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ABSTRACT: Uranium-230 is an a-emitting radionuclide with favorable Towards 2%°U Targeted Alpha Therapy

properties for use in targeted a-therapy (TAT), a type of nuclear P =

medicine that harnesses a particles to eradicate cancer cells. To qp / g g
? Y (4 oH Ho.

successfully implement this radionuclide for TAT, a bifunctional chelator
that can stably bind uranium in vivo is required. To address this need, we Q

investigated the acyclic ligands H,dedpa, H,CHXdedpa, H,hox, and Cg ?23
H,CHXhox as uranium chelators. The stability constants of these ligands . N

NH HN
& N WY
OH 1O

Thermodynamics Structural Studies Stability in vivo
with UO,*" were measured via spectrophotometric titrations, revealing _ . s ty
log fy, values that are greater than 18 and 26 for the “pa” and “hox” ;* \/ { \; 55
. o o q . HE X _ —~a 0
chelators, respectively, signifying that the resulting complexes are i.| /! < >_§ ! ;5\-:\, (?

exceedingly stable. In addition, the UO,*" complexes were structurally
characterized by NMR spectroscopy and X-ray crystallography. Crystallo-
graphic studies reveal that all six donor atoms of the four ligands span the equatorial plane of the UO,** ion, giving rise to
coordinatively saturated complexes that exclude solvent molecules. To further understand the enhanced thermodynamic stabilities of
the “hox” chelators over the “pa” chelators, density functional theory (DFT) calculations were employed. The use of the quantum
theory of atoms in molecules revealed that the extent of covalency between all four ligands and UO,*" was similar. Analysis of the
DFT-computed ligand strain energy suggested that this factor was the major driving force for the higher thermodynamic stability of
the “hox” ligands. To assess the suitability of these ligands for use with **°U TAT in vivo, their kinetic stabilities were probed by
challenging the UO,** complexes with the bone model hydroxyapatite (HAP) and human plasma. All four complexes were >95%
stable in human plasma for 14 days, whereas in the presence of HAP, only the complexes of H,CHXdedpa and H,hox remained
>80% intact over the same period. As a final validation of the suitability of these ligands for radiotherapy applications, the in vivo
biodistribution of their UO,** complexes was determined in mice in comparison to unchelated [UO,(NO;),]. In contrast to
[UO,(NOs;),], which displays significant bone uptake, all four ligand complexes do not accumulate in the skeletal system, indicating
that they remain stable in vivo. Collectively, these studies suggest that the equatorial-spanning ligands H,dedpa, H,CHXdedpa,
H,hox, and H,CHXhox are highly promising candidates for use in U TAT.

H INTRODUCTION this application is the radionuclide uranium-230 (**°U), which
possesses a 20.8-day half-life that is suitable for use with the long
biological circulation time of antibody-based targeting vectors.
This radionuclide produces five high-energy a particles
throughout its decay pathway to long-lived lead-210 (*'°Pb),
which can cause lethal and localized damage to cancer cells
(Scheme 1).%” A potential advantage of *°U with respect to
other a emitters is that its decay proceeds through a series of
short-lived radionuclides, a feature that should minimize the
translocation of these daughters from the target site after a

Applied for the management of metastatic castration-resistant
prostate cancer, radium-223 (***Ra) is currently the only a-
emitting radionuclide that is approved for clinical use in
humans." Administered as unchelated [***Ra]RaCl,, this
radionuclide localizes to bone, where its high-energy a particles
effectively eradicate bone metastases. With this successful
demonstration of the clinical value of a-emitting radionuclides
for therapy, there has been significant interest in applying this
approach for targeting soft-tissue metastatic lesions as well as
bone metastases. To accomplish this goal, an appropriate a- =
emitting radionuclide must be stably conjugated to high-affinity Received: December 24, 2021 g hemsty
tumor-targeting moieties, such as antibodies, peptides, or small Published: February 9, 2022 1
molecules, using a bifunctional chelator. This concept, known as

targeted a-therapy (TAT), has prompted the investigation of

other a-emitting radionuclides with more established coordi-

nation chemistry.'~> Among the promising new candidates for
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Scheme 1. Decay Scheme of 23°U
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recoil. Furthermore, promising production and purification

strategies for 2°U have been reported,” ™' suggesting that its

widespread availability for sustaining preclinical and clinical

studies may be achievable.

As noted above, the successful implementation of radiometals
for TAT requires that they be conjugated to a biological
targeting vector, such as an antibody or peptide, via a
bifunctional chelator. In addition to being able to form a
covalent bond with the targeting vector, an ideal bifunctional
chelator must be able to stably chelate the desired radiometal
with high thermodynamic stability and remain kinetically inert
in vivo to prevent transchelatlon in the presence of endogenous
ligands and macromolecules.'” Despite the promising radio-
logical properties of *°U, it has not yet been evaluated for its
therapeutic effects. The absence of such studies may partly be
attributed to the lack of known chelators for stably binding
uranium in vivo. The most stable form of uranium in aqueous
solution is the uranyl ion (UO,>*) in which uranium exists
formally in the 6+ oxidation state.*~"> A unique feature of this
ion is the presence of trans-oriented and strongly covalent U—
oxo (U—-0Oy) triple bonds. ' Thus, as opposed to other
radiometals under consideration for TAT that favor isotropic
coordination spheres, appropriate chelators for U must be
able to accommodate the trans-dioxo ligands by binding to this
metal center exclusively in the equatorial plane.

Chelation of UO,** has been the subject of intense
investigation over the last several decades primarily in the
context of environmental and energy applications. For example,
numerous studies have reported ligands for the extraction or
sequestration of uranium from aqueous solution.'”~>® With
respect to chelation of this ion in biological settings, there have
also been extensive research efforts to develop ligands as
decorporation agents for the removal of toxic concentrations of
UO,* from the body.””~*® A feature shared by many of these
ligands is the presence of hard oxygen-donor atoms to maximally
stabilize the highly oxophilic uranium center. To date, only one
study has reported ligands specifically investigated for the
implementation of **°U in TAT. This report found that p-
sulfonatocalix[6]- and calix[8]arenes form complexes with
UO,?* that display excellent thermodynamic stability but poor
kinetic stability in the presence of serum proteins.”® As such,
there remains a need for chelators that can stably bind UO,*" in
biologically relevant environments.
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In our search for stable uranium chelators, we sought ligands
that selectively coordinate in the equatorial positions of the
UO," ion. This search brought us to the family of acyclic ligands
H,dedpa, H,CHXdedpa, H,hox, and H,CHXhox (Chart 1).

Chart 1. Structures of Ligands Explored in This Study

b

NH HN
NH HN
OH HO q ;3:>

OH HO
Hydedpa H,CHXdedpa
NH HN :
NH HN
OH HO
OH HO
H,hox H,CHXhox

These chelators are highly effective for the diagnostic radio-
nuclides gallium-67/68 (¢/*Ga), copper-64 (°*Cu), and
indium-111 ("'In), forming complexes with excellent in vivo
stability.”’ ™ Given the high affinity of UO,*" for amino-
carboxylate and 8-hydroxyquinoline (oxine) donors and its
requirement for chelation in the equatorial plane, we
hypothesized that these ligands would be an ideal match for
the stable chelation of this ion for nuclear medicine applications.
Furthermore, because the ionic radius of U (0.73 A) is
comparable to those of Ga** (0.62 A), Cu** (0.73 A), and In**
(0.80 A), ions that form stable complexes with these ligands, we
rationalized that the ligand cavity size would also be suitable for
this application. In this work, we show that they are effective
chelators for UO,**, which form complexes with high
thermodynamic stability and excellent kinetic inertness under
biologically relevant conditions. Further, we investigated the
biodistribution of the UO,>* complexes of these ligands to assess
their in vivo stability. Ultimately, this work provides a better
understanding of the requirements for stable chelators that can
be employed to implement *°U for TAT and highlights the
value of this class of ligands for this application.

B RESULTS AND DISCUSSION

Synthesis and Characterization of the Ligands. The
ligands szedpa 48,5657 H,CHXdedpa,”*” H,hox,"* and
H,CHXhox’” were synthesized by reductive amination
reactions following slight modifications to previously reported
procedures. The ligands were fully characterized by NMR
spectroscopy, mass spectrometry, elemental analysis, and high-
performance liquid chromatography (HPLC; Figures S1—S43).
In addition, the solid-state structures of H,CHXdedpa and
H,CHXhox were determined by X-ray crystallography (Figure
S44). Relevant crystallographic parameters are given in Table
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S1, and a discussion of the structures is given in the Supporting
Information (SI).

The protonation constants (pK,) of these ligands have been
previously reported in solutions with several different supporting
electrolytes and ionic strengths.**>”>>™% Given that ionic
strength and electrolyte can influence the obtained protonation
constants of a ligand, we have replicated these studies in our
preferred conditions of 0.1 M KCI using a combination of
potentiometric (H,dedpa and H,CHXdedpa) or semibatch
spectrophotometric (Hyhox and H,CHXhox) titration techni-
ques (Table 1 and Figures $45—548). The obtained protonation
constants from our measurements agree well with the previously
reported values.

Table 1. Protonation Constants of H,dedpa, H,CHXdedpa,
H,hox, and H,CHXhox and the Predicted and Experimental
Thermodynamic Stability Constants of Their UO,**
Complexes (25 °C, I = 0.1 M KCI)“

szedpal’ HZCHXdedpab H,hox  H,CHXhox"

pKy 8.95(3) 9.39(2) 11.0(1) 10.95(9)
pK,, 6.32(6) 6.43(6) 10.10(8) 10.18(2)
pKy 3.15(6) 3.15(6) 8.63(5) 8.72(7)
pK.4 2.28(7) 2.40(8) 6.1(3) 5.37(2)
caled log Sy * 172 19.5 25.3 26.85
exptl log . 18.1(2) 18.8(1) 26.43(7) 26.7(1)
pUO, (pH74)¢ 1746 17.72 19.80 19.98

to the standard

“The number given in parentheses corresponds
“Determined by

deviation of the last digit of the stability constant.
potentiometric titration at 25 °C and I = 0.1 M. “Determined by
spectrophotometric titration at 25 °C and I = 0.1 M. “Predicted using
the regression equation given in Figure S54 at 25 °C and I = 0 M.
°pUO, = —log [UO,* ] ([UO,* ] = 107° M; [L] o = 107° M; pH
7.4;25 °C; I = 0.1 M KCI).

Solution UO,%* Complexation Studies. With the ligand
protonation constants in hand, we next evaluated the
coordination of UO,** by H,dedpa, H,CHXdedpa, H,hox,
and H,CHXhox by measuring the thermodynamic stability
constants (log fyy) of their UO,>" complexes using
spectrophotometric titration techniques. Initial pH potentio-
metric experiments with UO,>* and H,dedpa indicated that <5%

of free UO,*" was present at our lowest electrode-calibrated pH
value of 2.4, with the metal being entirely complexed at higher
pH values. Thus, pH potentiometric titrations were unlikely to
yield meaningful stability constants because these methods
require a mixture of free and complexed metal ions over the pH
range of the experiment. The poor aqueous solubility of the
complexes at the relatively high (millimolar) concentrations
required for these types of titrations further discounted their
suitability for determination of the log Sy values. To
circumvent these challenges, we carried out spectrophotometric
batch titrations following procedures similar to those previously
reported for other metal complexation studies (Table 1 and
Figures $49—853).*°%%%%% To support our aqueous equili-
brium models, a Job’s plot analysis of the UO,*" binding by the
ligands was carried out, indicating that all of these chelators
exclusively formed 1:1 [(UO,)L] complexes in solution (Figure
$49). Additionally, the monoprotonated complex ([MHL]*)
could not be reasonably modeled based on the titration data
over the pH ranges investigated for each ligand. A detailed
discussion of the data-fitting process is included in the SL

For H,dedpa and H,CHXdedpa, the log By values were
found to be 18.1 and 18.8, respectively. The oxine ligands,
H,hox and H,CHXhox, form significantly more stable
complexes, as reflected by their large log Sy values of 26.4
and 26.7, respectively. Using an established density functional
theory (DFT) method, we computed the stability constants and
found the experimental values to be within +1 log unit of the
calculated values (Figure SS4 and Table S2). This excellent
agreement confirms this computational approach to be a
valuable tool for screening new ligands for UO,** (Table 1).6
On the basis of the ligand protonation constants and
thermodynamic stability constants in Table 1, pH-dependent
speciation diagrams for solutions containing UO,** and each of
the four ligands indicate that the major species present at pH 7.4
is the 1:1 ML complex for all four chelators (Figure 1).

The log fyy values reported in Table 1 are pH-independent
absolute stability constants. Because these ligands can attain
different protonation states, the competition between H" and
UO,* binding will give rise to different pH-dependent
conditional stability constants that make a direct comparison
of the log By values less useful. As an alternative means of
comparing the ligand affinities at physiological pH, we used the
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Figure 1. Species distribution diagrams for (a) H,dedpa, (b) H,CHXdedpa, (c) Hyhox, and (d) H,CHXhox in the presence of UO,** at [L],,, =
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pUO, value (pUO, = —log [U022+]free$ U022+free =
uncomplexed UO,*"), which is a measure of uncomplexed
UO,?" that will be present at a given pH when the total ligand
concentration is 10~ M and the total UO,*" concentration is
107 M (Table 1).**°* Larger pUO, values are found for the
ligands containing the cyclohexyl (CHX) backbone compared
to their ethylenediamine (en) analogues, signifying stronger
conditional binding at pH 7.4. The enhanced stability of the
CHX ligands has previously been observed for their complexes
of Ga¥*, Pb**, and Cd****°”%3 and is attributed to the ability of
the rigid CHX moiety to preorganize the ligand in a
conformation that is favorable for metal chelation. The log
P values of the oxine chelators are 2 log units greater than their
picolinate counterparts, reflecting the higher affinity of 8-
hydroxyquinoline for UO,*" over dipicolinic acid.®*** Notably,
H,hox and H,CHXhox possess the highest pUO, values
reported in the literature, indicating that they are highly suitable
chelators for uranium.

In addition to forming stable complexes with the radionuclide
of interest, a ligand must be able to rapidly bind to the metal ion
in solution to minimize the extent of radioactive decay that
occurs prior to administration of the radiolabeled pharmaceut-
ical agent to the patient. Additionally, an ideal chelator should
only require mild conditions (room temperature and physio-
logical pH) for radiolabeling to avoid damage to the biological
targeting vector. To assess the suitability of H,dedpa,
H,CHXdedpa, H,hox, and H,CHXhox in this regard, we
measured the second-order rate constants for their complex-
ation of UO,*" in aqueous citrate (pH 5) or tris-
(hydroxymethyl)aminomethane (TRIS; pH 7.4) buffer at 2S
°C using UV—vis spectroscopy (Figures SS5—S58). Excess
molar concentrations of these ligands were mixed with UO,** to
obtain pseudo-first-order conditions.”” The second-order rate
constant for the complexation reaction was then determined
from the slope of a plot of the pseudo-first-order rate constants
versus ligand concentration.

The [UO,(L)] (L = dedpa®, CHXdedpa’~, hox*", and
CHXhox*") complexes form rapidly in aqueous solution (Table
2). The second-order half-lives for the complexation reactions,

Table 2. Second-Order Rate Constants (k,, M™' s™!) and
Half-Lives (¢, 5, s) for Complexation of UO,* by the Ligands
at 25 °C in Aqueous Solution

ligand ky(pH 5) k(pH74)  ti5(pHS)®  t5(pH 7.4)
dedpa 420 + 28 450 + 40 240 220
CHXdedpa 1320 + 140 1190 + 150 76 84
hox 73S 3420 + 340 1370 29
CHXhox 140 £ 5 2850 + 380 714 35

“Calculated using 10 uM ligand + 10 uM UO,*".

calculated using concentrations of 10 4M for both L and UO,*,
are all under 4 min, signifying fast reaction rates that will be
highly favorable for radiotherapeutic applications. The complex-
ation kinetics for Hyhox and H,CHXhox showed a marked
dependence on the pH, with significantly smaller second-order
rate constants obtained at pH S compared to pH 7.4, which is
most likely a consequence of the fact that the ligands are fully
protonated at lower pH (Table 1). In contrast, the binding
kinetics of the less basic H,dedpa and H,CHXdedpa ligands are
relatively invariant to these two pH conditions. A comparison of
the complexation kinetics of H,CHXdedpa and H,depda
highlights the favorable effect of the preorganized CHX
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backbone toward metal chelation; H,CHXdedpa can sequester
free uranium twice as fast as its en-based counterpart. By
contrast, the CHX group appears to have little influence on the
complexation kinetics of H,hox and H,CHXhox. These
chelators yield similar second-order rate constants for uranium
complexation, suggesting that donor arm binding, rather than
secondary amine binding, might be the rate-determining step for
these li%ands.

UO,°* Complex Structural Characterization. The
solution-state structures of the uranium complexes were
explored using 'H NMR spectroscopy. Spectra of
[UO,(dedpa)] and [UO,(CHXdedpa)] were obtained in
D,O (Figure 2), whereas those for the significantly less water-
soluble oxine complexes were acquired in dimethyl sulfoxide
(DMSO)-d¢ (Figure S59). The NMR spectra indicate the
formation of compounds with C, symmetry, as evidenced by the
chemical equivalency of the pendent donor groups. Further-
more, diastereotopic splitting of the methylene protons of the
pendent arms further confirms complexation of UO,".
Likewise, the methylene protons of the en backbone in
H,dedpa and H,hox show diastereotopic splitting upon
coordination (Figures 2a and S59a). By contrast, the protons
corresponding to the CHX backbone of the CHXdedpa and
H,CHXhox complexes do not undergo a change in the splitting
pattern compared to the free ligands presumably because of the
rigidity of this group (Figures 2b and S59b). Collectively, the
NMR spectra indicate that, in solution, the uranium center is
being chelated in a symmetric manner with both pendent arms
of all four ligands interacting equally with the metal.

The solid-state structures of the uranium complexes were
examined using IR spectroscopy (Figures S60 and S61) and
single-crystal X-ray diffraction (Figures 3 and 4). A detailed
discussion of the IR spectra of the complexes is provided in the
SI. X-ray-diffraction-quality crystals of [UO,(dedpa)] and
[UO,(CHXdedpa)] were obtained by vapor diffusion of
isopropyl alcohol into solutions of the complexes dissolved in
mixtures of water and methanol, and crystals of the hox
complexes were obtained by the slow vapor diffusion of diethyl
ether into methanolic solutions of the complexes at —20 °C over
several weeks. Crystallographic parameters and relevant
interatomic distances and angles are given in Tables 3 and S3.
All four chelators feature hexadentate chelation of UO,*", with
all of the coordinating atoms lying in the equatorial plane,
coordinatively saturating the metal center. Only three other
examples of hexadentate chelation of UO,** by acyclic ligands
have been structurally characterized.*”°*®” Overall, the
structures agree well with their symmetric NMR spectra, and
the characterization of these complexes as discrete 1:1 ML
species is consistent with the Job’s plot analyses.

The uranium center in each complex attains a distorted
hexagonal-bipyramidal geometry, with the axial U-O,,
interatomic separations spanning 1.770(6)—1.799(3) A
among the four complexes. These distances are within the
expected range for UO,*" complexes (Table 3). Within the
structure of the H,CHXhox complex, a hydrogen atom was
located on the difference Fourier map, indicating that one of the
8-hydroxyquinoline arms is protonated to yield the complex
[UO,(HCHXhox)]*, with the cationic charge balanced by an
outer-sphere NO;~ counteranion. As noted above, we were
unable to reasonably model the monoprotonated MHL species
from our titration data. The crystals of [UO,(HCHXhox)]*
were grown by the vapor diffusion of diethyl ether into a
methanolic solution containing [UO,(NO;),]-6H,0,
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Figure 2. Comparisons of the 'H NMR (500 MHz, 25 °C) spectra of (a) Hydedpa and [UO,(dedpa)] in D,O + 0.1% acetone at pD S and (b)
H,CHXdedpa and [UO,(CHXdedpa)] in D,O + 0.1% DMSO-d; at pD 7. The resonance corresponding to the second set of methylene protons of
[UO,(CHXdedpa)] is located under the D,O peak.
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Figure 3. X-ray crystal structures of (a) [UO,(dedpa)] and (b) [UO,(CHXdedpa)]. Thermal ellipsoids are drawn at the S0% probability level.
Counterions, outer-sphere solvent molecules, and hydrogen atoms bound to carbon atoms are omitted for clarity. For [UO,(CHXdedpa)], only one of
the two independent molecules present in the asymmetric unit is shown.

H,CHXhox, and triethylamine at —20 °C over a period of significantly from linearity (169.89—172.84°) in each complex.

several weeks, so it is unlikely that the speciation of the complex A larger deviation is found in the complexes of the ligands
in aqueous solution is reflected by these conditions. In contrast containing the CHX backbone (Table 3). Given that this trend
to H,CHXhox, the crystals of [UO,(hox)], which were obtained appears to depend on the ligand backbone rather than the nature
under similar conditions, revealed both oxygen atoms of the of the donor atoms, we hypothesize that the origin of this O,—
oxine arms to be deprotonated. A closer examination of the U-O,; bending is due to steric interactions rather than
UO,>" moiety reveals that the 0,,—U-0,; angle deviates electronic effects.”®
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Figure 4. X-ray crystal structures of (a) [UO,(hox)] and (b) [UO,(HCHXhox)](NO,). Thermal ellipsoids are drawn at the 50% probability level.
Counterions, outer-sphere solvent molecules, and hydrogen atoms bound to carbon atoms are omitted for clarity.

Table 3. Selected Interatomic Distances (A) and Angles (deg) for the Structures of the UO,?* Complexes”

complex 0,—U-0y U-0, U=0ic/ox U—Npyr/ox U-N,.
[(UO,)dedpa] 173.3(2) 1.770(6), 1.776(S) 2.403(3), 2.454(6) 2.650(7), 2.643(S) 2.653(9), 2.652(9)
[(U0,) 168.90(9); 1.795(2), 1.781(2); 1.777(2),  2.386(2),2.439(2); 2.412(2)  2.599(2),2.602(2); 2.588(2) 2.633(2), 2.642(2); 2.619(2)
CHXdedpa]” 170.30(9) 1.794(2) ,2420(2) ,2.607(2) ,2.644(2)
[(UO,)hox]* 172.84(15) 1.784(2) 2.405(2) 2.608(2) 2.651(3)
[(UO,) 169.89(9) 1.779(2), 1.791(2) 2.300(2), 2.638(2) 2.558(3), 2.621(3) 2.607(2), 2.625(2)
HCHXhox]*

“Oyic = picolinate oxygen, O,, = oxine oxygen, N,

T . . . . b
= picolinate oxygen, N, = oxine nitrogen, and N,, = amine nitrogen. “There are two

independent molecules in the asymmetric unit. “The complex sits on a crystallographic C, axis, such that the asymmetric unit consists of half of the

molecule.

With the exception of the protonated oxine arm in
[UO,(HCHXhox)]*, the equatorial U-N and U—O intera-
tomic distances are fairly consistent among the four complexes
and exhibit maximum variations of only 0.05 A within each bond
type. In the structure of [UO,(HCHXhox)]", the interatomic
distance between the uranium center and the deprotonated
oxine oxygen atom is considerably shorter (0.338 A) than that of
the protonated arm (Table 3). Collectively, these structural
characteristics indicate that UO," is situated nearly symmetri-
cally in the chelator binding pocket for all four ligands. The
similarities of these solid-state uranium-donor atom interatomic
distances do not reflect the significant differences between the
thermodynamic affinities of these ligands for UO,>".

A series of metrics can be used to quantify the relative strain or
distortion of a ligand upon chelation of UO,** (Figure 5).°*%
The first parameter, shown in Figure Sa, involves the equatorial
bite angles of the chelator (o,) and the sum thereof (} ,). The
angle between the amine nitrogen atoms in the backbone of the
ligand (6;) can be considered to be the overall chelator bite
angle.”” The value of o, is slightly larger (1—2°) for the ligands
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Figure S. Conformational metrics used to compare the relative ligand
distortion in the X-ray crystal structures discussed here.

containing the CHX backbone as expected, based on the
comparative rigidity of this group compared to en (Table 4).
The bite angles of the picolinate and oxine moieties, 6, and o,
are relatively invariant. For a ligand that attains a perfectly planar
conformation upon coordination, the value of Y 6, will equal to
360°, whereas distortion of the equatorial plane, due to
overcrowding, will lead to sum values that are greater than this
value. All four complexes feature values of Y o, that are greater
than 360° (Table 4), signifying a deviation from planarity caused
by steric crowding about the uranium center. The structures of
[UO,(dedpa)] and [UO,(hox)] attain Y6, values that are close
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Table 4. Conformational Metrics Used to Evaluate the Structures of the UO,>* Complexes

ligand o1 (deg) o, (deg) o (deg) o, (deg)
dedpa 60.3(2) 60.5(2) 63.1(2) 59.9(2)
CHXdedpa®  61.90(8); 61.82(7); 64.06(7); 60.59(7);
61.96(7) 62.22(7) 64.17(7) 60.05(7)
hox 62.55(8) 58.83(9) 62.76(13) 58.83(9)
CHXhox 64.49(7) 62.07(7) 64.75(7) 61.13(7)

“There are two independent molecules in the asymmetric unit.

o5 (deg) 0 (deg) Yo, (deg) O (deg) @ (deg)
61.3(2) 62.4(2) 367.5 3835 19.00, 20.40
61.48(8); 65.17(8); 375.02; 42.91; 18.83, 27.67;

61.35(7) 64.87(7) 374.62 52.96 21.68, 33.89
62.55(8) 65.15(11) 370.6 35.49 20.61, 20.61
59.26(7) 64.10(7) 375.8 41.65 19.37, 30.70

to 370°, whereas those containing the CHX ligands are more
distorted from planarity, as indicated by their larger Y o, values,
which hover near 375°. This deviation is further reflected in the
large displacement of the donor atoms from the mean uranyl
equatorial plane (Table S4). The oxygen-donor atoms of the
CHX ligands are displaced from this plane by more than 0.1 A
further than the en ligands. Thus, although the rigid CHX
groups may enhance the complexation kinetics and thermody-
namic stability via preorganization effects, their lack of flexibility
prevents the ligand from attaining a planar conformation when
bound to UO,*". The deviations of the ligand planarity observed
for these four complexes contrast with recently reported
hexadentate pyrrole-based ligands, which can attain a nearly
perfectly planar conformation (Y6, = 360.1—360.14°).%°

Two other metrics used to characterize the ligand distortion
(Figure 5b) include the angular deviation between the pendent
arms (6) and the angular deviation of the pendent arm from the
mean-square plane defined by the equatorially coordinated
donor atoms (). For aligand that coordinates UO,*" in a planar
fashion, such as bis(pyridyl-6-methyl-2-carboxylate)ethylamine
(dpaea),”"”* @ and ¢ should be equal to 0°. High values of 8 and
@ indicate significant ruffling of the ligand upon chelation to
UO,*. The values of # and ¢ for the four complexes are
collected in Table 4. The large values of 8 (>35°) and ¢ (>19°)
found in all four complexes indicate that these ligands are
significantly ruffled, reflecting a similar degree of distortion that
has been observed in several other uranium complexes of
macrocyclic and acyclic ligancls.46’73’74 Collectively, the metric
parameters Y., 0, and ¢ indicate that none of the four ligands
in this study can bind to UO,*" in a perfectly planar manner.
However, the high stability constants afforded by these ligands
suggest that this type of ideal coordination is not necessary for
stable chelation of UO,*".

Computational Studies. The thermodynamic data de-
scribed above indicate that the ligands containing 8-hydrox-
yquinoline pendent arms form more stable complexes with
UO,*" than their picolinate-containing counterparts. Previous
studies have established that the actinides can form covalent
bonds in the equatorial plane that arise from overlap of the 5f
and ligand-based orbitals.”*"** As such, we hypothesized that
the enhanced stability of H,hox and H,CHXhox compared to
H,dedpa and H,CHXdedpa may be, in part, due to increased
covalency in the equatorial interactions between the uranium
center and the strongly donating oxine groups.”” We
investigated the nature of the metal—ligand interactions using
Bader’s quantum theory of atoms in molecules (QTAIM).**
Within the QTAIM framework, the electron density (p) is
divided into partitions by zero-flux surfaces and the bond path
between two atoms is defined by the line of local maximum p
between them. Along the bond path, the magnitude of p
decreases and reaches its minimum at the intersection of the
bond path and the zero-flux surface between the two atoms of
interest, which is known as the bond critical point (BCP). The
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nature of the interatomic interactions between two atoms can be
described using parameters at the BCP such as the electron
density ppcp, Laplacian of the electron density VZpycp,
Lagrangian kinetic Gycp, potential Vicp, and total energy Hpcp
densities. It has been found that pgcp and V2pycp are inadequate
for fully describing the bonding interactions of actinide
complexes.*>*® As an alternative and more robust means of
analysis, the ratios of the potential and kinetic energies (IVzcp/
Ggcpl) and normalized total energy densities (Hgcp/ppcp) are
used to describe the nature of the interatomic interactions in
actinide complexes.”’~”* These parameters have been bench-
marked and validated as a means of assessing the covalency
within actinide-containing compounds.

The QTAIM parameters for the [UO,(L)] complexes
described here are compiled in Tables S5—S8 and Figure S62.
As expected, QTAIM analysis finds six BCPs and bond paths
between the uranium center and the six ligand-based oxygen-
and nitrogen-donor atoms in all four complexes. At these BCPs,
which reside closer to the ligand donor atoms than the uranium
center, ppcp < 0.1 e~ A3 and V?pyep > 0 au, whereas Hpcp < 0
and [Vcp/ Gpepl > 1. These values suggest that these interactions
do possess a degree of covalency like other equatorial-spanning
ligands found in related uranium compounds.”*™"” The degree
of covalency can be analyzed by comparing the ratio of Hpcp/
prce- 7% As seen in Tables S5—S8, the values of Hycp/ppcp are
largely invariant among the four complexes, indicating that all
four ligands interact with UO,** with a similar degree of
covalency. Therefore, the significant differences in the
thermodynamic stability of the uranium complexes of these
ligands cannot be solely explained through differences in the
metal—ligand covalency.

To explore alternative reasons for the significantly higher
thermodynamic stabilities of the oxine complexes, we next
calculated the ligand strain energies (AG;) of chelation upon
complexation of UO,*". The strain energy is defined as the
energy difference between the free ligand in its relaxed
equilibrium conformation and that of the ligand in the
conformation of the optimized metal complex (Figure
$62).75719 This energy term reflects a degree of ligand
preorganization and has been shown to correlate with the
metal-binding properties of polydentate ligands.'”' ~'** As seen
in Table 5, AG, decreases with increasing thermodynamic
stability, indicating that the conformational rigidity and

Table S. Relative Strain Energies (AG,, kcal mol™")“ of the
Ligands in Their UO,** Complexes

ligand AG, (kcal mol™)“
H,dedpa 40.5
H,CHXdedpa 34.8
Hhox 114
H,CHXhox 0

“Normalized to H,CHXhox, which displays the lowest AG,.
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preorganization of this ligand class plays an important role in
their abilities to stably chelate UO,*". Somewhat unexpectedly,
the effect of the rigid CHX group on the strain energy is less
significant than that of the donor arms. For example, exchanging
the picolinate donor arms for oxine donors decreases AG, by
approximately 30 kcal mol™!, whereas introducing the CHX
backbone but keeping the donor arms identical only decreases
AG; by 10 kcal mol ™.

In Vitro UO,2* Complex Stability Studies. Previous
studies have shown that UO,** binds to numerous biological
species including albumin, transferrin, and carbonate with high
affinity.'**~"%” Accounting for the strengths of these inter-
actions, a chelator with a binding constant of at least 10 Mg
required in order to stably chelate uranium in vivo.'* According
to this criterion, all four ligands investigated here are promising
chelators for UO,*" for application in TAT. Although this prior
speciation study provides a guideline for the required
thermodynamic stability, kinetic inertness is another key
criterion for the effective use of bifunctional chelator—
radiometal complexes in nuclear medicine. To probe the kinetic
stability of these uranium complexes, we first evaluated their
ability to remain intact in the presence of hydroxyapatite (HAP),
which is the main inorganic component of bone tissue. Uranium
has a high affinity for this mineral, a fact that is reflected by its
high uptake in bone upon accidental inhalation or ingestion.'*®
The deposition of high-activity uranium isotopes in bone
mineral causes both acute and chronic bone damage and cancer,
events that must be avoided for the implementation of *°U in
TAT.

The four uranium complexes were incubated with 2000 equiv
of solid HAP in a 0.1 M TRIS buffer at 37 °C. The amount of
intact complex remaining in solution was analyzed by HPLC
after 1 h, 24 h, 7 days, and 14 days (Figures 6 and S63). For
comparison, [UO,(NO;),]-6H,0 was incubated under the
same conditions, and the amount of remaining uranium in the
solution was monitored using the colorimetric indicator
arsenazo I1IL As seen in Figure 6, [UO,(NO;),]-6H,0 is rapidly
removed from the solution by HAP in a matter of hours. Only
10% of the original uranium remains in solution after 12 h, and
by 120 h, it is undetectable in the solution. By contrast,
[UO,(CHXdedpa)] shows excellent kinetic stability under
these conditions and remains >99% intact after 14 days. The
other complexes are less stable under these conditions but
remain >60% intact over the period investigated (Figure 6a). In
the case of [UO,(CHXhox)], only 15% of the initial complex
remains in the solution after 14 days. We note that this complex
has a low solubility in water, especially at high ionic strength.
Therefore, it is difficult to determine whether the loss of complex
from the solution is a result of precipitation or dissociation of the
complex in the presence of HAP. Although [UO,(CHXdedpa)]
does not possess the highest thermodynamic stability constant
among the four complexes, it showed the greatest kinetic
stability in the presence of HAP, underscoring the fact that
thermodynamic affinity cannot always be used as a predictor of
kinetic stability.

Because most TAT radiopharmaceutical agents are adminis-
tered intravenously, we further investigated the kinetic stability
of these complexes in human plasma. The four complexes were
incubated in a 1:1 solution of TRIS buffer (0.1 M, pH 7.4) and
human plasma at 37 °C, and the amount of intact complex was
analyzed by HPLC (Figures 6 and S64). All four complexes
display excellent kinetic stability in plasma and remain >98%
intact after incubation for 14 days (Figure 6b). Previous studies
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Figure 6. Kinetic stability of [UO,(L)] complexes in a 0.1 M TRIS
buffer (pH 7.4, 37 °C) containing (a) 2000 equiv of HAP or (b) human
plasma over 14 days, as measured by HPLC.

have reported ligands capable of complexing UO,** in blood,
serum, or pleismei.29’3l’44’109’110 However, none of these
investigations examined the long-term (>10 days) stability of
the complexes. This study is the first report to demonstrate the
long-term stability of uranium complexes in human plasma,
reflecting the potential value of these ligands for **°U in TAT.
The differing stability of the uranium complexes in the presence
of HAP compared to plasma highlights how the kinetic stability
of metal complexes is highly dependent on the local biological
environment.

Biodistribution Studies. In light of the promising kinetic
stability of the uranium complexes in biologically relevant
environments, we proceeded to evaluate their distribution in
vivo in comparison to [UO,(NO,),]-6H,0. Mice were treated
with 4 mg/kg [UO,(NO;),]-6H,0, [UO,(dedpa)],
[UO,(CHXdedpa)], or [UO,(hox)] via intravenous injection,
and the organs of interest, including the blood, heart, liver, lungs,
spleen, kidney, and bone (tibia), were excised at several time
points for analysis of the uranium content by inductively
coupled plasma mass spectrometry (Figure S65). The complex
[UO,(CHXhox)] was omitted from this study because of its
poor aqueous solubility, which resulted in its precipitation in the
circulatory system upon injection, causing lethality. As observed
in previous studies, the administration of [UO,(NO;),]-6H,0
results in a significant accumulation of uranium in bone (Figure
7a), as well as the spleen and kidneys."''™'"> Other bone-
seeking heavy radionuclides, such as radium,M6’117 also localize
to the spleen in small animals. In this study, renal retention of
uranium was lower than expected based on related biodis-
tribution experiments. Therefore, the biodistribution of this
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Figure 7. Ex vivo biodistribution profiles of (a) [UO,(NO;),]-6H,0, (b) [UO,(dedpa)], (c) [UO,(CHXdedpa)], and (d) [UO,(hox)] at 30 min, 2
h, and 24 h. Comparison of the uranium content in the (e) tibia and (f) lung for the data shown in parts a—d. Values are expressed as percentage of
initial dose per gram of tissue weight + standard error of measurement (n = 3—S5). Note the different scales of the y axis of each panel.

element may vary with the method and route of administration
(acute versus chronic exposure and oral versus intravenous
administration)."'*""®

In comparison to [UO,(NO;),]-6H,0, the uranium com-
plexes [UO,(dedpa)], [UO,(CHXdedpa)], and [UO,(hox)]
were rapidly cleared from the blood with minimal uptake in the
bone (Figure 7b—d). These data indicate that the complexes are
cleared rapidly, suggesting that UO,*" is stably bound by these
ligands in vivo. In addition, low but detectable values of uranium
were found in the lung, liver, and kidney upon treatment with
[UO,(CHXdedpa)] and [UO,(dedpa)]. Within mice treated
with [UO,(hox)], significant accumulation of uranium in the
lungs was observed. This aberrantly high lung uptake may arise
from precipitation of this compound upon intravenous injection
because insoluble material in the blood accumulates in the
pulmonary capillaries. Notably, we observed no discernible
redistribution of the uranium from organs of uptake to the bone
at later time points. Although these results highlight the excellent
kinetic stability of the uranium complexes in vivo, it should be
noted that these experiments used **U as the source of uranium,
which required substantially greater mass dose levels (4 mg/kg)
of complex than would be required for a radiotracer study
employing the much shorter-lived **°U. As such, further
verification of the distribution and stability of the *°U
complexes will be required.
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B CONCLUSIONS

In this report, we described the coordination chemistry of the
chelators H,dedpa, H,CHXdedpa, H,hox, and H,CHXhox with
UO,*" as a means of assessing their potential use for 2°U TAT.
These ligands are highly effective chelators for the diagnostic
radionuclides %Ga, *Cu, and 'In, forming stable octahedral
coordination complexes. Through our X-ray crystallographic
studies, we showed that they can also effectively span the
equatorial plane of UO,*", binding this ion with all six donors
and providing a coordinatively saturated complex. Thermody-
namic stability studies reveal that these ligands have high
affinities for UO,*". Notably, the pUO, values measured are the
largest reported to date, indicating that these ligands are ideally
suited for UO,*" chelation. Considering these high thermody-
namic stabilities, it is noteworthy that the X-ray crystal structures
reveal the ligands to deviate significantly from planarity upon
UO,*" binding, suggesting that perfect planarity is not required
for stable chelation of this ion. Although the more basic hox
ligands are significantly more thermodynamically stable than the
pa ligands, DFT and QTAIM calculations suggest a similar
degree of covalency between the uranium center and the ligand
donor atoms in each complex. The DFT-computed ligand strain
energy, however, was found to be appreciably different for these
two ligand classes, implicating this property to be an important
factor in determining UO,*" stabilization. An unexpected result
from the DFT strain energy calculations was that the presence of
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the CHX group had a smaller effect on this parameter than the
picolinate and oxine donor arms. Thus, this result suggests that
an alternative approach to increasing the metal—ligand affinity is
to focus on rigidifying the donor arms of acyclic ligands as well as
the ligand backbone. Furthermore, our crystallographic analysis
showed that there was little correlation of the planarity of the
equatorial donor atoms with the stabilities of the complexes.
Thus, it is feasible that hexadentate open-chain ligands with even
greater affinity for UO,** could be developed.

The kinetic stabilities of the uranium complexes of the ligands
reported here under biologically relevant conditions were also
investigated. The complexes are all sufficiently stable (>95%) in
human plasma but differ in their labilities in the presence of
HAP. Although H,CHXdedpa does not possess the largest
log fy among the four ligands tested, its uranium complex is the
most stable to the HAP challenge, highlighting how thermody-
namic affinities do not necessarily correlate with kinetic
inertness. Last, biodistribution studies using murine models
provided compelling evidence that the uranium complexes of
H,dedpa, H,CHXdedpa, and H,hox are stable in vivo, further
validating their candidacy as chelators for targeted radiotherapy
with 2°U.

In conclusion, this study is the first to describe the long-term
stability of UO,>" coordination complexes in biological
environments. Although chelators with a high affinity for
UO,*" have been reported, these ligands have primarily been
employed as decorporation agents to remove this radionuclide
from the body, and demonstrations of their kinetic stabilities in
biological systems are lacking. As such, this work will motivate
continued efforts toward the successful implementation of >*°U
in TAT. Ongoing work is focused on the development of
targeted constructs employing these chelators for such
applications.
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