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The coordination chemistry of Ra?* is poorly defined, hampering
efforts to design effective chelators for 222Ra-based targeted alpha
therapy. Here, we report the complexation thermodynamics of Ra%*
with the biomedically-relevant chelators DOTA and macropa. Our
work reveals the highest affinity chelator to date for Ra?* and
advances our understanding of key factors underlying complex
stability and selectivity for this underexplored ion.

Recently, there has been a surge of interest in radium (Ra)
for targeted alpha (a) therapy (TAT), a rising cancer treatment
strategy that couples the cytotoxicity of a particles with the
tumor specificity of biological targeting vectors to selectively
eradicate cancer cells.! This interest is spurred by the clinical
success of the a emitter 223Ra (t;/, = 11.43 d) for treating bone
metastases in patients with castration-resistant prostate
cancer.? Administered as a simple dichloride salt, 223Ra?*
accumulates in bone because of its chemical similarity to
endogenous Ca?*, where it deposits a lethal dose of ionizing
radiation. However, to advance this a emitter forward for TAT
of non-osseous cancers, its stable attachment to a targeting
vector via a bifunctional chelator is required.? Despite several
efforts towards this goal, no chelator has been found to
complex 223Ra with sufficient in vivo stability to enable its
targeted delivery to soft-tissue metastases.

A key challenge hindering the development of suitable
chelators for 223Ra resides in our limited understanding of the
coordination chemistry of Ra?*, the largest +2 ion in the Periodic
Table.? In this regard, even the most fundamental properties of
Ra?* in aqueous solution, such as the hydration number and
bond distances of the Ra—aquo ion, remain unknown.
Furthermore, few efforts have been undertaken to characterize
the structure, kinetics, and thermodynamics of coordination

aChemical Sciences Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee
37831, United States. E-mail: ivanova@ornl.gov, thielena@ornl.gov

b-Radioisotope Science and Technology Division, Oak Ridge National Laboratory,
Oak Ridge, Tennessee 37831, United States

$Electronic Supplementary Information (ESI) available: [details of radioisotopes, pH-

potentiometric titrations, cation exchange and solvent extraction methods, and DFT

calculations]. See DOI: 10.1039/x0xx00000x

Alexander S. Ilvanov,*2 Megan E. Simms,? Vyacheslav S. Bryantsev,? Paul D. Benny, Justin R.
Griswold,b Laetitia H. Delmau,? Nikki A. Thiele*?

0 0
OH HO 0, (0]
= " 7 VTR T
\ ,N(—O 0—>N_ HO EN N, OH
N N HO N N~ OH
Q—C) 0—) O>/_/ —
\_/ -
macropa DOTA

Fig. 1. Chemical structures of the chelators discussed in this work.

complexes of Ra?* with organic chelators.® As such, the key
bonding interactions,
and chemical speciation underlying the formation of (un)stable

association/dissociation mechanisms,

complexes of RaZ* are poorly established. This information is
challenging to obtain because of the limited availability and high
radioactivity of all Ra However, advancing our
knowledge of these facets of Ra?* coordination chemistry is
critical for establishing a foundation upon which to build
increasingly effective chelators for 223Ra-based TAT.
Towards this goal, we report our experimental
computational efforts to establish the complexation
thermodynamics of RaZ* with the macrocycles macropa and
DOTA, two state-of-the-art chelators for TAT (Fig. 1). Through
this work, we have discovered that macropa possesses the
highest affinity reported to date for Ra%* under physiologically
relevant conditions. We also establish a better understanding of
the bonding interactions and structural factors that underpin
Ra?* complex stability and selectivity. Our findings highlight how
thermodynamic parameters coupled with atomic-level insights

isotopes.

and

from quantum chemical calculations can be leveraged to
establish ligand design principles for underexplored radioactive
ions and mark an important step towards establishing the
chelation chemistry of Ra2*.

Our motivation for probing the complexation
thermodynamics of RaZ* with macropa and DOTA arises from
their demonstrated ability to chelate similar radiometals of
interest for nuclear medicine applications,” including the large
225A¢3* jon, another promising a emitter under investigation for
TAT.8 Furthermore, studies have shown that macropa and DOTA
can bind the Ra2?* ion in aqueous solution,**4d sparking
investigations into their use in 223Ra-based TAT.%4° However,
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despite this interest in macropa and DOTA for ?23Ra chelation,
the stability constants, or log K values, of their complexes with
RaZ* remain unknown. These values can provide valuable insight
into the fundamental coordination preferences of Ra%* and
serve as a useful metric to compare binding strengths and
selectivities among chelators. To date, stability constant studies
of Ra?* complexes have been limited to simple organic acids and
acyclic polyaminocarboxylate ligands,®° which are known to
form complexes of low stability in vivo with many radiometals.”?
Here, we expand our knowledge of the stability constants of
RaZ* complexes to include two chelators that are directly
relevant for use in biomedical applications. All experiments
were carried out using 223Ra as the source of the Ra%* ion.

We first explored a biphasic competitive complexation
method for determining 223Ra?* stability constants because it
has been used previously to measure the stability constants of
macropa with other radiometals.’* However, we discovered
unexpectedly that the neutral [Ra(macropa)] complex partitions
to the organic phase (Fig. S1, ESI¥), rendering this method
unsuitable for further use (Section 1.4, ESI¥). Instead, RaZ*
stability constants were measured via cation exchange with
Dowex 50W X8 Na* resin1®12 and an aqueous phase comprising
macropa or DOTA in MES or HEPES buffer, respectively. The
ionic strength was held constant at 0.2 M with NaCl, a
physiologically relevant electrolyte. From the resin/aqueous
phase distribution ratios of 222Ra in the absence (Do) or presence
(D) of varying concentrations of macropa and DOTA at a
constant p[H], an overall conditional stability constant, or Bapp
value, for the complexation of Ra?* by each ligand was obtained
via linear regression according to eq (1).

%_lzﬁapp[l‘n_] (1)

In this equation, [L"] represents the concentration of fully
deprotonated ligand, macropa?~ or DOTA*, which was
calculated from [Lliota, solution p[H], and ligand protonation
constants determined by potentiometric titration in 0.2 M NaCl
(Table S1, Fig. S2-56, ESIF). Bapp represents the sum of Brn[H*,
wherein Bmnn is the stability constant for the complex MHL
(Section 1.5.4, ESI¥).13 A ligand-to-metal stoichiometry of 1:1
was determined for both chelators from slope analyses of
logarithmic plots of the distribution data (Fig. S7-S8, Tables S2—
S3, ESIF). Analysis of B,pp as a function of p[H] revealed the
absence of protonated metal-ligand complexes over the p[H]
range studied for each ligand (macropa, p[H] 5.62—-6.29; DOTA,
p[H] 7.68-8.46; Fig. S9-S17, ESI%).1* As such, the average log
Bapp value was taken as the pH-independent stability constant,
or log Ky, value, for each [Ra(L)]" complex (Table S4, ESI).

Shown in Table 1, a log Kr, value of 10.00(2) was
determined for [Ra(macropa)]. This stability constant exceeds
the largest published stability constant for a Ra?* complex in
aqueous solution, that of [Ra(diethylenetriaminepentaacetic
acid)]®, by 1.5 orders of magnitude (log Kraptea = 8.5, 0.1 M
NaClO,4).1%¢ By contrast, our results indicate that [Ra(DOTA)]Z is
only moderately stable, reflected by a log Kz, value of 7.82(4).
This comparatively lower stability can be attributed to DOTA’s
high affinity for the Na* ion (log Knapota = 4.2),*°> which was used
as part of the ionic medium and thermodynamically competes
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Table 1. Thermodynamic Stability Constants of Alkaline Earth Complexes
of Macropa and DOTA Determined at 25 °C and | = 0.2 M NaCl?

macropa?” DOTA*
log Keat 6.06(3)° 13.68(3)°
log Ksr. 9.70(1)° 11.81(4)°
log Ksre 3.35(4)°
log Kga. 11.45(3)°, 11.02(7)¢ 9.31(3)%, 9.46(2)°
l0g Kgani 3.74(1)P
log Katat 2.79(7)°
log Kgat 10.00(2)<4 7.82(4)cd
log K'za® 9.28 4.29

aThe values in parentheses are 1 standard deviation of the last significant
figure. PDetermined via potentiometric titration. Determined via 133Ba or
223Ra cation exchange. 9No protonated ML complexes were detected over the
pH range investigated (see text). ¢Conditional stability constant at p[H] 7.4.

with Ra?* for binding to DOTA. Conversely, Na* binding by
macropa is negligible (Fig. S6, ESI*). Upon further refinement of
the data to account for Na* chelation by DOTA (Section 1.5.5,
ESI%), a log Kga. value of ~11.3 was obtained, revealing DOTA’s
high affinity for the Ra?* ion under Na*-free conditions. This
finding corroborates our current understanding of the nature of
ligand binding interactions with the Ra2* ion as being dominated
by electrostatics, such that highly charged chelators like DOTA*~
are expected to form complexes of relatively high
thermodynamic stability with RaZ*.6 However, these results also
underscore the importance of considering the effects of Na* and
other competing endogenous ions on Ra?* complex stability
when seeking to implement new chelators for 222Ra-based TAT.

In further comparing the complexation thermodynamics of
macropa and DOTA with Ra?*, another useful metric is provided
by the conditional stability constant, or log K' value, at
physiological pH 7.4. This constant accounts for competition
between protons and metals for binding to a ligand in aqueous
solution, providing a more meaningful comparison of complex
stability between chelators of differing basicities.'® Notably, the
log K',u7.4 value of [Ra(macropa)] is 9.28, only 0.72 log K units
lower than the pH-independent log Ky, of the complex (Table
1). This retention of high affinity near neutral pH arises from
macropa’s low basicity (Jlog K, = 20.6), such that a significant
portion of the ligand is already completely deprotonated at pH
7.4. By contrast, [Ra(DOTA)]Z is destabilized by over 3 orders of
magnitude at pH 7.4 (log K'y17.4=4.29). A log K',u7.4 value of 4.3
is also calculated for [Ra(DOTA)]%~ under Na*-free conditions.
This dramatic pH-dependent decrease in complex stability is a
consequence of DOTA’s higher basicity (Jlog K, = 28.9 and 32.4
in 0.2 M NaCl and NMe,Cl, respectively). Collectively, these
differences render [Ra(macropa)] 100,000-times more
thermodynamically stable than [Ra(DOTA)]> at pH 7.4,
revealing macropa to be remarkably superior to DOTA for RaZ*
chelation under biologically-relevant conditions.

To garner further insight into the binding selectivities of
macropa and DOTA in the context of Ra?* chelation, we next
determined the stability constants of their complexes with
other alkaline earth (AE) ions, namely CaZ*, SrZ*, and BaZ*, by
potentiometric titration (Table 1, Fig. S2—-S5, ESIt). Ba2* stability
constants were also measured by cation exchange using 133Ba
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Fig. 2. (a) AE?* stability constants of macropa and DOTA in 0.2 M NaCl versus the 8-
coordinate ionic radius of each ion. Inset: Strain energies (AAE,) of D18C6 and
cyclen fragments of macropa and DOTA upon complexation with AE?*, relative to
Ca?*. (b) DFT-optimized structures of [Ra(macropa)] and [Ra(DOTA)]>~.

(Table 1, Fig. S18-22, ESI¥). The log Kz, values from both
techniques were similar, validating the accuracy of our
radiotracer method. As shown in Fig. 2a, the affinity of DOTA for
AEs steadily decreases in traversing down the group from the
small Ca?* ion (log Kca = 13.68) to the large Ra%* ion (log Kga. =
7.82). This trend is expected based on the conventional metal-
ion selectivity pattern established for DOTA, in which smaller,
more charge-dense ions are more strongly chelated in
comparison to larger, less charge-dense ions.'>'7 By contrast,
the stability constants of macropa with the AEs increase from
Ca?* (log Kca. = 6.06) to Ba?* (log Kg,. = 11.45). This unique
preference for large over small metal ions has been previously
reported for macropa and is attributed to a size match between
large ions and the large 18-membered macrocyclic binding
cavity of macropa.'® However, unexpectedly, macropa complex
stability drops by nearly 1.5 log K units on moving from the large
BaZ* ion to the even larger Ra?* ion (Fig. 2a). This decrease in
stability suggests that macropa’s diaza-18-crown-6 (D18C6)
macrocyclic cavity does not optimally stabilize Ra2*,1%d revealing
a limit in its effectiveness for binding large metal ions.

To gain a deeper understanding of the molecular origins of
the obtained experimental results, we carried out density
functional theory (DFT) calculations at the
B3LYP/SC/def2TZVPP/IEF level of theory (see ESIF for details).
We first validated our computational model by calculating the
Gibbs free energy of exchange, AAGS',,, for the competitive
complexation of Ca?* over larger AE?* ions shown in eq. (2),
[Ca(NO3)2(H20)10](aq) + [AE(L)]" (aq) = [Ca(L)]" aq) + [AE(NO3)>

(H20)10)(aqy BAG™ € 4 (2)
We have used this approach previously to predict ligand
selectivities for f-block metal ions in aqueous medium.'® The
obtained AAG<,, values capture the AE selectivity trends of

This journal is © The Royal Society of Chemistry 20xx
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macropa and DOTA observed experimentally, in which macropa
preferentially binds larger AE?* ions over Ca?*, giving rise to
positive Ca/AE AAG values, whereas DOTA forms more stable
complexes with smaller cations, leading to negative Ca/AE AAG
values (Table 2). Impressively, our results are also in near
quantitative agreement with AAG®*®,, values. Collectively, these
data validate our computational model and demonstrate, for
the first time, the accurate prediction of ligand selectivities for
Ra?* relative to other AE?* metal ions.

Examination of the DFT-optimized geometries of
[Ra(macropa)] and [Ra(DOTA)]? (Fig. 2b) shows that Ra—O, (O,
= ether oxygen) and Ra—N, (N, = amine nitrogen) bonds are
typically ~0.4-0.5 A longer than Ra—O. (O. = carboxylate
oxygen) bond distances in the complexes. These differences
suggest that the negatively charged pendent carboxylate
donors of macropa and DOTA interact more strongly with Ra?*
than do the neutral macrocyclic ether and amine donors. To
further probe these interactions, we performed natural bond
orbital (NBO) analysis of chemical bonding in the complexes. As
expected, the calculated Wiberg bond indices (WBIs, Table S6,
ESI¥), which serve as a measure of bond order, are higher for
Ra—O. bonds (0.0378—0.0432) than for Ra—O, and Ra—N, bonds
(0.0133-0.0199). [Ra(macropa)] is further stabilized by two Ra—
N, interactions with the pyridine nitrogen atoms, which also
show comparatively high WBIs of 0.0285 due to partial
delocalization of negative charge through conjugation with the
carboxylate groups of macropa. Additionally, the NBO analysis
indicates that the formal polarized Ra—O and Ra—N dative bonds
originate from a characteristic o-type donation of electron
density from the donor O and N lone pairs (LP:) to the vacant
acceptor orbitals (n*g,) of primarily 7s character on Ra (Table
S7, ESIF). Collectively, these results support the notion that
bonding interactions between RaZ* and the chelators are
predominately ionic in nature and underscore the importance
of negatively charged donor atoms in stabilizing this ion.

Lastly, to understand the factors underpinning the trends in
selectivity of macropa and DOTA for RaZ* versus other AEs, we
performed a second-order perturbation theory (SOPT) analysis
coupled with relative strain energy (AAE;) calculations. These
studies correspondingly assess the strength of coordinate
bonding interactions in the complexes and the ligand
reorganization energy required for complexation. AAE,
calculations were carried out for the neutral cyclen and D18C6
fragments of DOTA and macropa, respectively, to avoid bias
from intraligand electrostatics (see Section 1.6, ESI¥). Second-
order stabilization energies (E®?) for DOTA complexes were
found to decrease from Ca?* to Ra?* (Table S7, ESI), reflecting
less delocalization of LP:->n*,z dative bonds towards the AE
center with increasing size, and thus decreasing charge density,
of the metal ion. Synergistic with these results, AAE; values
increase for cyclen with increasing AE ionic radius (Fig. 2a inset),
which is consistent with the 12-membered macrocyclic cavity of
DOTA being preorganized for binding small, but not large, metal
ions. By contrast, D18C6 exhibits a general decrease in AAE,
down the AE series (Fig. 2a inset), suggesting that macropa’s 18-
membered macrocyclic cavity is more suitable for binding larger
metal ions. However, this favourable structural reorganization

J. Name., 2013, 00, 1-3 | 3
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Table 2. Experimental (AAG®®,,) and calculated (AAGE,;) Gibbs free
energies (kcal/mol) for the reaction given by Equation (2).

Ca?+/Sr2+ Ca?*/Ba?* Ca?*/Ra?*
macropa ANGe*®,, 4.96 7.35 5.37
AAGEe,, 5.45 8.11 5.51
DOTA ANGE®,, -2.55 -5.96 -7.99
AAGEe,, -2.72 -4.64 -8.18
of macropa upon binding the large Ra?* cation is
counterbalanced by weaker dative interactions in the

[Ra(macropa)] complex. Specifically, E?) values increase from
CaZ* to Ba?*, but then decrease for Ra%*, which is qualitatively
consistent with the experimental selectivity trend in Fig. 2a.
Therefore, our DFT studies point to a subtle interplay between
bonding interactions and molecular strain in defining the
stability of RaZ*—macrocycle complexes.

In summary, the agueous complexation thermodynamics of
Ra?* were characterized with macropa and DOTA. Although
both chelators exhibit high affinity for Ra2* under Na*-free, high-
pH conditions, only macropa retains its affinity at pH 7.4,
making it the highest affinity chelator reported for Ra%* under
physiologically relevant conditions. Our studies also revealed
that macropa is not selective for Ra2* over BaZ*, despite its well-
known ability to stabilize large metal ions. Our findings point to
a delicate interplay between binding affinity, ligand basicity,
metal-ion selectivity, and ligand strain that must be considered
when designing new ligands to stabilize RaZ*. Additionally, while
Ba2* is often used as a non-radioactive Ra?* surrogate, our
results show that Ra?* chemistry cannot be simply predicted
from Ba%* behaviour under comparable circumstances.
Although both thermodynamic and kinetic stabilities of
complexes will dictate their ultimate stability in vivo, the insight
garnered here into the thermodynamics of RaZ* complexation
relevant to TAT provides an important step towards establishing
ligand design principles for the Ra2* ion and enabling predictions
of complex stability and speciation in biological media.
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