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Ca* is an important intracellular secondary messenger of signal N/:g\d*\ACOO ooc /@N
transductiort.Changes in the cytosolic concentration of Caiig- [N.S%C N N 880Nj
ger changes in cellular metabolism and are responsible for cell  ooc—\__V Z ; \__/ \—-co0
N

signaling and regulatiohAdvances in optical microscopy tech-
nigues and improvements in fluorescent dyes capable of measur-
ing C&" concentration have added greatly to the understanding
of the critical role this ion plays in cell and neurobiologilow-
ever, a fundamental limitation of light-based microscope imaging
techniques employing dyes or fluorochromes is that they produce
toxic photobleaching byproducts and are limited by light scattering
to those cells within 10@m of the surface. Magnetic resonance
imaging (MRI) of biological structures provides an alternative to
light-based microscopy that can circumvent these limitations.
Recent work in this area has demonstrated the feasibility of true
three-dimensional MR imaging at cellular resolutienlQ «m).*

As part of our efforts to study cell signaling and regulation in

N
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Figure 1. Schematic of DOPTAGd representing the proposed conform-
ational dependence of the structure in the presence and absencé of Ca

a paramagnetic metal ion. The lanthanide ion¥'Gis frequently
chosen for MRI contrast agents because it has a very high
magnetic momenti# = 63 ug?), and a symmetric electronic
ground statefS;,. The Gd* aqua ion is toxic and hence is
chelated to a ligand in order to reduce toxicity. Typically, eight
of the nine available Gt coordination sites are bound by the

intact animals, we are developing MRI contrast agents that provide ?nh(;féﬁi eé%avmg one site available for an inner sphere water
information about physiological signals and biochemical events. T
To this end, we have prepared and tested a class of enzymatically This new class of MRI agents modulates access of water to a
activated MRI contrast agents that conditionally enhance image chelated G& ion in the presence and absence of'Cahe design
intensity® Here, we report the first MRI contrast agent, DOPTA of the agent is based on the_ synthesis and characterlz_atl(_)n of
Gd (Figure 1), whose relaxivity is selectively modulated by‘Ca several _mod_el systems tha} ultlm_ately led to the macrocyclic dimer
concentratio. DOPTA—Gd has a C# dissociation constant of ~ Shown in Figure 1. 1,2-Bistaminophenoxy)ethani;N,N',N'-
0.96 uM, and the relaxivity of the complex increases ap- tetraacetic ag:ld (BAPTA) plnds %Wlth a 1(?-.fold sfelectlvllt.y
proximately 80% when C4 is added to a Ca-free solution. versus the dl_valent meta_l ion _l\?rg and is relatively insensitive
The most abundant molecular species in biological tissues is t0 PH fluctuations at physiological conditions §.8)* 1,4, 7-Tris-
water. It is the quantum mechanical “spin” of the water proton (carboxymethyl)-1,4,7,10-tetraazacyclododecane (DO3A) chelates
nuclei that ultimately gives rise to the signal in all imaging 'anthanides with high affinity to form a thermodynamically stable
experiments. MR agents enhance the intrinsic differences in the @nd kinetically inert comple. DOPTA-Gd (Figure 1) was
Tl (Sp|n_|att|ce) andT2 (Sp|n_sp|n) relaxation rates. The class deS|gned to pOSSGSS two ||m|t|ng ConfOI‘matlona| states Wlth
of contrast agents referred to @ agents accelerate thE respect to calcium concentration (FC. In the absence of Ca,
relaxation rate, increasing the signal from nearby water protons the aromatic iminoacetates of BAPTA interact with*Gthrough
and making a Voxe| appear “brighter" in the resulting image_ The ionic attractions. In the presence Of%athe aromatic |m|nqac-
increase in relaxation rate is due, in part, to the direct interaction €tates of BAPTA will rearrange to bind €a thereby allowing
of water molecules (inner sphere) with the unpaired electrons of Water to bind directly to Gi.
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On the basis of complexes synthesized as part of model studies,

a propyl linker was chosen to covalently connect DO3A to BAP-
TA.1° The propyl linker places the aromatic iminoacetates of
BAPTA in the proximity of the chelated G¢l. Therefore, the
aromatic iminoacetates shield the &dbn from water when the
Ca&* concentration is low. Upon binding €3 the complex
undergoes reorganization that exposes th& @sh to bulk water,
thereby changing the relaxivity from weak to strong.

DOPTA—Gd was synthesized from nitroresorcinol in 8 steps
(Figure 2). The monoalkylated nitroresorcinblwas dimerized
with 1,2-dibromoethane. The free hydroxylsfivere converted
into dibromides5. Excess cyclen was used to minimize the
formation of the bisalkylated product during the synthesi$§.of
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optimize the modulation of water access to theé?Gdn based on data from
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Figure 2. Synthetic scheme of DOPTAGA. (a) NaOH, DMF, 3-bromopropanol, 42%. (bY®0;, DMF, 1,2-dibromoethane, 55%. (c) Pd/C (10%),
EtOH/EtOAc, H, 1 atm. (d) Bromoethyl acetate, DIEA, GEN, 61% for 2 steps. (e) CBrPPh, ELO, 60%. (f) Cyclen (5 equiv), CHGJl 80%. (g)

1. Bromoacetate, NaOH, pH 10, 82%; 2. GdG| NaOH, pH 5-6, 81%.
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Figure 3. Relaxivity measurement of DOPTFAGA as a function of free
[Ca?t].11 The fitted curve corresponds to the apparent dissociation constant
= 0.96 uM and Hill coefficient= 0.92.

insensitive to [M§'] change. Indeed, increasing Kfgconcentra-
tion from O to 10 mM changed the relaxivity of DOPFAsd
less than 892 Intracellular [Mg] is approximately 1 mM, and
its fluctuation is less dynamic than [€4 therefore, interference
on the [C&'] measurements by DOPTAGd should be minimal.

The effect of H on the observed relaxivity of DOPTAGd
was also tested. Changing the pH from 6.80 to 7.40 (in 0.2 pH
unit steps) changed the measufgeadf DOPTA—Gd by less than
3% (in the presence or absence of?Qa2 Therefore, within
physiological pH ranges, H should not interfere with the
relaxivity of the complex with respect to [€].

In summary, we have synthesized a MRI contrast agent where
the relaxivity of the complex is controlled by the presence or
absence of the divalent ion €aBy structurally modulating inner-
sphere access of water to a chelatec'Gidn we observe a
substantial change ifi; upon the addition of Ca. Importantly,
the agent is selective for binding €dons versus Mg" and H'.

An immediate application of this agent is to study the change in
cellular calcium activity during embryogenesis. The agent can

The remaining secondary amines were alkylated under basicbe conveniently microinjected inside cells at an early develop-

conditions that concomitantly hydrolyzed the aromatic imino ethyl
diacetates. The final Gd complex was formed in good yield
under weakly acidic conditions.

The effect of [C&'] on the relaxivity of DOPTA-Gd was
assessed by; measurements. The relaxivity of DOPTA-Gd
in C&'-free buffer was 3.26 mM sec?! and increased with
increasing [C#&]. The change in relaxivity is most striking in
the [C&"] range of 0.1 to 1Q«M and levels off at higher levels
of [C&*], reaching a maximum of 5.76 mM sec® (Figure 3).
Hill-plot analysis of the measured relaxivities at varying {ga
results in a dissociation constant of 0,88 (Hill coefficient of
0.92). These results reveal a 1:1 stoichiometry of binding.

The increase in observed relaxivity of DOPF&d (~80%)
that is induced by an increase in [Chcorresponds to a 80%
relaxivity change of each Gd unit and is significantly higher
than our previously reported enzymeeporter class of agents{E
Gad: 20% change dF; at a [Gd'] of 2 mM after enzyme cleav-
age)® Since BAPTA binds C& with a much higher selectivity
than Mg, the relaxivity of DOPTA-Gd should be relatively

(11) [C&'] was controlled by C&/EGTA and C&"/HEEDTA systems
below 10° M free C&" and unbuffered Ca above? The buffers contained
100 mM KCI, 10 mM KMOPS, pH 7.20, 20 mM of EGTA or HEEDTA. The
T, was measured by using the standard inversiecovery procedure (Bruker
AMX 500, 25°C).5 The relaxivity of DOPTA-Gd was determined from the
slope of the plot of IV, vs [DOPTA—-Gd] (0, 0.2, 0.3, 0.4 mM).

mental stage, and subsequent cell movements and calcium
fluctuations during the development can be monitored over long
periods of time. These investigations may help to resolve current
uncertainties concerning cellular €aactivities of interior cell
layers not accessible to light microscopy. Finally, this new class
of contrast agent offers a large and reliable change in relaxivity
upon exposure to Ca. These results serve as an ideal template
for the future design of biochemically activated MRI contrast
agents.
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(12) The longitudinal relaxation rate of DOPFASd (0.3 mM) was
measured in a buffer containing 130 mM KCI, 10 mM MOPS and 1 mM
EGTA, pH 7.20, 25C. Mg?* concentration was adjusted to 2, 5, and 10 mM
using the reported procedur&sThe relaxivity (3.23 mM?* sec?, 0 Mg?*;
3.30 mM? sect, 2 mM Mg?*; 3.39 mMt sect, 5 mM Mg?t; 3.47 mM
sec?, 10 mM Mg") was calculated from thd; after subtracting the
longitudinal relaxation rate in the absence of DOPT&d.

(13) TheT, was measured in buffers containing 100 mM KCI, 5 mM MO-
PS, 0.3 mM DOPTA-Gd with either 2 mM EGTA or 1 mM CaGlat 25°C.
The pH was varied from 6.80 to 7.40 in 0.2 pH unit steps with HCI or KOH.



