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ABSTRACT: Zinc ions (Zn?**) play an important role in monitoring dysfunctionized organs, and their MRI detection aids in
the diagnosis and treatment of these tissues. Recently, we reported a potent Zn-sensitive probe based on the Gd-DO3A
(DO3A - 1,4,7,10-tetraazacyclododecane-1,4,7-tricarboxylic acid), modified tyrosine and DPA (di-(2-picolyl)amine) chelator
for this metal cation, which generates outstanding MRI response. Here we further explored the origin of this unprecedented
response and expanded the choice of the potential MRI probes by preparing the free acid version of the initial MRI sensor.
We report a detailed investigation of the 'H nuclear magnetic relaxation dispersion (NMRD), 7O NMR and isothermal
titration calorimetry properties of these two MRI probes upon interacting with Zn?*. The performed experiments confirm
the selective interaction of the MRI probes and the target metal cation, which causes substantial changes in the coordina-
tion sphere of the paramagnetic center. It also evidenced some aggregation which enhances the relaxivity response. Inter-
estingly, conversion of the methyl ester to the free carboxylic acid of tyrosine moiety changes the nature of the aggregates
and leads to a smaller relaxivity response. The probes interact with human serum albumin (HSA) in the absence of Zn**,
which leads to a possible modification of the coordination sphere of Gd3* or a substantial change in the exchange rate of
second sphere water molecules. In the presence of Zn**, the interaction with HSA is very weak, demonstrating the im-
portance of the Zn*>* coordination sphere in the behavior of these systems.

Zn**-sensitive MRI contrast agents.’>® In most cases, Gd3*
is chelated and stabilized by macrocyclic ligands such as
1,4,7,10-tetraazacyclododecane-1,4,7-tricarboxylic acid
(DO3A).#" The Gd3* ion can then directly and intimately
interact with inner sphere water: bound water molecules

INTRODUCTION

Zinc ions (Zn>*) are essential for the occurrence of many
biological processes in the human body."2 Both their excess
and deficiency may result in organs’ dysfunction;? hence,

the detection of Zn** can be helpful for the diagnosis of re-
lated diseases. Sensing Zn** by means of magnetic reso-
nance imaging (MRI) has attracted significant attention
lately, due to the affirmative features of this powerful mo-
lecular imaging technique.# Consequently, a wide range of
the so-called “smart” or responsive MRI contrast agents
have been designed to provide response to Zn*.54

Among these, paramagnetic complexes based on Gd3*
are the most exploited candidates for the development of

of Zn**-specific MRI probe can exchange with the bulk,
change the T, relaxation time and consequently enhance
the image contrast in the T,-weighted imaging. The ability
of the MRI probe at a defined concentration (1 mM) to in-
fluence the T, relaxation time is known under the term re-
laxivity and is proportional to g, the number of bound wa-
ter molecules. Alteration of the ¢ number causes dramatic
relaxivity changes of the MRI probe, resulting in a response
of the so-called g-modulated agents, which can indicate
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changes in the local concentration of the targeted metal
ions. Following this mechanism, Meade and coworkers de-
signed Zn**-activated MRI agents consisting of a GADO3A
moiety and a Zn-binding domain.>2* Once the agents in-
teracted with Zn*, the acetate groups “flipped” away from
Gd3*, resulting in an increase in the hydration number and
an enhancement of relaxivity by up to 200%.

Additionally, the water proton relaxivity of Zn**-specific
MRI probes can be largely enhanced in the presence of hu-
man serum albumin (HSA), particularly at medium mag-
netic fields.* Indeed, the formation of these adducts results
in a decrease in the rotational correlation time of the sys-
tem (tr), and therefore a relaxivity enhancement. Sherry
and coworkers initially developed a diDPA-based agent
(DPA - di-(2-picolyl)amine).>* Its complex with Zn** did
not result in a large relaxivity change; however, the entire
chelate with Zn** built a ternary complex with HSA that led
to a 3-fold relaxivity enhancement. Following this example,
a series of DPA-based agents were prepared. Their relaxo-
metric properties were investigated upon addition of Zn>*
and HSA at low magnetic fields (0.5 T), where the change
in relaxivity is the highest.® 22 When investigating these at
the high field (9.4 T), their relaxivity response was also suf-
ficient to allow exciting MR imaging studies of Zn>* release
in vivo upon glucose-stimulated insulin secretion in mouse
pancreas® 23 and prostate showing different zinc release
between healthy and cancerous tissues.>* Additionally, an
interesting tool to increase the response of such tr-based
systems at high fields is the fast-field cycling (FFC) MRI.
This approach was recently demonstrated on a probe that
did not show any Zn>* response at 3 T using MRI, while us-
ing the FFC-MRI at the same field, its response was re-
stored.®

Inspired by aforementioned approaches, we used tyrosine
as a tether to connect a GdADO3A moiety and a Zn**-bind-
ing domain DPA. The structural transformation of the phe-
noxy group of the tyrosine into the phenoxyacetic acid
paved the way to achieving large relaxivity enhancement
(“turn-on” mechanism) upon Zn** addition. Namely, the
recently reported complex GdL!, which bears a modified
tyrosine as the methyl ester, underwent a significant relax-
ivity boost in the presence of Zn** at 7 T, showing to be
highly potent for Zn** imaging.>® A further possible and
straightforward change in the structure of GdL! is conver-
sion of the amino methyl ester to the amino acid, which
may result in a change in features of the paramagnetic
complex and its interaction with Zn**. Hence, we hydro-
lyzed the amino methyl ester to obtain the complex GdL?
(Chart 1). Following its preparation, we performed a de-
tailed investigation of the relaxometric properties of two
analogous gadolinium complexes GdL*2 We recorded
their 'H NMR dispersion (NMRD) and 7O NMR spectra at
different temperatures, in presence of Zn** and human se-
rum albumin (HSA), and in their absence. We also studied
their interaction with Zn>* by means of the isothermal ti-
tration calorimetry (ITC) experiments. Comparison of the

obtained results could provide valuable information for the
future design of even more potent MRI sensors for study-
ing Zn*.
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Chart 1. Complexes GdL* and GdL* discussed in the pre-
sent work.

RESULTS AND DISCUSSION
Synthesis of the ligand and lanthanide complexes

Ligand L* was obtained by the base hydrolysis of the me-
thyl ester of the compound L, in analogy with the previ-
ously published procedure, except that NaOH was used in-
stead of LIOH.?” Subsequently, Gd3* or Tb3* complexes with
L> to enable studying their relaxometric or luminescence
properties, respectively, were obtained by direct reaction
of the ligand with the appropriate lanthanide metal nitrate
in water (Figures Si-5, Supporting Information).
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Figure 1. Relaxometric titration of GdL? (1 mM) with Zn2* at 7
T at 25 °C and 37 °C in PBS (pH 7.4).

Relaxometric titrations at 7T

To compare the relaxometric response of newly prepared
GdL? with the previously studied GdL, we performed its
titration with Zn>* at 7T magnetic field strength.?® The ex-
periments were performed in PBS and HEPES at 25 °C and
37 °C by adding small aliquots of Zn** and calculating r,
value after each addition of the metal ion (Figure 1 and Fig-
ure S6 in Supporting Information). As in the case of its es-
ter analogue (GdL'), GdL? displays strong r, response that
reaches 270 % enhancement relative to the initial value in
PBS at both temperatures and slightly lower enhancement
in HEPES depending on the temperature (267 and 150% at
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at 25 °C and 37 °C, respectively). These results showed that
Zn** strongly affects the T, values of GdL?, albeit concur-
rently exhibiting differences in the amplitude of response
compared to GdL'. Being intrigued by these differences
and reasons for slightly different behavior, we performed
detailed investigations that included NMRD and 7O NMR
experiments (see below). Prior to that, we estimated the
hydration number, g, using the luminescent coordination
analogue of GdL? (TbL?), and assessed the interaction of
both GdL* and GdL* with Zn** using the ITC.

Determination of the hydration number, q

The number of water molecules directly coordinated to
Gd3+, g, is important since it greatly influences the longitu-
dinal relaxivity of the complex; consequently, the changes
in g strongly affect the r, values. To determine g, the lumi-
nescence lifetimes of TbL? in H,O and D,O were investi-
gated at 25 °C and the hydration number values were ab-
stracted from the obtained lifetimes (Table 1). In the ab-
sence of Zn>*, TbL? is non-hydrated, which is consistent
with the very low initial r, value of GdL? Upon Zn** addi-
tion, the ¢ number of TbL? is 1.3, which is in line with what
was previously observed for TbL! (o and 1.5 in the absence
and presence of Zn?**, respectively).?® Based on the results
for r, and q, the extra carboxylate function in GdL* com-
pared to GdL! does not play an important role in modifying
the Gd3* coordination sphere upon Zn** complexation,
which could be explained by the following possibilities: (1)
it remains coordinated to Gd3*, whether Zn>* is present or
not; (2) it is never coordinated; (3) the arm switches be-
tween Gd3* coordination and Zn** coordination, which is
accompanied with a change in the overall coordination
number of Gd3*. All together, these results suggest that the
two complexes likely undergo the same mechanism upon
Zn*>* coordination with a substantial change in the coordi-
nation sphere of the Gd-DO3A unit.

Table 1. Luminescence lifetimes of the TbL*? (1 mM) in
H20 and D20 with and without Zn?**, and the calculated
q values. The luminescence lifetime and g values for TbL*
were determined previously and serve for better compari-

son with the analogue values for TbL>2.26

TbL only TbL + Zn** (2 equiv.)
TH,0 ™,0 g TH,0 ™,0 q | Aq
(ms) | (ms) (ms) | (ms)

TbL: 1.91 1.96 0.0 1.30 2.37 1.4 | 1.4

TbL> 1.90 2.10 0.0 1.31 2.26 1.3 | 1.3

Isothermal titration calorimetry experiments

In order to characterize the interaction of GdL!and GdL>
with Zn?*, ITC experiments were performed (Figure 2). The
binding of GdL!to Zn** was evaluated in HEPES at pH 7.4
and 6.5 and the ion strength (I) = 150 mM. The pH 6.5 was

chosen for comparison purposes, as Zn** might precipitate
at pH 7.4 (visually imperceptible at the working condi-
tions).?® At pH 6.5, a stoichiometry n of ca. 0.5 was found.
This matches the observation reported previously,*® which
could be associated to the formation of GdL-Zn-GdL*
complex (Figure 23, inset). The binding constant logarithm
is log K = 7.2 (+0.1). However, despite the consistent prep-
aration of GdL' and Zn?* solutions (same buffer, solutions
equilibration before ITC experiments, etc.), the binding
stoichiometry was not constant in all repetitions. We hy-
pothesize that GdL' underwent an aggregation process
even at these low concentrations (0.3 mM), which is diffi-
cult to control. We observed that even in the presence of
aggregates (n~o.1) the Zn?>* binding occurs. At this stoichi-
ometry, the binding constant logarithm is slightly lower
(log K = 6.8 (+0.2)). Regarding the enthalpy (AH) of the
process, values were similar for all the replicates (-8.5
(x0.6) kcal).
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Figure 2. Binding isotherms obtained in the ITC experiment
of a) GdL' and b) GdL> with Zn2>* in HEPES (pH 7.4, [=150
mM). The inset in a) represents the ITC experiment of GdL*
performed at pH 6.5, where the red dots indicate values ob-
tained from the blank.



Similar behavior was observed at pH 7.4, where stoichi-
ometries varied in the range 0.1-0.7 (Figure 2a). Those in-
teractions that occurred at n 0.3-0.7 presented a binding
constant logarithm of log K = 7.2 (+0.2), and when aggre-
gation took place (n~o0.1), a log K value of 6.8 (x0.1) was
observed. The interaction event was slightly more exother-
mic (AH = -9.6 (0.6) kcal) than the process at pH 6.5.

The binding of GdL>-Zn** by means of the ITC was stud-
ied at the biorelevant pH 7.4 (Figure 2b). In this case, ob-
served stoichiometries varied in the range 0.1-0.3, indicat-
ing that GdL? tends to aggregate with higher ability than
GdL' at these concentrations. Aggregates were also able to
interact with Zn?>* in an exothermic way (AH = -10 (x4)
kcal), and the interaction binding logarithm (log K = 7.0
(+0.2)) was similar to that of GdL.

Opverall, the ITC studies indicated that both complexes
tend to aggregate in the presence of Zn**, possibly through
different aggregation processes. Namely, the presence of
an extra carboxylate group in GdL? gives rise to the larger
portion of the formed aggregates. Still, both complexes
bind Zn** with ca. 100 nM affinity, which is in the range of
other binding constants observed with DPA units.’

NMRD and 7O NMR experiments

NMRD profiles are commonly used to characterize the
parameters governing proton relaxivity of contrast agents.
Thus, the 'H NMRD profiles of aqueous solutions of GdL!
and GdL? were recorded at 25 and 37 °C and pH 7.4 in the
field range of 0.04 - 600 MHz (Figure 3). The relaxivity of
both complexes decreases with increasing temperature,
which is characteristic of low molecular weight, fast tum-
bling systems. The low longitudinal relaxivities of 2.62 mM-
'sTand 2.58 mMs™ at 20 MHz and 25 °C for GdL'and GdL?,
respectively, point to the absence of any water molecules
in the first coordination sphere of the Gd3* center. Interest-
ingly, in the presence of Zn*, the relaxivity profiles show a
hump at intermediate fields (20-80 MHz), characteristic of
slow rotating species. Dramatic relaxivity enhancements
upon Zn** coordination of ca. 400 % and 250 % were ob-
served for GdL' and GdL? respectively, at 40 MHz and
25°C or 37°C. This highlights the efficacy of these com-
plexes as responsive contrast agents for Zn>* detection.

In order to rationalize these observations and under-
stand the differences observed between GdL' and GdL?, we
performed a complete analysis of the systems to obtain a
reliable picture of the important microscopic parameters
determining relaxivity.

Analysis of the relaxation properties of the complexes in
the absence of Zrn**. In the absence of Zn**, the number of
water molecules directly coordinated to Gd3* is zero (Table
1), which means that only the water molecules diffusing
around Gd3* will contribute to the relaxivity (outer-sphere
mechanism). However, the data could not be fitted by us-
ing a purely outer-sphere ABHF (Ayant-Belorisky-Hwang-
Fried) model. This can be explained by the presence of

many hydrophilic functions, which can give rise to a sec-
ond-sphere contribution to relaxivity. This second sphere
contribution concerns water molecules that are retained in
the vicinity of Gd3* by hydrogen bonding for example.
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Figure 3. 'H NMRD profiles of a) [GdL'] and b) [GdL?] (both
0.9 mM) at 25°C and 37°C in absence and presence of Zn**, (0.9
and 0.83 mM for GdL* and GdL?, respectively), in HEPES (0.1
M, pH 7.4). The lines represent the fit obtained with the SBM
theory (integrating the Lipari-Szabo approach for GdL>+Znz+).

Therefore, we fitted the NMRD data using the Solomon-
Bloembergen-Morgan (SBM) theory. The fit was restricted
to frequencies above 4 MHz, as at low magnetic fields the
theory fails in describing the electronic parameters. Several
parameters were fixed to the common values, such as: the
number of water molecules directly coordinated to Gd3*
was set to g=o, the relative diffusion coefficient was set to
Dgan®® = 2.6 x 10° m? s* and the activation energy of the
modulation of the zero-field splitting was set to E, = 1 kJ
mol™. To describe the second sphere contribution, the Gd-
H distance was fixed to 4.5 A, and the exchange rate of the
second sphere water was assumed to be very fast, more
specifically kex = 2 x 109 8129 3° In reality, the exchange of
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the second sphere water is too fast to have any impact on
the fitting. The rotational correlation time (t), its activa-
tion energy (E.), the activation energy of the relative diffu-
sion coefficient (Epgan) and the electronic parameters, i.e.
the mean square of the zero-field splitting (A?) and the cor-
relation time for the modulation of the zero-field splitting
(tv*®) were fitted, but these electronic parameters should
not be over-interpreted (Table Si1, Supporting Infor-
mation). The best fit was obtained, for both complexes, by
assuming one second sphere water molecule (¢%° =1) at 4.5
A from Gd3*, which is a very small contribution, albeit nec-
essary to reproduce the experimental data. The two com-
plexes gave very similar parameters, and we can infer that
the extra carboxylate is either coordinated or does not play
an important role in the overall relaxivity of the complex
in the absence of Zn>*; in any case, it does not have an im-
portant second sphere relaxivity contribution.

Analysis of the relaxation properties of the complexes in
the presence of Zn**. The 'H NMRD profiles of GdL"? in the
presence of Zn* show a hump at intermediate fields (20-
80 MHz), characteristic of slow rotating species (see
above). As the Gd-L complexes remain small molecular
systems, this points to aggregation processes as also evi-
denced by ITC experiments (see above). We therefore
measured the relaxivity as a function of concentration to
investigate aggregation processes. For this, we screened
the r, values of the buffered GdL* + Zn** and GdL? + Zn**
solutions at the concentrations ranging from 0.2 mM to >10
mM. The data showed a variation of relaxivity with concen-
tration, even at concentrations as low as 0.2 mM (Figure
4). It should be noted that already in the absence of Zn*
GdL' shows some small aggregation process (Figure S7,
Supporting Information). These results clearly indicated
concentration-depended processes, likely the aggregate
formation, to influence the relaxivity of the studied com-
plexes that can be noticed at the studied magnetic field

strength (60 MHz).

Figure 4. Relaxivity of GdL' + Zn** (A) and GdL*+Zn>*
(®) at 60 MHz (25 °C, pH = 7.4) as a function of concentra-
tion.

To gain further information on the microscopic parame-
ters governing the relaxivity of GdL*? in the presence of
Zn**, variable temperature 7O NMR experiments were also
recorded (Figure 5). For both species the T, values were too
close to those of the reference to yield reliable data, and
the peaks were too broad to obtain reliable chemical shifts.
Hence, only 7O T, were analyzed, which give access to the
water exchange rate, kex. The reduced 7O transverse relax-
ation rates decrease with increasing temperature, indicat-
ing that the complexes are in the fast exchange region at
all temperatures and that the observed T, relaxation rates
are dominated by the relaxation rate of the bound water.
In the fast exchange region, 1/T.: is determined by the
transverse relaxation rate of the coordinated water oxygen,
1/Tm, which is in turn influenced by the water exchange
rate, kex, the longitudinal electronic relaxation rate, 1/ T,
and the scalar coupling constant, A/ h. Due to the different
concentrations used for 7O NMR (approx. 13-14 mM) and

a) 15.0

14.5

14.04

IN(1/Ty,)

13.54

13.0
o GdL!

12.5 . . .
275 3.00 3.25 3.50 375
1000/T (K1)

b) 15.0

14.54

S 14.04

1T,

13.54

In(

13.0
o GdL?

12.5 T T T
2.75 3.00 3.25 3.50 3.75

1000/T (K1)

NMRD samples (approx. 1 mM), and the aggregation pro-
cess evidenced above, the 7O NMR and the NMRD profiles
were fitted separately.

Figure 5. Temperature dependence of reduced 7O transverse
relaxation rates of a) GdL'+Zn>* and b) GdL>+Zn2* at 9.4 T.

Fitting of the 7O NMR data with the Solomon-Bloem-
bergen and Morgan (SBM) theory yielded ke29® values of 22
x 10° s for GdL* and 27 x 10° s* for GdL? (see Table 2 and



Table Sz in the Supporting Information for full set of pa-
rameters). We checked that reasonable variation of the
electronic parameters did not affect significantly this ex-
change rate. These values are in the same order of magni-
tude for the two complexes, meaning that the extra carbox-
ylate function in GdL? vs GdL* does not play an important
role in accelerating the water exchange rate. These rates
are fast for monohydrated complexes; as a comparison for
GdDOTA, ke = 4.1 x 10° 5.3 This could be explained by the
presence of the tyrosine, which induces steric compression
around the water binding site, known to increase kex.> The
presence of extra hydrophilic functions able to form hydro-
gen bonds with the inner sphere water molecules, and/or
the presence of Zn>* in close proximity could also acceler-
ate this exchange.

Table 2. Main parameters obtained from the fitting of the
NMRD and 7O NMR data. Underlined parameters have
been fixed. SS stands for second-sphere.

GdL: | GdL | GdL:| GdL:
+ Zn>* + Zn>*
q 0 1 0 1
qgss 1 _ 1 _
Kex?98 (106 s71) - 22 (1) - 27 (2)
AH# (kJ.mol") - 30 (1) - 26 (1)
Kex?985S (106 s71) 2000 - 2000 -
AH?=SS (kJ.mol") 30 - 30 -
rean (A) 4.52 31 4.5 3.1
E; (kJ/mol) - 23 (3) - 21 (2)
5298 (ps) - 840 (40) - 500 (20)
E; [(/mol) - 10 (4) - 10 (5)
298 (ps)] - 250 (20) - 50 (3)
Sz - 0.3 (1) - 0.38 (2)

Due to the presence of small aggregates at 1 mM, rota-
tional dynamics could be only described by applying the
Lipari-Szabo approach during the data fitting. Using this
methodology, the local and global motions, characterized
by the local and global rotational correlation times, 1%
and t,*%, respectively, were separated and a model inde-
pendent order parameter, S?, was used. It reflects the de-
gree of spatial restriction of the local motion with respect
to the global motion. Its value ranges from o to 1, with 2 =
o if the internal motions are isotropic, and S = 1 if the in-
ternal motions are completely restricted.

Rf'Obs =103 x ((rlf “¢y) +%(r1b — rlf) X (CHSA to +Kit—(cpsat+ e + K2 — 4 cysy cl)

The fit yielded global correlation times for GdL' + Zn**
and GdL* + Zn** of 840 and 500 ps, respectively. This re-
flects the presence of aggregates of smaller size in the case
of GdL>. The local correlation times were also very differ-
ent for the two complexes. While t*® is close to that of
GdDTPA or GADOTA for GdL? (50 ps),>* it is 5 times longer
for GdL* (250 ps). This is consistent with the concentra-
tion-dependent relaxivity experiments of GdL' in absence
of Zn>* (see above and Figure S7 in Supporting Infor-
mation), also meaning that the motion of the Gd3* complex
is more restricted in GAL' than in GdL>. The S* values were
similar for the two complexes, showing similar rigidities
for the two systems, and were in the same order of magni-
tude as the micellar systems or other aggregated com-
plexes.3+ 35

The results obtained from the fitting the experimental
data according to the SBM theory confirmed the existence
of the aggregates in these samples. Moreover, the lower re-
laxivity observed for GdL? vs GdL in the presence of Zn**
can likely be explained by the existence of smaller and
more flexible aggregates, despite the similar chemical
structure of the complexes.

Relaxivity of the complexes in the presence of HSA

The GdL! and GdL? complexes were titrated against HSA
(o to 1 mM), the most abundant protein in the blood. For
both systems the relaxivity increases with increasing HSA
concentration in the absence of Zn**ions (Figure 6a-b).
This is indicative of an interaction between the complex
and HSA as was previously observed for other systems con-
taining DPA in the absence® or in the presence®* of Zn>*.

The titration was performed in excess of HSA compared
to the complexes. In these conditions, it is possible to fit
the data obtained to determine the site of highest affinity.
The data were fitted to obtain the Kp values (Eq. 1) for the
site of highest affinity in HSA, and a model with one bind-
ing site could be used (Eq. 2), where r,f and r,® represent the
relaxivity of the complex in the free and bound state, re-
spectively, ¢, and cigsa are the complex and HSA concentra-
tions, respectively, and Ka = 1/Kp is the affinity constant.

The Kp values obtained were 660 pM for GAL*-HSA and
320 pM for GdL>-HSA. Both values are in the low mM
range, indicating weak interaction with HSA, with twice
stronger interaction of GdL? compared to that of GdL*.
This can probably be explained by the presence of the extra
carboxylate function, as these functions are known to in-
teract with cationic residues at the surface of the protein.

GdL + HSA = GdL-HSA (Eq.1)

(Eq. 2)
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Figure 6: Relaxometric experiments of GdL' and GdL> with HSA in presence and absence of Zn>+*. a-b)Relaxation rates as a function
of concentration of HSA at 37°C and at 60 MHz in HEPES (0.1 M, pH 7.4) with concentration of GdL*2 as follows: a) [GdL'] = 0.2
mM and [GdL+Zn] = 0.175 mM; b) [GdL?] = 0.185 mM and [GdL>+Zn] = 0.185 mM. c-d) *H NMRD profiles of GdL*2 at 37°C in
HEPES (0.1 M, pH 7.4), in the absence/presence of HSA (0.6 mM) and in the absence/ presence of 1 eq. of Zn2+, where: ¢) [GdL'] =
0.256 mM and [GdL*+Zn] = 0.266 mM, d) [GdL?] = 0.229 mM and [GdL2+Zn] = 0.228 mM.

The NMRD profiles of the two complexes in the presence
of physiological concentrations of HSA (0.6 mM) were rec-
orded at 37 °C (Figure 6¢-d). In the conditions used for the
experiment, and using the Kp values, we can calculate that
43% of GdL! is interacting with HSA, while 59% of GdL?is
interacting with HSA. The NMRD profiles are therefore a
weighted average of the profiles of GdL and GdL-HSA. In
these conditions, it is difficult to obtain reliable data for
the GdL-HSA species. Nevertheless, some conclusions can
be drawn from these NMRD profiles. Conversely to what
was observed in the absence of HSA and in the absence of
Zn**, the characteristic hump of slowly rotating species at
intermediate fields (20-80 MHz) is present for both com-
plexes. This shows that in the presence of HSA, there are
certainly some water molecules directly bound to Gd3*
and/or the second sphere water molecules present in the
absence of HSA have a much smaller exchange rate due to
the presence of the protein. Consequently, such process

displays the visible effect on the rotational correlation time
of the system.

In the presence of Zn?**, relaxivities of GdL! and GdL? do
not significantly change with HSA addition at 60 MHz
(Figures 6a-b). However, the NMRD profiles of GdL-Zn
and GdL>-Zn ternary complexes in the absence and in the
presence of HSA are not exactly the same at all fields (Fig-
ure 6¢-d). Interestingly, in the presence of Zn>* and HSA,
the NMRD profiles of GAL! and GdL? becomes similar. This
is indicative of: (1) different aggregation states of both com-
plexes alone and in the presence of HSA and (2) a weak
interaction of the GdL-Zn complexes with HSA. In any
case, this interaction is much smaller than what was re-
ported for other Zn**-responsive systems containing the
DPA unit.® 3 In the latter cases, the coordination sphere of
Zn?>* in the complexes was not complete, and the formation
of ternary GdL-Zn-HSA complexes was observed. The case
of GdL* and GdL? is different, as the complexes possess at
least one extra carboxylate coordinating function, plus
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other possible coordinating groups (one amine and either
a carboxylate or an ester function). This means that the
Zn>* coordination sphere is certainly saturated by the com-
plex, preventing the formation of ternary species with
HSA.

CONCLUSIONS

We have developed two Gd3* complexes showing un-
precedented relaxivity increase upon Zn** binding. These
relaxivity increases are mainly explained by the switch of
the carboxylate arm from the tyrosine from Gd3* to Zn*,
leading to a change in the hydration number of Gd3* upon
Zn** coordination. Extensive relaxometry and ITC experi-
ments evidenced the presence of aggregates, which en-
hances the relaxivity response in the presence of Zn**, es-
pecially at intermediate magnetic fields (20 -80 MHz). In-
terestingly, the conversion of the ester arm in the previ-
ously reported GADO3A contrast agent (GdL?) into a car-
boxylate function (GdL?), is slightly detrimental to the Zn*
response. This can be rationalized in terms of the size of
the aggregates, which are smaller for GdL? and their na-
ture, as they are more rigid in the case of GdL. Finally,
both complexes showed to interact with HSA in the ab-
sence of Zn** in the low mM range. This interaction either
leads to a change in the coordination sphere of Gd3* (the
complexes become hydrated), or/and accelerates signifi-
cantly the exchange rate of second-sphere water mole-
cules. In the presence of Zn*, the interaction of the com-
plexes with HSA was very small.

In summary, this study shows that the g-switch (change
in the Gd3* coordination sphere) is still the major cause for
the observed and strong relaxivity changes, albeit the pres-
ence of aggregates enhances the response at intermediate
fields. The nature and size of the aggregates is substantially
altered by small molecular changes. These aggregation
phenomena, which have a strong impact on the Zn>* re-
sponse in vitro, remain very difficult to predict in biological
media, especially due to the modification of these aggre-
gates in the presence of HSA. Nevertheless, these systems
still exhibit the most favorable properties compared to
other MRI sensors for Zn*, in the first place due to the
change in the inner-sphere hydration and consequently ex-
traordinary relaxivity responses in the presence of this ion.
The insights obtained in this study will be very valuable for
the future design and preparation of viable and biocompat-
ible smart probes, and their use in the functional MRI stud-
ies.

EXPERIMENTAL SECTION

General remarks. ZnClz (catalogue number: 1.08816),
HEPES (catalogue number: H3375), KOH (catalogue num-
ber: 1.09918), HCl (catalogue number: 1.09970) and albu-
min from human serum (catalogue numbers A3782) were
purchased from Sigma-Aldrich. *H and 3C NMR spectra
were obtained at 25 °C using a Bruker Avance I1I 300 MHz
spectrometer. The concentration of Gd3* and Tb3* in ana-
lyzed solutions were determined using the bulk magnetic

susceptibility shift (BMS) method.>® Low resolution mass
spectra were obtained on an ion trap SL 1100 system Agilent
with an electrospray ionization source.

Ligand L2 Compound L' (0.074 g, 0.09 mmol) and
NaOH (o.om g, 0.27 mmol) were stirred in methanol (3 mL)
for 12 h at 25 °C. After removing solids by the filtration,
methanol solution was evaporated. The crude mixture was
dissolved in water, the pH was adjusted to 7 and the mix-
ture was purified by HPLC. Yield of L* was 0.057 g (79%).
'H NMR (D,O, 300 MHz): 2.61-3.69 (br, 24H, CH,); 3.75-
4.2 (br,12H, CH,); 717, 7.65 (s, 2H, phenolic); 7.32 (t, J= 6.0
Hz, 2H, NCHCH), 7.47 (d, J= 7.4 Hz, 2H, NCCH), 7.78 (t, J=
7.4 Hz, 2H, CCHCH), 8.42 (d, J= 3.7 Hz, 2H, NCHCH); 3C
NMR (D,O, 75 MHz): 34.4 (1C, ArCH,CH); 48.3-55.5 (15C);
70.7 (1C, ArOCH.); 125.7, 126.4, 127.1, 129.3, 132.3 (11C); 141.1,
147.2 (6C, pyridyl); 151.8 (2C, NCHCH); 155.8 (1C, NCHCO);
169.1 (2C, NCCH); 171.0 (5C, CO). LC-MS: (m/z) [M-H]-
Caled for C;4H5.NgO,,: 808.5. Found: 808.5.

Preparation of the complexes and solutions. Both
complexes were prepared by reaction of a solution of
Ln(NO,);-6H.O (0.04 mmol) and L? (0.023 g, 0.04 mmol)
in water (10 mL), following the same procedure as previ-
ously described.?® All the complexes are purified by HPLC
and subsequently freeze-dried.

Complex GdL>. LC-MS: (m/z) [M-H]- Caled for
C3H,sGdNsO,,: 962.3. Found: 962.3.

Complex TbL2. LC-MS: (m/z) [M-H] Caled for
C3H s TbNsOy: 963.3. Found: 963.3.

Luminescence lifetimes. The luminescence lifetimes
of the complex TbL* (1 mM) were measured in D,O and
H,O with and without Zn** (2 equiv.) at 25 °C (50 mM
HEPES, pH 7.4). The Tbh3* ion was directly excited at Aex =
283 nm and the emission spectra were recorded by calcu-
lating the lifetime values at Amax = 546 nm. Both excitation
and emission slits were 10 nm. The resulting g value, which
denotes the hydration number of coordinated water mole-
cules, was then calculated using the equation (Eq. 3).3

q(Th) = 5% (1/ty,0 — 1/tp,0 — 0.06) (Eq.3)
ITC Measurements

A Microcal VP-ITC (MicroCal, LLC, Northampton, MA,
USA) titrator was used. Working solutions were degassed
by means of a Thermovac (MicroCal, LLC) vacuum degas-
ser. A Crison micro-pH 2002 potentiometer (Crison Instru-
ments, Alella, Spain) equipped by a Crison 5014 combina-
tion electrode was used for pH measurements. To perform
the ITC measurements, first a 0.250 mM HEPES buffer so-
lution neutralized with KOH was prepared. An adequate
amount of HCl was added to an aliquot of the previous so-
lution to get the chosen pH value (6.50 or 7.40, depending
on the experiment), and lastly diluted to a final concentra-
tion of 0.150 mM. Working in this way, the ion strength of
the buffers is 150 mM (biorelevant ion strength). To pre-
pare the different buffers, water purified by a Milli-Q-plus
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system with a resistance higher than 18 MQ-cm was em-
ployed.

GdL' (0.3 mM), GdL? (0.3 mM) and ZnCl, (0.05 mM) so-
lutions were prepared using HEPES buffer at =150 mM and
pH 6.50 or 7.40, depending on the experiment. Prior to
their use, solutions were degassed for 5 min. ITC titrations
were performed at 25.0 + 0.5 °C (preliminary studies did
not show significant differences of binding parameters
with temperatures in the range 25-37°C). The power refer-
ence was 10 pcal s* and the stirring rate was 290 rpm. The
calorimetric cell was filled in with the corresponding GdL
solution. Next, 29 independent additions (10 pL) of the
ZnCl, solution were done. The interval between injections
was 300 s to warrant the equilibrium in each titration
point. Background titrations were performed by adding
identical titrant solution over the cell filled just with the
buffer. These measurements allow determining the back-
ground heat to be subtracted to the main titration due to
the ZnCl, dilution and/or the mixing. Each assay was re-
peated minimum four times. Experimental data were col-
lected automatically by the ITC device, and analyzed using
the integrated Origin 7.0 software to get the interaction
stoichiometry, n, and the binding parameter associated to
the interaction event, AH and K.

Relaxometric Measurements

'H NMR longitudinal relaxometric titrations with ZnCl,
were performed at 7 T, pH 7.4 (50 mM HEPES or PBS
buffer) and 25 °C or 37 °C, using the inversion recovery (T;)
pulse sequence. A ZnCl2 solution of known concentration
was added stepwise to the gadolinium solution (starting
concentration 3.0 mM Gd3*), and the values of T, were rec-
orded after each addition of the analyte. The r, values were
calculated from Eq. 4, where T, obs is the measured T, T, 4 is
the diamagnetic contribution of the solvent, and [Gd] is
the actual Gd3* concentration at each point of the titration.

=—+7; X [Gd]

T1,0bs T1,d (Eq 4)

'H NMRD profiles were recorded on a Stelar SMAR-
Tracer Fast Field Cycling relaxometer (0.04 - 10 MHz) and
a Bruker WP8o NMR electromagnet adapted to variable
field measurements (20 - 80 MHz) and controlled by a
SMARTTracer PC-NMR console. The temperature was mon-
itored by a VICo1 temperature control unit and main-
tained by a gas flow. The temperature was determined by
previous calibration with a Pt resistance temperature
probe. Relaxivity at 400 MHz and 600 MHz were measured
on a Bruker Ascend 400 and an Oxford AS 600 spectrome-
ters, respectively. The solutions were inserted into capil-
lary tubes and placed into a smm NMR tube using DMSO-
ds as an external reference to lock the spectrometer. The
GdL solutions were made in HEPES buffer (0.1 M) at pH 7.4
and at the following concentrations for the GdL complexes:
GdL! - 0.9 mM, GdL* - 0.9 mM, GdL*+Zn - 0.9 mM,
GdL*+Zn - 0.83 mM, GdL*+HSA - 0.256 mM, GdL>+HSA -
0.229 mM, GdL'+Zn+HSA - 0.266 mM, GdL>+Zn+HSA -

1 1

0.256 mM. The concentrations of Gd3*-containing solu-
tions were confirmed both by ICP and BMS measurements
when possible. The least-square fit of the 'H NMRD data
was performed by using Visualizeur/Optimiseur3® running
on a MATLAB 8.3.0 (R2014a) platform.

The HSA titrations of GdL'and GdL?, as well as the con-
centration effects, were performed at 60 MHz on a Bruker
Minispec MQ-60 relaxometer. For the HSA titrations, the
solutions were made up in HEPES buffer (0.1 M, pH 7.4)
and the concentrations of the GdL solutions were kept con-
stant: [GdLY] = 0.2 mM, [GdL'+Zn] = 0175 mM, [GdL?] =
0.185 mM, [GdL*+Zn] = 0.185 mM, while the HSA concen-
tration was varied from o mM to 1 mM.

Temperature-dependent 7O NMR measurements

The transverse and longitudinal 7O NMR relaxation
rates (1/T,, 1/T,) and the chemical shifts were measured in
aqueous solutions of GAL**>+Zn in the temperature range
278-348 K, on a Bruker Avance 400 (9.4 T, 54.5 MHz) spec-
trometer. The temperature was calculated according to
previous calibration with ethylene glycol and methanol.»
An acidified water solution (HCIO,, pH 3.3) was used as
external reference. Transverse relaxation times (T,) were
obtained by the Carr-Purcell-Meiboom-Gill spin-echo
technique.*° The technique of the 7O NMR measurements
on Gd3* complexes has been described elsewhere.# The
samples were sealed in glass spheres fitted into 10 mm
NMR tubes to avoid susceptibility corrections of the chem-
ical shifts.#* To improve the sensitivity 7O-enriched water
(10 % H,70, CortectNet) was added to reach around 1 %
enrichment. The concentrations and pH of solutions were
as follows: [GdL'+Zn] = 14.48 mM, pH 5. and [GdL*+Zn] =
12.75 mM, pH 5.5. The least-square fit of the 7O NMR were
performed using Visualiseur/Optimiseur?® running on a
MATLAB 8.3.0 (R2014a) platform.
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