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Physical Parameters and Biological Stability of Yttrium(lIl)
Diethylenetriaminepentaacetic Acid Derivative Conjugates
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The solution equilibria, acid dissociation, and serum stability of a series of Y(I11) complexes of
DTPA ligands functionalized with p-nitrobenzyl, methyl, and trans-cyclohexyl substituents were
studied. The thermodynamic stability of the complexes studied ranged from log K = 21.53 to
24.7. Acid dissociation rates were found to decrease as the substitution on the carbon backbone
increased, and significant differences in dissociation rates were observed for the Y(I11) complexes
of a pair of diasteriomeric cyclohexyl-DTPA ligands. While one diastereomer was found to
have the slowest acid dissociation rate of the entire DTPA series, it was remarkably labile in

both serum stability and in vivo studies.

New roles continue to be found for coordination
complexes in the diagnosis and treatment of disease.
Notable examples include the increasing use of Gd(I11)
chelates as contrast agents in magnetic resonance
imaging (MRI)! and the expanding employment in
nuclear medicine? of complexes of metallic radionuclides
such as %4Cu, ¢Ga, °*™Tc, and *In. Current clinical
applications rely on low molecular weight molecules.
The chemical modification of monoclonal antibodies
(mAb) by linkage of bifunctional chelating agents is
providing for the selective delivery of radiometals to
malignancies.® Diagnostic imaging is being performed
by labeling these conjugates with the y- or f*-emitting
radionuclides listed above, while o or 5~ emitters such
as Cu, °0Y, and 2'3Bi are in use in clinical trials of
cancer radioimmunotherapy.*> Such applications strictly
demand that the metallic radionuclide remain inti-
mately associated with the targeting protein to mini-
mize the toxicity derived from the dissociation and
delivery of radiation to normal, nontargeted body tis-
sues. Similar constraints apply to MRI, in which case
toxicity would result from the release of substantial
quantities of Gd(111), Mn(ll), or Fe(l11) from coordination
complexes.

Ligand structure and physical characteristics, such
as thermodynamic stability, dissociation rates, and
serum stability, have been invoked to rationalize the
in vivo dissociation of radiolabeled coordination com-
plexes.®® The series of backbone-substituted, bifunc-
tional DTPA’ ligands shown in Figure 1 provides a
unique opportunity to investigate the correlation of the
in vivo stability of conjugated coordination complexes
with the above-mentioned physical characteristics. If
such a correlation exists, it will provide a useful tool
for screening novel metalloradiopharmaceuticals, while
minimizing the use of animal models. An understand-
ing of these relationships will contribute to improved
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therapy and assist in the further development of met-
alloradiopharmaceuticals.

Results and Discussion

Physical Parameters. For each DTPA derivative
shown in Figure 1, the protonation constants, Y(Il1)
stability constant, and acid dissociation rate constant
were measured, and the results are summarized in
Table 1.

The sum of the protonation constants for each DTPA
derivative provides information on the overall basicity
of the ligand relative to DTPA. Increased functional-
ization of the carbon backbone generally results in an
increased basicity of the ligand, making the cyclohexyl
(CHX) derivatives 3 to 4.5 log units more basic than the
parent molecule. By analogy to C-functionalized EDTA
derivatives,® the introduction of a bulky substituent on
the ethylenic backbone of DTPA would be expected to
alter the most stable conformation about the carbon—
carbon bond from an anti arrangement to the gauche
conformation.® The gauche conformation will allow for
the closer proximity of the iminodiacetato or diacetato,
causing increased hydrogen bonding between the car-
boxyls. The above effect will increase the basicity of log
K1, and this was observed for all the DTPA derivatives
(Table 1). The high log K; observed for CHX-A and
CHX-B is presumably due to constraint of the nitrogens
to the trans conformation, effectively promoting a proton
to be shared between the two basic nitrogens.

The Y(I11) stability constants were measured using
Arsenazo 11 dye complexes by the methodology origi-
nally developed by Sherry and co-workers for gadolin-
ium(111).1° The methodology was verified by measuring
the Y(I1I) stability constants for previously reported
ligands.® Since yttrium and the lanthanides form well-
defined Arsenazo Il complexes, the dye was titrated
with YCI; to determine the conditional stability con-
stants. Titration of the resulting Y(I11) Arsenazo 111
complex with the DTPA derivatives resulted in a
decrease in the absorbance at 652 nm, and the condi-
tional stability constant was calculated on the basis of
the absorbance difference, followed by conversion to log
K values (Table 1). The pM values (Table 1) were also
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Figure 1. Backbone-substituted DTPA derivatives. 1B, 2B, 1B3M, 1B4M, CHX-A, and CHX-B can be modified for protein

conjugation (see text).

Table 1. Selected in Vitro and in Vivo Properties of Polyamino Carboxylate Derivatives

ligand pKa2 B log K¢ pmd kp (s71)e % 88Y-serumf % ID/g femurd

CHX-A 12.3; 9.21; 5.58; 3.37; 2.46 32.92 24.7 19.0 0.462 3.79 £ 0.49 3.6+0.2
CHX-B 12.3; 8.99; 4.99; 2.84; 2.35 31.47 24.4 18.8 0.047 185+ 1.31 6.1 +£0.7
1B4M 11.31; 8.80; 4.77; 2.87; 2.61 30.36 225 18.2 6.62 6.27 £ 0.97 25+03
IB3M 11.46; 9.07; 4.61; 3.19; 2.33 30.60 22.5 17.7 13.5 4.84 + 0.62 3.0+1.2
2B 10.75; 8.57; 4.46; 2.83; 2.63 29.24 21.7 18.1 41.8 7.00 +£0.43 52+1.2
1B 11.16; 8.30; 4.44; 2.75; 2.53 29.18 215 17.8 37.4 not measured 4.3+0.6
CHX-DTPA 12.3;9.24; 5.23; 3.32; 2.18 32.27 24.2 18.4 0.75 h h

DTPA 10.48; 8.64; 4.28; 2.6; 2.0 28.00 22.41 18.4 144 h h

a Log protonation constants at 25 °C, u = 0.1 M N(CH3)4Cl, pKa1. P 8 = YpKy's. ¢ Yttrium(l11) stability constant KML = [ML]/[M][L] (25
°C, u = 0.1 M NaClOy). 4 pM = —log[M(H20),] calculated at pH 7.4. ¢ Acid-catalyzed dissociation rate constant at [YL] = 1.00 x 107> M
and [AAIII] = 5.00 x 10~5M. f Fraction of 88Y (%) released from chelate after incubation in serum for 15 h. 9 Percent injected dose per g
at 168 h for mice injected with 88Y—Ligand-B72.3. Reference 12. " Not measured. No site available for protein conjugation. See Figure 1.

i Reference 8

calculated to estimate the relative ability of the DTPA
derivatives to sequester a metal under physiological
conditions (pH 7.4). The pM was insensitive to ligand
structure and followed the same pattern as the stability
constants.

The Y(I1I) stability constants for the p-nitrobenzyl-
substituted complexes tended to increase with ad-
ditional substituents on the carbon backbone. The
highest stability constant was observed for the cyclo-
hexyl derivatives CHX-A and CHX-B, suggesting that
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the cyclohexyl ring possibly preorganized the DTPA
ligand for metal binding. It was surprising that the 1B
and 2B derivatives formed marginally less thermody-
namically stable Y(I11) complexes compared to DTPA.
This may be due to the desolvation energy of the
complex, which is expected to be lower for the more
lipophilic derivatives. As noted previously,1%11 the
ligand basicity and stability constant exhibit a linear
free energy relationship, with CHX-A showing both the
greatest overall basicity and stability.

The Kinetic inertness of the Y(I11)-DTPA derivative
complexes was evaluated through measurement of the
acid dissociation rate constant, kp, tabulated in Table
1. The measured kp progressively decreased as alkyl
substituents were added to the DTPA backbone. The
rates group closely with substitution; monofunctional-
ized ligands dissociate about /3 as fast as DTPA, while
1B3M and 1B4M dissociate more slowly by a factor of
more than 10. As anticipated, the trans-cyclohexyl ring
conferred the greatest Kinetic inertness. Surprisingly,
the CHX-B complex is the most kinetically inert DTPA
derivative evaluated.

Biological Stability. Each p-nitrobenzyl-DTPA de-
rivative was converted to its p-isothiocyanato derivative,
conjugated to the B72.3 antibody, and radiolabeled with
88Y(111) for in vivo stability’? and in vitro serum stability
studies. The dissociation of 8Y from the radiolabeled
DTPA derivative conjugates CHX-A, CHX-B, 1B4M,
1B3M, and 2B in serum was evaluated by size exclusion
HPLC. The #Y-bound serum albumin eluted at 7.7 min
postinjection and was assigned by comparison to a
known molecular weight standard. CHX-A was found
to be the most stable DTPA derivative evaluated, while
the stereoisomer, CHX-B, was the most labile (Table 1).

The importance of the choice of bifunctional chelate
for %Y radioimmunotherapy has been demonstrated.?
Y(I11) is a bone-seeking metal* and premature release
of Y from the radiolabled antibody conjugate in vivo
will result in deposition of excess radiation in the bone,
irradiating bone marrow, a critical organ for radiotox-
icity.5 The relative lability of the 88Y-DPTA derivative
antibody conjugate can thus be inferred from tissue
distribution studies measuring the radioactivity that
accumulates in the bone of mice injected with the
radiolabeled conjugate.

In two recent studies,'? Roselli et al. evaluated the
in vivo biodistribution of the DTPA derivatives, and the
results for 168 h bone accumulation are given in Table
1. The in vivo bone accumulation data provides an
opportunity to find a correlation between the physical
parameters and the in vivo stability. The in vivo
inertness of 8Y-labeled CHX-A, 1B4M, and 1B3M
conjugated to B72.3 are similar. This suggests that the
differences in the measured thermodynamic stability
and ligand basicity may be insignificant in a biological
system. The significant differences in the acid dissocia-
tion rates for these three ligands, along with the similar
bone uptake, implies that acid-catalyzed dissociation is
not a dominant pathway for the release of 88Y(111) from
B72.3 invivo. The 8Y(I11) complexes of 1B and 2B both
have a slightly greater release of the radiometal in vivo
compared to that of CHX-A, 1B3M, and 1B4M. The
instability of CHX-B in vivo was not predicted by the
physical parameters. In fact, on the basis of the mea-
sured log K and acid dissociation rate, one would predict

Notes

this derivative to have high in vivo stability, while the
serum stability predicted low in vivo stability. The low
stability of CHX-B radiolabeled conjugate is likely due
to stereochemical considerations of the chelate and of
the Y(I11) complex(es) formed.®®

Conclusion. The series of backbone functionalized
DTPA ligands with one site available for protein con-
jugation, shown in Figure 1, have provided a unique
opportunity to examine both the physical parameters
and the in vivo stabilities for a series of acyclic 8Y-
labeled chelates. Examination of the measured param-
eters and the release of 88Y in vivo failed to elucidate
an obvious correlation between in vitro and in vivo
studies. Careful biological studies in animal models still
remain the most appropriate method for evaluating the
in vivo inertness of radiometal-labeled chelates prior to
clinical trials.

Experimental Section

Materials. All reagents and solvents were ACS reagent
grade or better. Aqueous solutions were prepared with high
purity deionized water (Hydroservices Picosystem). (CHs)a-
NCI and NaClO4 were purchased from Fluka, recrystallized
from water, and vacuum-dried. Solutions of the purified salts
were standardized by applying an aliquot to a AG50W-X8
cation-exchange resin, eluting with water, and titrating the
liberated acid with standardized base. (CH3)4sNOH and NaOH
(Baker Dilut-it) solutions (0.1000 M) were prepared with
carbonate-free water and standardized using potassium hy-
drogen phthalate (KHP). Carbonate concentrations were
measured periodically to ensure that carbonate ion concentra-
tions of 1.2% were not exceeded. Acid solutions were prepared
using Baker Dilut-it (0.1000M HCI) or G. F. Smith Ultrapure
HCIO, (0.1000 M) and were standardized by titration with base
to a phenolphthalein endpoint. YClI; (>99.99%, Aldrich) and
Y(ClO,)s (prepared from Y,03 (>99.99%, Aldrich and HCIOy)
were standardized with EDTA and xylenol orange indicator.
Arsenazo 111 (AAILIT) (98%, <0.01 umol Ca(l1)/mg) was obtained
from Sigma.

Ligands. The C-functionalized DTPA ligands 1B, 2B,
1B3M, 1B4M, CHX-A, CHX-B, and CHX-DTPA were synthe-
sized, purified by ion-exchange chromatography, and fully
characterized as previously described.®

Protonation Constants. Potentiometric pH titrations of
each ligand (1 mM) were carried out from pH 2—11 in a glass-
jacketed cell thermostated at 25.0 + 0.1 °C (u = 0.1 M N(CH3)s-
Cl or NaClOy) using a Fisher Accumet model 925 pH meter
equipped with a Ross combination pH electrode containing
either 1.75 M N(CH3)4Cl or 4 M NaClQq fill. The electrode
was calibrated to permit measurement of hydrogen ion con-
centration by either a 2 point calibration (pH 2.2 and 11.3)
using solutions of standardized acid and base, or by a strong
acid/strong base titration and then performing a linear fit of
potential E versus [H*] (setting pKy = 13.78) to the Nernst
equation. Titrations were automated by using an IBM-PC-
XT computer interfaced to a Metrohm Dosimat 665 buret.’
The data were analyzed by using the nonlinear least-squares
programs BETA or BEST.*® Errors in the calculated proto-
nation constants were estimated from triplicate, independent
measurements.

Potentiometric pH titrations were repeated in the presence
of a 1:1 mixture of 1 mM Y(l11)/ligand (x = 0.100 M NaClO,).
While concentrations of free metal ion were too low to
determine stability constants, metal—ligand protonation con-
stants were measured by treating the titration data as
described above.

Stability Constants. The Y(I11)—AAIIlI complex and the
DTPA ligands were competed and concentrations of Y(II11)—
AAIIl were measured spectrophotometrically, by modification
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of the literature method.’® Briefly, in a typical ligand competi-
tion experiment, an aliquot of NazDTPA (1075 M) was added
to a cuvette containing Y(I11) (3.950 x 10~ M) and AAIII (2.00
x 1075 M) at pH 3.90. Following equilibration, the decrease
in absorbance at 652 nm was noted and another aliquot of
ligand added. Conditional equilibrium constants and extinc-
tion coefficients at Amax = 652 Nm were determined for the well-
defined Y(111)—AAIIl complexes ML and ML, the predominant
Y(111)—AAIlll complexes near pH 4, by titration of AAIll with
YCl; (1« = 0.1 M N(CHj3)4Cl, 25 °C). The data were analyzed
by using the computer programs COMPETE and ARSENA-
ZO.lO

Acid-Catalyzed Dissociation. Acid-catalyzed dissociation
measurements were made using an Applied Photophysics
stopped-flow spectrophotometer (model SF17.MV). Solutions
of Y(I11)-DTPA—ligand complexes (2.0 uM) were prepared by
the addition of equimolar quantities of Y(ClO,); and NasDTPA
ligand to 0.20 M NaClO,4. A solution of AAIII (1 x 107* M)
and HCIO,4 (0.20 M) was prepared. The two solutions were
mixed in the stop-flow chamber, and the reaction was moni-
tored by the increase in absorbance at 652 nm. Data were
fitted to a nonlinear least-squares method employing the
Marquart algorithm to obtain rate parameters.

Serum Stability. The DTPA derivatives with a p-ni-
trobenzyl substituent were modified for conjugation to B72.3,
and the conjugate was radiolabeled with 88Y by the literature
methods.!® The stabilities of the complexes were evaluated
in serum. Serum samples were analyzed by size exclusion
HPLC (Gilson model 230) on TSK 3000SW gel filtration
column (TosoHaas, Japan) by elution with MES/CI~ buffer
(0.02 M MES, 0.15 M NaCl, 0.05% NaNs, pH 6.5). An aliquot
of each injectate was also assayed for radioactivity to measure
the recovery during HPLC.

Supporting Information Available: Partial biodistribu-
tion of 88Y-DTPA derivative conjugates (1 page). Ordering
information is given on any current masthead page.
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