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Abstract: Two probes consisting of vi-
tamin B;, (CNCbl) conjugated to Gd
chelates by esterification of the ribose
5-OH moiety, Gd-DTPA-CNCbl (1;
DTPA =diethylenetriamine-
N,N,N',N",N"-pentaacetic acid) and
Gd-TTHA-CNCbl (2; TTHA =tri-
ethylenetetramine-N,N,N',N",N"' N""-
hexaacetic acid), have been synthesised
and characterised. The crystal structure
of a dimeric form of 1, obtained by
crystallisation with an excess of GdCl;,
has been determined. The kinetics of
binding to and dissociation from trans-
cobalamin II show that 1 and 2 main-
tain high-affinity binding to the vita-

min B, transport protein. Complex 2 is
very stable with respect to Gd** re-
lease owing to the saturated co-ordina-
tion of the Gd** ion by four amino and
five carboxylate groups. Hydrolysis of
the ester functionality occurs on the
time scale of several hours. The lack of
saturation and the possible involve-
ment of the ester functionality in co-or-
dination result in lower stability of 1
towards hydrolysis and in a considera-
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ble release of Gd** in vitro. Gd** ions
released from 1 are avidly taken up by
the K562 tumour cells to an extent cor-
responding to approximately 10" Gd**
per cell. The internalisation of toxic
Gd** ions causes a marked decrease in
cell viability as assessed by Trypan blue
and WST-1 tests. On the contrary, the
experiments with the more stable 2 did
not show any significant cell internali-
sation of Gd*>" ions and any influence
on cell viability. The results point to
new avenues of in situ generation of
cytotoxic pathways based on the re-
lease of toxic Gd** ions by vitamin B,,
bioconjugates.
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Introduction

Vitamin B,,, or more generally cobalamin (Cbl; Scheme 1),
is synthesised only by bacteria, but mammalian cells require
it as enzyme cofactor in the two forms of methyl-Cbl for
methionine synthase and adenosyl-Cbl for methylmalonyl
CoA mutase."! Mammals have developed a specific internal-
isation pathway for this essential micronutrient, which em-
ploys three transport proteins. The vitamin is absorbed
through the intestine by intrinsic factor (IF) and transported
through the plasma by transcobalamin (TC) and haptocorrin
(HC). The TC-Cbl complex is ubiquitously taken up by
means of receptor-mediated endocytosis, with subsequent
release of Cbl from the protein. Instead, HC was thought to
enter only hepatocytes, but was recently found to be taken
up by several types of tumour cells as well.”! Events in the
intracellular trafficking and conversion of Cbl to the two
active forms have still to be revealed in detail.’! Vitamin B,
is indirectly involved in the synthesis of thymidine mono-
phosphate, and thus DNA, because a catalytically active me-
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Scheme 1. Vitamin By, esterified at the 5'-hydroxyl group of the ribose
moiety with the X chelate groups, DTPA and TTHA (corrin ring side
chains are labelled from a to f according to the standard nomenclature).

thionine synthase also liberates tetrahydrofolate (THF)
from the methyl trap upon transfer of a methyl group from
methyl-THF to homocysteine by means of Cbl. Consequent-
ly, intracellular deficiency in the vitamin leads to impaired
cell proliferation in addition to abnormalities of the nervous
system and the blood.! Fast-proliferating cell types require
higher amounts of vitamin B,,. This observation has given
considerable potential to the use of vitamin B,, analogues as
imaging agents for diagnosis of these cell types or as thera-
peutic drugs exploiting the conjugated groups with growth-
blocking or cytotoxic properties. Well-characterised exam-
ples have been reported.® These include the use of vita-
min B, analogues 1) to inhibit cell proliferation by modifi-
cations on the propionamide side chain e, 2) to image tu-
mours with “™Tc or '"'In radiolabelled Cbl-b-4-aminobutyl-
amidediethylenetriaminepentaacetate®™® or with 3) fluores-
cently labelled Cbl'*"! and 4) to target the delivery of a
cytotoxin (colchicine) to tumours."? The approach em-
ployed in these applications to obtain efficient targeting of
imaging or chemotherapeutic drugs is based on up-regula-
tion of the TC-Cbl receptors on the surface of tumour cells
in the DNA replication phase!'>'! and possibly by higher
turnover of the receptors.'” A recent study®® demonstrated
that a radiolabelled bioconjugate bound to HC is also able
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to target tumour cells, avoiding its undesirable accumulation
in organs, which serve as TC-Cbl storage sites, particularly
in the kidneys.

Recently, we solved the X-ray crystal structure of TC!
and modelled for homology the structures of the other two
B,, transport proteins, HC and IF['! The availability of
these three-dimensional models permits a rational design of
a vitamin B, based probe with a high affinity towards the
plasma transport proteins that could extend the use of these
bioconjugates beyond the radionuclides to paramagnetic
ions, such as Gd. Compared with the highly sensitive nuclear
and optical imaging techniques, magnetic resonance imaging
(MRI) requires much higher amounts of the agent for the
visualisation of tumour cells.

Herein we report our studies aimed at exploring the use
of Gd-labelled vitamin B, probes for targeting tumour cells.
Vitamin B,, appears to be a vector with recognition capabili-
ties that should not be affected by the linkage to the Gd-
chelate as happens with peptide-targeting moieties."s! More-
over, it was deemed of interest to endow the probes with
the property of disassembling into non-toxic components
after a relatively short time. To accomplish this task, we em-
ployed the pro-drug diethylenetriamine-N,N,N',N” ,N"-penta-
acetic acid (DTPA, Scheme 1) and the analogous triethyl-
enetetramine-N,N,N',N”",N"',N""-hexaacetic acid (TTHA,
Scheme 1) esterified at the 5'-hydroxyl group of the sugar
moiety of vitamin B,.

The major difference between these two is the presence
of an open Gd** co-ordination shell in the case of DTPA,
whereas the higher denticity of TTHA fills all the co-ordina-
tion sites of the Gd** ion. We surmised that this diversity
should result in significant differences in the ability to re-
lease Gd** ions when the probe is anchored at the cell sur-
face as well as in the hydrolysis of the ester linkage. Since
the free Gd** ion is extremely toxic, it was deemed of inter-
est to exploit the possibility for the DTPA-vitamin B, de-
rivative to specifically deliver and release cytotoxic Gd**
ions.

Here, we describe the design, synthesis and characterisa-
tion of the bioconjugated complexes with Gd*", that is, Gd—
DTPA-CNCbl (1) and Gd-TTHA-CNCbl (2), including the
kinetics of binding and dissociation with TC, the rate of hy-
drolysis of the ester bond by means of relaxivity measure-
ments and the X-ray structure of the dimeric form of 1. Fi-
nally, to verify the Gd®* uptake and to test the toxicity of 1
and 2, we report the investigation on the cellular internalisa-
tion of Gd** ions in the K562 cell line and the relative via-
bility tests.

Results and Discussion

Design of the vitamin B, bioconjugates: The X-ray struc-
ture of the TC-Cbl complex!® showed that the side chains of
the corrin ring (Scheme 1) are largely buried in the interface
with the protein and thus do not represent ideal positions
for the attachment of conjugates. In the protein, the cobalt
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ion of the base-on cobalamin is axially co-ordinated by a
histidine side chain. This histidine may be displaced by an
externally supplied molecule,'” thereby forming a further
potential site for the attachment of bioconjugates to Co.
However, inspection of the Cbl environment in human TC
(Figure 1) shows that the 5'-hydroxyl group on the ribose of
the nucleotide moiety of Cbl is the ideal site to accommo-
date a molecule of the size of Gd-DTPA without disturbing
the interactions between TC and Cbl (Figure 1). Some elec-
trostatic repulsion between Gd-DTPA of net charge —1 and
its protein environment is expected as a moderately nega-
tive potential is calculated for the protein surface in this
region.

Synthesis and characterisation of DTPA-CNCbl, TTHA-
CNCbl and their Gd** derivatives: The syntheses of the bio-
conjugates DTPA-CNCbl and TTHA-CNCbl (Scheme 1)
are very similar, so that the following discussion applies to
both derivatives. The preparation exploits the reaction be-
tween the ribose 5'-hydroxyl group of CNCbl and the dian-
hydride of DTPA or TTHA, following, with some modifica-
tions, a previously reported procedure for the esterification
with succinic anhydride.®” In particular, a much lower
excess of dianhydride (4 equiv) was used to avoid the pres-
ence of free DTPA or TTHA in the final product. In fact,
we found that the free acid is difficult to remove and inter-
feres severely with the subsequent complexation of Gd**.
The degree of formation of the bioconjugates during synthe-
sis and the purity and integrity of the final products (i.e., the
absence of free CNCbl) have been checked by polyacryl-
amide gel electrophoresis (PAGE). In fact, although CNCbl
has no net charge, the bioconjugates are negatively charged
and their coloured spots can be easily identified.

The bioconjugates are sensitive to hydrolysis of the ester
bond when left for one day or more at room temperature
(20°C) in solutions with a pH above 6 (for a quantitative as-
sessment see the section “Hydrolysis of 1 and 2”), whereas
both 1 and 2 are stable for weeks at pH 2 and room temper-
ature. Therefore, the characterisation of solutions of DTPA-
CNCbl and TTHA-CNCDbI in D,O by NMR spectroscopy
was carried out at pD =2.2. The comparison between the re-
ported *C NMR spectra of CNCbI?"! and those of the bio-
conjugates shows that, besides the presence of new peaks
due to the chelate, almost all the peaks due to the CNCbl
moiety undergo very small chemical shift changes. Only the
peaks arising from the R4 and R5 carbon atoms (Scheme 2)
show a significant chemical shift change (about Ad=-3 and
+3 ppm, respectively). These results are in agreement with
the presence of a chemical modification of the ribose-5"-hy-
droxyl group® and rule out the formation of a derivative
esterified at both 2'- and 5'-OH groups, as was previously re-
ported for the reaction with the smaller succinic anhy-
dride.”

Complexes 1 and 2 were obtained in situ by the addition
of a slightly less than stoichiometric amount of GdCl; to an
aqueous solution of lyophilised DTPA-CNCbl and TTHA-
CNCb], respectively.
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Figure 1. Cbl environment in the human transport protein transcobala-
min. The TC structure was previously determined by X-ray diffraction
and is presented as a molecular surface coloured according to the electro-
static potential (blue, positive potential; red, negative potential). The
close-up of the ligand binding site at the domain interface shows that the
5'-hydroxyl group of the ribose moiety is not covered by amino acids and
represents an ideal position for the esterification with one of the carboxy-
lates of the Gd-chelator DTPA. In the close-up at the bottom, DTPA-
Gd-H,O was attached to the 5'-OH group to model the interactions of
the bioconjugate 1 with TC. Colour code: carbon atoms of CNCbl in
orange and of DTPA in yellow, oxygen atoms in red, nitrogen atoms in
blue, phosphorous in green and gadolinium in cyan.
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Scheme 2. >C NMR spectra numbering scheme of DTPA-CNCb.

The attempts to crystallise 1 in the presence of an excess
of GdCl; led to orthorhombic crystals (space group C222))
composed of dimeric species (see the Experimental Sec-
tion). These dimers are formed by two bioconjugate mole-
cules of 1 held together by an additional Gd** ion located
on a crystallographic twofold axis (Figure 2). The crystal
structure confirms that the attachment of DTPA to CNCbl
occurred at the 5'-hydroxyl group of the ribose moiety. The
Gd** ion chelated by DTPA is co-ordinated by three nitro-
gen atoms, four oxygen atoms from four carboxylate groups,
one solvent water molecule and one oxygen atom from the
phosphate group of a symmetry-related molecule. The last-
mentioned co-ordinated oxygen atom, essential for dimer
formation in the solid state, is most probably replaced in so-
lution by the oxygen atom of the ester functionality. Also,
the additional Gd** ion located in the special position
shows a co-ordination sphere of nine ligands. The two sym-
metry-related molecules co-ordinate this Gd** ion by both
oxygen atoms of a carboxylate of DTPA and by another
oxygen atom of the phosphate group. The remaining three
sites are occupied by water molecules, one of which lies on
the same crystallographic twofold axis as the Gd** ion. The
ester carbonyl group is involved in an intramolecular hydro-
gen bond with the propionamide side chain e. The CN
ligand on the upper axial side of Co is involved in an inter-
molecular hydrogen bond with the amide nitrogen of the
side chain d.
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Figure 2. Two views of the crystal structure of the “dimeric form” of 1 de-
termined by X-ray diffraction. The orientation in the top structure is per-
pendicular to the twofold symmetry axis. In the bottom structure the
view is along the twofold symmetry axis, on which one of the Gd** ions
(in cyan) and one of the co-ordinated water molecules (in red) are locat-
ed. Carbon atoms are shown in grey, nitrogen atoms in blue, oxygen
atoms in red, cobalt atoms in orange and phosphorous atoms in green.

Three X-ray structures of Cbl acylated at the ribose 5'-
OH with small carboxylic acids to protect this site in further
functionalisation processes have been recently reported.”!

A survey in the Cambridge Structure Database (CSD) re-
garding the co-ordination of Gd** shows that the co-ordina-
tion number observed in our structure corresponds to the
most abundant; about 50 % of all deposited structures show
9-coordinate Gd** and half of these include water molecules
as ligands. The observed co-ordination distances are in ac-
cordance with the average distances calculated from the
CSD structures. A particular feature is the coordination en-
vironment of the Gd** ion on the twofold symmetry axis.
There, the Gd—O distances are significantly longer than
those concerning the Gd** chelated by DTPA, a fact that
most likely reflects the weaker coordination of the Gd** on
the special position. As a consequence, the distance between
the chelated and the bridging Gd** (5.0 A) is at the high
end of the range found for the Gd-Gd distance in the CSD
analysis (3.7-5.1 A).

Hydrolysis of 1 and 2: The hydrolysis of the ester bond
yields CNCbl and Gd-DTPA in 1, and CNCbl and Gd-
TTHA in 2, respectively. The hydrolysis reactions have been
followed by measuring the variation of the proton relaxation
rates of the aqueous solutions of 1 and 2 (Figure 3). At
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Figure 3. Time courses of the hydrolysis process of complex 1 (m) and 2
(o) in PBS solution at 298 K followed by millimolar relaxivity, r,,. Lines
represent their first-order best fit.

20MHz and 298K, complex 1 shows a relaxivity of
5.7mm 's™!, whereas 2 has a relaxivity of 3.1 mm's™'. At
the same frequency and temperature conditions, the ry,
values of Gd-DTPA and Gd-TTHA are 42mwm 's™' and
2.5mm's™!, respectively.” In phosphate-buffered saline
(PBS, pH 7.2), 1 reaches a value of 4.7 mm 's™! after 5h to
indicate a relative rapid hydrolysis of the compound under
these conditions. The fitting of experimental data with a
first-order equation gave a hydrolysis rate constant of (4.7 +
3)x107° min~".

The hydrolysis rate of 1 was further investigated by both
PAGE and *'P NMR spectroscopy experiments (Figures 1S
and 2S in the Supporting Information). In the latter case, to
remove the interference of the paramagnetic Gd** ion, the
experiments were performed on the Eu analogue of 1 (Eu-
1). Both techniques confirm that the half-life (f,,) of 1 is
25h.

In contrast, the corresponding transformation of 2 occurs
on a much slower timescale. The fitting of experimental
data gave a hydrolysis rate constant of (3.5+5)x10~* min™"
that corresponds to f,,=33 h. The marked difference in the
hydrolysis rate of 1 and 2 can be explained by taking into
account that DTPA and TTHA moieties are conjugated to
the sugar moiety of CNCbl thanks to the transformation of
an acetic arm of the chelator into ester functionality. The
latter functionality in 1 may still provide an oxygen donor
atom to the coordination of the Gd** ion, whereas in the
case of 2 the coordination number of 9 of the Gd** ion is sa-
turated by the four nitrogen atoms and five carboxylate
groups, thus leaving the sixth carboxylate group in the ester
link out of the co-ordination cage.

The relatively fast hydrolysis reaction prevented the de-
termination of the stability constants in terms of Gd™ re-
lease for 1 and 2. In fact, Gd** complexes of polyamino-—
polycarboxylic ligands have generally very high stability
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constants with long equilibration times.”” The PAGE ex-
periments proved that 1 and 2 are inert regarding the ex-
change of bound Gd** at physiological conditions, so that
the hydrolysis of the ester bond is faster than the equilibra-
tion. It has been reported that the formation of a single
ester bond in DTPA decreases the thermodynamic binding
constant of Gd** by about 2x10°%! so that the stability
constant for 1 may be estimated in between that of Gd-
EDTA (log K=17) and Gd-DTPA (log K=23). Because the
conjugation of CNCbl to TTHA by the ester functionality
does not affect the co-ordination of Gd** in 2, its thermody-
namic stability may be considered not too far from that of
unconjugated Gd-TTHA (log K =28)./*!

Binding of 1 and 2 to transcobalamin: The binding protein
TC was interacted with the mixture of 1 or 2 and the fluo-
rescent probe CBC (a fluorescent Cbl analogue)® taken at
different proportions. Formation of the highly fluorescent
complex TC-CBC was followed over 0.2s (Figure 4), and
the reaction was simulated with the help of the computer
programme Gepasi®! according to a bidirectional irreversi-
ble mechanism EI+I+E+S—ES (E=apoTC, I=CBC, S=
1 or 2), valid on a short timescale (see refs. [27] and [29] for
details). In such an equation, E corresponds to TC, S to Cbl,
1 or 2 and I to CBC. The calculated values of k, are shown
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Figure 4. Competitive binding of CBC and A) 1 or B) 2 to the transport
protein TC. The protein (0.5 um) was added to the mixture of CBC
(0.5 um) and 1 or 2 (0, 0.25, 0.5, 1.0, 2.0 um), whereupon the fluorescent
response of CBC was followed over time. The amplitude of the fluores-
cent signal corresponded to 1.05 RUum . Calculated binding rate con-
stants are presented in Table 1.
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in Table 1. They are similar to those reported earlier for
Cbl, CBC and a group of Cbl analogues.””

Table 1. Binding and dissociation rate constants of cobalamin ligands
when interacting with TC (mean +standard error).

Binding reaction kyx107° k_x107 Ky [M] x10°
[m's™] [s71] =k_lk,
TC+ Cbl=TC-Cbl! 68+2 25402 37403
TC+CBC=TC-CBC 41+4 40+1.0 10.0£2.0
TC+1=TC-1 3443 34+03 10.0+1.0
TC+2=TC-2 2143 52404 25.0+4.0

[a] Data from ref. [27].

Dissociation of 1 and 2 from transcobalamin: Dissociation
of 1 and 2 from TC was induced by the external fluorescent
probe CBC added in some excess. The dissociation of S
from the binding site E-S—E4S is followed by the fast at-
tachment of CBC to the protein E+I—E—I, the first step
being rate limiting. The experimental data were fitted by a
linear function, because only the initial part of the curve
was recorded (Figure 5). The proposed mechanism matches
with sufficient accuracy the experimental data throughout
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Figure 5. Dissociation kinetics of CNCbl (0), 1 (2) or 2 (O), acting as S,
from the transport protein TC. Dissociation was induced by mixing the
protein-S complex at 0.5 um with CBC (1 pum), whereupon substitution of
S by CBC was followed as an increase in CBC fluorescence. Calculated
dissociation rate constants are presented in Table 1.

the whole diapason of measurements. The linear trends and
the slopes of the curves reported in Figure 5 suggest that the
hydrolysis rate of the bioconjugates is significantly reduced
when they are bound to protein. The “protection” effect of
the transport protein towards hydrolysis of 1 and 2 is con-
firmed by the kinetic experiments performed with the ho-
mologue IF protein (see the Supporting Information).

The calculated dissociation rate constants are presented in
Table 1. They correspond to the initial slopes (v_g=
k_g'[ES]) divided by the initial concentration of the protein—
ligand complex ES. The ratio k_g/k 5 gives the values of the
equilibrium dissociation constants K, (see Table 1). The af-
finity of 1 and 2 for the binding proteins was slightly lower
than that of Cbl, but the K, values still remain on the level
of fM. This seems to be sufficient to guarantee the complete
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binding of this Cbl analogue under physiological conditions
with TC=0.5-1 nm.

Cellular internalisation of Gd*>* ions from vitamin B,, tar-
geted probes: Having established that 50 % hydrolysis of 1
and 2 takes place after 2.5 and 33 h, respectively, we went
on to asses how much Gd** can be transferred to target
cells before the completion of their transformation into the
stable Gd-DTPA and Gd-TTHA products. For the internal-
isation experiment, a myelogenous leukaemia (K562) cell
line was considered: approximately 3 to 4 million cells were
incubated for 1h at 37°C under an atmosphere of pCO,
(5% ) in the presence of increasing concentrations of 1 and
2 (Figure 6).
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3.0><10’7:
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T
0.0 02 0.4 06
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Figure 6. Amount of internalised Gd** in K562 cells as a function of 1
(@) or 2 (m) concentration in the culture medium (37°C, 1 h). Open cir-
cles (0) are relative to the amount of internalised CNCbl-containing
agent determined by UV absorption at 361 nm.

Whereas 1 showed an increased uptake with the increase
of the Gd-containing probe in the medium (with a satura-
tion, corresponding to around 10" Gd** per cell, at concen-
trations higher than 1 mm), 2 led to a negligible internalisa-
tion of Gd** at all the investigated concentrations. Although
the analytical method used (inductively coupled plasma
mass spectrometry, I[CP-MS) does not allow one to establish
the chemical form of the Gd-containing species, it appears
likely that the internalisation process involves free Gd**
ions. As it is known that CNCbl has a broad absorption
peak centred at 361 nm, this hypothesis has been validated
by the parallel measure of the UV absorption at the 361 nm
wavelength of the same cell lysates on which Gd*>* contents
have been determined. To determine exactly the concentra-
tion of the CNCbl-containing complex in the cell lysates, a
calibration curve has been registered by the addition of
known amounts of complex 1 to the cell lysates. An extinc-
tion coefficient e =25 mmM~'cm™' has been determined that is
very close to the value determined in buffer conditions (e=
27 mm~'cm™). Because the amount of internalised Gd** has
been found to be very high, it was calculated that the probe
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concentration in cell lysates should have been high enough
to allow the measure of reliable absorbance values. Surpris-
ingly, as shown in Figure 6, in the case of complex 1, the
amount of internalised CNCbl (o) is two orders of magni-
tude lower than the internalised Gd*>* (@) and comparable
to that determined when complex 2 is used (m). This is clear
evidence that, in the case of complex 1, Gd** enters the
cells as a free ion. Comparison with internalisation tests
made by using Gd-DTPA instead of 1 (Figure 7A) allows
one to conclude that the CNCbl-targeting moiety is abso-
lutely necessary to obtain high Gd*>* ion uptake by the cells.
Further support to this view was brought about by an
uptake experiment carried out by incubating K562 cells with
increasing concentrations of complex 1 not freshly prepared
but rather left in the buffer solution for one day (in
Figure 7A 1 mm concentration data is reported). During this
time a complete hydrolysis of the ester functionality oc-
curred to give free Gd-DTPA and CNCbl. Under these con-
ditions the amount of internalised Gd*>* is in the range of
10~ moles per mg of proteins. Furthermore, the competition
experiment with CNCbl itself corroborates the hypothesis of
a direct participation of the vitamin B;, conjugate for incor-
poration of Gd** into tumour cells. Figure 7B reports the
decrease of Gd** uptake in K562 cells as a consequence of
the addition of increasing amounts of CNCbl to the incuba-
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Figure 7. A) Amount of internalised Gd** in K562 cells when 1 mm Gd—
DTPA, hydrolysed 1 or fresh 1 are added to the incubation medium
(37°C, 1 h); B) amount of internalised Gd®>* in K562 cells when 0.46 mm
1 and increasing amounts of CNCbl are added to the incubation medium
(37°C, 1 h).
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tion medium. At just 0.16 mm of the competitor, the amount
of internalised Gd** decreases by one order of magnitude.

Finally, viability tests on K562 incubated in the presence
of 1 and 2 have been carried out. The Trypan blue test re-
ports the loss of membrane integrity, because the damaged
cells appear deeply blue coloured under an optical micro-
scope. Figure 8 shows that when 1 is present in the incuba-
tion medium, the cell viability is markedly affected and is
reduced to <50% at a concentration of 1 mm of the Gd-
containing agent. Conversely, the effect of 2 on cell viability
is negligible. As an additional control, the WST-1 test was
undertaken. It reports on the mitochondrial functionality
and is therefore considered a good complement to the
Trypan blue test. As shown in Figure 8B, the obtained re-
sults parallel the behaviour observed for the Trypan blue
test.

A few years ago it was reported that cells act as
“sponges” for free Gd** ions if cell labelling is performed
with low thermodynamic stability complexes (i.e., Gd-
DTPA-BMA).P% A comparison between our CNCbl-target-
ed system and the non-specific Gd-DTPA-BMA low stabili-

A) Bl

Cell viability (%)

i .

[Gd-L] (mu)
B)
[E=1 Trypan Blue assay
100 Bl \VST-1 assay
80
g
Z
3 60
o
2
8 a0

20

0.6
1 (mm)

Figure 8. A) Cell viability measured by the Trypan blue assay on K562
cells incubated in the presence of different concentrations of 1 and 2;
B) the results obtained in A for 1 with Trypan blue are compared with
the analogous results obtained with the WST-1 assay.
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ty (log K=16.85) complex could be useful: the amount of in-
ternalised Gd**, when the same concentration of Gd probe
in the incubation media is used, is 3 to 4 times higher for 1
with respect to Gd-DTPA-BMA, even if the thermodynam-
ic stability constant of the former complex is expected to be
higher than that of Gd-DTPA-BMA.

One can surmise that in this case the high uptake efficien-
cy shown by K562 cells toward toxic Gd®* ions is brought
about by the synergy of two effects: on the one hand, the
high affinity of 1 for the serum vitamin B;, transport pro-
teins that bind to the receptors on cells, and on the other
hand, the relatively low stability of the Gd complex. Upon
binding to receptors, 1 lies on the cellular membrane and
likely is establishing hydrogen-bonding interactions between
oxygen atoms of the co-ordination cage and surrounding hy-
drogen donor groups. These hydrogen-bonding interactions
remove the negative charge from the donor atoms®"! of the
ligand, thus decreasing the co-ordination ability and favour-
ing the dissociation of the metal ion. The high toxicity ob-
served for K562 cells treated with 1 appears as a further in-
dication of the massive uptake of Gd** ions.

Conclusion

We have designed, synthesised and characterised two new
bioconjugates of vitamin B, resulting from the esterification
of the ribose 5'-hydroxyl of CNCbl with the metal-chelating
agents DTPA or TTHA. Both Gd**-containing derivatives,
1 and 2, are able to bind to the plasmatic transport protein,
TC, with almost the same high affinity as the parent vita-
min By,. The major difference between the two bioconju-
gates is the presence of an open co-ordination shell in the
case of DTPA with a possible involvement of the ester func-
tionality in co-ordination. In the case of 2, the co-ordination
number of the Gd** ion is fully saturated by four nitrogen
atoms and five carboxylate oxygen atoms, thus avoiding the
involvement of the weaker ester functionality in the co-ordi-
nation scheme. The involvement of the ester oxygen atom in
Gd co-ordination in 1 is responsible for its lower stability to-
wards hydrolysis. Moreover, this causes a significant differ-
ence in the ability to release Gd** ions at the binding sites
on the cellular membrane. In fact, in the cell-culture experi-
ments with both derivatives, it has been found that free
Gd** metal ions are released and avidly taken up specifical-
ly by the human immortalised myelogenous leukaemia K562
cells only from bioconjugate 1. Finally, viability tests on
K562 cells incubated in the presence of a relatively low con-
centration of 1 suggest that the bioconjugate CNCbl-DTPA
is able to deliver Gd** ions to cells at a cytotoxic level.

Experimental Section

General: Vitamin Bj,, DTPA dianhydride, TTHA, gadolinium chloride
(GdCl;+6H,0), Dowex 1x2-400 ion-exchange resin and anhydrous pyri-
dine were purchased from Sigma-Aldrich. Acrylamide/N,N'-methylene-
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bisacrylamide 29:1 solution (40 % in H,0), ammonium persulfate and buf-
fers of analytical grade were purchased from Fluka. N,N,N',N'-Tetrame-
thylethylenediamine (TEMED) was purchased from Amersham Biosci-
ences. Acetone, diethyl ether, acetic anhydride and phenol were provided
by Carlo Erba. DMSO was obtained from Fluka and dehydrated on mo-
lecular sieves before use.

ESIMS mass spectra were recorded in positive mode by using an API 1
mass spectrometer (Perkin-Elmer) for DTPA-CNCbl and TTHA-
CNCbl, and in negative mode using a Bruker ESQUIRE 4000 for 1 and
2. 'H and “C 1D and edited gHSQC spectra were recorded using a
Varian 500 Inova instrument ("H at 499 MHz and “C at 125.7 MHz).
Other NMR spectra (COSY, ROESY) were obtained using a Jeol EX-
400 instrument ("H at 400 MHz and "*C at 100.4 MHz).

All manipulations involving CNCbl and its derivatives were carried out
in dim light.

DTPA-CNCbl: CNCbl (300 mg, 0.22 mmol) and DTPA dianhydride
(300 mg, 0.84 mmol) were suspended in anhydrous DMSO (40 mL) and
anhydrous pyridine (5 mL). The mixture was stirred for 24 hr at 45°C.
After filtration, water (150 mL) was added and the resulting solution was
extracted with aqueous phenol (92 % ). The first phenol layer was discard-
ed. The combined remaining phenol layers were washed exhaustively
with water. One volume of acetone and three volumes of diethyl ether
were added to the phenol phase and the resulting organic phase was ex-
tracted with water. The combined aqueous layers were washed with di-
ethyl ether to remove residual phenol. The aqueous solution was then
concentrated in vacuo and applied to a DOWEX 1x2-400 column (50 g,
3.0x20 cm). The column was first eluted with water to remove residual
unreacted CNCbl and then eluted with NaCl (1.0m). The latter fraction,
which contained the desired product, was desalted by phenol extraction
(as above). Solid DTPA-CNCDbl was obtained by lyophilisation of the
final aqueous solution. The lyophilised solid was stored at 4°C. Yield:
185 mg (49%); '"HNMR (D,0, pD=2.2, DSS; H' and H” refer to down-
field and upfield signals, respectively; for the atom numbering scheme,
see Scheme 2): 6=0.43 (s, 3H; H-C20), 1.02 (m, 2H; H"-C41, H"-C42),
1.21 (s, 3H; H-C46), 1.27 (d, 3H; H-Pr3), 1.41 (s, 3H; H-C54), 1.42 (s,
3H; H-C25), 1.45 (s, 3H; H-C47), 1.77-1.83 (m, 2H; H'-C42, H not as-
signed), 1.88 (s, 3H; H-C36), 1.88-2.10 (m, 5H; H'-C41, H'-C30, H"-C30,
H'-C48, H"-C48), 2.06 (m, 1H; not assigned), 2.20 (d, 1H; H"-C37), 2.28
(s, 6H; H-B10, H-B11), 2.40 (m, 2H; H-C26), 2.48-2.63 (m, 5H; H-C31,
H"-C31, H'-C37, 2H not assigned), 2.56 (s, 3H; H-C35), 2.59 (s, 3H; H-
C53), 2.63-2.76 (m, 3H; H'-C49, H"-C49, H not assigned), 2.78 (m, 3H;
H'-C18, H'-C18, H not assigned), 3.00 (m, 1H; H"-PR1), 3.35 (m, 3H;
H-C13, N-CH,CH,-N), 3.44 (m, 5H; H-C8, N-CH,CH,-N, N-CH,CH,-N),
3.54 (m, 2H; N-CH,CH,-N), 3.62 (m; H'-PR1), 3.87 (s, 2H; C=OCH,-N),
3.90 (s, 2H; C=OCH,N), 3.98 (s, 4H; C=OCH,-N), 4.11 (m, 1H; H-
C19), 415 (m, 2H; C=OCH,-N), 421 (m, 1H; H-C3), 426 (m, 1H; H-
R2), 432 (m, 1H; H-PR2), 4.36 (m, 1H; H-R5"), 470 (m, 1H; H-RY'),
488 (m, 1H; H-R3), 6.10 (s, 1H; H-C10), 6.39 (d, 1H; H-R1), 6.52 (s,
1H; H-B4), 7.11 (s, 1H; H-B2), 7.29 ppm (s, 1H; H-B7); H-C55, H-C56
and H-C56 were not assigned; “C NMR (D,0, pD=2.2, DSS): 6=18.1
(C53), 18.3 (C35), 18.7 (C54), 19.7 (C25), 21.9 (C36), 21.9 (PR3), 22.1
(C47), 22.2 (C20), 22.3 (B11), 22.8 (B10), 28.8 (C41), 28.9 (C30), 30.7
(C48), 34.2 (C46), 34.4, 34.5 (C42), 35.0, 35.4, 37.6 (C49), 37.8 (C31), 41.9
(C18), 45.7 (C26), 45.8 (C37), 48.1 (PR1), 50.1 (C2), 51.0 (C12), 53.6
(DTPA N-CH,-CH,), 54.4 (C7), 54.5 (DTPA N-CH,-CH,, DTPA N-CH,-
CH,), 54.6 (DTPA N-CH,-CH,), 56.7 (C13), 57.6 (DTPA CH,C=0), 57.8
(DTPA CH,C=0), 58.6 (C8), 59.0 (C3), 59.0 (DTPA CH,C=0), 59.2
(DTPA CH,C=0), 62.1 (C17), 66.4 (RS), 71.6 (R2), 759 (PR2), 759
(R3), 77.8 (C19), 81.9 (R4), 83.0 (C1), 90.0 (R1), 97.8 (C10), 107.0 (C15),
110.4 (C5), 114.3 (B7), 119.4 (B4), 132.8 (BS8), 136.0 (BS), 138.1 (B6),
139.5 (BY9), 144.6 (B2), 168.2 (C6), 168.9 (C14), 172.6 (DTPA COOH),
1740 (DTPA COOH), 175.0 (DTPA COOH), 1752 (DTPA COOH),
176.4, 177.5, 178.0, 178.6, 178.7, 179.7, 179.9, 180.5, 180.7, 181.8,
182.9 ppm; UV/Vis (H,0): A (¢)=361nm (2.7x10*mol'dm’cm™);
ESIMS (120 V, H,0): m/z caled (%) for C;;H,,CoN;05P: 1730.7;
found: 899.4 (100) [M—H*+3Na*], 1731.3 (7) [M+H™].

TTHA-CNCbI: The compound was synthesised by following the same
method as that described for DTPA-CNCbI, starting from CNCbl and
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TTHA dianhydride. Yield: 120mg (30%); 'HNMR (D,O, pD=22,
DSS; H' and H” refer to downfield and upfield signal, respectively): 6 =
0.47 (s, 3H; H-C20), 1.03 (m, 2H; H"-C41, H"-C42), 1.20 (s, 3H; H-C46),
1.26 (d, 3H; H-Pr3), 1.40 (s, 3H; H-C54), 1.42 (s, 3H; H-C25), 1.45 (s,
3H; H-C47), 1.77-1.83 (m, 2H; H'-C42), H not assigned), 1.88 (s, 3H; H-
C36), 1.88-2.10 (m, SH; H'-C41, H'-C30, H"-C30, H'-C48, H"-C48), 2.08
(m, 1H; H not assigned), 2.20 (d, 1H; H"-C37), 2.26 (s, 6H; H-B10, H-
B11), 2.43 (m, 2H; H-C26), 2.48-2.63 (m, 4H; H'-C31, H"'-C31, H'-C37,
H not assigned), 2.55 (s, 3H; H-C35), 2.59 (s, 3H; H-C53), 2.63-2.73 (m,
4H; H'-C49, H"-C49, 2H not assigned), 2.76 (m, 3H; H'-C18, H'-C18, H
not assigned), 3.00 (m, 1H; H"-PR1), 3.26-3.36 (m, 7H; H-C13, N-
CH,CH,-N), 3.43 (m, 3H; H-C8, N-CH,CH,-N), 349 (m, 4H; N-
CH,CH,-N), 3.62 (m; H'-PR1), 3.75 (s, 2H; C=0CH,-N), 3.80 (s, 2H; C=
OCH,-N), 3.99 (s, 8H; C=OCH,-N), 4.10 (m, 1H; H-C19), 4.20 (m, 1H;
H-C3), 428 (m, 1H; H-R4), 432 (m, 3H; H-PR2, H-R2, H-R5"), 4.68
(m, 1H; H-RY'), 4.88 (m, 1H; H-R3), 6.08 (s, 1H; H-C10), 6.37 (d, 1H;
H-R1), 6.51 (s, 1H; H-B4), 7.11 (s, 1H; H-B2), 7.29 ppm (s, 1H; H-B7);
H-C55, H-C56 and H-C56 were not assigned; C NMR (D,O, pD =2.2,
DSS): 6=18.1 (C53), 18.3 (C35), 18.8 (C54), 19.7 (C25), 21.9 (C36), 22.0
(PR3), 22.1 (C47), 22.2 (C20), 22.3 (B11), 22.8 (B10), 28.8 (C41), 289
(C30), 30.7 (C48), 34.2 (C46), 34.3, 34.5 (C42), 35.0, 35.2, 37.6 (C49), 37.8
(C31), 41.9 (C18), 45.7 (C26), 45.8 (C37), 48.2 (PR1), 50.1 (C2), 51.0
(C12), 52.7 (TTHA N-CH,-CH,), 53.3 (TTHA N-CH,-CH,), 53.5 (TTHA
N-CH,-CH,), 54.4 (C7), 54.8 (TTHA N-CH,-CH,), 55.3 (TTHA N-CH,-
CH,), 56.0 (TTHA N-CH,-CH,), 56.7 (C13), 57.4 (TTHA CH,C=0), 57.9
(TTHA CH,C=0), 582 (DTPA CH,C=0), 58.6 (C8), 58.7 (TTHA
CH,C=0), 59.1 (C3), 59.3 (TTHA CH,C=O, TTHA CH,C=0), 62.1
(C17), 66.4 (RS), 71.6 (R2), 75.9 (PR2), 76.2 (R3), 77.8 (C19), 82.0 (R4),
88.0 (C1), 90.0 (R1), 97.8 (C10), 107.0 (C15), 110.4 (C5), 114.3 (B7),
119.3 (B4), 132.8 (B8), 135.9 (B5), 138.0 (B6), 139.5 (BY), 144.6 (B2),
168.1 (C6), 169.0 (C14), 173.6 (TTHA COOH), 173.7 (TTHA COOH,
TTHA COOH), 1742 (TTHA COOH), 176.0 (TTHA COOH), 176.4
(C9), 176.8 (TTHA COOH), 177.5 (C57), 177.9 (C38), 178.5 (C61), 178.6
(C27), 179.7ppm (Cl11); UV/Vis (H,0): 4 (g)=361nm (2.7x
10*mol'dm’cm™'); ESIMS (120V, H,0): m/z caled (%) for
CyH;1sCoNO,5P: 1831.8; found: 916.9 (100) [M+2H™], 1831.9 (7)
[M+H™*].

Gd-DTPA-CNCDbI (in situ) (1): Complex 1 was prepared in situ by treat-
ing aqueous solutions of DTPA-CNCbl with GdCl; (0.9 equiv) dissolved
in water at the desired pH and concentration. The solutions were pre-
pared immediately prior to use or kept in a freezer for long-time storage,
to avoid the hydrolysis of the ester bond. HRMS (ESI): m/z calcd (%)
for C;;H,sCoN,,0,;PGd: 1883.9; found: 1883.7 (100) [M*].

Gd-TTHA-CNCDblI (in situ) (2): Complex 2 was prepared following the
same procedure described for 1, starting from TTHA-CNCbl. HRMS
(ESI): m/z caled (%) for CgH;;;CoN30,sPGd: 1984.01; found: 1984.7
(100) [M™].

Characterisation by PAGE: Polyacrylamide gels (16 %) were prepared
by mixing filtered deionised water (2.45 mL), acrylamide/bis(acrylamide)
solution (29:1; 2 mL, 40 %), buffer solution (0.5 mL; 0.5m HEPES, 0.5m
boric acid, pH 7.2 adjusted with NaOH), ammonium persulfate (50 uL,
10%) and TEMED (5 pL). The PAGE analysis was run on a Hoefer
SE250 vertical gel electrophoresis unit from Amersham Biosciences
using as running buffer a 10-fold dilution of the buffer solution used for
gel preparation.

X-ray crystallography: Recrystallisation of 1 was carried out using the
hanging-drop vapour-diffusion technique at 293 K. Gd** from GdCl, was
added to 1 in an excess of 1.3:1 to ensure full occupancy of the Gd** site
in the bioconjugate. Complex 1 (100 mm, 1 pL) was mixed with reservoir
solution (40% v/v PEG 400 and 3.4m LiCl, 1 pL). Small crystals with the
shape of a biconvex lens were obtained in a few hours and some contin-
ued to grow for about a week to a final size of approximately 0.25 mm x
0.1 mm x0.05 mm. X-ray diffraction data were collected using a Bruker—
Nonius FR591 rotating Cu anode equipped with a KappaCCD diffrac-
tometer and an Oxford cryosystem for data collection at a temperature
of 100 K. The structure was solved using the single-wavelength anoma-
lous dispersion method. Sites of heavy atoms (Gd, Co, P) were found
with SHELXD and phases to 1.44 A resolution were calculated with
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SHELXE from the SHELX-97 programme package.”” Restrained refine-
ment of the structure was performed with SHELXL using anisotropic B-
factors only for the heavy atoms and ordered solvent ions (Cl, Na¥).
Hydrogen atoms and 42 solvent water molecules were added during
structure refinement. The crystallographic statistics of 1 are as follows:
resolution range 40-1.44 A; space group C222,; a=17.614, b=38.124, c=
42.529 A; 3026 unique reflections; Ryere 9.6 % (1.55-1.44 A:325 %); llo
84 (1.55-1.44 A: 3.1); completeness 96.6% (1.55-1.44 A: 832%); R
factor (all Fy,) 13.6%; R factor (F,,>40) 12.7%; Gd-DTPA-CNCbl
(121 atoms including H,O ligands): B=12.1 A?; bulk solvent (46 atoms
including 2Na*, 2Cl7): B=28.1 A%,

CCDC-697308 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Kinetics of binding to and dissociation from the transport proteins TC:
The binding and dissociation experiments were performed as described
earlier.”?! In short, a mixture of 1 (0-2 um) and a fluorescent Cbl ana-
logue CBC (0.5 um) was injected into the binding protein IF or TC
(0.5 um). Afterwards, the increase in fluorescence was measured due to
higher quantum yield of the complexes IF-CBC and TC-CBC when
compared with the free fluorescent probe CBC (excitation wavelength
525 nm, bandpass 7 nm, 550 nm cut-off filter on the emission side). The
presence of the non-fluorescent ligand 1 (or 2) in the reaction medium
caused a suppression of the registered response because of competition
between 1 (or 2) and CBC for the binding site. The binding reaction was
conducted in an Na-phosphate buffer (0.2m, pH 7.5, 20°C). Measurement
of the dissociation rate constant was based on a chase experiment, where
the pre-incubated protein-ligand complex IF-1 (or IF-2) or TC-1 (or
TC-2) (0.5 um) was mixed with an excess of the fluorescent ligand CBC
(1 um). Then the increase in fluorescence was measured over time due to
dissociation of 1 (or 2) and formation of IF-CBC or TC-CBC. Reaction
conditions were as mentioned above.

In vitro cellular uptake: K562 cells were grown in RPMI 1640 medium
containing foetal bovine serum (10%). Cells were seeded to a density of
1x10° cellsmL ™" into 60 mm culture dishes. The cells were incubated at
37°C for 1 h in culture media containing increasing amounts (from 0.2 to
1.2mm) of 1 and 2. After this treatment, the cells were washed three
times with ice-cold phosphate-buffered saline (PBS) (5 mL).

Determination of Gd** content in cells: At the end of the uptake experi-
ment, labelled cells were collected in PBS (200 uL) and were sonicated
for 10s for a complete lysis, added to the same volume of HCl (37 %)
and left at 120°C overnight. Upon this treatment all Gd®* was solubilised
as free aquo-ion. By measuring the relaxation rates of these solutions at
20 MHz and 25°C using a Stelar Spinmaster spectrometer (Stelar, Mede,
Pavia, Italy), it is possible to determine its concentration.

The obtained R, data are related to the concentration of the paramag-
netic species according to Equation (1):

Righs = Ryw + [Gd3+] FipGa 1)

in which R,y is the relaxation rate of pure water (0.38s™') and ry,ge+ the
millimolar relaxivity of the Gd** ion (13.5mm™'s™ in a 6mM HCI solu-
tion). Moles of Gd** obtained in this way were normalised to the weight
(mg) of cellular proteins. The protein concentration of each sample was
determined from cell lysates by the Bradford method using bovine serum
albumin as standard. One milligram of protein corresponds to about 4.5 x
10° cells.

Cell viability tests: The Trypan blue exclusion test was used to assess cell
viability. An aliquot (10 uL) of each cell suspension, both control and
treated cells, was mixed with an equal amount of Trypan blue solution
(0.4%) in PBS. An aliquot (10 pL) of the solution was introduced in a
counting chamber (hemocytometer). Viable cells were round in shape
and bright, whereas damaged cells appeared deep blue due to the incor-
poration of the Trypan dye. Viability was expressed as a percentage
(ratio between viable cells and total cells x100). Cell viability was also
assessed by the WST-1 (Roche) test. Briefly, K562 cells seeded in 3.5 cm
Petri dishes were used to carry out the uptake experiments with 1. Subse-
quently, the WST-1-containing solution was added to each dish in 1:10
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ratio (v/v). WST-1 is a tetrazolium salt that was reduced to formazan by
mitochondrial dehydrogenases. The cells were incubated for 1 h at 37°C
under an atmosphere of pCO2 (5%). After incubation, the solution was
diluted to a ratio of 1:10 in PBS and the absorbance at 440 nm was mea-
sured. A solution of WST in the culture medium without cells served as
control. The measured absorbance reflected the tetrazolium to formazan
transformation and it probed the cell viability in terms of functionality of
the mitochondrial machinery. For optimal activity, the absorbance dis-
plays values of approximately 0.6-0.7.

Hydrolysis of 1 and 2: The hydrolysis equilibrium of complexes 1 and 2
has been followed by measuring the time course of the water proton re-
laxation rates of 1 mm solutions of each complex in phosphate-buffered
saline at pH 7.2 and 298 K.

The longitudinal water proton relaxation rate was measured by using a
Stelar Spinmaster spectrometer operating at 20 MHz, by means of the
standard inversion-recovery technique. The temperature was controlled
with a Stelar VTC-91 airflow heater equipped with a copper constantan
thermocouple (uncertainty 0.1°C).

Hydrolysis of the Eu analogue of 1 (Eu-1) was investigated by collecting
*'P NMR spectra of a solution (7 mm) of the Eu-1 in HEPES buffer at
pH 7.2 and 298 K over time. The reaction was followed by monitoring
the decrease of intensity of the Eu-1 *'P resonance at =0.76 ppm (from
H;PO, 85%) and the concomitant increase of intensity of the resonance
of CNCbl at 6 =0.025 ppm.

NMR spectra have been registered by using a Bruker Avance 600 spec-
trometer and by using a capillary tube containing D,O for lock control
and H;PO, as chemical shift reference.

Hydrolysis of 1 was also studied by means of a PAGE experiment. Prein-
cubated samples of 1 in phosphate-buffered saline at pH 7.28 at 37°C
were quenched at regular intervals by addition of HCI and stored at
—20°C. The samples were run on PAGE as described above.
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