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The lanthanide(Ill) complexes of five EGTA [ethyleneglycol-
bis(2-aminoethyl) ether-N,N,N’,N'-tetraacetic acid] deriva-
tives fused with aromatic (benzene: L1; naphthalene: L2) and
functionalized aromatic (L3-L5) moieties on the oxyethylene
bridge were investigated in aqueous solution. 'H and 3C
NMR spectra of the La! and Lu™ complexes of L1 and L2
indicate that the structural differences across the Ln series
found for the [Ln(EGTA)]" complexes is maintained in the
new derivatives. The presence of the aromatic moiety favours
an increased stereochemical rigidity, as assessed by VT 13C
NMR spectra. Temperature-dependent O NMR spectro-
scopic data and 1/T; 'H NMRD profiles of the Gd™ com-
plexes of L1-L3 were measured and globally analyzed to ob-
tain the parameters influencing the water exchange rate, key,

and rotational dynamics. The k., values are ca. twice as high
as the corresponding value of [GA(EGTA)]|™ and very close to
optimal. The lipophilic complexes [GdL4] and [GdLS5] form
micellar aggregates whose NMRD profiles were measured
and analyzed in terms of a model that allows separation of
global motion and local rotation. The noncovalent binding
interaction of the complexes to human serum albumin and
the relaxivity of the macromolecular conjugates were investi-
gated with relaxometric techniques at 20 MHz and 298 K,
and the importance of a restricted local motion of the com-
plex at the binding site for attaining large relaxivity enhance-
ment outlined. Theoretical docking simulations and relax-
ometric competition experiments provided insights into the
binding modes of the complexes.

Introduction

A series of five acyclic polyaminopolycarboxylate ligands
(L1-L5; Scheme 1) derived from the basic structure of
EGTA [ethyleneglycol-bis(2-aminoethyl) ether-NV,N,N',N'-
tetraacetic acid] with the incorporation of an aromatic
group into the oxyethylene bridge has been recently synthe-
sized in order to maintain or even improve the structural
and relaxometric properties of the corresponding Gd™
complexes.l'l As shown some 10 years ago,[?! the water ex-
change rate for the [Gd(EGTA)(H,O)] [H4EGTA = ethyl-
eneglycol-bis(2-aminoethyl) ether-N,N,N’,N'-tetraacetic acid]
complex is 3.1 X 107 s7! (298 K), and this value is one order
of magnitude higher than that typical of the clinically
used MRI probes [Gd(DOTA)(H,O)] (H4;DOTA =

[a] Dipartimento di Scienze dell’Ambiente e della Vita, University
of Piemonte Orientale “Amedeo Avogadro”,
Viale Teresa Michel 11, 15121 Alessandria, Italy
Fax: +39-0131-360250
E-mail: mauro.botta@mfn.unipmn.it

[b] DiISCAFF & DFB Center, University of Piemonte Orientale
“Amedeo Avogadro”,
Via Bovio 6, 28100 Novara, Italy

[c] Center for Molecular Imaging, Department of Chemistry IFM,
University of Turin,
Via Nizza 52, 10126 Torino, Italy
E-mail: silvio.aime@unito.it

Supporting information for this article is available on the
WWW under http://dx.doi.org/10.1002/ejic.201001103.

WWILEY i@

802 ONLINE LIBRARY

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1,4,7,10-tetraazacyclododecane-N,N',N'',N'"'-tetraacetic
acid) and [Gd(DTPA)(H,O)]> (HsDTPA = diethylenetri-
amine-N,N’,N''-pentaacetic acid) and one of the fastest re-
ported for nine-coordinate polyaminopolycarboxylate Gd™!
complexes.[>3 In spite of this favourable property, explained
by the steric compression at the water binding site exercised
by the oxyethylene bridge present in the tricapped trigonal-
prismatic structure, no further studies have been reported
regarding the preparation of macromolecular derivatives of
high relaxivity.
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Scheme 1. Ligands discussed in this work.
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The five novel EGTA-like chelators are potentially oc-
tadentate and are expected to retain the favourable com-
plexing properties of the parent ligand towards lanth-
anide(IIT) cations. In a previous study, it has been reported
that, whereas the chemical modification on the basic ligand
backbone appears to impact the thermodynamic stability of
the complexes with Ca'l, Mg, Cu'' and Zn", the logK
values of some of the novel ligands with La™, Gd™ and
Lu'" differ only slightly from the values of the correspond-
ing EGTA complexes.[l In addition, the aromatic moiety
and the hydrophobic substituents allow the complexes
either to interact noncovalently with HSA or to aggregate
into micellar systems. In a recent communication, we have
shown that the combination of a reduced internal mobility
with a high rate of water exchange results in a remarkable
increase in the relaxivity of the [GdL2] -HSA adduct, up
to a value of 80 mm's™!, quite similar to that predicted by
theory (100120 mm''s') and unprecedented to the best of
our knowledge for such systems.

In this work, we report on the solution structures and
dynamics of the diamagnetic La™ and Lu'™ complexes ob-
tained from 'H and '*C NMR spectroscopy. A detailed
characterization of the Gd™ complexes with L1-L5 and of
their binding affinity to HSA was performed in aqueous
solution by relaxometric techniques. To this purpose, we
have investigated the 'H relaxivity dependence on pH, tem-
perature, magnetic field strength and protein concentration.
Information on the water exchange dynamics has been ob-
tained from temperature-dependent 70O NMR spectro-
scopic data. Finally, insight into the nature of the interac-
tion of the complexes with the protein has been gained
through combined modelling and PRE (proton relaxation
enhancement)! studies.
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Results and Discussion

Solution Structures

The proton and carbon NMR spectra of the diamagnetic
complexes [LnL1] and [LnL2] (Ln = La and Lu),
measured in D,O at neutral pH over the temperature range
273 to 353 K, correspond rather closely to those observed
for the [Ln(EGTA)] complexes.”! In this latter case, two
coordination polyhedra are adopted by the ligands for the
early and late members of the lanthanide series with a break
around Nd-Sm. The complexes with the lighter lanthanides
adopt a bicapped square-antiprismatic coordination geome-
try where the capping positions are identified by the two
nitrogen atoms. Each of the two square faces, connected by
the ethylenedioxy bridge, is formed by one of the ether oxy-
gen atoms, two oxygen atoms of adjacent carboxylate
groups and one water molecule. Because of a fast fluxional
process, only a small number of resonances are detected in
both the 'H and the '3C NMR spectra of the diamagnetic
La!'l chelate. A strictly similar behaviour is observed for
[LaL1] (Figure 1) and [LaL2] (Figures S1, S2). The proton
spectrum of [LaL.1] shows a relatively broad peak (6 =
6.83 ppm) corresponding to the aromatic protons, two sing-
lets for the methylene protons of the ethylene groups (6 =
2.80 and 4.05 ppm) and one AB spin system for the eight
acetate protons (3.15 and 3.20 ppm; 2J = 16.5 Hz). A pro-
nounced degree of nonstereochemical rigidity characterizes
this complex and results in an average of the NMR peaks
of pairs of atoms in aqueous media even at low tempera-
tures. The fluxional process is likely to involve a rotation of
the two square faces of the coordination polyhedron around
the C-C bond of the oxyethylene bridge with a concerted
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Figure 1. 'H (bottom) and '3C (top) NMR spectra of the Lal! (left) and Lu' (right) complexes of L1 at 11.7 T and 278 K.
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conformational inversion of the ethylene moieties. In agree-
ment with this hypothesis, the four carbonyl carbon atoms
and the four methylene carbon atoms of the acetate arms
generate a single peak in the corresponding '*C NMR spec-
trum at 278 K.

In the case of the EGTA complexes with the heavier
lanthanides (Sm-Lu), the cation is nine-coordinate and
features one water molecule in its inner coordination
sphere. The coordination polyhedron is best described as a
tricapped trigonal prism, in which the capping positions are
occupied by the two nitrogen atoms and the inner sphere
water oxygen atom, and the trigonal faces are formed by
the ether oxygen atoms and the carboxylate groups. The '3C
NMR spectrum of [LuL.1] is consistent with this solution
structure, as a pair of distinct signals is recorded for the
carbonyl and the methylene carbon atoms of the acetate
arms. Accordingly, in the proton spectrum, a doubling of
the peaks of the aliphatic protons is observed (Figure 1).
These spectroscopic data are consistent with a rapid scram-
bling process of two carboxylate groups situated on adja-
cent vertices of the two trigonal planes. As the temperature
is increased, a general reduction and sharpening of the reso-
nances suggest that a further dynamic rearrangement is tak-
ing place on the NMR timescale. Evaluation of the process
is better tackled on the basis of the variable-temperature
(VT) 3C NMR spectra (see Supporting Information), in
particular by looking at the region of the acetate absorption
bands. As the temperature is increased the two methylene
peaks at 6 = 61.7 and 63.6 ppm broaden, coalesce (7 =
319 K) and then merge into a single resonance at § =
62.9 ppm. From the chemical shift difference of the two
peaks in the low-temperature limiting spectrum and the co-
alescence temperature, we may estimate the free energy of
activation for this dynamic process to be AG* =
62.0 kJmol '[9l Analogously, for [LuL2]", a AG* value of
63.8 kImol ™! can be calculated. A strictly similar behaviour
is observed in the correlated carbonyl region. The corre-
sponding process for [Y(EGTA)] has been reported to be
characterized by a AG* value of 58.0 kJmol '.I"!

In summary, the incorporation of a rigid aromatic group
in the ligand backbone has only a marginal effect on the
solution structure and dynamics of the complexes, in line
with the small changes observed for their thermodynamic
stability constants. The most relevant consequence of the
chemical modification is the pronounced increase in the ste-
reochemical rigidity that could affect the relaxometric prop-
erties of the corresponding Gd'!! derivatives.

Relaxometric Properties

The relaxivity of the Gd™ complexes with L1-L5 has
been measured at 20 MHz and at 298 K (Table 1). The
values are aligned with the data for monoaqua low molecu-
lar weight gadolinium(IIT) chelates, which indicates that all
the EGTA derivatives retain the same hydration number (g
= 1) and the nine-coordinate ground state of the parent
[GA(EGTA)]" complex.[®1 The r;, values increase linearly
804
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with molecular weight from [Gd(EGTA)] to [GdL4] (in
the nonaggregated form before the critical micellar concen-
tration, see below), whereas for [GALS5], the relaxivity is
sensibly higher and indicates the formation of larger aggre-
gates (Figure 2). The behaviour of r;, with pH, measured
for [GAL1] and [GdLS5] follows strictly that reported for
[GA(EGTA)] : the relaxivity assumes a constant value in
the interval 4-11 and it increases sharply at more acidic
pHs, following partial dissociation of the complex and pro-
gressive release of the metal ion. These complexes are then
stable over a broad pH range with respect to hydrolysis,
hydration and coordination equilibria. The NMRD (nu-
clear magnetic relaxation dispersion)l'l profiles were
measured at 298 K over the proton Larmor frequency range
0.01-70 MHz (Figure 3). The profiles of the [GdL1-L4]"
complexes are characterized by a simple shape featuring a
single dispersion centred around 4-8 MHz, quite typical of
rapidly tumbling ¢ = 1 complexes.[!-12]

Table 1. Selected best-fit parameters derived from the global analy-
sis of "TH NMRD profiles (298 K) and '"O NMR spectroscopic
data (2.1 T) for Gd'' complexes.

EGTAM L1 L207 L3® 14d
298y, v s 4.7 5.1 6.0 7.0 7.6
Tn [ns] 32 12 18 10 (d
R [ps] 58 68 100 122 140
v [ps] 24 23 24 24 29
A2[10Y 52 34 45 45 45 29
AHy* [kITmol ] 2.7 140 138 100/
ASy? [Jmol' K] +42 46 50 59/
r [AJE 3.1 3.0 3.0 3.0 3.0
[e] 1 1 1 1 1
Am (10° rad s%) -32 35 35 36 -

[a] Ref.Pl [b] New analysis of data in ref.™ [c] Before the critical
micellar concentration. [d] This value was fixed to 15 ns during the
fit of the NMRD data. [e] Fixed in the fitting procedure.
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Figure 2. Proton relaxivities (20 MHz, 298 K) as function of molec-
ular weight for the [GdL1-L5]" complexes.

The small differences in the inflection point and ampli-
tude among the NMRD profiles are simply explained on
the basis of the differences in the molecular weight of the
complexes that affect the reorientational correlation time
7r. The ratio between the r, values at 0.01 and 60 MHz
varies only from 1.51 to 1.76 to suggest similar values of
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Figure 3. 1/T; 'H NMRD relaxation data for the complexes
[GAL1-L4] at 298 K and pH = 7.2. The concentrations of the
aqueous solutions are: 1.5 mMm for [GdL1-L3]" and 0.06 mm for
[GdL4]. The solid lines represent the best results of the fitting to
the experimental points (see Table 1).

the electronic relaxation times, 7' .. Clearly, the nature of
the chemical groups on the aromatic ring of the ligands
does not have an appreciable impact on the relaxometric
properties of the metal complexes since it only appears to
influence their rotational dynamics. This might be a conse-
quence of the poor coordinating ability of the ether oxygen
atoms that do not efficiently transmit the electronic effects
of the substituents on the periphery of the ligand to the
metal ion.

The 70O NMR R, values were measured at 2.1 T in the
temperature range 5-70 °C for the [GAL1-L3] complexes
(Figure 4).1'31 The experimental data show a nearly ex-
ponential increase with decreasing temperature, as pre-
viously observed for [GA(EGTA)] ", which indicates the oc-
currence of a fast exchange regime for the coordinated
water molecule. The 70O NMR spectroscopic data were an-
alyzed in terms of the Swift-Connick equations,!'* whereas
the NMRD profiles were fitted to the standard equations
for the inner- (IS) and outer-sphere (OS) relaxation contri-
butions. The number of parameters is rather large and it is
therefore customary to fix some of them to reasonable or
typical values:>%9 ¢ = 1, the Gd inner sphere water proton
distance r = 3.0 A, the Gd outer sphere water proton dis-
tance @ = 4.0 A, the diffusion coefficient D = 2.24 X
107 cm?s ™!, the activation energy of the correlation time
for the modulation of the transient zero-field-splitting
(ZFS) tensor Ey = 1.5 kJmol™! and the activation energy
of the rotational correlation time Eg = 18 kJmol~!. In the
global fitting procedure, the variable parameters are: the
trace of the square of the transient ZFS tensor A2, the cor-
relation time describing its modulation 7y, the rotational
correlation time 7y, the mean residence lifetime of the inner
sphere water molecule 7y, its enthalpy and entropy of acti-
vation AHy; and ASy, the scalar Gd-'"O,, coupling con-
stant A/h. In addition, we used as starting values in the
least-square procedure the best-fit values obtained for
[GA(EGTA)] . For all three novel complexes, the rate of
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water exchange is higher than for the parent EGTA com-
plex by a factor of 2-3. This may be rationalized by a higher
steric crowding of the aromatic moiety relative to the ethyl-
ene group, which is not so large to favour the eight-coordi-
nate ground state (¢ = 0) but pronounced enough to induce
a further destabilization of the bound water molecule and
thus a decrease in its mean lifetime. In fact, the low values
of the enthalpy of activation, AHy/*, and the negative val-
ues of the entropy of activation, ASy”, suggest a dissoci-
ative interchange mechanism, as previously observed for
other fast-exchanging monohydrated Gd'™ poly(amino-
carboxylate) complexes.*?) However, this hypothesis could
only be verified by variable pressure 70O NMR experiments.
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Figure 4. Variation of the transverse 7O relaxation rate, R,,, with
temperature for [GdL1]" (23 mMm; diamonds), [GdL2] (9 mwm; filled
circles)*l and [GdL3] (24 mM; open circles)* at 2.1 T and pH = 7.

The two complexes bearing a lipophilic pendant chain,
[GAL4-L5], are expected to show the ability to self-
assemble into micelles.['>] For [GdLS5], this is clearly indi-
cated by its relaxivity value (Figure2), whereas for
[GdL4], the micelle formation was assessed by measuring
the observed relaxation rate (20 MHz, 298 K) as a function
of increasing concentration of the complex. In the region
above the critical micellar concentration (cmc), the relax-
ation rate is conveniently expressed as the sum of two con-
tributions, one attributable to the monomeric complex
(present in solution at the concentration corresponding to
the cmc) and the second assigned to the micellar aggregate.
The relaxation rate of the paramagnetic system can then be
expressed as in Equation (1), where ri™* and r* are the
proton relaxivities of the nonaggregated and aggregated
forms, respectively, R;¢ corresponds to the relaxation rate
of pure water (0.38 s at 20 MHz and 298 K) and C is the
analytical concentration of Gd™".

R°% — R4 = (r™® — r;®)Xeme + 12X C (1)

The relaxivity of the monomeric, isolated complex, r;™%:,
is simply given by Equation (2).

Rlobs _ Rld - I‘1n‘a‘><C (2)

By plotting R,°® — R4 as a function of the parameter
C, cmc, r™* and r;* can be obtained by fitting Equa-
tions (1) and (2), as shown in Figure 5.0'61 The relaxivity of
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[GAL4] assumes the value of 7.6 0.1 mm' s! below the
cme, 11.1 0.2 mm ! s! above the cmc, whereas the cmc is
0.08 =0.01 mm. In case of [GALS5] ", the cmc value is below
0.05 mm and thus could not be measured by relaxometry.
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Figure 5. Plot of the water 'H longitudinal relaxation rate at
20 MHz and 298 K as a function the total Gd"" concentration for
[GdL4] and the least-squares fit according to Equation (1).

The NMRD profiles of the aggregated form of the com-
plexes exhibit a different amplitude but share a general
shape with a broad hump centred around ca. 30 MHz, typi-
cal of slowly tumbling systems (Figure 6).['>!71 A different
approach is required for the analysis of the profiles, because
of the presence of two types of motion characterized by
quite diverse correlation times: a relatively fast local rota-
tion of the coordination cage about the main axis of the
aliphatic chain superimposed on the global motion of the
micelle. A typical and effective approach is based on the
incorporation of the description of the rotational dynamics
into the Solomon-Bloembergen—Morgan equations for the
inner-sphere relaxation mechanism according to the model-
free Lipari-Szabo approach.['8] This model takes into ac-
count both the contribution of the overall global rotation
of the paramagnetic micelle (trg) and the presence of a
faster local motion (zgy) due to the free rotation of the
metal chelate about the pendant arm. The degree of corre-
lation between the two types of motion is given by the pa-
rameter S? whose value is between zero (completely inde-
pendent motions) and one (entirely correlated motions). A
least-square fit of the data was performed by fixing the
values of ¢, r, Ty, a, and D and treating the parameters A2,
Ty, TRG» TrL and S? as variables. For the residence lifetime,
M, the value obtained for [GdL1]™ was used since it could
not be determined by 7O NMR spectroscopy due to the
relatively low solubility of the complexes (1-2 mm). The
best-fit parameters are listed in Table 2 and clearly show
that small differences in the rotational dynamics of the two
micellar systems is entirely responsible for their different
relaxivity profiles. In fact, [GdL4] and [GdLS5] show a dif-
ference in the correlation times associated with the overall
tumbling motion (2.2 and 2.4 ns, respectively) and, even
more pronounced, in the order parameter (0.10 and 0.073).
Both systems are therefore highly flexible and their relaxiv-
ity is mostly modulated by the local rotation. For this
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reason the parameter trg is affected by a large error and is
ill defined. The higher relaxivity of [GdL4] can simply be
attributed to the higher S? value, which reflects a slightly
better correlation between the two types of motion.

15—
O Gdd4
v Gdl5 1

10 100

Proton Larmor Frequency / MHz
Figure 6. 1/T; '"H NMRD profiles of the aggregated form of

[GdL4] and [GdL5] at 298 K. The solid lines are calculated with
the parameters reported in Table 2.

Table 2. Selected best-fit relaxation parameters obtained from the

analysis of the 1/7) NMRD profiles (298 K) of [GdL4] and
[GdLS] .
Tp A? Ty [ps] Tra TRL s2
[mv's'] [(10"s7] [ns]  [ps]
[GdL4] 11.1 2.0 51 2.2 116 0.10
[GdAL5]" 10.0 2.1 50 24 119 0.073

[a] For the parameters a, >®D, ¢ and r, the values 4.0 A,
224X 1073 cm?s!, 1 and 3.0 A, respectively, were used.

Interaction with HSA

The presence of pendant hydrophobic groups on the
Gd"' complexes enables noncovalent interaction with
hydrophobic binding sites on human serum albumin
(HSA).'I:191 The noncovalent binding with plasma proteins
is generally exploited for increasing the lifetime of the para-
magnetic probe in the vascular system for angiographic
MRI applications and is accompanied by a strong enhance-
ment of the relaxivity because of the decreased rate of tum-
bling (lengthening of 7g).?”) However, the observed maxi-
mum relaxation rate enhancement of the bound Gd'' com-
plexes investigated so far is typically much lower than that
expected on the basis of theoretical simulations.®%!”] This
has been explained by the occurrence of slow water ex-
change rates and/or relatively fast local rotation of the
metal complex about the targeting group.?!-?1

The presence of hydrophobic groups allows the [GdL2—
L5] complexes to bind HSA with different affinity.
Furthermore, whereas all the complexes are characterized
by a fast rate of water exchange, they only differ in the
length and flexibility of the lipophilic moiety thus enabling
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a clear assessment of the limiting effect of local rotation
on the relaxivity enhancement of the conjugated complexes.
[GAL2] represents a model system that incorporates into
the ligand backbone a rigid group able to interact with
HSA and that is characterized by the presence of one, fast
exchanging, bound water molecule. In fact, for this system,
a relaxivity value of about 80 mm's™! (per Gd ion and per
bound water molecule; 30 MHz, 25 °C) is measured, i.e.
more than 30% higher than that of any other HSA-bound
Gd complex so far reported.f! This has been attributed to
the simultaneous optimization of the rotational dynamics
and water exchange rate, thus confirming the validity of the
predictions made by the existing theory.!*]

The binding interaction has been investigated through
the well-established proton relaxation enhancement (PRE)
technique that consists of measuring the increase in the
water proton longitudinal relaxation rate (R;) as a function
of increasing concentration of the protein at 20 MHz and
298 K (Figure 7).51°1 R, is enhanced by the increase in the
fraction of bound complex and the decrease in its reorienta-
tional motion in the adduct. The fitting of the experimental
data to the theoretical values calculated on the basis of es-
tablished theory provides the values of the thermodynamic
association constant, K, the number of the equivalent and
independent binding sites, n, and the relaxivity of the re-
sulting paramagnetic metalloprotein, r,°und,
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HSA/M

Figure 7. Plot of the water proton longitudinal relaxation rate of a
solution of the complexes [GAL2] (0.11 mm), [GAL3] (0.10 mm),
[GdL4] (0.05 mMm) and [GdL5] (0.04 mm) as a function of HSA
concentration at 20 MHz, 298 K and pH = 7.0.

All the data were fitted to a 1:1 binding isotherm even
though the presence of multiple affinity sites on HSA can-
not be excluded for these complexes. The affinity of the
complexes for the protein is dictated by the length and flexi-
bility of the pendant hydrophobic moiety: K, is ca. 1X
103 m ! for [GdL2,3]" bearing simple naphthalene and
benzyl groups and increases by about one and two orders
of magnitude for the complexes bearing long C;,—
([GdL4]) and C;g— ([GdL5]) alkyl chains, respectively
(Table 3). These values are quite consistent with similar
data reported for complexes bearing analogous targeting
groups.?>?4 In particular, for [GALS]  the binding occurs
for concentrations above the critical micellar concentration,
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as reported for a lipophilic derivative of GAAAZTA bear-
ing a —C,7 alkyl chain.?¥! In that case, the data were inter-
preted in terms of a supramolecular adduct formed between
the preformed micelle and HSA. This type of association is
likely to be controlled by electrostatic interactions among
the negative charges of the micelles and the positively
charged residues exposed on the surface of the protein. The
r1p°°" values (20 MHz and 298 K) span a rather broad
range of values: from 68 mm 's™! for the highly compact
and rigid [GAL2]" complex to 18 mm 's! for the complex
[GALS] functionalized with the C,g— alkyl chain. By in-
creasing the length of the pendant group the degree of local
motions involving the coordination cage increases, which
results in a poor motional coupling between the paramag-
netic unit and the protein (shorter effective rotational corre-
lation time) and thus in lower relaxivity.

Table 3. Best-fit parameters obtained from the analysis of the relax-
ometric titrations (20 MHz; 298 K) of [GdL2-L5]" with HSA.

[GAL2] [GdL3] [GdL4]  [GdL5|
K M ] 880100 94090 9716902 81400+ 4080
P mMls ) 6812 45+3  36+4 18+2
Pl w1 s71] 57402 70+03 74 10.0+0.4

Optimization of the rate of water exchange of the Gd
chelates does not necessarily lead to significant relaxivity
enhancement. The limiting of the local motion of the gado-
linium centre must also be considered a fundamental
requirement for in the development of highly efficient mac-
romolecular systems.

Docking Results

Gd-based MRI contrast agents bearing a hydrophobic
moiety are known to bind to HSA[P® mainly through the
two drug binding sites: Sudlow’s site I and site 11.2°] The
different Gd"" complexes reported in this study have dif-
ferent binding moieties, both from a chemical and from a
size/length point of view. For this reason, the binding
modes to HSA are expected to be different for the various
complexes. Computational methods based on the calcula-
tion of the interaction energies (docking procedure) be-
tween the complexes and the protein were utilized to ex-
plore possible binding modes and to discriminate between
the two main drug binding sites. The modelling results were
compared to competitive binding assays, by a relaxometric
procedure, with substrates known to tightly bind HSA, e.g.
Ibuprofen and Warfarin.?®l These experiments have been
performed by titrating a dilute solution of the complex with
a solution containing HSA and the specific probe molecule
(Warfarin for site I and Ibuprofen or Diclofenac for site II)
in the stoichiometric ratio 1:1 and by measuring the change
in the relaxation rate. Since the competitor probes bind
HSA with affinity constant values more than two orders of
magnitude higher than that of the Gd'' complexes, '] their
sites should no longer be available to the metal chelates.
A decrease in the observed relaxation rates relative to the
corresponding data in the absence of the competitor indi-
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cates a preferential binding of the complex for the specific
site.

[GdL2] features the shorter and more rigid binding moi-
ety, with the naphthalene group able to penetrate inside the
binding cavity both for site I and site II. On the basis of
the calculated interaction energies (Table 4), the complex is
expected to bind more strongly to site II rather than to site
I. This result is in agreement with an experimental competi-
tion assay, where [GdL2] is found to be displaced by a
greater extent by Diclofenac (see Supporting Information).
The complex [GAL3] presents a binding moiety completely
different from [GdL2]", bearing both hydrophobic and po-
lar groups that allow for different binding modes. The dock-
ing results combined with the interaction energy calcula-
tions indicate a preference for binding site 1. Further, in
this case, the docking results are confirmed by relaxometric
experiments where a competitive assay with Warfarin indi-
cates that the stronger binding region is represented by site
I (see Supporting Information). For the complex [GdL4],
possessing a long hydrophobic chain, the docking results
and the calculated interaction energies do not point to a
particular affinity towards one of the two binding sites. It
could be suggested that the long hydrophobic tail of
[GdALA4] penetrates equally well in both sites I and II, with
similar interaction energies, because of the lack of specific-
ity of the aliphatic chain with respect to the binding cavity.

Table 4. Calculated interaction energies and experimental competi-
tion studies for the two HSA binding sites, I and I1.[2

Ligand Calculated interaction Experimental

energy [kcal/mol] competition

Site 1 Site 11 Site 1 Site 11
[GdL2] -294.81 -565,37 - Diclofenac
[GdL3] 479,53 215,99 Warfarin = —
[GdLA4] -300,40 —134,33 - -

[a] The binding affinities in Table 3 were used in the calculations.

Conclusions

The “rigidification” of the oxyethylene bridge by incor-
poration of an aromatic group does not alter the structural
properties of the parent complex and allows: (i) to increase
the stereochemical rigidity of the metal chelates; (ii) to in-
crease the steric interaction with the inner coordination
sphere water molecule thus accelerating its exchange; (iii) to
provide the complexes with the presence of remote func-
tional groups that favour the conjugation of the complexes
to HSA. The occurrence of a fast rate of water exchange
enhances the efficacy of the macromolecular adducts with
the protein. Moreover, the degree of relaxivity enhancement
is strictly correlated with the reduction of the internal rota-
tion about the targeting hydrophobic group. The simulta-
neous optimization of the motional coupling between the
metal chelate and the large protein and the rate of water
exchange yields a relaxivity as high as 80mm's™!
([GdL2]; 30 MHz, 298 K), which is quite close to the maxi-
mum predicted by the theoretical simulations.
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Experimental Section

General: All chemicals were purchased from Sigma-Aldrich S.R.L.
(Milan, Italy) and were used without purification. ESI mass spectra
were recorded with a Waters SQD 3100 instrument.

Synthesis of Ln[L1]- Complexes: Ln(NO3);6H,O (0.05 mmol) was
added in small portions to a water solution (0.5 mL, pH = 6) of
L1 (21 mg, 0.05 mmol) with magnetic stirring. After 2 h, the solu-
tion was filtered and lyophilized to obtain a white powder.

[LaL1]: '"H NMR (D,0, 298 K): 6 = 6.83 (s, 4 H, 14-H to 17-H),
4.06 (s, 4 H, 10-H, 11-H), 3.18 (m, 8 H, 5-H to 8-H), 2.80 (s, 4 H,
9-H, 12-H) ppm. '3C NMR (D50, 298 K): 6 = 179.7 (C-1, C-2, C-
3,C-4), 145.7 (C-13, C-18), 122.7 (C-15, C-16), 112.9 (C-14, C-17),
67.0 (C-10, C-11), 61.6 (C-5-C-8), 55.5 (C-9, C-12) ppm. MS
(EST): caled. for CigH,oLaN,O; [M]: 563.02; found 563.15.

[LuL1]: '"H NMR (D0, 298 K): 6 = 6.90 (d, 4 H, 14-H to 17-H),
442, 4.02 (br. s, 4 H, 10-H, 11-H), 3.35 (m, 8 H, H-5-H-8), 3.15,
2.78 (br. s, 4 H, 9-H, 12-H) ppm. 3C NMR (D0, 298 K): § =
180.2, 180.0 (C-1, C-2, C-3,C-4), 144.7 (C-13, C-18), 123.9 (C-15,
C-16), 113.6 (C-14, C-17), 68.1 (C-10, C-11), 63.4, 61.4 (C-5-C-8),
57.2 (C-9, C-12) ppm. MS (ESI"):caled. for C;gH,oLuN,O,, [M]:
599.05; found 599.16.

Synthesis of Ln[L2]- Complexes: Ln(NO3);:6H,0O (0.05 mmol) was
added in small portions to a water solution (0.5 mL, pH = 6) of
L2 (24 mg, 0.05 mmol) with magnetic stirring. After 2 h, the solu-
tion was filtered and lyophilized to obtain a white powder.

[LaL2]: 'H NMR (D0, 298 K): 6 = 7.84 (m, 2 H, 16-H, 19-H),
7.52 (m, 2 H, 17-H, 18-H), 7.43 (s, 2 H, 14-H, 21-H), 4.37 (s, 4 H,
10-H, 11-H), 3.46 (m, 8 H, H-5-H-8), 3.10 (s, 4 H, 9-H, 12-H)
ppm. *C NMR (D,0, 298 K): § = 179.9 (C-1, C-2, C-3,C-4), 146.4
(C-13, C-22), 129.5 (C-15, C-20), 127.0, 125.8 (C-16-C-19), 109.0
(C-14, C-21), 67.6 (C-10, C-11), 61.8 (C-5-C-8), 55.9 (C-9, C-12)
ppm. MS (ESI"): caled. for C,,H,,LaN,0Oy, [M]: 613.03; found
613.20.

[LuL2]: '"H NMR (D-O0, 278 K): 6 = 7.30 (m, 2 H, 16-H, 19-H),
7.21 (m, 2 H, 17-H, 18-H), 6.74 (s, 2 H, 14-H, 21-H), 4.26, 4.01 (s,
4 H, 10-H, 11-H), 3.52 (m, 8 H, H-5-H-8), 3.27, 2.93 (s, 4 H, 9-H,
12-H) ppm. 3C NMR (D-0, 298 K): § = 180.5, 180.0 (C-1, C-2,
C-3,C-4), 143.9 (C-13, C-22), 129.4 (C-15, C-20), 127.2, 126.2 (C-
16-C-19), 109.4 (C-14, C-21), 68.8 (C-10, C-11), 63.0, 62.5 (C-5—
C-8), 57.7 (C-9, C-12) ppm. MS (ESI'): caled. for C5,H,5,LuN>Oyg
[M]: 649.07; found 649.30.

NMR Experiments: 'H and '3C NMR spectra were recorded at
11.75T (500 MHz, 'H; 125.7 MHz, '*C) on a Bruker Avance II11
spectrometer and at 9.7 T (400 MHz) on a JEOL ECP spectrome-
ter. Chemical shifts are reported as ¢ values. The temperature was
controlled with Bruker/JEOL thermostatting units and measured
by the chemical shift difference of the methanol resonances. For
measurement in D->0, tert-butyl alcohol was used as an internal
standard with the methyl signal calibrated at 6 = 1.2 (‘H) and
30.3 ppm ('3C). Spectra assignments are based on COSY and
HSQC experiments.

'H and 7O NMR Relaxation Measurements: The water proton lon-
gitudinal relaxation rates as a function of the magnetic field
strength were measured with a Stelar Spinmaster Spectrometer
FFC-2000 (Mede, Pv, Italy) on about 0.5-2.5mMm solutions of
[GAL1-L5] complexes in non-deuterated water. The exact concen-
tration of gadolimium was determined by measurement of bulk
magnetic suceptibility shifts of a tBuOH signal and/or by ICP-
OES. The 'H T; relaxation times were acquired by the standard
inversion recovery method with typical 90° pulse width of 3.5 ps,
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16 experiments of 4 scans. The reproducibility of the 7) data was
+5%. The temperature was controlled with a Stelar VTC-91 air-
flow heater equipped with a calibrated copper—constantan thermo-
couple (uncertainty of =0.1 °C). The proton 1/7) NMRD profiles
were measured on a fast field-cycling Stelar SmartTracer re-
laxometer over a continuum of magnetic field strengths from
0.00024-0.25 T (corresponding to 0.01-10 MHz proton Larmor
frequencies). The relaxometer operates under computer control
with an absolute uncertainty in 1/7; of =1%. Additional data
points in the range 15-70 MHz were obtained on a Bruker WP80
NMR electromagnet adapted to variable-field measurements (15—
80 MHz proton Larmor frequency) Stelar Relaxometer. Variable-
temperature '’0O NMR measurements were recorded on a JEOL
EX-90 (2.1 T) spectrometer equipped with a 5-mm probe and stan-
dard temperature control units. Aqueous solutions of the com-
plexes (10-20 mm) containing 2.0% of the 7O isotope (Cambridge
Isotope) were used. The observed transverse relaxation rates were
calculated from the signal width at half-height.

Computational Methods: The docking procedure was applied to
[GdL2-L4] complexes with fatted Human Serum Albumin (HSA)
by using the MOE molecular modelling package (MOE Version
2004.03 Chemical Computing Group Inc. Montreal, Canada).

The crystal structure of HSA was taken from Brookhaven Protein
Databank (PDB code le7h www.rcsb.org/pdb) and prepared to
docking calculations by adding hydrogen atoms, completing the
missing side-chain and minimizing the structures with a multistep
procedure.?7-28]

Gd complexes were built from the crystal structure of [Gd-
(EGTA)]" obtained from the CSD (entry code FAFGEZ;
www.ccde.cam.ac.uk/).

Structures were energy minimized and atomic charges were calcu-
lated on all Gd atoms at the RHF level by the Mulliken method
with the program Gamess®! with a 6-31G** basis set for ligand
atoms. Gd atom was treated by using the effective core potential
(ECP) of Dolg et al.?% that includes 4f electrons in the core.

For all the molecular mechanics calculations, a modification of the
MMFF94 force field®!! with in-house parameterization to treat the
Gd complexes was utilized. Conformational analysis of [GdL3]
and [GdL4] was done with a systematic search on rotatable bonds.
Docking procedures were performed with the ligands kept partially
flexible by using a Tabu Search method (10 runs, 1000 steps per
run) and a random initial orientation. An implicit solvation contri-
bution (continuum model) was included to model solvent effects(3?!
during the docking calculations. The results of the docking calcula-
tions were sorted by utilizing a force-field-based scoring function.
For each complex, we chose the five best poses after the docking
calculation and compared the interaction energy in the two binding
cavities.

Supporting Information (see footnote on the first page of this arti-
cle): Comments on the NMRD analysis, 'H and '*C NMR spectra
of the La'" and Lu'" complexes of [L2], VT '3C NMR spectra of
the acetic -CH, region for [LuL2]" and plots for the binding of
[GAL2] and [GdL3], alone and in combination with displacer
drugs, to HSA.
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