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Abstract: The design, synthesis, and evaluation of the Copper-Gad (CG) family, a new class of copper-
activated magnetic resonance imaging (MRI) contrast agents, are presented. These indicators comprise a
Gd**—DO3A core coupled to various thioether-rich receptors for copper-induced relaxivity switching. In
the absence of copper ions, inner-sphere water binding to the Gd®* chelate is restricted, resulting in low
longitudinal relaxivity values (r; = 1.2—2.2 mM~" s~' measured at 60 MHz). Addition of Cu* to CG2, CG3,
CG4, and CG5 and either Cu™ or Cu?* to CG6 triggers marked enhancements in relaxivity (r; = 2.3—6.9
mM~! s77). CG2 and CG3 exhibit the greatest turn-on responses, going from r; = 1.5 mM~" s7" in the
absence of Cu® to ry = 6.9 mM~" s™! upon Cu™ binding (a 360% increase). The CG sensors are highly
selective for Cut and/or Cu?" over competing metal ions at cellular concentrations, including Zn®* at 10-
fold higher concentrations. 7O NMR dysprosium-induced shift and nuclear magnetic relaxation dispersion
measurements support a mechanism in which copper-induced changes in the coordination environment of
the Gd®* core result in increases in g and ry. Ti-weighted phantom images establish that the CG sensors

are capable of visualizing changes in copper levels by MRI at clinical field strengths.

Introduction

Copper is an essential element for life'~” in large part because
of its ability to cycle between multiple oxidation states. At the
same time, this redox reactivity is potentially harmful to living
organisms, as compromises in homeostatic control of copper
pools can result in oxidative stress and subsequent damage to
tissue and organ systems.® '® Understanding this dual nature
of biological copper has led to our interest in developing new
ways to study aspects of copper ion accumulation, trafficking,
and export in living systems by molecular imaging, particularly
in both of its major oxidation states, Cut and Cu?*.'" !

A technique well-suited to this end is magnetic resonance
imaging (MRI), a modality that allows noninvasive, three-
dimensional visualization of whole organisms with spatial and
temporal resolution.” >° In this context, paramagnetic metal
ions, such as Gd*" (S = 7/,), can enhance proton MR signal
contrast by increasing the relaxation rates of the protons in water
molecules interacting with the metal center. The efficiency with
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which a contrast agent enhances these rates is called relaxivity
(r1). According to Solomon—Bloembergen—Morgan theory,*’~**
relaxivity values are governed by a variety of factors, including
the number of bound water molecules (g), the rotational
correlation time (7r), and the mean residence lifetime of Gd**-
bound water molecules (7y).

As conventional MRI contrast agents exhibit constant r;
values at a given field, we sought to create complexes whose ry
values would change in response to Cut and/or Cu** ions for
use as chemosensors. Meade first pioneered this “smart” MRI
contrast agent approach for detecting 3-galactosidase activity,**
and several examples of contrast agents that respond to
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enzymatic activity,~* pH,**~5? glucose,”*>* lactate,” nitric

oxide,’® Ca2*77%3 7p2* %47% and K*7° have also been
described. We recently reported the synthesis and properties of
Copper-Gad-1 (CG1)," the first copper-activated MR sensor.
This initial design was capable of sensing changes in Cu®" levels
in aqueous solution with good selectivity over abundant cellular
cations but exhibited a modest turn-on change (a 41% increase)
that was partially muted in the presence of a 10-fold excess of
Zn**. We have addressed these shortcomings and now present
the development of a next-generation family of CG sensors
(Figure 1) with greatly improved specificities for Cu and/or
Cu?* ions, particularly over large excesses of Zn>*, with turn-
on relaxivity changes of up to 360%. The introduction of
thioether-based donors provides a practical strategy for dis-
criminating copper versus zinc ions.”"”? Included in Figure 2
are CG contrast agents containing copper-binding groups with
varied donor atoms (N, S, O) and denticities (3, 4, 5). The
copper-induced turn-on responses, binding properties, and metal-
ion selectivities of these new CG agents have been investigated
using 7} measurements at 60 MHz. The results of a combination
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Figure 1. Design strategy for copper-activated MRI sensors.

of nuclear magnetic relaxation dispersion (NMRD) and Dy3*-
induced O shift (DIS) experiments are consistent with MR-
based copper sensing through ¢ modulation. Finally, 7}-weighted
phantom images establish that the CG sensors are capable of
visualizing changes in copper levels by MRI at clinical field
strengths, providing a basis for the potential use of these agents
for copper-targeted MRI.

Results and Discussion

Design and Synthesis of Copper-Responsive MRI Contrast
Agents. Our approach to creating turn-on, copper-responsive
sensors for MRI relies on modulating the relaxivity of a contrast
agent by the action of an external trigger, a concept inspired
by Meade’s original smart contrast agent for 5-galactosidase
activity.*® Our first-generation sensor, CG1, combined a DO3A-
type Gd*" contrast-agent platform with a pendant iminodiacetate
site for binding of Cu?>*.'"® Although CG1 was capable of
detecting Cu?* ions in aqueous solution at physiological pH,

(47) Aime, S.; Crich, S. G.; Botta, M.; Giovenzana, G.; Palmisano, G.;
Sisti, M. Chem. Commun. 1999, 1577-1578.

(48) Zhang, S.; Wu, K.; Sherry, A. D. Angew. Chem., Int. Ed. 1999, 38,
3192-3194.

(49) Lowe, M. P.; Parker, D.; Reany, O.; Aime, S.; Botta, M.; Castellano,
G.; Gianolio, E.; Pagliarin, R. J. Am. Chem. Soc. 2001, 123, 7601—
7609.

(50) Aime, S.; Castelli, D. D.; Terreno, E. Angew. Chem., Int. Ed. 2002,
41, 4334-4336.

(51) Woods, M.; Kiefer, G. E.; Bott, S.; Castillo-Muzquiz, A.; Eshel-
brenner, C.; Michaudet, L.; McMillan, K.; Mudigunda, S. D. K.;
Ogrin, D.; Tircso, G.; Zhang, S.; Zhao, P.; Sherry, A. D. J. Am. Chem.
Soc. 2004, 126, 9248-9256.

(52) Téth, E.; Bolskar, R. D.; Borel, A.; Gonzalez, G.; Helm, L.; Merbach,
A. E.; Sitharaman, B.; Wilson, L. J. J. Am. Chem. Soc. 2005, 127,
799-805.

(53) Zhang, S.; Trokowski, R.; Sherry, A. D. J. Am. Chem. Soc. 2003,
125, 15288-15289.

(54) Trokowski, R.; Zhang, S.; Sherry, A. D. Bioconjugate Chem. 2004,
15, 1431-1440.

(55) Aime, S.; Delli Castelli, D.; Fedeli, F.; Terreno, E. J. Am. Chem.
Soc. 2002, 124, 9364-9365.

(56) Liu, G.; Li, Y.; Pagel, M. D. Magn. Reson. Med. 2007, 58, 1249—
1256.

(57) Li, W.-H.; Fraser, S. E.; Meade, T. J. J. Am. Chem. Soc. 1999, 121,
1413-1414.

(58) Li, W.-H.; Parigi, G.; Fragai, M.; Luchinat, C.; Meade, T. J. Inorg.
Chem. 2002, 41, 4018-4024.

(59) Atanasijevic, T.; Shusteff, M.; Fam, P.; Jasanoff, A. Proc. Natl. Acad.
Sci. U.S.A. 2006, 103, 14707-14712. .

(60) Angelovski, G.; Fouskova, P.; Mamedov, I.; Canals, S.; Téth, E.;
Logothetis, N. K. ChemBioChem 2008, 9, 1729-1734.

(61) Dhingra, K.; Fouskovd, P.; Angelovski, G.; Maier, M.; Logothetis,
N.; Téth, E. J. Biol. Inorg. Chem. 2008, 13, 35-46.

(62) Dhingra, K.; Maier, M. E.; Beyerlein, M.; Angelovski, G.; Logothetis,
N. K. Chem. Commun. 2008, 3444-3446.

(63) Mishra, A.; Fouskovd, P.; Angelovski, G.; Balogh, E.; Mishra, A. K.;
Logothetis, N. K.; Téth, E. Inorg. Chem. 2008, 47, 1370-1381.

(64) Hanaoka, K.; Kikuchi, K.; Urano, Y.; Nagano, T. J. Chem. Soc.,
Perkin Trans. 2001, 1840-1843.



Copper-Responsive MRI Contrast Agents

ARTICLES

O.

CG2 CG3 CG4 CG5 CG6
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Figure 2. Thioether-based Copper-Gad (CG) contrast-agent platforms.
Scheme 1. General Synthetic Route to MR Sensors CG2—CG6
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limitations of this initial CG1 design included a relatively modest
turn-on response to Cu?" in PBS or HEPES buffer (a 41%
increase) and a partially disrupted Cu®>" response in the presence
of a 10-fold excess of Zn?>*. We therefore sought to develop
copper-activated MR sensors with improved selectivity, par-
ticularly over Zn>*, as well as agents that exhibit a greater
sensitivity and change in relaxivity upon binding of copper ions.
In addition, we also targeted agents that would be activated by
Cu™ and/or Cu?" in order to potentially track copper in either
of its major oxidation states in biological systems. To achieve
this goal, we appended various thioether-based copper receptors
to a Gd**—DO3A scaffold through a 2,6-dimethylpyridine linker
switch. We reasoned that in the absence of copper ions, the
pyridyl linker would cap the DO3A unit, limit inner-sphere
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access of water ligands to the Gd*" center, and therefore
minimize proton relaxivity. Binding of Cu® and/or Cu*" to the
pyridyl-functionalized thioether receptors would reduce the steric
bulk around the Gd*" center, affording greater inner-sphere
water access to the f” metal ion and an increase in relaxivity.

The general synthetic route to a series of new copper-sensing
MRI contrast agents is outlined in Scheme 1. The modular
synthetic strategy used to obtain Copper-Gad probes 2—6
(CG2—CGo6) allowed facile tuning of the metal-binding proper-
ties by incorporation of a variety of aminothioether groups into
the sensor portion of the contrast-agent platform. The secondary
amine building blocks 2a—e were prepared as shown in Scheme
2. Bis(2-(ethylthio)ethyl)amine (2a)’* and 1,4,7-trithia-10-
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Scheme 2. Synthesis of Secondary Amine Building Blocks
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azacyclododecane (2b)"* were synthesized according to literature
procedures (for alternative methods, see refs 71 and 75—77).
N-Benzyl-2-(ethylthio)ethanamine (2¢), which was previously
synthesized from benzylamine,”® was obtained by reductive
amination of benzaldehyde with 2-(ethylthio)ethylamine and
sodium triacetoxyborohydride using conditions adapted from
the synthesis of a picolyl analogue.”” We prepared the known
compound 2-(ethylthio)-N-methylethanamine® (2d) by an al-
ternative three-step route starting from 2-(ethylthio)ethylamine.
First, 2-(ethylthio)ethylamine was reacted with ethyl trifluoro-
acetate to yield the secondary trifluoroacetamide 4d. The amide
was deprotonated with sodium hydride and alkylated with
methyl iodide in a one-pot procedure to yield 5d. Finally, the
secondary amine 2d was generated in situ using potassium
carbonate in 90% methanol/water and used without further
purification (see below). fert-Butyl 2-(2-(ethylthio)ethylami-
no)acetate (2e) was furnished by reaction of 1 equiv of tert-
butyl bromoacetate with 2-(ethylthio)ethylamine in the presence
of triethylamine.

With the secondary amine precursors in hand, subsequent
steps to the final Gd** contrast agents followed an identical
synthetic pathway. First, the reactions of 1 equiv of the
secondary amines with 2 equiv of 2,6-bis(chloromethyl)pyridine
in dry acetonitrile at 70 °C in the presence of 1 equiv of sodium
bicarbonate afforded the desired monochloro compounds 3a—e;
employing excess 2,6-bis(chloromethyl)pyridine minimized the
formation of the bis-substituted byproduct. DO3A tris(fert-butyl
ester)®' ™ and 3a—e were then combined in dry acetonitrile
with sodium bicarbonate and potassium iodide and reacted at
65 °C for 18—48 h to give the ters-butyl-protected ligands 4a—e
in a manner similar to that reported by Pope.®* Cleavage of the
tert-butyl esters with trifluoroacetic acid (TFA) and purification
by reversed-phase HPLC produced the desired ligands la—e.
The ligands were then metalated with GdCl;+6H,0 in H,O at
pH 6.5 and purified by HPLC to give the final CG contrast
agents CG2—CG6 (Gd—1a—e). Notably, HPLC purification
ensured the removal of any excess GdCl;. Taken together, the
new CG Gd** complexes CG2—CG6 represent a homologous
series of copper-sensing MRI contrast agents bearing a range
of thioether-containing receptor components.
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Table 1. Relaxivity Values of CG2—CG6 at 60 MHz in the
Absence and Presence of Cu™ or Cu?* (r;), Cu®"* Reduction
Potentials (Ej;2), and Apparent Dissociation Constants (Kj)

f(mMM-T )2
sensor no Cu 1 equivof Cu % increase in ry  Eyp (V vs SHE)? K (M)®
CG2 15 6.9° 360 0.46 2.6 x 107137
CG3 1.5 6.9° 360 0.58 3.7 x 10714?
CcG4 1.7 6.6" 290 0.40 1.4 x 10711°
CG5 1.2 2.3% 92 0.34 32 x 1071°
CG6 22 3.80¢ 73 0.13 9.9 x 10710¢

“ Measured in 20 mM HEPES buffer (pH 7) at 37 °C. » Using Cu™.
¢ Using Cu?*. “Measured in PBS buffer (pH 7.4). ¢ Measured in 20 mM
HEPES buffer (pH 7) at 25 °C.

Turn-On Relaxivity Responses to Copper Ions and
Electrochemistry. The longitudinal relaxivity values for the CG
contrast agents in the absence or presence of copper ions were
determined using 77 measurements at 60 MHz. The studies were
performed at 37 °C in 20 mM HEPES buffer (pH 7), and the
solutions of the purified CG sensors used in the relaxivity
experiments contained 0.2 mM Gd** as determined by ICP—OES.
The spectroscopic data are collected in Table 1.

In the absence of added copper ions, the five Gd** complexes
in the series exhibited relaxivities ranging from 1.2 mM ™! s7!
(for CG5) to 2.2 mM™! s7!' (for CG6). The low observed
relaxivity values are consistent with Gd** complexes possessing
limited inner-sphere water access (¢ = 0), suggesting that the
pyridine linker effectively caps the paramagnetic Gd*" center
in the absence of competing metal ions. Although the CG ligand
framework contains eight atoms for lanthanide chelation, leaving
one potential open site for water binding, a comparable Eu®*
complex containing a methyldipicolylamine substituent at the
6-position of the pyridine cap also contained zero inner-sphere
water molecules, as determined by luminescence lifetime
measurements.®* The steric contribution of bulky substituents
at the 6-position of the pyridine cap is evident, as a similar
Gd** complex containing a pyridine cap with only a hydrogen
group at the 6-position possessed one inner-sphere water
molecule and exhibited a relaxivity of 5.3 mM™! s7! at 20
MHz.** The small variation in relaxivity values for CG2—CG6
may be due to contributions from outside the first coordination
sphere of these complexes. NMRD experiments provided
supporting evidence for this proposal (see below).
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Figure 3. Relaxivity response of 0.2 mM CG2 to various concentrations
of Cu™. Relaxivity measurements were performed at 37 °C in 20 mM
HEPES buffer (pH 7) at a proton Larmor frequency of 60 MHz.

Upon addition of up to 1 equiv of copper ions, the relaxivity
values of the CG contrast agents increased, establishing the
ability of these probes to sense copper using the MR modality
(Table 1, Figure 3). CG2, CG3, CG4, and CG5 responded to
Cu™ with relaxivity increases ranging from 92% to 360%. CG2
and CG3 exhibited the greatest turn-on responses, as their r
values increased from 1.5 mM~! s™! in the absence of Cu™ to
6.9 mM~! s7! upon Cu* binding (a 360% increase). These
values represent the largest relaxivity enhancements observed
to date for metal-activated MRI contrast agents and a ~9-fold
improvement in copper ion response relative to that for CG1 (a
41% increase). The observed difference in the Cu™ turn-on
responses for benzyl-substituted CG4 (a 290% increase) versus
methyl-substituted CG5 (a 92% increase), which have the same
pyridyl—thioether receptor, show the marked effects that small
peripheral substitutions can have on relaxivity properties.

CG6 is a unique member of the CG family that is equally
responsive to Cut and Cu?". Addition of either Cu™ or Cu?* to
CG6 triggered a maximum 73% relaxivity turn-on from r; =
2.2 t0 3.8 mM ™! s Cu?* itself is paramagnetic and has an r
value of 1.0 mM ™' s™! measured at 10 MHz in water.*® Under
the conditions used for these relaxivity measurements, Cu?*
likely does not contribute significantly to the copper-bound CG6
relaxivity, as the relaxivity of CuSO, in 20 mM HEPES buffer
at 60 MHz and 37 °C is <0.1 mM ™! s™!. Monitoring the reaction
of equimolar amounts of CG6 and Cu™ by UV —vis absorption
spectroscopy revealed that the initial spectrum observed upon
mixing quickly (<1 min) evolved into a spectrum identical to
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(81) Li, C.; Wong, W.-T. Tetrahedron 2004, 60, 5595-5601.
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Trans. 2002, 348-357.
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Figure 4. Job’s plot for CG2 and Cu®. The total concentrations of CG2
and Cu’ were kept constant at 0.2 mM. Relaxivity measurements were
performed at 37 °C in 20 mM HEPES buffer (pH 7) at a proton Larmor
frequency of 60 MHz. The maximum responses at a mole fraction of 0.5
for both CG2 and Cu™ is consistent with formation of a 1:1 Cut/CG2
complex.

that obtained from a 1:1 solution of CG6 and Cu**, suggesting
a redox equilibration for this sensor that favors the higher
oxidation state of copper for the N/O/S donor set provided by
the pyridyl/carboxylate/thioether receptor. These data were
corroborated by the electrochemical Cu?*/Cu™ reduction po-
tentials measured for the five CG complexes (Table 1). The
CG2, CG3, CG4, and CG5 compounds possess very positive
Cu**/Cu™ redox couples with Ej;, values ranging from +0.34
to +0.58 V vs SHE. On the other hand, copper-bound CG6,
which responds to both Cu™ and Cu?*, has the least positive
Cu?*/Cu™ reduction potential at +0.13 V.

The observed relaxivity increases for the CG sensors were
stable over time, indicating that the Gd**—CG complexes remain
intact in the presence of Cu?*. We note that Cu>" can catalyze
the dissociation of Gd>**—DTPA in vivo, as the affinities of
DTPA for Gd*" and Cu®" are very similar and DTPA is
kinetically labile;®” however, studies with analogous
Gd**—DO3A complexes demonstrated that this ligand is more
kinetically inert to metal-ion exchange.®® To establish the kinetic
stability of the CG platforms, we used LC/MS to monitor CG2
in the presence of 1 equiv of Cu**. No metal-ion exchange was
observed at room temperature after 7 days or at 37 °C after
4 h.

Copper Binding Stoichiometries and Affinities. Binding
analyses using the method of continuous variations (Job’s plot,
Figure 4),% obtained through 7} measurements (for CG2 and
CG3) or UV—vis absorption measurements (for CG4—CG6),
showed inflection points at a mole fraction of 0.5 for both the
Gd*" contrast agent and copper ion. Furthermore, plots of
relaxivity versus [Cu"*] revealed that the observed relaxivity
for a given CG sensor reached a maximum at 1 equiv of Cu"*
and leveled off at higher concentrations of added Cu"* (Figure
3). These data are consistent with a 1:1 Cu/CG binding
stoichiometry, which was then assumed in all of the K,
calculations.
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Figure 5. Normalized absorbance responses of 0.2 mM CG2—CG6 to
buffered Cu™ (CG2—CGS5) or Cu*™ (CG6) solutions for determination of
K, values. Spectra were acquired in 20 mM HEPES (pH 7). Black lines
represent best fits (with each R? value displayed below its data set).

Titrations of 0.2 mM solutions of the CG contrast agents with
micromolar levels of Cut or Cu*" ions gave linear responses,
indicating that CG2—CG6 bind copper ions tightly, with K4
values <107% M. The apparent K, values were obtained by
recording changes in the UV—vis absorption spectra of the
copper-bound CG contrast agents in the presence of competing
ligands with known Cu* (thiourea) or Cu®' (ethylenediamine)
affinities (Figure 5).°° Of the Cu™-responsive MR sensors, CG3,
which possesses three thioether donors in an NS; macrocycle
and five overall potential donor ligands for Cu' binding,
exhibited the highest affinity for Cut (Ky = 3.7 x 107'% M).
The third thioether donor does not appear to play a major role
in Cu" binding, as CG2, which contains only two thioether
donors and four overall potential donor ligands, coordinated Cu™
with a similar affinity (Kq = 2.6 x 10713 M). The Cu™ affinities
were further decreased in sensors that provide only three overall
potential donor ligands: CG4 and CGS5 bind Cu™ with observed
dissociation constants of K4 = 1.4 x 107" and 3.2 x 107'' M,
respectively. The similarity between the Ky values for benzyl-
substituted CG4 and methyl-substituted CGS5 indicates that the
peripheral alkyl pendant does not play a significant role in Cu™
binding but markedly affects the relaxivity properties. CG6 binds
Cu?* with a much higher affinity (K4 = 9.9 x 107'® M) than
the first-generation CG1 sensor (Kg = 1.7 x 107* M).

Selectivity Studies. The CG sensors are highly copper-specific
and, in the cases of CG2—CGS5, also selective for the Cu™
oxidation state, as determined by measuring their relaxivity
values in the presence of other competing, biologically relevant
metal ions alone or with added copper (Figure 6). These
contrast-agent indicators show excellent selectivity for copper
ions over abundant cellular alkali and alkaline-earth metal ions
at physiological levels: the addition of 10 mM Na™, 2 mM K™,
2 mM Ca®*, or 2 mM Mg?" does not trigger relaxivity
enhancements or interfere with copper ion turn-on responses.
Likewise, introduction of d-block metal ion competitors, includ-
ing 0.2 mM Zn?*, 0.2 mM Fe?*, and 0.2 mM Fe**, does not
activate an increase in relaxivity for the CG reagents or greatly
affect their ability to sense copper ions.

In particular regard to copper/zinc specificity, a limitation of
the original CG1 agent containing an iminodiacetate binding
group was a partially muted turn-on response to Cu’* in the
presence of large excesses of Zn?*, a situation that can arise in

(96) Parker, D. Coord. Chem. Rev. 2000, 205, 109—-130.
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Figure 6. Relaxivity responses of CG2 to various metal ions. White bars
represent the addition of an excess of the appropriate metal ion (10 mM
for Na*; 2 mM for K*, Mg?*, Ca?*; 0.2 mM for Fe?t, Fe**, Cu*") to a 0.2
mM solution of CG2. Response to Zn*" was measured both at 0.2 mM
Zn*" (Zn>* 1x) and 2 mM Zn*" (Zn** 10x). Black bars represent the
subsequent addition of 0.2 mM Cu" to the CG2 solution. Relaxivity
measurements were acquired at 37 °C in 20 mM HEPES buffer (pH 7) at
a proton Larmor frequency of 60 MHz.

certain biological environments.'®?'°2 We therefore tested
whether our new thioether-based CG sensors would show
improved specificity for copper over this first-generation design.
We were delighted to observe that in all cases, turn-on relaxivity
responses to Cu*?* were not affected even in the presence of
Zn*" levels at 10-fold excess, and that millimolar concentrations
of Zn?* did not give false-positive responses. These data reveal
that incorporation of thioether donor ligands into our CG contrast
agent scaffolds served not only to increase copper binding
affinities but also to tune against Zn>* responses.

The CG series also exhibits redox specificity for copper in
both its major oxidation states, Cu™ and Cu?**. CG2, CG3, CG4,
and CG5 give turn-on relaxivity increases with Cu™ but do not
respond to Cu®>". Moreover, the presence of Cu?*" does not
interfere with the Cu™-activated enhancements for these four
contrast agents. CG6 responds to both Cu* and Cu?* with the
same relaxivity turn-on, whereas CGl is sensitive only to Cu**
and not Cu™. The potential ability of this new family of CG
sensors to sense bioavailable copper pools in either or both of
the predominant Cu oxidation states represents a significant
advance over the initial CG1 compound.

We also tested the copper responses of CG2—CG®6 in the
presence of physiologically relevant concentrations of com-
mon biological anions (Figure 7). Parker has shown that
Gd3*—DO3A-based complexes can bind anions, including
phosphate, carbonate, lactate, and citrate,”?*?*> and Eu*"—
and Tb3*—DO3A-type complexes have been developed as
luminescent anion sensors.”®”'%? Phosphate anions do not
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Figure 7. Relaxivity responses of CG2 to 1 equiv of Cu? in the presence
of biologically relevant anions. White bars represent CG2 relaxivities without
Cu' in the presence of various anions. Black bars represent CG2 relaxivities
with Cu™ in the presence of different anions. Percentages in the black bars
are the % increases in ry. Relaxivity measurements with HEPES, citrate
(0.13 mM), lactate (2.3 mM), and HCO5™ (10 mM, 25 mM) were acquired
at 37 °C in 20 mM HEPES buffer (pH 7) at a proton Larmor frequency of
60 MHz. Relaxivity measurements with PBS were acquired under similar
conditions using PBS (pH 7.4).

bind strongly to CG2, as measurements in phosphate-buffered
saline (PBS, 10 mM phosphate) revealed a 350% increase
in relaxivity in response to Cu™. Carboxylate-type anions,
however, can affect the relaxivity responses of Cu*-bound
CG2. Addition of citrate (0.13 mM) and lactate (2.3 mM) to
CG2 resulted in turn-on responses to Cu™ of 220 and 71%,
respectively. Carbonate concentrations also affect the re-
sponse of CG2: the effect of carbonate was tested at 10 mM
NaHCOj; (intracellular)® and 25 mM NaHCOj; (extracellu-
lar)'® and gave increases in r, in response to Cu™ of 190
and 140%, respectively. Although the relaxivity increases
observed in the presence of anions are still well within a
range detectable by MRIL,'** current work is geared toward
developing CG sensors with more carboxylate functionalities
incorporated into the ligand framework to minimize anion
sensitivity %103

Dysprosium-Induced 70O NMR Shift Experiments. After
establishing the ability of the CG sensors to selectively detect
Cu™ and/or Cu?* by changes in longitudinal relaxivity values,
we next sought to probe aspects of their mechanism of action.
On the basis of our molecular design, we reasoned that the
relaxivity differences observed for CG contrast agents in the
absence or presence of Cu™ and/or Cu®" ions are in part due to
changes in ¢, the number of inner-sphere water molecules
coordinated to the paramagnetic Gd** center. Initial experiments
to probe this question employed standard luminescence methods
developed by Horrocks,' but attempts to obtain ¢ by measuring
luminescence lifetimes of Eu*" and Tb** analogues of CG2 in
the absence or presence of Cu®™ were unsuccessful, as Cu*-
containing solutions gave luminescence decays that were best
fit to multiple lifetimes both in H,O and D,0O. We suspected
that additional quenching pathways beyond those involving
inner-sphere H,O molecules on the lanthanide center may play
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(110) Hwang, L.-P.; Freed, J. H. J. Chem. Phys. 1975, 63, 4017-4025.

a role in this system. Cu™ binding could lead to quenching of
the S, excited state of the pyridine antenna by electron transfer,
thus eliminating energy transfer to the lanthanide ion and the
luminescence output. Cu™ is known to quench the fluorescence
of ligands such as bathocuproine disulfonate.'®” In addition, a
Eu*" complex containing a phenanthroline unit for metal ion

binding experiences quenched emission in the presence of
Cu+ 108

To circumvent these issues, we turned our attention to an
alternative method for obtaining ¢ values, namely, the applica-
tion of 7O NMR spectroscopy to Dy*" analogues of the CG
sensors (DyCG2—DyCG6).'” Specifically, interactions of water
ligands with paramagnetic Dy*" ions lead to an upfield shift of
the 7O signals of H,O in a manner proportional to both the
concentration of Dy** and ¢. Moreover, this lanthanide-induced
shift is largely insensitive to the nonwater ligands coordinated
to the paramagnetic metal center.'® DIS experiments for CG2
and CG3 were performed in 20 mM HEPES buffered at pH 7;
CG4 and CGS spectra were acquired in 10% acetonitrile in 20
mM HEPES buffered at pH 7 because of the solubility and
stability of the Cu*-bound complexes at the higher Dy**
concentrations required for the DIS measurements (1—200
mmol/kg of H,O). Dy concentrations were calculated using
molality (with respect to H,O) because the 7O shift represents
the interaction between Dy*" and H,O; addition of CH;CN aids
in stabilizing certain complexes but does not affect the DIS.
The spectral results were calibrated to a DyCl; standard (¢ =
9) to determine the number of bound water molecules for the
CG sensors with and without added Cu*. A plot of DIS versus
DyCl; concentration in HEPES (pH 7) had a slope of 324 ppm/
(mol/kg of H,0), which corresponds to a 36 ppm/(mol/kg of
H,0) shift per bound water molecule. A similar DIS plot for
DyCl; in 10% acetonitrile in 20 mM HEPES (pH 7) exhibited
a slope of 362 ppm/(mol/kg of H,0O), which corresponds to 40
ppm/(mol/kg of H,O) per bound water molecule. Data for
DyCG2—DyCGS5 are presented in Table 2.

The effects of DyCG2 on the chemical shift of '"O-labeled
H,0 were determined in the absence and presence of 1 equiv
of Cu™ at various concentrations of Dy*" (Figure 8). In the
absence of Cu™, the measured '"O shift response for DyCG2
was 9 ppm/(mol/kg H,0), corresponding to ¢ = 0.3. When 1
equiv of Cu™ was added, the observed shift response increased
to 72 ppm/(mol/kg H,0), corresponding to g = 2.0. These data
are consistent with the proposal that modulating the number of
inner-sphere water molecules plays a role in the copper-activated
relaxivity changes exhibited by the CG contrast agents. Simi-
larly, the DyCG3 DIS plot displayed a slope of 11 ppm/(mol/
kg H,0) in the absence of Cu', corresponding to ¢ = 0.3;
addition of 1 equiv of Cu™ increased the slope to 79 ppm/(mol/
kg H,0), corresponding to ¢ = 2.2. DIS measurements on
DyCG4 and DyCGS5 without Cu* yielded slopes of 7 ppm/(mol/
kg H,O) (¢ = 0.2) and 12 ppm/(mol’kg H,O) (¢ = 0.3),
respectively. Cu™ binding increased the DIS slopes for DyCG4
and DyCGS5 to 84 ppm/(mol/kg H,O) (¢ = 2.1) and 41 ppm/
(mol/kg H,0) (¢ = 1.0), respectively. Notably, direct compari-
son of the Ag values obtained for DyCG4 and DyCGS5 reveals
a lower DIS value for the latter, which is consistent with the
smaller turn-on increase in r; observed for this compound. We
were unable to perform meaningful DIS experiments with
DyCG6 to determine Ag upon Cu>" binding, as addition of Cu**
led to a downfield shift of the 'O signals of H,O that
counteracted and masked the DIS effect of Dy*".
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Table 2. Estimated q Values for Copper-Sensing MRI Contrast Agents in the Absence and Presence of Copper lons, As Determined from

7O Dysprosium-Induced Shift (DIS) Measurements

conditions slope [ppm/(mol/kg of H.0)] q
DyCl; 20 mM HEPES (pH 7) 324 9
DyCl; 10% CH;CN in 20 mM HEPES (pH 7) 362 9
DyCG2 20 mM HEPES (pH 7) 9 0.3"
DyCG2 + Cu* 72 2k
DyCG3 20 mM HEPES (pH 7) 11 0.3%
DyCG3 + Cu* 79 2.2b
DyCG4 10% CH;CN in 20 mM HEPES (pH 7) 7 0.2¢
DyCG4 + Cu* 84 2.1¢
DyCG5 10% CH;CN in 20 mM HEPES (pH 7) 12 0.3¢
DyCG5 + Cu* 41 1.0¢

“See ref 109. » Calculated using the value for ¢ = 9 DyCl; in 20 mM HEPES (pH 7). ¢ Calculated using the value for ¢ = 9 DyCl; in 10% CH;CN

in 20 mM HEPES (pH 7).
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Figure 8. Plot of the DIS of the '7O signal of H,O (—A, in ppm) vs
[DyCG2] in the absence (red) and presence (blue) of 1 equiv of Cu*. Spectra
were acquired at room temperature in 20 mM HEPES (pH 7) at an 'O
Larmor frequency of 67.8 MHz.

Nuclear Magnetic Relaxation Dispersion Profiles. As a
secondary, independent set of experiments to further probe
the mechanisms of copper ion sensing by the CG contrast
agents, we also performed NMRD measurements on these
sensors in the absence and in the presence of copper ions
using a field-cycling relaxometer (Figure 9). The profiles
obtained were analyzed using Solomon—Bloembergen—Morgan
theory*®™3? for the inner-sphere relaxivity and the Freed
model''° for the outer-sphere relaxivity, with the diffusion
coefficient (D) fixed at 2.24 x 10° cm? s™!, the distance
between Gd3* and the inner-sphere water protons (r) at 3.1
A, and the inner-sphere exchange lifetime (7)) at 160 ns (the
reported value for the parent complex Gd**—DO3A). Profiles
were obtained for all compounds in the copper-free state.
Profiles in the presence of Cu"" were obtained for CG2—CG4
(Cu'") and CG6 (Cu®*). For CG5, an NMRD profile could
not be obtained for the Cu™-bound complex because of its
low relaxivity and the low solubility of Cu™ in solution, which
resulted in a high degree of error in the measurements. The
fitted values are displayed in Table 3.

The NMRD data acquired for the CG series of compounds
in the absence of added copper ions are consistent with those
for Gd*" contrast agents that do not possess any inner-sphere
water molecules. In fact, the measured outer-sphere relax-
ivities were so low that, in order to obtain a reasonable fit,
the distance of closest approach of the outer-sphere water
protons (a) was allowed to vary. The distances obtained for
the CG complexes (4.2—4.8 A) were markedly longer than
what is observed for typical Gd** contrast agents with greater
water access (3.8—4.0 A). These values correlate with the
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Figure 9. 'H NMRD profiles of CG3 and CG3 + Cu™ acquired at 25 °C.
The solid lines represent the best-fit profiles.

copper-free relaxivities of CG2—CG6; longer a values give
lower relaxivities and shorter a values give higher relaxivities.
For Cu*-sensing agents CG2—CG4, the estimated change of
2 in g as determined by DIS measurements was also observed
in the fitted NMRD data. In fact, any attempt to fit the
observed NMRD profiles with ¢ = 1 led to very poor
agreement between the experimental and calculated values.
The change of 1 in g for CG6 upon addition of Cu?' as
determined by NMRD is consistent with the lower turn-on
response observed for this complex than for CG2—CG4. The
reduced ¢ modulation for CG6 relative to CG2—CG4 could
indicate that the carboxylic acid moiety used for Cu?* binding
also interacts with the Gd*" center in the Cu?*-bound state.
The fitted rotational correlation times (zgr) for copper-bound
CG complexes all fall within the range expected for Gd**
complexes with molecular weights of 700—800 Da. Values
of 7 for copper-free CG2—CG6 were fixed close to those
for their copper-bound analogues, as fits of NMRD data for
q = 0 complexes are not sensitive to small changes in 7.
The values of the average quadratic transient zero-field
splitting (A?), the electronic correlation time (z,), and the
electronic relaxation time at zero field (zy), which govern
the electronic relaxation time, are relatively similar to each
other. These NMRD values are closer to those of Gd*"—
DTPA than those of Gd**—DOTA, reflecting the asymmetry
of CG2—CG6.%®
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Table 3. Best-Fit Values to the Solomon—Bloembergen—Morgan Equations for CG2—CG6 in the Absence and Presence of Cu™?*, As

Determined from NMRD Experiments?®

rip (MM~" 57" at 20 MHz, 25 °C) a () q 7R (ps) AZ (10" 579 7y (ps) Tso (PS)
CG2 1.6 47+0.11 110¢ 58+ 1.1 19424 75.6
CG2 + Cut 9.3 3.8¢ 2.00 4 0.22 110+ 123 56404 2+14 67.6
CG3 1.6 4.7+0.09 130¢ 32407 27+ 44 96
CG3 + Cu* 10.5 3.8¢ 2.03 4+ 0.24 128 + 14.5 204 0.6 42492 99
CG4 2.1 4240.15 1304 34+14 25477 99
CG4 + Cu* 10.4 3.8¢ 2.06 +0.26 128 £ 155 254038 37+8.1 90
CG5 1.6 4.840.12 : 100¢ 35+08 25442 95
CG5 + Cu*? - - - - - -
CG6 22 4240.13 807 8.4 420 16 +£2.7 61
CG6 + Cu?* 4.8 3.8¢ 1+0.18 78429 5.4+ 0.6 17+ 1.6 90

“ Measurements were performed at 25 °C in 20 mM HEPES (pH 7). Relaxivity values for copper-free CG2—CG6 and CG6 + Cu?" were measured at
0.5 mM concentration. Cu*-containing solutions were measured at 0.1 mM because of the low solubility of Cu™ in aqueous solution. The contribution to
the observed relaxivity by Cu®" was included in the outer-sphere term but is likely to be negligible. ® Relaxivity too low to perform NMRD
measurements at 0.1 mM concentration. ¢ Fixed in the fitting procedure. ¢ Values were not experimentally determined and were assumed to be equal to
the corresponding ¢ = 0 complexes. “ Given the similarity of the structures of CG2—CG®6, the 7g value for CG5 was set to the average g value of the

other complexes.
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Figure 10. (A) Ti-weighted phantom images of 100 uM CG2—CG6 in 20
mM HEPES (pH 7) with and without 1 equiv of Cu"". (B) Phantom images
of 100 uM CG2 with 0, 10, 25, 50, 75, and 100 uM [Cu(NCCHs;),]PFs.
Images were acquired at 25 °C at 1.5 T (~64 MHz proton Larmor
frequency).

Copper-Activated T,-Weighted Phantom Magnetic Reso-
nance Imaging. With spectroscopic data showing the turn-on
relaxivity responses, binding properties, metal ion selectivi-
ties, and copper-induced changes in g values for this new
series of CG contrast agents in hand, we next sought to test
the ability of these sensors to detect changes in aqueous Cu™
and/or Cu®* levels using MRI. To demonstrate the potential
feasibility of these MR sensors for molecular-imaging
applications, we acquired T;-weighted images of the CG
complexes in the absence and the presence of copper ions
with a commercial 1.5 T magnet (Avanto Siemens MRI
system). The phantom MR images depicted in Figure 10A
show that all of the CG sensors can detect contrast between
samples with and without added copper ions at clinically
relevant field strengths. Moreover, images of 100 uM CG2
with Cu™ added at concentrations of 0, 10, 25, 50, 75, and
100 uM (Figure 10B) reveal that this MR probe can readily
visualize differences in copper levels in a biologically
relevant micromolar range, given a known contrast agent
concentration. In this context, chelatable copper pools have
been identified in the mitochondrial matrix''" and in the Golgi
apparatus.''> Moreover, the cerebrospinal fluid (CSF) con-

tains micromolar levels of copper ion, most of which is not
bound to ceruloplasmin because of the low concentrations
of this protein in the CSF;''*''* this may result in facile
exchange between different copper binding ligands.'"”

Concluding Remarks

In summary, we have described the design, synthesis, and
evaluation of a new family of copper-activated MR contrast
agents. The Copper-Gad sensors combine a Gd**—DO3A
core with various thioether-based copper receptor switches
to give marked increases in longitudinal relaxivity in response
to either Cut or Cu?*, with turn-on responses up to 360%,
as well as high selectivity for Cu' and/or Cu?' over
competing metal ions at cellular concentrations. A combina-
tion of ’7O NMR DIS and NMRD measurements supports a
mechanism in which the observed turn-on relaxivity responses
involve copper-induced changes in the coordination environ-
ment of the Gd*" core that result in an increase in g. T)-
weighted phantom images have established that the CG
sensors are capable of visualizing changes in copper levels
by MRI at clinical field strengths. The new contrast agents
CG2—CG6 show significant gains in selectivity, sensitivity,
and turn-on response over the first-generation CG1 construct.
In particular, the use of thioether-based receptors provides a
practical strategy for obtaining superior selectivity for copper
over zinc ions. Whereas the original CG1 compound showed
a partially muted turn-on response to Cu?' in the presence
of a 10-fold excess of Zn>*, the copper-induced relaxivity
increases for the new CG sensors are unaffected by large
excesses of zinc ions. Oxidation-state specificity for Cu™ has
also been obtained by the use of neutral donor sets bearing
thioether ligands, providing an entry into sensors that can
distinguish Cu* and Cu?*. In terms of sensitivity and turn-
on response, the relaxivity enhancements for CG2 and CG3
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are almost an order of magnitude greater than that observed
for CG1 (360% versus 41%). Taken together, these results
establish an approach to selective, sensitive detection of
copper through MRI. Current work is focused on the
application of these CG sensors and development of next-
generation analogues for studies of copper physiology and
pathology using MR-based molecular imaging.
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