-Dap(Boc)-Pro-Gly]
(8). Starting from 5 (0.20 g, o.10 mmol), the purified
product 8 was obtained as a white powder (0.3 g, 0.07
mmol, 67 %). Analytical UPLC ¢, = 2.63 min; ESI-MS
(positive mode) caled for CgHi3sN,,0,5 1850.0, found m/z
1851.9 (M + H)*. Preparative HPLC: focused gradient 60 to
70 % of B in 15 min.

c[Dap(Boc)-Dap(Boc)-Dap(Boc)-Lys(Alloc)-
Dap(Boc)-Pro-Gly-Dap(Boc)-Dap(Boc)-Dap(Boc)-
Dap(Boc)-Dap(Boc)-Pro-Gly] (q). Starting from 6 (0.20
g, 0.09 mmol), the purified product g was obtained as a
white powder (0.09 g, 0.04 mmol, 49 %). Analytical UPLC
t- = 2.95 min; ESI-MS (negative mode) calcd for
Cy6Hi6:N,,03, 2195.2, found m/z 2194.7 (M - H)~. Preparative
HPLC: focused gradient 8o to 9o % of B in 15 min.

General procedure F: Boc and tBu Removals. Peptides
were dissolved in TFA/CH,Cl, (1/1 v/v) solution (10 mM),
and the solutions were stirred at room temperature. Cyclic
protected peptides 7, 8 and g were stirred for 1 h for Boc
removal. Solvent was removed under reduced pressure,
and the residue was dissolved in the minimum of CH,CL.



Diethyl ether was added to precipitate the peptide. Then it
was triturated and washed 3 times with diethyl ether to
yield crude material. These crude peptides obtained as TFA
salts 10, 11 and 12 were analyzed by RP-UPLC-MS and
subsequently used without further purification.

c[Lys-Ala-Lys-Lys(Alloc)-Lys-Pro-Gly-Lys-Ala-Lys-
Ala-Lys-Pro-Gly] (10). Starting from 7 (0.19 g, 0.09 mmol),
the crude product 10 was obtained as a white powder (0.20
g, 0.09 mmol, quant.). Analytical UPLC ¢, = 0.33 min; ESI-
MS (positive mode) caled for CegH,3N,,O46 1501.9, found
m/z1503.7 (M + H)*.

c[Dap-Ala-Dap-Lys(Alloc)-Dap-Pro-Gly-Dap-Ala-
Dap-Ala-Dap-Pro-Gly] (11). Starting from 8 (0.13 g, 0.07
mmol), the crude product 1 was obtained as a white
powder (0.12 g, 0.06 mmol, 95 %). Analytical UPLC t, = 0.40
min; ESI-MS (positive mode) caled for C5,Hg,N,,0,6 1249.7,
found m/z 1251.3 (M + H)*.

c[Dap-Dap-Dap-Lys(Alloc)-Dap-Pro-Gly-Dap-Dap-
Dap-Dap-Dap-Pro-Gly] (12). Starting from g (0.08 g, 0.04
mmol), the crude product 12 was obtained as a white
powder (0.08 g, 0.04 mmol, quant.). Analytical UPLC ¢, =
0.28 min; ESI-MS (positive mode) caled for C5,HgoN,,Os6
1294.7, found m/z 1296.6 (M + H)*.

tBu removal of cyclic peptides 13, 14 and 15 was
performed according to the general procedure F with a
stirring overnight to give the following crude products. The
crude peptides 16, 17 and 18 were analyzed by RP-UPLC-
MS and subsequently used without further purification.

Compound 16. Starting from 13 (0.13 g, 0.03 mmol), the
crude product 16 was obtained as a white powder (0.10 g,
0.03 mmol, quant.). Analytical UPLC ¢, = 1.22 min; ESI-MS
(positive mode) caled for Cis5H.70N,s055 3819.0, found m/z
1274.8 (M + 3H)3*.

Compound 17. Starting from 14 (0.28 g, 0.06 mmol), the
crude product 17 was obtained as a white powder (0.22 g,
0.06 mmol, quant.). Analytical UPLC ¢, = 115 min; ESI-MS
(positive mode) calcd for C,,;H.43N,5055 3566.7, found m/z
1190.7 (M + 3H)3*.

Compound 18. Starting from 15 (0.11 g, 0.02 mmol), the
crude product 18 was obtained as a white powder (0.08 g,
0.02 mmol, 88 %). Analytical UPLC ¢, = 0.64 min; ESI-MS
(positive mode) caled for CigsH;.4N60O79 4770.3, found m/z
1194.3 (M + 4H)#.

General procedure G: DOTA-tris(tBu)ester conjugation to
cyclic peptides. Cyclic peptide (10, 11 and 12) was dissolved
in DMF (10 mM) with DIPEA (2-3 equiv/NH,). DOTA-
tris(¢Bu)ester (1.5 equiv/NH,) and PyBOP (1.5 equiv/NH,)
were added. The solutions were stirred at room
temperature from 1 h to overnight. Solvent was removed
under reduced pressure, and the residue dissolved in the
minimum of CH,Cl.. Diethyl ether was added to precipitate
the peptide. Then it was triturated and washed 3 times with
diethyl ether to yield crude material. The crude peptides
13, 14 and 15 were analyzed by RP-UPLC-MS and
subsequently used without further purification.

Compound 13. Starting from 10 (0.09 g, 0.05 mmol), the
crude product 13 was obtained as a white powder (0.22 g,

0.05 mmol, quant.). Analytical UPLC ¢, = 1.79 min; ESI-MS
(positive mode) caled for C,3,H »3N,5055 4828.1, found m/z
2416.5 (M + 2H)>*.

Compound 14. Starting from 11 (0.12 g, 0.06 mmol), the
crude product 14 was obtained as a white powder (0.28 g,
0.06 mmol, quant.). Analytical UPLC ¢, = 1.85 min; ESI-MS
(positive mode) caled for C,,gH;3,N,5045 4575.9, found m/z
2290.3 (M + 2H)>*.

Compound 15. Starting from 12 (0.04 g, 0.02 mmol), the
crude product 15 was obtained as a white powder (o.11 g,
0.02 mmol, quant.). Analytical UPLC t, = 2.0 min; ESI-MS
(positive mode) caled for C;03Hs40N6004 6284.0, found m/z
1573.1 (M + 4H)#.

General procedure H: Gd(III) complexes formation. Cyclic
deprotected conjugate 16, 17 and 18 was dissolved in water
(10 mM). The pH was adjusted to 5 by addition of a 1N
aqueous solution of NaOH. GdCl; 2 equiv/monoamide
DO3A in water (10 mM) was added by fraction. The pH was
maintained to 5 by addition of a 1N aqueous solution of
NaOH. The solution was then stirred at room temperature
for 6 hours and was filtered on nylon filter (0.2 pm) before
purification by preparative RP-HPLC (see general method
and specific conditions for each compound).

Compound 19. Starting from 16 (0.10 g, 0.03 mmol), the
purified product 19 was obtained as a white powder (0.03
g, 0.0o1 mmol, 25 %). Analytical UPLC ¢, = 1.29 min; ESI-MS
(positive mode) caled for Ci65H.6,Gd6N,5O5s 4748.4, found
m/z1583.6 (M + 3H)3*. Preparative HPLC: focused gradient
7 to 17 % of B in 15 min.

Compound 20. Starting from 17 (0.22 g, 0.06 mmol), the
crude product 20 was obtained as a white powder (0.1 g,
0.03 mmol, 41 %). Analytical UPLC t, = 1.40 min; ESI-MS
(positive mode) calcd for C,,;H,,5GdsN,sOss 4496.1, found
m/z1499.2 (M + 3H)3*. Preparative HPLC: focused gradient
5to 15 % of B in 15 min.

Compound 21. Starting from 18 (0.08 g, 0.02 mmol), the
crude product 21 was obtained as a white powder (0.04 g,
o0.01 mmol, 37 %). Analytical UPLC t, = 115 min; ESI-MS
(positive mode) caled for CigsH.,GdsNeoO,y 6164.4, found
m/z 2055.0 (M + 3H)3*. Preparative HPLC: focused gradient
5 to 15 % of B in 15 min.

Procedure for 4-(Boc-amino)benzoic acid conjugation to
cyclic peptide.

Compound 27. Cyclic deprotected peptide 10 (0.09 g,
0.04 mmol) was dissolved in DMF (10 mM). 4-(Boc-
Amino)Benzoic Acid (0.09 g, 0.37 mmol, 1.5 equiv/R) and
PyBOP (0.19 g, 0.37 mmol, 1.5 equiv/R) were added and the
pH was adjusted to 8-9 by addition of DIPEA (0,16 mL, 0.94
mmol) . The solution was stirred at room temperature for
2.5 h. Solvent was removed under reduced pressure, and
the residue dissolved in the minimum of CH,Cl,/MeOH.
Diethyl ether was added to precipitate the peptide. Then it
was triturated and washed 3 times with diethyl ether to
yield crude material. The crude product 27 was obtained as
a white powder (0.2 g, 0.04 mmol, quant.). Analytical
UPLC ¢, = 1.23 min [focused gradient from go to 100 % of B



in 2.5 min]; ESI-MS (positive mode) caled for C,,;H,o:N,,05,
2816.5, found m/z 1410.4 (M + 2H)>*.

Compound 28. The totality of cyclic protected peptide
27 was treated as described in the general procedure for
Boc moiety removal before purification on preparative RP-
HPLC column. The purified product 28 is obtained as a
white powder (50.0 mg, 0.02 mmol, 41 % over two steps
from peptide 10). Analytical UPLC ¢, = 1.69 min; ESI-MS
(positive mode) calcd for C,,H,53N,,0,, 2216.2, found m/z
740.1 (M + 3H)3*. Preparative HPLC: focused gradient from
20 to 30 % of B in 15 min.

Compound 29. Cyclic deprotected peptide 28 (0.05 g,
0.02 mmol) was dissolved in DMF (5 mM). Monoamide
DO3A-tris(tBu)ester (0.23 g, 0.45 mmol, 4 equiv/R), HATU
(0.13 g, 0.33 mmol, 3 equiv/R), TBTU (0.02 g, 0.07 mmol,
0.7 equiv/R) and PyBOP (0.04 g, 0.07 mmol, 0.7 equiv/R)
were added and the pH was adjusted to 8-9 by addition of
DIPEA. The solution was heated under microwaves at 75
°C for 6 h. Solvent was removed under reduced pressure,
and the residue dissolved in the minimum of CH,CL.
Diethyl ether was added to precipitate the peptide. Then it
was triturated and washed 3 times with diethyl ether to
yield crude material. The crude product 29 is obtained as a
white powder (0.10 g, 0.02 mmol, quant.). Analytical UPLC
t, = 173 min; ESI-MS (positive mode) caled for
C,,0H,53N5 06, 5542.4, found m/z 925.7 (M + 6H)%*.

Compound 30. The totality of cyclic protected peptide
29 was treated as described in the general procedure for
tBu moiety removal before purification on preparative RP-
HPLC column. The purified product 30 was obtained as a
white powder (15.0 mg, 3.00 pmol, 18 % over two steps from
peptide 28). Analytical UPLC ¢, = 1.35 min; ESI-MS (positive
mode) caled for C,o,H;09N5O6, 4533-2, found m/z 1351 (M
+ 4H)#. Preparative HPLC: focused gradient 10 to 20 % of
B in 15 min.

Compound 31. Cyclic deprotected peptide 30 (8,50 mg,
2.00 pmol) was dissolved in acetate buffer (0.6 mL; pH 5.4;
0.1 M) before addition of GdCl;.H20 (13 mg, 0.03 mmol, 3
equiv/R) in acetate buffer (0.4 mL; pH 5.4; 0.1 M) in two
time. The solution was stirred at room temperature for 3 h,
before purification on preparative RP-HPLC column. The
purified product 31 is obtained as a white powder (7 mg, 1.3
pmol, 67 %). Analytical UPLC t, = 1.42 min; ESI-MS
(positive mode) caled for C,o;H,3GdsN5,Os, 5462.6, found
m/z1093.2 (M + 5H)5*. Preparative HPLC: focused gradient
15 to 25 % of B in 15 min.

Synthesis of compound 22. The peptide 15 (0.11 g, 0.02
mmol) was dissolved in 2 mL of anhydrous CH,Cl,/DMF
(3/1 v/v) under an argon atmosphere. Phenylsilane (0.22
mL, 1.80 mmol) and Pd(PPh;), (4 mg, 4 pmol) were added
under an argon atmosphere and the reaction was stirred at
room temperature for 30 min. The mixture was then
treated with 0.50 mL of methanol before evaporation of the
solvents under reduced pressure. The residue was
dissolved in a minimum of CH,CL,/MeOH (1/1 v/v), then
precipitated, triturated and washed with diethyl ether to
afford compound 22 as a slightly brown powder. This
material was used without further purification. Analytical

UPLC ¢, = 1.86 min; ESI-MS (positive mode) calcd for
C,99Hs36N600, 6284.0, found m/z 887.0 (M + 7H)7*.

Synthesis of compound 23. The totality of cyclic
peptide 22 were dissolved in anhydrous CH,CL,/DMF (1/1
v/v) (10 mM) with anhydrous DIPEA (20 pL, 0.12 mmol)
under an argon atmosphere. 3-(maleimido)propionic acid
N-hydroxysuccinimide ester (22 mg, 0.04 mol) were added.
The solution was stirred at room temperature for 1 h.
Solvent was removed under reduced pressure, and the
residue was dissolved in the minimum of CH,Cl,. Diethyl
ether was added to precipitate the peptide. Then it was
triturated and washed 3 times with diethyl ether to yield
crude material 23 as a slightly brown powder. This material
was used without further purification. Analytical UPLC ¢, =
1.94 min; ESI-MS (positive mode) caled for Cso6H5;N6iOso
6351.0, found m/z 9o9.1 (M + 7H)7+,

Synthesis of compound 24. The totality of peptide
conjugates 23 was treated as described in the general
procedure F with a stirring overnight before purification by
preparative RP-HPLC to afford compound 24 as a white
powder (0.03 g, 0.01, 32 % over 3 steps from peptide 15).
Analytical UPLC t, = 0.29 min; ESI-MS (positive mode)
caled for CigsH;5N6Oso 4837.3, found m/z 1614.0 (M +
3H)3*. Preparative HPLC: focused gradient 3 to 20 % of B in
15 min.

Synthesis of compound 25 The cyclic peptide
conjugates 24 (22.0 mg, 4.5 pmol) was treated as described
in the general procedure H. The crude was purified by
preparative RP-HPLC to afford the title product 25 as a
white powder (15.0 mg, 2.4 pmol, 54 %). Analytical UPLC ¢,
= 116 min; ESI-MS (positive mode) caled for
Ci98H300GdgN6Oso 6230.4, found m/z 1557.0 (M + 4H)+.
Preparative HPLC: focused gradient 5 to 15 % of B in 15 min.

Synthesis of STxB-[Gd(III)] conjugate 26. Genetically
engineered STxB-Cys, possessing five C-terminal cysteine
residues was expressed and purified according to
established procedures.”7 3 equiv of cyclic peptide
conjugates 25 (6.40 mg, 1.03 pmol) was added to STxB-Cys
solution in PBS pH 7.4 (2.70 mg, 0.35 pmol, 6.1 mg/mL).
The solution was stirred for 48 h at 21 °C (800 rpm). The
conjugate 26 was purified on preparative SEC-LC column
using AKTA pure chromatography system 25M on
Sephadex 75 column (10-300GL) eluted with PBS at o.5
mL/min affording 1,2 mL of uncolored pure solution of
STxB-[Gd(IIT)] conjugate 26 at 2.30 mg/mL in PBS (2.76
mg, 0.20 umol, 56 %). Analytical UPLC ¢, = 1.68 min; ESI-
MS (positive mode) caled for CsyoHg3GdgNis,0184S, 14018.2,
found m/z 1754.0 (M + 8H)3* [data corresponding to STxB-
Cys monomer]. ICP-MS Gd(III) quantification estimation
of the substitution of the STxB protein by the cyclopeptide
RAFT(monoamide DO3A[Gd(III)]), led to an effective
functionalization of 4.3 + 0.2 R, / STxB protein (detailed in
supporting information).

ICP-MS quantification of Gd(III). The ICP-MS
quantification of gadolinium contained in STxB-[Gd(III)]
conjugate 26 solution or in cells was performed by the
UT2A Company (Pau, France) on Agilent AT7800
instrument. The solution or cell pellets are placed in falcon



tubes and digested with 1 mL of nitric acid 70 % (JT Baker,
Instra-analyzed), by sonication during 1 hour and placed at
85 °C during 2 hours on a regulated heating block and
dilution at 10 mL with ultrapure water (Merck, Milli-Q).
Isotopes 5Gd and *7Gd are measured. The instrument
calibration is performed using 10 standard solutions
prepared in nitric acid 2 % and included in the o0.01 to 10
pg/L range. If necessary, the extracts are diluted in the
same HNO; 2 % matrix. Moreover, an internal standard,
Rhodium, is added in each solution at 1 pg/L level to
prevent from any deviation.

MRI r, relaxivity measurements. Relaxivity
measurements were carried out at room temperature
(around 22 °C) at two magnetic field strengths, at 9.4 T, a
high preclinical research field, and at 1.5 T, a typical clinical
field.

Relaxivity measurements at 9.4 T. Measurements were
carried out on a microimaging system (Agilent
Technologies, Santa Clara, CA, USA) equipped with a
vertical WB magnet with 89 mm bore size, a 500 mT/m
gradient system (BFG_73_55_100 RRI®) and a 40 mm inner
diameter Milliped radiofrequency probe (Agilent). T,
mapping was performed with a single slice inversion-
recovery - Look-Locker imaging sequence under VnmrJ 4.0
Rev A (sequence name: gemsll, main parameters: TR = 7.38
ms; TE = 3.71 ms; TR(Inv) = 15 s; FA = 5°; MTX 128x128; Slth
=2 mm, pixel size = 0.39 X 0.39 mm?; 12 inversion times (TT)
(s): 0.017,0.05, 0.1, 0.5, 1, 2, 4, 6, 8, 10, 12, 14). Measurements
were performed on compounds 19, 20, 21, 25, 26, 31. For
each compound 6 samples with different concentrations
were prepared by successive twofold dilution of a mother
solution. Concentrations of aqueous mother solutions
were similar for compounds 19, 20, 21, 25, 31 and ranged
from 0.40 to 0.60 mM. For compound 26, containing the
protein, concentration of mother solution was 0.034 mM
(in PBS pH 7.4). For T, mapping the samples (volume 200
pl) were transferred into six 5 mm id. NMR vials
cylindrically arranged around a central water filled vial and
imaging was performed on a central slice perpendicular to
the vial axes. T1 maps were computed by Vnmr] software,
mean T1 values measured inside circular regions of interest
were used to compute relaxivity r1 according to Ri([CA]) =
Rio + r*[CA], with R1 = 1/T1, Rio=1/T10 with Tio being the
value of T1 for the solution without the CA, and [CA] being
the concentration of the contrast agent compound. Fitting
of Ri([CA]) to this linear model was performed using free
SciDAVis 1.23 software (Scientific Data Analysis and
Visualization).®

Relaxivity measurements at 1.5 T. Measurements were
carried out on a Philips Achieva clinical whole body
scanner (Philips Healthcare, Best, The Netherlands). A
clinical Head coil (SENSE_HEAD_8, Philips Healthcare)
and an IR-Fast Spin Echo imaging sequence were used for
T1 mapping (main parameters: TR =10 s; TE = 7.2 ms; Slth
= 3 mm; MTX 232x74; pixel size = 0.45 x 0.45 mmz2; 12 TI
(s): 0.02, 0.05, 0.075, 0.1, 0.2, 0.3, 0.5, 1, 2, 3, 4, 5)
Measurements were performed on compounds 25, 26
(same samples as at 9.4 T). Eppendorf tubes containing the

samples were positioned in two rows (one for each
compound) on a sample holder and imaging was
performed on a horizontal slice passing through all
samples. For the different inversion times mean signal
intensities (SI) were measured inside circular regions of
interest for the five samples with lowest concentration. T1
values for each sample were obtained by fitting SI(TI)
curves to the IR signal equation (SI(TI) = Slo *(1-2*b*exp(-
TI/T1)) using SciDAVis software.®® From these Ti1 values,
relaxivity 11 was computed as described above. SI(TI) fits
for compounds 25 and 26 are provided as supporting
information (Figure S8).

Cell culture. The intracellular trafficking assay was
done on Hela cells, that were cultured at 37 °C under 5 %
CO2 in Dulbecco’s modified Eagle’'s medium (DMEM,
Invitrogen), supplemented with 10 % heat-inactivated fetal
bovine serum, o.01 % penicillin-streptomycin, 4 mM
glutamine and 5 mM pyruvate. In the case of PPMP
treatment (DL-threo-1-phenyl-2-palmitoylamino-3-
morpholino-1-propanol, Enzo Life Sciences Inc.), Hela cells
were cultured for 6 days with 5 uM of compound before the
experiment.

STxB-conjugate intracellular trafficking assay. Cells
were plated the day before on lamellae in 4 well plate, 60
000 cells/well. Cells were incubated 30 min at 4 °C with 0.5
mL STxB dilution (STxB-Cys or STxB-[Gd(III)] conjugate
26) at 0.20 pM (monomer concentration) in cold complete
medium for binding on HeLa cells, pre-treated or not with
PPMP. Then cells were washed 3 times to remove unbound
STxB, before incubation at 37 °C for 50 min for
synchronized internalization. Cells were then fixed in 4 %
PFA in PBS for 15 min and permeabilized with saponine.
Immunodetection was carried out using a primary mouse-
monoclonal anti-STxB antibody (13C4), and a home-made
rabbit polyclonal antibody against the Golgi marker
giantin (Giantin is a Golgi protein), followed by detection
thanks to appropriate fluorescently labelled secondary
antibody. Slides were observed with material from the Cell
and Tissue Imaging platform (PICT-IBiSA) of the Institut
Curie: upright microscope Leica DM60ooo with a camera
CCD 1392x1040 CoolSnap HQ2z from Photometrics and
illumination from a Lumen 200 lamp from Prior Scientific.
63x HCX Plan Apo objective was used for pictures.

Intracellular ICP-MS quantification of Gd(III). A
subclone of HelLa cells, selected for their homogenous Gb3
expression, was either pre-treated or not with PPMP, and
incubated at 37 °C for 4 h with STxB-[Gd(III)] conjugate 26
(0.2 pM monomeric concentration). After several washings
to remove unbound and non-internalized conjugate 26,
cells were detached, counted, and recovered in pellet by
centrifugation. The amount of Gd(III) present in each cell
pellet was measured by ICP-MS analysis (detailed in
supporting information).
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ABBREVIATIONS

Ala, alanine; Alloc, allyloxycarbonyl; AcOH, acetic acid; Boc,
tert-butoxycarbonyl; CA, contrast agents; Dap,
diaminopropionic acid; DIPEA, N,N-diisopropylethylamine;
DMF, N,N-dimethylformamide; DO3A, 1,4,7,10-
tetraazacyclododecane-1,4,7-triacetic acid; DOTA, 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid; DNA,
deoxyribonucleic acid; ES], electrospray ionization; FA, formic
acid; Fmoc, fluorenylmethoxycarbonyl; Gbs, glycospingolipid
globotriaosyl ~ ceramide;  Gly, glycine; HATU, 1-
[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-

b]pyridinium 3-oxide hexafluorophosphate; HPLC, high
performance liquid chromatography; ICP-MS, inductively
coupled plasma mass spectrometry; IR, inversion recovery;
Lys, lysine; NHS, N-hydroxysuccinimide; NMR, nuclear
magnetic resonance; MRI, magnetic resonance imaging; MS,
mass spectrometry; MW, microwaves; PBS, phosphate-
buffered saline; PET, positron-emission tomography; PFA,
paraformaldehyde; PPMP, D,L-threo-1-phenyl-2-
palmitoylamino-3-morpholino-i1-propanol;  Pro,  proline;
PyBOP, benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium
hexafluorophosphate; RAFT, regioselectively addressable
functionalized templates; R,, longitudinal relaxation rate; RP,
reversed phase; SEC, size-exclusion chromatography; SI,
signal intensity; SPPS, solid phase peptide synthesis; STxB,
Shiga toxin B-subunit; r,, longitudinal relaxivity of the contrast
agent; TBTU, 2-(1H-Benzotriazole-1-yl)-1,1,3,3-
tetramethylaminium tetrafluoroborate; tBu, tert-butyl; TFA,
trifluoroacetic acid; TFE, 2,2,2-trifluoroethanol; TI, inversion

time; TNBS, 2,4,6-trinitrobenzenesulfonic acid; t,, retention
time; UPLC, ultra performance liquid chromatography; UV,
ultraviolet.
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