Zn(ll) responsive MRI probe based on an Fe(lll) macrocyclic complex
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Abstract

The development of responsive MRI contrast agents to detect fluctuations in Zn(ll) is a growing
area of research. Here we describe a high-spin Fe(lll) coordination complex, Fe(ADAPT), as
one of the first examples of an Fe(lll) MRI probe that is responsive to Zn(ll). The six-coordinate
Fe(ADAPT) contains a phenolate appended 1,4,7-triazacyclononane (TACN) ligand framework
with the phenolate groups linked to a Zn(ll) binding moiety. Fe(ADAPT) lacks an exchangeable
inner-sphere water and thus relies on second-sphere and outer-sphere water interactions for
proton relaxation. Fe(ADAPT) is highly kinetically inert under physiological conditions at pH 7.4,
37 °C and to excess Zn(ll) over 72 hours. In the presence of two equivalents of Zn(ll) with 200
MM Fe(lll) probe, an increase in relaxivity of ~80% is observed. A ternary complex between

Fe(ADAPT), Zn(ll), and serum albumin leads to a nearly 200% increase in relaxivity.
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An important goal in biomedical research is to gain a better understanding of the role
of Zn(ll) homeostasis in biological processes.' 2 Zn(ll) is tightly regulated in the human
body and an imbalance may lead to adverse effects. For example, Zn(ll) imbalance in
the pancreas, prostate, and brain have been linked to diabetes, prostate cancer and
Alzheimer's disease, respectively.3 Zn(ll) ions in pancreatic B cells co-release with
insulin, which increases the extracellular concentration of Zn(ll) to 400 — 500 uM.%° The
Zn(Il) concentration of healthy prostate mammalian tissue is ~10 mM, but in prostate
cancer tissue the Zn(ll) concentration decreases ~6-fold.3 1% ' Hence, monitoring Zn(ll)
levels may give a better understanding of these diseases towards the development of
therapeutics.'? One imaging modality for monitoring Zn(ll) levels in vivo is magnetic
resonance imaging (MRI). Contrast agents or probes that modulate their signal as a
function of Zn(ll) levels are of interest to take advantage of the high resolution and

unlimited depth penetration of MRI.": 2

Most Zn(lIl)-responsive MRI probes are based on Gd(lI1)" 2 '3 or Mn(ll) complexes'*
15 with selected probes used for in vivo experiments to monitor changes in Zn(ll) levels
in pancreas and in prostate.® 4 4 Gd(IIl) complexes shorten the longitudinal relaxation

(T,) of the water protons through inner-sphere, second-sphere and outer-sphere

relaxation contributions. The dipolar relaxation contribution is further governed by the

number of bound water molecules (q), their exchange rate constant (1/t,,,), tumbling rate
constant (1/t,), and the electronic relaxation rate constant for the paramagnetic metal
ion (1/t,).'® For the responsive probes that are g-modulated, the Zn(ll) binding moiety

interacts with the Gd(lll) center to block inner-sphere water in the absence of Zn(ll) such
as Gd(L1)" and Gd(L3)'® in Scheme 1. In the presence of Zn(ll), donor groups switch
from Gd(lIl) to Zn(ll) coordination, leading to an increase in q at the Gd(lll) center and

an corresponding increase in relaxivity ranging from 20-200%."7-'° For the t, modulated

complexes, Zn(ll) binding results in a molecule with longer rotational times or, in some
cases, an aggregate with a single Zn(ll) binding to two probes.?° Alternatively, a ternary
complex with HSA may form in the presence of Zn(ll), resulting in an increase in
relaxivity as for Gd(L2).6 Combining both mechanisms produces a large change in

relaxivity in the presence of Zn(ll). For example, binding of Zn(ll) to Gd(L3) led to



dissociation of the acetate pendant to increase the q from 0 to 1 and induced formation

of aggregates to increase t,, which led to a 400% increase in relaxivity.'® 2!
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Scheme 1. MRI probes based on Gd(lll) or Fe(lll)

Our interest lies in developing Fe(lll) based MRI contrast agents,?? 23 to capitalize on
the role of iron as an earth abundant metal ion that is stored and recycled in the human

body. Here we present an Fe(lll) complex that utilizes the t, modulated mechanism for

sensing Zn(ll). In these studies, the 1,4,7-triazacyclononane macrocycle (TACN) is used
to capitalize on the kinetic inertness of macrocyclic complexes towards loss of iron in
the presence of strong acid or to the iron transport protein, transferrin, such as observed
for Fe(PTOB).?42¢ Moreover, phenolate pendants in combination with TACN
macrocycles stabilize high-spin trivalent iron as shown by redox potentials of -0.80 to -
1.2 V versus NHE.?”- 28 For the responsive sensor, phenol groups were functionalized

with iminodiacetate to give Fe(ADAPT), which contains three binding sites for Zn(ll).

The iron complex was prepared by mixing Et-ADAPT, prepared by reductive

amination (Scheme S1), with ferrous chloride in methanol in the presence of ambient



oxygen. Complexation of the iron was carried out with the protected ester to avoid iron
binding to the iminodiacetate (IDA) groups followed by hydrolysis of the esters to give

Ks[Fe(ADAPT)]. The effective magnetic moment (u¢ = 5.8) is consistent with a high

spin Fe(lll) complex. Solutions of Fe(ADAPT) exhibit an intense ligand to metal charge
transfer (LMCT) electronic transition which is characteristic of Fe(lll) with phenolate
donors (Figure S5).2°3" There were no significant changes to the LMCT band over the

course of 72 hours in the presence of biologically relevant anions 0.5 mM KH,PO, and
25 mM NaHCO; at pH 7.4 at 37°C or with a 20-fold excess of Zn(ll) (Figures S6, S7),

consistent with kinetic inertness under these conditions.

The speciation of the iron complex was studied by UV-vis spectroscopy as a
function of pH (Figure S8). That there were no significant changes from pH 2-7,
suggests that the phenolic oxygens remain deprotonated at acidic pH, in contrast to
analogous Fe(lll) phenolate complexes that have pKa values of 1.4 to 3.5.23 27 The slight
red shift of the LMCT band at basic pH is tentatively assigned to deprotonation of the
amines of the iminodiacetate group. Further, variable temperature 7O NMR studies
were carried out to study water interactions (Figure S9). The 7O NMR transverse

relaxivity (r,°) normalized to Fe(lll) concentration for Fe(ADAPT) is similar to Fe(DTPA),

a six-coordinate species that lacks an inner-sphere water ligand, and significantly less
than Fe(CDTA), a seven-coordinate species that has a rapidly exchanging inner-sphere
water.?% 26 This suggest that Fe(ADAPT) lacks an exchangeable inner-sphere water and

that second-sphere or outer-sphere interactions will drive relaxivity.28

Binding interactions between Fe(ADAPT) and Zn(ll) were studied by isothermal
titration calorimetry (ITC). Zn(ll) was titrated into an aqueous solution of 0.050 mM
Fe(ADAPT) to obtain a binding isotherm (Figure 1) which was fit to a sequential binding
model (eq. S3). The data was best fit to n = 3 to obtain three binding constants (Table
S1)oflogK=6.4+0.1,5.0 £0.1, and 4.0 £ 0.2 with corresponding dissociation
constants (Kp) of 370 £ 20 nM, 9 + 2 uyM, and 100 + 30 uM, respectively. These data
support strong binding of the first Zn(ll), 20-fold weaker binding of a second Zn(ll) and

even weaker binding of a third Zn(ll). A reverse titration of Fe(ADAPT) into a solution of



Zn(ll) was also studied (Figure S10). Under initial conditions for this titration, there is an
excess of Zn(ll) to the Fe(lll) probe. Binding constants are given in Table S2.
Interestingly, K1 and K2 values for the two titrations mirror each other, with K1
representing tighter binding for titration of Zn(ll) into excess probe and Kz representing
tighter binding for titration of probe into Zn(ll). The similarity of K1 for the first titration to
Kz for the reverse titration is most consistent with simple stoichiometry to produce 1:1

Zn(ll) and 2:1 Zn(ll)/probe complex.
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Figure 1. ITC binding isotherm of 0.050 mM Fe(ADAPT) with Zn(ll) in 0.10 M NaCl, 50 mM
HEPES, pH 7.4

The r1 relaxivity of Fe(ADAPT) was studied in buffered solutions at pH 7.4 at 1.4
T (60 MHz) at 33 °C. As shown in Figure 2A, the r1 of Fe(ADAPT) is 1.0 mM-'s"! in
buffered solutions, consistent with an Fe(lll) center lacking an exchangeable inner-
sphere water.?3 There was little change in relaxivity in the presence of 0.6 mM human
serum albumin (HSA) at pH 7.4, consistent with minimal binding of the probe to HSA in
the absence of Zn(ll). However, addition of Zn(ll) increases the r1 relaxivity of
Fe(ADAPT) up to 2 equivalents of Zn(Il) (~80%), followed by a slight decrease at 3
equivalents of Zn(ll) (Figure 2B). We attribute the increase in relaxivity to binding of two
Zn(ll) ions to the Fe(ADAPT) probe to enhance second-sphere water or proton
exchange as well as slower rotational correlation times. It is unlikely that Fe(ADAPT)

forms multinuclear (aggregate) complexes that involve binding of one Zn(ll) ion to the



IDA moieties of two different Fe(lll) complexes because binding of a second IDA to
Zn(ll) is orders of magnitude weaker than binding of the first IDA.323* Moreover, the
isothermal calorimetry titrations support 1:1 or 2:1 binding of Zn(ll) to probe and suggest
weak binding of the third Zn(ll) to the Fe(lll) ADAPT probe. The slight decrease in
relaxivity at > 2 ratio of Zn/probe may be related to speciation changes such as the

formation of oligomeric Zn(OH) species at increasing concentrations of Zn(ll).3%

To further study the basis for the increased relaxivity of the Fe(lll) complex in the
presence of Zn(ll), the analogous Ga(ADAPT) complex was prepared as a diamagnetic
analog for NMR studies. The "H NMR spectrum of the Ga(ADAPT) complex shows
nicely resolved proton resonances for the aromatic groups, the CHz2 groups of the
phenolate pendants and the CH: of the iminodiacetates (Figure S12). Upon addition of
one or two equivalents of Zn(ll), the CH2 resonances broaden, consistent with binding of
Zn(ll) (Figures S15 and S16). To study how binding of Zn(ll) influenced the size of the
probe, DOSY experiments were conducted. The diffusion coefficient initially
corresponded to a hydrodynamic radius of 1.1 nm, but increased to 1.6 nm, and 1.9 nm
upon addition of one or two equivalents of Zn(ll) respectively (Figures S17-S19). The
increase in size is consistent with binding of Zn(ll) to the ADAPT probe to form larger
molecules with slower rotational correlation times in solution, but does not support the

formation of larger aggregates.
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Figure 2. A) Plot of 1/T, of Fe(ADAPT) as a function of probe concentration to give r1. B) r, with
variable Zn(ll) titrated into 0.20 mM Fe(ADAPT). C) r, in the presence of Zn(ll), Cu(ll), Fe(ll),

Ca(ll), Mg(ll), with 0.20 mM Fe(ADAPT). All solutions contained 0.10 M NaCl, 50 mM HEPES,
pH 7.4 and 33°C. D) Zn(ll) titration of 0.20 mM Fe(ADAPT) with 0.60 mM HSA.

The selectivity of Fe(ADAPT) towards other biologically relevant metal ions was
studied. No significant change in r; was observed for Ca(ll) and Mg(ll) consistent with
low binding constants for the iminodiacetate moiety.3® Moreover, the probe still
responded to Zn(ll) by showing an analogous increase in relaxivity in the presence of
three equivalents of CaClz2 (0.60 mM). Addition of Cu(ll) gave an increase of ~60%,
similar to that of Zn(ll), whereas addition of Fe(ll) produced a 20% increase at a 3:1
ratio. However, competition with these metal ions is not expected to be significant due

to the low concentrations of Cu(ll) and Fe(ll) in blood.?”

Studies on Zn(ll) responsive contrast agents have shown that r; may be

increased through formation of a ternary complex between the contrast agent, Zn(ll),
and HSA.4 6.9.38 Following this approach, Zn(ll) was added to Fe(ADAPT) in the
presence of 0.6 mM HSA, the concentration of HSA in vivo (Figure 2D). The r,



increased to give a ry relaxivity increase of 170% at an 8:1 ratio of Zn(lll) to probe. The
unusual shape of the curve is postulated to arise from Zn(ll) binding to HSA, then to
Fe(ADAPT) along with formation of a ternary complex to HSA with correspondingly
higher relaxivity (Scheme 1). This model is consistent with strong binding of Zn(ll) to
HSA (Kp ~30 nM).?° Binding to HSA (0.6 mM) then to Fe(ADAPT) (0.20 mM) would

require a 6:1 ratio of Zn/probe. The observed 8:1 ratio is attributed to additional weak
binding to HSA.

Scheme 2. Model for Zn(ll) responsive probe: A) Zn(ll), human serum albumin binding

and B) probe and Zn(ll) to give Zn-probe-HSA complex

Fe(ADAPT) represents the first Fe(lll)-based MRI probe that is responsive to
Zn(ll), to the best of our knowledge. The probe design accommodates high-spin Fe(lll)
by using phenolate pendants, a TACN framework and iminodiacetates for increased
water solubility of the probe and for binding of Zn(ll). This framework will be used in
future research by variation of Zn(ll) binding moieties to better compete with HSA for
Zn(ll), and to modulate metal ion binding specificity as accomplished for Gd(lll) probes.?
For increased relaxivity to compete with Gd(lll) probes,? '® multiple Fe(lll) centers may
be linked in dinuclear*® or multinuclear*' complexes to lengthen the rotational

correlation times that are limiting at moderate magnetic field strengths.?



Supporting Information.

Additional experimental details, materials, and methods including synthetic
procedures and characterization of the ligands and Fe(lll) or Ga(lll) complexes by NMR

spectroscopy or mass spectrometry. (DOC)
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