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Maleimidoethyl 3-(Tri-n-butylstannyl)hippurate: A Useful Radioiodination
Reagent for Protein Radiopharmaceuticals To Enhance Target Selective
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In pursuit of radiolabeled monoclonal antibodies (mAbs) with rapid urinary excretion of
radioactivity from nontarget tissues, radioiodinated mAbs releasing a m-iodohippuric acid from
the mAbs in nontarget tissues were designed. A novel reagent, maleimidoethyl 3-(tri-n-
butylstannyl)hippurate (MIH), was synthesized by reacting N-(hydroxyethyl)maleimide with
N-Boc-glycine before coupling with N-succinimidyl 3-(tri-n-butylstannyl)benzoate (ATE). MIH
possessed a maleimide group for mAb conjugation and a butylstannyl moiety for high-yield
and site-specific radioiodination, and the two functional groups were linked via an ester bond
to release m-iodohippuric acid. To investigate the fate of radiolabels after lysosomal proteolysis,
hepatic parenchymal cells were used as a model nontarget tissue and ¥I-labeled MIH was
conjugated with galactosyl-neoglycoalbumin (NGA). Further conjugation of [131IIMIH with a
mAb against osteogenic sarcoma (OST7) after reduction of its disulfide bonds was followed up.
In murine biodistribution studies, [13'IIMIH-NGA exhibited rapid accumulation in the liver
followed by radioactivity elimination from the liver at a rate that was identical to and faster
than those of 13!I-labeled NGA via direct iodination ([131IINGA) and [131I]ATE-labeled NGA,
respectively. While [!31IINGA indicated high radioactivity levels in the murine neck, stomach,
and blood, such increases in the radioactivity count were not detectable by the administration
of either [131IJMIH-NGA or ['3II]JATE-NGA. At 6 h postinjection of [13\IIMIH-NGA, 80% of the
injected radioactivity was recovered in the urine. Analyses of urine samples indicated that
m-iodohippuric acid was the sole radiolabeled metabolite. In biodistribution studies using [*3!I}-
MIH-OST7 and [13'I]JATE-OST7, while both 13!I-labeled OST7s registered almost identical
radioactivity levels in the blood up to 6 h postinjection, the former demonstrated a lower
radioactivity level than [3IJATE-OST7 in nontarget tissues throughout the experiment. Such
chemical and biological characteristics of MIH would enable high target/nontarget ratios in

diagnostic and therapeutic nuclear medicine using mAbs and other polypeptides.

Introduction

An enhancement of radioactivity accumulation in the
target and the target/nontarget radioactivity ratio en-
ables reliable diagnosis and effective therapy using
protein radiopharmaceuticals such as radiolabeled mon-
oclonal antiboides (mAbs) in nuclear medicine. Previous
appraoches to enhancing the target localization of
radioactivity have included modifications of in vivo
behaviors of mAbs by enzymatic fragmentation,! chemi-
cal modifications,2~ and in vivo stabilization of radio-
labels attached to mAbs.5~9 Recent studies have further
suggested that radiolabeled metabolites generated in
the body system play an important role in radioactivity
localization after the injection of radiolabeled mAbs.10-16

It was thought that radiochemical approaches to
promoting rapid urinary excretion of radioactivity ac-
cumulated in the nontarget tissues would produce a
higher target/nontarget radioactivity ratio. Such ap-
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proaches would therefore enhance the diagnostic ac-
curacy and therapeutic efficiency while maintaining a
safe standard even when higher radioactivity doses were
injected in patients to achieve higher radioactivity
accumulation in target tissues. Moreover, since these
radiochemical approaches are complementary to other
approaches in modifying the in vivo behaviors of mAbs,
a combination of the two different approaches would
provide desirable radioactiivty localization of radiola-
beled mAbs for diagnostic and therapeutic purposes.
In previous studies, we have developed a bifunctional
cross-linker containing an ester bond for mAb conjuga-
tion with a gallium-67 (57Ga) chelate of succinyldefer-
oxamine, a radiometal chelate indicating in vivo behav-
iors similar to those of radioiodinated hippuric acid. 1718
This 67Ga-labeled mAb registers lower levels of radio-
activity in nontarget tissues without any decrease in
radioactivity in the target.l® This result prompted us
to further pursue radiolabeled mAbs using other radio-
nuclides of higher clinical applicability. Because of their
extensive use in diagnosis and therapy, radioiodines
were selected as the radionucldies of choice in this study.
Moreover, use of radioiodines would provide an insight
in understanding the structure/distribution relationship
of this radiochemical approach with regard to other
radionuclides. A novel radioiodination reagent releasing
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a radioiodinated metabolite of high in vivo stability
against deiodination with prominent urinary excretion
characteristics was thus developed.

Recent studies have indicated that the introduction
of a radioiodine to the meta position of benzoic acid
renders high resistance against in vivo deiodina-
tion.>2021 In addition, hippuric acid, a conjugatoin
product of benzoic acid and glycine in the liver, under-
goes rapid urinary excretion from the liver.22 Consider-
ing the high esterase activitylevels in many tissues,2
we designed a radioiodination reagent that would
release m-iodohippuric acid according to the procedure
in Scheme 1. The novel reagent maleimidoethyl 3-(tri-
n-butylstannylhippurate (MIH) possesses a maleimide
group for antibody conjugation and a tri-n-butylstannyl
group for high-yield and site-specific radioiodination.
The two functional groups of this reagent are linked via
an ester bond to release the m-iodohippuric acid upon
cleavage.

Since lysosome is a common organelle that digests
protein and peptides,1224 pursuring the fate of radiolabel
after lysosomal proteolysis of radioiodinated protein
derived from MIH would allow a detailed evaluation of
the present radiochemical design.l%12 Furthermore,
considering that parenchymal cells have been reported
for the common site where mAbs in the murine liver
are located, 1625 MIH was conjugated with a galactosyl-
neoglycoalbumin (NGA), which is known to be incorpo-
rated by hepatic parenchymal cells via receptor-medi-
ated endocytosis immediately after injection.?6 The
biodistribution of radioactivity after injection of [13!I]-
MIH-labeled NGA in mice was compared with that of
1311.]abeled NGA via either direct radioiodination using
the chloramine T method or indirect radioiodination
with N-succinimidyl 3-(tri-n-butylstannyl)benzoate
(ATE),? since both these methods are extensively esti-
mated as an antibody radioiodination method in nuclear
medicine. Chemical structures of the three radioiodi-
nated NGAs, prepared by the respective method, are
illustrated in Figure 1. Radioactivity excreted from the
body was analyzed to estimate the fate of radiolabeled
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Figure 1, Chemical structures of radioiodinated NGAs used
in this study. ['3'I]MIH and [*I]ATE were attached to
cysteine and lysine residues of NGA, respectively. [13IIINGA
was prepared by incorporating 3] to tyrosine residues of NGA.

metabolites. The mAb against osteogenic sarcoma
(OST7) was also radioiodinated with MIH and ATE as
reagents, and the radioactivity distribution was com-
pared in normal mice. The above findings summarized
that MIH potentially excreted the radiolabeled metabo-
lite from hepatic parenchymal cells in urine as m-
iodohippuric acid within a short postinjection time with
negligible in vivo deiodination.

Chemistry

Synthesis and Iodination of MIH. A novel radio-
iodination reagent, MIH, containing an ester bond to
facilitate the release of m-iodohippuric acid was syn-
thesized according to the procedure outlined in Scheme
1. The synthetic steps to prepare the organotin inter-
mediate 8 involved the use of methyl m-iodobenzoate
(1) in a metal—halogen exchange reaction using hexabu-
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@ Reagents: (a) dithiothreitol for NGA; (b) 2-mercaptoethanol for OST?7.

Table 1. Biodistribution of Radioactivity after iv Injection of ['3:IJMIH-NGA, ['3:IJATE-NGA, and [*3I][NGA in Mice*

time after injection

5 min 30 min 1h 3h 6h 24h
[1S1IJMIH-NGA
liver 92.56 (2.94) 12.28 (2.73) 3.98 (0.65) 1.56 (0.21) 0.58 (0.03) 0.27 (0.03)
intestines 0.28 (0.04) 9.99 (1.88) 6.11 (0.81) 2.54 (0.16) 0.84 (0.32) 0.05 (0.02)
kidneys 0.65 (0.07) 5.34 (0.88) 2.79 (0.65) 0.14 (0.04) 0.06 (0.02) 0.02 (0.01)
spleen 0.21 (0.09) 0.12 (0.03) 0.10 (0.07) 0.07 (0.02) 0.07 (0.03) 0.04 (0.04)
stomach 0.18 (0.09) 0.59 (0.15) 0.56 (0.14) 0.52 (0.08) 0.45 (0.14) 0.05 (0.04)
neck 0.07 (0.02) 0.11 (0.02) 0.06 (0.01) 0.02 (0.01) 0.02 (0.02) 0.01 (0.01)
blood? 0.45 (0.05) 1.01 (0.20) 0.24 (0.06) 0.09 (0.04) 0.03 (0.01) 0.02 (0.01)
urine 78.35 (8.26) 90.60 (1.50)
feces 2.30 (1.55) 3.52 (1.34)
['3TJATE-NGA
liver 92.86 (4.66) 21.18(0.72) 6.96 (0.82) 4.18 (0.49) 2.82(0.48) 0.18(0.03)
intestines 0.41 (0.04) 9.45 (0.70) 10.73 (1.51) 6.42 (0.63) 1.83 (0.57) 0.07 (0.03)
kidneys 0.80 (0.10) 6.42 (1.58) 1.71 (0.60) 0.70 (0.23) 0.31 (0.02) 0.02 (0.01)
spleen 0.02 (0.01) 0.07 (0.02) 0.09 (0.14) 0.01 (0.01) 0.02 (0.02) 0.02 (0.02)
stomach 0.16 (0.04) 0.65 (0.17) 0.43 (0.05) 0.36 (0.10) 0.32(0.06) 0.04 (0.02)
neck 0.16 (0.01) 0.14 (0.03) 0.03 (0.03) 0.02 (0.01) 0.01(0.01) 0.01 (0.01)
blood? 0.95 (0.14) 1.16(0.19) 0.28 (0.08) 0.11 (0.04) 0.04 (0.02) 0.01 (0.01)
urine 63.20 (5.43) 83.90 (8.89)
feces 1.53 (0.49) 3.26 (1.60)
[13IINGA
liver 92.49 (5.77) 18.72 (1.41) 3.68 (0.44) 1.44 (0.20) 1.13(0.33) 0.37 (0.22)
intestines 0.16 (0.02) 8.28 (0.71) 6.73 (1.30) 3.43(0.07) 3.06 (1.66) 0.21 (0.10)
kidneys 0.01 (0.01) 2.07 (0.63) 1.73 (0.47) 0.83 (0.24) 0.57 (0.27) 0.04 (0.02)
spleen 0.06 (0.01) 0.30 (0.08) 0.23 (0.05) 0.10 (0.03) 0.06 (0.04) 0.02 (0.01)
stomach 0.25 (0.15) 15.65 (2.41) 25.55 (2.74) 17.50 (2.70) 13.22 (2.90) 0.11 (0.09)
neck 0.04 (0.02) 0.70 (0.07) 0.34 (0.05) 0.25 (0.03) 0.21 (0.04) 0.01 (0.01)
blood® 0.15 (0.04) 5.35 (0.50) 5.14 (0.92) 1.40 (0.44) 1.59 (0.72) 0.12 (0.07)
urine 26.84 (4.34) 79.66 (6.52)
feces 0.31 (0.25) 3.22(0.52)

o Expressed as percent injected dose/organ. Mean (SD) for five animals for each point. * Expressed as percent injected dose/g.

tylditin. After base-catalyzed hydrolysis of the benzoate
2, the carboxylic acid was converted to succinimide ester
3 in the presence of N,N’-disuccinimidyl carbonate.
N-Boc-glycine was esterified by reacting with the triflate
of 4 followed by deprotection of the Boc group in
trifluoroacetic acid to yield 6. Finally, the active ester
of 3 was condensed with the amine group of 6 to produce
maleimidoethyl 3-(tri-n-butylstannyl)hippurate (7) in
relatively high yields. Iodination of compound 7 was
accomplished by an organotin—halide exchange reaction
in the inert solvent at room temperature with 91% yield
to generate 8.

Radioiodination and Conjugation Reactions.
Radioiodination of 7 in methanol using N-chlorosuccin-
imide (NCS) as an oxidant produced radioiodinated MIH
in 87-91% radiochemical yields when determined by
TLC when compound 8 was used as a reference. Prior
to conjugation of [13MI]MIH with either NGA or mAb
(OST7), sodium metabisulfite was added to MIH me-
dium to reduce any unreacted electrophilic iodine spe-
cies to iodide and to quench any excess NCS. As such,
this treatment prevented the iodine species from at-
taching to tyrosine moieties of the protein molecule.

Furthermore, neutralization of excess NCS with sodium
metabisulfide prevented the protein from exposure to
the oxidant. Radioiodination of ATE according to previ-
ous procedures’ yielded 82—90%.

Conjugation of [131I]MIH with either NGA or OST7
was achieved by reacting the thiolated proteins with the
maleimide group of [1B!IIMIH. After dithiothreitol
(DTT) or 2-mercaptoethanol (2-ME) reduction of NGA
or OST7, 1 or 6.7 thiol groups were exposed to each
protein molecule, respectively (Scheme 2). The respec-
tive radiochemical yields of [131]]MIH-labeled NGA and
OST7 were 4.7% and 59.7% when determined by cel-
lulose acetate electrophoresis. After purification through
gel permeation column chromatography, (13 I]MIH-NGA
and [BBIIIMIH-OST7 with 93.2% and 95.6% radiochemi-
cal purities were obtained for subsequent studies,
respectively. Size-exclusion HPLC of [131IJMIH-labeled
NGA and OST7 indicated a single radioactivity peak at
the respective retention times of 16.8 and 15.2 min.
Conjugation of [131I]JATE with NGA and OST7 produced
39.4% and 45.2% yields, respectively. After gel perme-
ation chromatography, both [131I]JATE-labeled NGA (96.5%
purity) and OST7 (94.6% purity) were used for subse-



2612 Journal of Medicinal Chemistry, 1994, Vol. 37, No. 16

Arano et al.

Table 2. Statistical Analyses of Radioactivity after Injection of [13!II]MIH-NGA, [S!T]JATE-NGA, and [13I]NGA in Mice?

time after injection
5 min 30 min 3h 6h 24h
[B1IIMIH-NGA vs [13T]ATE-NGA*
liver NSb p <0.01 p < 0.001 p < 0.001 p < 0.001 p <0.001
intestines NS NS p < 0.001 p < 0.001 p <0.001 NS
urine p <0.05 NS
[131IIMIH-NGA vs [13ITINGA?
liver NS NS NS NS p <0.01 NS
intestines NS NS NS p <0.01 p <001 NS
kidneys p < 0.001 p <0.05 p <0.05 p <0.001 p <0.01 NS
stomach NS p < 0.001 p <0.001 p <0.001 p < 0.001 NS
neck NS p <0.001 p <0.001 p <0.001 p < 0.001 NS
blood NS p < 0.001 p <0.001 p < 0.001 p <0.001 p < 0.001
urine p < 0.001 NS

¢ Determined using unpaired ¢-test. ® Not significant. ¢ No significant differences were observed in kidneys, spleen, stomach, bloed,
neck, and feces. ¢ No significant differences were observed in spleen and feces.
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Figure 2. Analyses of radiolabeled metabolite excreted in the
urine at 6 h postinjection of [131I]MIH-NGA. Urine samples
indicated a single radioactivity profile by both RP-HPLC (A)
and TLC (B) analyses. These profiles correlated well with
those of m-iodohippuric acid.

quent biodistribution studies. The [13IIINGA (93.4%
purity) was used for biodistribution studies after direct
radioiodination of NGA with Na[131I]I in the presence
of chloramine T followed by purification through the gel
permeation column chromatography.

Biological Evaluation

In Vivo Studies using NGA. The radioactivity
distributions after administration of [1BIIJMIH-NGA,
[I31TIATE-NGA, and [131I]NGA are shown in Table 1. At
5 min postinjection of each 131I-labeled NGA, more than
92% of the injected radioactivity was accumulated in
the liver. [131IIMIH-NGA thereafter manifested almost
similar to and significantly higher than [131I]NGA and
[1B1JJATE-NGA in radioactivity elimination rate from the
liver, respectively (Tables 1 and 2). [13I[]MIH-NGA
demonstrated the fastest rate of radioactivity excretion
from the body with most of the radioactivity being
excreted in the urine. While [13I]]NGA exhibited high
levels of radioactivity in the neck, stomach, and blood
from 0.5 to 6 h postinjection, such high radioactivity
counts were not observed in similar tissues following
injection of either [1BII]MIH-NGA or [131IT]JATE-NGA.

[ A

% injected Dose
N

Cumuiative % Injected Dose

° 0 e %0 120
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Figure 3. Radioactivity (expressed as % injected dose)
excreted in the rat bile after iv injections of [31I]MIH-NGA
(@), 1 IJATE-NGA (O), and [®*II]NGA (a). Radioactivity levels
in bile at every 10 min after injection of each 1%!I-labeled NGA
(A) were recorded. Cumulative radioactivity in bile for 130
min after injection of each %!I-labeled NGA (B) was also
illustrated. At 50 min postinjection, [!3!I]JATE-NGA excreted
significantly higher (p < 0.05) radiolabels in bile than [!3!]]-
MIH-NGA and [**1]]NGA.

Although most of the radioactivity was excreted in the
urine at 24 h postinjection, high radioactivity levels
were detected in the intestines from 0.5 to 1 h postin-
jection of the respective 131I-labeled NGA.

TLC and reversed-phase HPLC (RP-HPLC) analyses
of urine samples at 6 h postinjection of [131]]MIH-NGA
indicated a single radioactivity peak with a retention
time (9.4 min; Figure 2A) and an Ry value (0.25; Figure
2B) similar to those of m-iodohippuric acid.

On investigating the radioactivity levels excreted in
rat bile (expressed as a percentage of the injected dose)
at 10-min intervals and the cumulative amount of
radioactivity in bile for 130 min after iv injection of the
three 131]-]labeled NGAs, [131]]MIH-NGA demonstrated
a hepatobiliary excretion rate faster than and similar
to those of [1S1IJATE-NGA and [131[]NGA, respectively
(Figure 3A). The amount of radioactivity excreted in
rat bile 130 min after [131IJATE-NGA injection registered
the highest value (28.9% of the injected dose), whereas
only 7.5% and 4.1% were recovered with the injection
of [131ITJMIH-NGA and [131I]NGA at a similar postinjec-
tion period, respectively (Figure 3B).
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Table 3. Biodistribution of Radioactivity after Injection of [31I]MIH-OST7 and [1*!I]JATE-OST7 in Normal Mice®

time after injection
10 min 1h 3h 6h 24h 48 h 72 h

blood

MIH 33.64 (1.48) 29.30 (1.43) 25.11 (1.53) 20.31 (2.53) 9.64 (0.33) 5.78 (0.47) 4.22 (0.53)

ATE 38.38(1.61) 31.31(1.53) 26.13 (1.07) 23.13 (1.11) 14.39 (1.26) 12.64 (0.50) 11.50 (0.81)
significance* N§e NS NS NS p <0.001 p < 0.001 p < 0.001
lung

MIH 10.37 (1.13) 7.08 (1.15) 8.06 (0.92) 7.60 (0.76) 4.06 (0.78) 1.98 (0.35) 1.52 (0.14)

ATE 11.91 (0.66) 11.10 (1.56) 7.97 (1.14) 6.90 (0.48) 5.55 (0.49) 4.25 (1.14) 3.55(0.68)
significance* NS NS NS NS p < 0.001 p <0.001 p < 0.001
liver

MIH 9.81 (1.29) 8.51(0.71) 6.43 (0.69) 5.39(0.73) 2.46 (0.33) 1.53(0.08) 1.05(0.09)

ATE 15.66 (1.21) 14.38 (1.74) 11.17 (1.40) 9.83 (0.62) 4.94 (0.48) 3.84 (0.76) 3.34 (0.11)
significance®  p < 0.001 p <0.001 p <0.001 p < 0.001 p <0.001 p < 0.001 p <0.001
intestine

MIH 0.80(0.16) 1.96 (0.26) 1.93 (0.16) 1.27 (0.25) 0.67 (0.08) 0.40 (0.02) 0.28 (0.03)

ATE 0.85 (0.13) 2.03 (0.34) 2.88 (0.09) 2.43 (0.15) 1.06 (0.12) 0.91 (0.09) 0.83 (0.07)
significance® NS p <0.05 p <0.001 p < 0.001 p < 0.001 p < 0.001 p <0.001
kidneys

MIH 6.08 (0.51) 5.35 (0.81) 5.00 (0.62) 4.45(0.73) 2.08 (0.41) 1.12 (0.02) 0.82 (0.09)

ATE 6.31 (0.39) 8.15 (1.05) 7.40 (1.12) 6.57 (0.53) 4.23 (0.40) 3.27 (0.59) 2.73 (0.49)
significance* NS p <0.01 p <0.01 p <0.01 p <0.01 p <0.001 p < 0.001
spleen

MIH 7.15 (1.52) 4.84 (0.83) 3.67 (0.67) 3.19 (0.39) 1.41(0.24) 0.92 (0.12) 0.49 (0.12)

ATE 7.07 (1.55) 6.38 (0.61) 5.70 (0.66) 5.48 (0.84) 3.37(0.53) 2.35(0.21) 1.83 (0.29)
gignificance* NS p <0.05 p <0.001 p <0.01 p <0.001 p <0.001 p <0.001
stomach?=

MIH 0.54 (0.11) 0.92 (0.10) 1.04(0.11) 0.84 (0.09) 0.28 (0.04) 0.20 (0.03) 0.14 (0.03)

, ATE 0.44 (0.13) 0.81(0.13) 1.31(0.19) 1.30(0.17) 0.49 (0.11) 0.42 (0.04) 0.40 (0.07)

neck®¢

MIH 0.34 (0.15) 0.75 (0.18) 0.51 (0.02) 0.45 (0.14) 0.32 (0.02) 0.16 (0.04) 0.09 (0.02)

, ATE 0.66 (0.02) 0.83 (0.22) 0.72 (0.18) 0.55 (0.03) 0.34 (0.14) 0.34 (0.01) 0.25 (0.17)

urine

MIH 23.39 (1.99)

ATE 10.09 (0.84)
gignificance® p <0.001
fecese

MIH 0.89 (0.22)

ATE 0.55 (0.16)

@ Expressed as percent injected dose/g of tissue. Mean (SD) for five mice for each point. ® Expressed as percent injected dose. ¢ Determined
using unpaired ¢-test. ¢ Not significant. ¢ No significant differences were observed throughout the postinjection time.

RP-HPLC analyses of bile samples after [*3I]MIH-
NGA iv injection revealed a major and a minor peak at
respective retention times of 9—10 and 4—5 min (Figure
4A). The former, which represented over 75% of the
radioactivity excreted in the bile, registered a retention
time similar to that of m-iodohippuric acid. The latter
peak represented only 25% of the recovered bile radio-
activity. Similar results were observed with TLC analy-
ses of the bile (Figure 4B). The major peak indicated
an Ry value similar to that m-iodohippuric acid.

Plasma Stability of [\S.I]MIH-OST7. At 1 h postin-
cubation of both [13I[JMIH-OST7 and [13!I]JATE-OST7?
in 50% murine plasma at 37 °C, no significant differ-
ences in radioactivity release were observed between the
two 1311-labeled OST7s. However, while radioactivity
in the protein fraction remained unchanged for [13I]-
ATE-OST7, gradual release of radioactivity from the
conjugate was observed with [131I]MIH-OST7 thereafter.
At 6 and 24 h postincubation, [13!I]MIH-OST7 released
9% and 18% of the initial radioactivity (Figure 5). TLC
and paper chromatography analyses indicated that the
radioactivity released from (13!IJMIH-OST7 showed Ry
values similar to those of m-iodohippuric acid.

In Vivo Studies using mAb (OST7). When injected
into mice, both [131I]MIH-OST7 and [131IJATE-OST7 had
similar levels of radioactivity in the blood up to 6 h
postinjection (Table 3). The former had a radioactivity
clearance rate from blood significantly higher than that
of [13IIJATE-OST7 after this postinjection interval. At

(A)
[ 10 20 0
Retention Time (min)
(8
2
[ 0.28 0.50 078 1.0

Rf value

Figure 4. Analyses of radioactivity excreted in rat bile after
[811]MIH-NGA injection. Bile samples contained a major
(>75%) and a minor (<25%) radioactivity species by RP-HPLC
(A) and TLC (B) analyses. The major radioactivity species had
a retention time and an Ry value similar to those of m-
iodohippuric acid.

the respective postinjection intervals, [131I]MIH-OST7
also manifested significantly lower radioactivity levels
in all tested tissues. Although most of the radioactivity
was excreted in urine after injecting the two 131I-]labeled



2614 Journal of Medicinal Chemistry, 1994, Vol. 37, No. 16

g

1 ] 24
Incubation Time (h)
Figure 5. Stability of (*LIMJH-OST7 Uight caumn) and (511
ATE-QST7 (dark column) in 50% murine plasma. While no
significant differences in the radicactivity release were ob-
served between the two at 1 h postincubation, (1P IIMIH-QST7
released significantly (p* < 0.05) higher levels of radiclabel
at & and 24 h postincubation.

O8T7s, higher levels were registered by the use of [131}]-
MIH-OST7.

Results and Discussion

Numerous raidoiodination reagnets for mAbs have
been developed to stabilize the radioiodine atom against
in vivo deiodination.>62021.2728 In thig study, we de-
signed a radioiodination reagent not only possessing
high resistance against in vivo deiodination but also
releasing a radioicdinated metabolite with high urinary
excretion after lysosomal proteolysis in nontarget tis-
sues. Among the various monoiodinated hippuric acid
analogs, specificity in the renal organic anion transport
system increases in the order of ortho > para > meta
substitution.? However, the introduction of an iodine
atom at the mefa position of benzoate renders a higher
in vivo stability than para substitution.20-2! Since the
stability against in vivo deiedination of a radioiodination
reagent for mAbs was thought to be more important
than the slightly higher specificty in the renal organic
anion transport system, MIH was designed to release
m-iodohippuric acid to serve as a potential radiolabeled
metabolite after cleavage of the ester bond.

In preparing MIH, compound 6 was the key interme-
diate product. In our initial attempt to synthesize
maleimidoethyl 3-iodohippurate (8), direct esterification
of m-iodohippuric acid with (2-hydroxyethyl)maleimide
(4) in the presence of dicyclohexylcarbodiimide gener-
ated poor yields of product 8. Such a synthetic route
was thus unsuitable for the preparation of compound
7. Instead, Boc-glycine was esterified with the hydroxy
group of (2-hydroxyethyl)maleimide (4) after activating
the hydroxy group of compound 4 by triflucromethane-
sulfonic anhydride. Following deprotection of the Boc
group of 5, the resulting amine of 6 was conjugated with
the active ester of 3 (ATE) to generate MIH 7, TLC
analyses of radioicdinated MIH using compound 8 as a
reference confirmed that the organotin—halide exchange
reaction produced a high yield with site-specific radio-
icdination,

Conjugation of [1¥IIMIH with OST7 yielded 60% of
the radiciodinated OST7 when ctude radioiodinated
MIH was used. Since the reduction of OST7 generated
6.7 thiol groups/molecule of OST7, the molar ratio of
the reaction between the maleimide and thiol groups
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was appropriated to 1:1. This radiochemical yield was
higher than that of [\S1IJATE-OST7 (45%) by our hands,
although literature cited higher values for the latter
conjugation reaction.’?? These results indicated that
the use of a maleimide group as the protien conjugation
site was useful not only for the site-specific modification
of mAbs but also in attaining high conjugation yield.
Our findings reinforced previously documented similar
conjugation yields between a radioiodinated maleimide
derivative and thiol groups of mAb.2? However, on
radioiodination of NGA with ['¥IJMIH, a yield of only
4.7% for [131IJMIH-NGA was achieved. Since only one
thiol group was liberated per NGA molecule under the
present DTT reduction conditions,*® the maleimide/thiol
molar ratio in this reaction was 10:1. The low yield of
this reaction was, therefore, due to the presence of non-
radiolabeled maleimide compoudns, which interfered
with the conjugation of radiciodinated MIH to a small
number of thiol groups in the NGA molecule.

Since parenchymal cells serve as a common site where
antibodies in the murine liver are located,'%2% the in vivo
fate of radiolabels after lysosomal proteolysis in hepatic
parenchymal cells was investigated to evluate the ability
of MIH to excrete radioactivity from nontarget tissues
to urine. Since the radiochemical purity of each 1311-
labeled NGA was over 92%, radioactivity counts after
administration of the three radiciodinated NGAs would
reflect the fate of the radiolables after parenchymal
incorporation and lysosomal proteolysis in the liver.1012
Following rapid radioactivity elimination from the liver,
[BIINGA demonstrated a high radioactivity accumula-
tion in the stomach and blood (Table 1). When injected
in rats, 12°I-labeled asialo-fetuin is rapidly digested to
[12%]Jiodotyrosine in hepatic lysosomes before being
deiodinated within the cytoplasm of hepatocytes. As
such, only free iodide was found in the plasma after
administering the radiolabeled protein.3! Rapid radio-
activity elimination from the liver and high radioactivity
levels in the neck, stomach, and bloed after [IIIJNGA
injection could well be explained by the rapid digestion
of [BBI[INGA to [*'I]iodotyrosine ensued with deiodina-
tion of the metabolite by hepatocytes. Significant in vivo
redistribution of the radiolabeled metabolite derived
from [MIINGA was well reflected by the delayed
radioactivity excretion from the body system at 6 h
postinjection. Both [P*'I]ATE-NGA and ["¥1IJMIH-NGA
displayed rapid and almost quantitative accumulation
in the liver, whereas ["WIJMIH-NGA demonstrated
radioactivity elimination from the liver at a rate higher
than and similar to those of [FIIJATE-NGA and [1311].
NGA after iv administration, respectively. (Tables I and
2). Furthermore, the radioactivity counts of [\31I]MIH-
NGA in the neck and stomach were comparable to and
much lower than those of [VF1IIATE-NGA and [13IINGA,
respectively. Ofthe three 1*1I-1abeled NGAs, [''1JMIH-
NGA had the fastest excretion rate of radioactivity to
urine, From our findings, ["311IMIH-NGA generated
radiolabeled metabolites with high urinary excretion
characteristics following lysosomal proteolysis and their
resistance against in vivo deiodination was remarkably
high. Urine samples at 6 h postinjection of [¥1IJMIH-
NGA portrayed a single radioactivity peak on both RP-
HPLC and TLC analyses. In addition, the radiolabeled
metabolite possessed a retention time and an Ry value
similar to those of m-iodohipuuric acid (Figure 2). This
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strongly suggests that the release of m-[13!]iodohippuric
acid occurs promptly after lysosomal proteolysis in
hepatic parenchymal cells, followed by rapid elimination
of the radioiodinated metabolite from liver to urine.

Although more than 79% of the injected radioactivity
was excreted in the urine at 24 h postinjection of the
three 13ll-]labeled NGAs, all the 13l-labeled NGAs
indicated a higher radioactivity localization in intestines
than in feces (Table 1). This implied that while most of
the radiolabeled metabolites derived from each !31]-
labeled NGA were excreted in the urine directly from
the liver to the blood stream, some of the radiolabeled
metabolites were excreted via hepatobiliary excretion
and subsequently reabsorbed from the gut lumen to the
blood. To further understand the excretion pathways
of radiolabeled metabolites from the liver, each 13lI-
labeled NGA was injected in rats and radioactivity
excreted in the bile was assessed. The elimination rate
of [(IBIIIMIH-NGA was similar to and higher than those
of [1BIIINGA and [1B1TJATE-NGA, respectively (Figure 3).
The amount of radioactivity eliminated from the liver
via hepatobililary excretion was highest for [131I]JATE-
NGA followed by [131I]MIH-NGA and [13!I]NGA (Figure
3). Analyses of the bile after [13!I]MIH-NGA injection
indicated that the major radiolabeled metabolite (75%
in the bile) had a chromatographic retention time and
an Ry value similar to those of m-iodohippuric acid
(Figure 4). These results suggested that [131[]MIH-NGA
released most of the radioactivity (>90%) in a form of
m-[131TJiodohippuric acid after lysosomal proteolysis in
hepatic parenchymal cells. The major excretion path-
way of this metabolite was from the liver to the blood
stream followed by urinary excretion via the kidney.
Although 7% of injected radioactivity was excreted in
the bile from the liver, most of the radioactivity (75%
excreted in bile) was reabsorbed from the gut lumen to
the blood and eventually excreted in the urine. Analy-
ses of the bile indicated that only 1—2% of the injected
radioactivity of [BIIIMIH-NGA was metabolized to
unidentified compounds. These metabolites might be
responsible for the radioactivity excreted in feces.

Recent studies on the metabolism of [125I]JATE-
conjugated F(ab’); have indicated that more than 90%
of the radioactivity in urine had a RP-HPLC retention
time corresponding to an iodobenzoic acid—lysine con-
jugate.32 A similar result has also been reported when
the major urinary metabolites of p-iodobenzoate conju-
gates of mAbs were investigated.3® Therefore, lower
elimination rate of radiolabels from the liver and higher
radioactivity levels in the intestine after [13!IIJATE-NGA
injection reflected the biological characteristics of ra-
diolabeled metabolites derived from MIH and ATE in
the liver.

In biodistribution of mice with mAb, [181IJMIH-OST7
demonstrated lower radioactivity levels in nontarget
tissues such as the liver, kidney, and spleen with higher
radioactivity levels in the urine when compared with
[1BITJATE-OST7 (Table 3). This radioactivity localization
reflects the rapid release of m-[13Iliodohippuric acid
from [13I[JMIH-OST7 in nontarget tissues and subse-
quent elimination via urinary excretoin, as character-
ized by using NGA. (13II]MIH-OST7 exhibited a radio-
activity level in blood up to 6 h postinjection similar to
that of [131I]JATE-OST7. However, the former indicated
a higher rate of radioactivity elimination from blood
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after this postinjection time. This could be attributable
to gradual cleavage of the ester bond in ['31I]MIH-OST7,
as indicated by in vitro plasma incubation (Figure 5).
Since our previous studies have indicated that the ester
bond between mAb and a ¢’Ga chelate of succinylde-
feroxamine would be stabilized to a higher degree in
target tissues than in blood because of the formation of
antigen—antibody complexes,81° the radioactivity dis-
tribution of [131IJMIH-labeled mAb might be favorable
for target selective radioactivity localization.

In conclusion, this newly designed raidoiodination
reagent, MIH, rendered high yields and site-specific
radioiodination of the meta position of the hippuric acid
moiety, releasing the radioiodinated hippuric acid upon
cleavage of the ester bond in nontarget tissues. The
radioiodinated hippuric acid displayed high stability
against in vivo deiodination and rapid urinary excretion.
Thus, although further estimation using the nude mice
model may be required, these chemical and biological
characteristics would enable MIH to serve as a useful
radioiodination reagent for protein radiopharmaceuti-
cals in diagnostic and therapeutic nuclear medicine.

Experimental Section

Melting points were determined on a Yanagimoto micro-
melting point apparatus (Kyoto, Japan) and are uncorrected.
Infrared (IR) spectra were recorded with a JASCO IR-700
spectrometer (Tokyo, Japan). Proton nuclear magnetic reso-
nance ({H-NMR) spectra were recorded on a Varian Gemini-
200 (200 MHz) spectrometer (Tokyo, Japan), and the chemical
shifts are reported in ppm downfield from an internal tetra-
methylsilane standard. High-resolution mass spectra (HRMS)
were obtained with the Hitachi M-80 model. Size-exclusion
HPLC and RP-HPLC were performed with Cosmosil 5Diol-
120 (7.5 x 600 mm) and Cosmosil 5C18-AR (4.6 x 250 mm;
Nacalai Tesque, Kyoto, Japan) columns, respectively. Size-
exclugsion HPLC and RP-HPLC were eluted at a flow rate of 1
mL/min with 0.1 M phosphate buffer (pH 6.8) and a mixture
of 0.1% aqueous phosphoric acid and acetonitrile (7:3), respec-
tively. Phosphate buffer (PB) and phosphate-buffered saline
(PBS) were prepared as necessary with reagent grade disedium
hydrogen phosphate, potassium dihydrogen phosphate, sodium
chloride (Nalcalai Tesque), and reagent grade water (milli-Q:
Millipore Ltd., Tokyo, Japan). To facilitate urine and feces
collection at 6 and 24 h postinjection of radiolabeled proteins,
mice were housed in metabolic cages (metabolica, MM type;
Sugiyama-Gen Iriki Co. Ltd., Tokyo, Japan).

Synthesis of Neoglycoalbumin (NGA). Cyanomethyl
2,3,4,6-tetra-O-acetyl-1-thio-3-D-galactopyranoside, synthe-
sized according to the procedure of Lee et al.,3¢ was conjugated
with human serum albumin (HSA, A-3782; Sigma Co., St.
Louis, MO) according to the procedure of Stowell et al.3* When
determined with the phenol-sulfuric acid reaction,® 44 ga-
lactoses were attached to each HSA molecule.

Monoclonal Antibody. The monoclonal antibody against
osteogenic sarcoma (OST7, IgG,) was produced by standard
hybridoma technology.?

Synthesis of Methyl 3-(Tri-n-butylstannyl)benzoate
(2). Methyl-3-iodobenzoate (1) (1.31 g, 5.0 mmol) and hexa-
n-butylditin (8.48 g, 6.0 mmol) were dissolved in dry toluene
(20 mL), and a catalytic amount of tetrakis(triphenylphoshine)-
palladium (60 mg, 0.05 mmol) was added. The mixture was
refluxed with stirring for 15 h under argon atmosphere. After
cooling, the reaction mixture was filtered through Celite. The
filtrate was concentrated in vacuo. The oily residue was then
purified by column chromatography on silica gel eluted with
chloroform—hexane (1:1) to yield 2 (1.90g, 89%) as a colorless
oil. IR (CHCls): 2956, 2926, 1715, 1460, 1437, 1279, 1118
cm~!, 'H-NMR (CDCl;): ¢ 0.85—1.59 (27H, m, SnBus), 3.92
(8H, s, CH3), 7.39 (1H, t, J = 7.5 Hz, aromatic), 7.65 (1H, dt,



2616 Journal of Medicinal Chemistry, 1994, Vol. 37, No. 16

J = 1.5, 1.5 Hz, aromatic), 7.96 (1H, dt, J = 7.5, 1.5 Hz,
aromatic), 8.13 (1H, t, J = 1.5 Hz, aromatic), CI-HRMS caled
for Co0H350.Sn (MH*): m/z 427.1659. Found: 427.1661.

Synthesis of N-Succinimidyl 3-(Tri-n-butylstannyl)-
benzoate (8). Methyl 3-(tri-n-butylstannyl)benzoate (2) (2.13
g, 5.0 mmol) was dissolved in NaOH (1 M, 10 mL) and
methanol (40 mL), and the mixture was refluxed with stirring
for 1 h. Methanol was removed ir vacuo. The resulting
solution was acidified with 1 M HCI before extraction with
chloroform (10 mL x 3). Combined organic layers were
washed with water (10 mL x 3) and dried over sodium sulfate.
The solvent was removed in vacuo to yield crude 3-(tri-n-
butylstannyl)benzoic acid (2.05 g).

N,N'-Disuccinimidyl carbonate (1.54 g, 6.0 mmol) was added
to a mixture of crude 3-(tri-n-butylstannyl)benzoic acid (2.05
g) and pyridine (0.47 g, 6.0 mmol) in dry acetonitrile (30 mL).
The mixture was refluxed with stirring for 3 h. After removal
of volatile components in vacuo, the residue was chromato-
graphed on silica gel using ether—hexane (8:2) as an eluent
to produce compound 3 (1.80 g, 71%) as a colorless oil. IR
(CHCly): 2958, 2926, 1771, 1742, 1219, 1068, 1006 cm~!, 'H-
NMR (CDCly): ¢ 0.85-1.59 (27H, m, SnBug), 2.92 (4H, s,
succinimide), 7.45 (1H, t, J = 7.5 Hz, aromatic), 7.76 (1H, dt,
J = 7.5, 1.5 Hz, aromatic), 8.06 (1H, dt, J = 7.5, 1.5 Hz,
aromatic), 8.20 (1H, t, J = 1.5 Hz, aromatic). CI-HRMS caled
for C93H3gNO.Sn MH?Y): m/z 510.1666. Found: 510.1661.

Synthesis of 2-Maleimidoethoxy N--Boc-glycinate (5).
A solution of trifluoromethanesulfonic anhydride (3.68 g, 13
mmol) in dry methylene chloride (4 mL) was added to a
solution containing both N<(2-hydroxyethyl)maleimide (4) (1.41
g, 10 mmol) (17) and 2,6-dimethylpyridine (1.40 g, 13 mmol)
in dry methylene chloride (16 mL) under cooling in an ice bath.
After stirring at 0 °C for 1 h, a solution of N-Boc-glycine (2.28
g, 13 mmol) and N ,N-diisopropylethylamine (1.68 g, 13 mmol)
in dry methylene chloride (10 mL) was added to the reaction
mixture and then the mixture stirred for 3 h at room
temperature. The reaction mixture was washed with water
(20 mL) followed by 1 M HCI (20 mL) and finally with water
again (20 mL). The organic layer was dried over sodium
sulfate and evaporated in vacuo to yield crude crystals.
Recrystallization from chloroform—ether afforded 5 (1.29 g,
43%). Mp: 91-93 °C. IR (KBr): 3224, 3082, 1763, 1709, 1403,
1246, 1161 em~!. *H-NMR (CDCls): ¢ 1.45 (9H, s, Boc), 3.81
(2H, t, J = 5.2 Hz, OCH;CH:N), 3.88 (2H, d, J = 5.6 Hz,
NHCHo), 4.31 (2H, t, J = 5.2 Hz, OCH:CH:N), 5.00 (1H, br,
NH), 6.74 (2H, 8, maleumde) CI-HRMS calced for C13H19N206
(MH*): m/z 299.1243. Found: 299.1250. Anal. Calcd for
Ci13H1sN2Og: C, 52.35; H, 6.08; N, 9.39. Found: C, 52.51; H,
6.05; N, 9.33. ‘

Synthesis of 2-Maleimidoethoxy Glycinate (6). Tri-
fluoroacetic acid (5 mL) was added to a solution of compound
5 (0.60 g, 2.0 mmol) in dry chloroform (5 mL) and stirred for
10 min at room temperature. Volatile components were
removed in vacuo to yield deprotected amine 6 as trifluoro-
acetic acid salt. The salt was used for subsequent stages of
the reaction without further purification.

Synthesis of Maleimidoethyl 3-(Tri-n-butylstannyl)-
hippurate (7). A mixture of compound 3 (1.02 g, 2.0 mmol),
compound 6 (0.40 g, 2.0 mmol as free base), and triethylamine
(1.01 g, 10 mmol) in tetrahydrofuran (20 mL) was stirred at
reflux for 5 h. After removal of the solvent, the residue was
chromatographed on silica gel using chloroform—ether (1:1)
as an eluent to produce 7 as a colorless oil (0.60 g, 51%). IR
(CHCls): 2958, 2926, 1745, 1714, 1662, 1513, 1406 cm™!, 'H-
NMR (CDCl3): 6 0.85—1.58 (27H, m, SnBus), 3.84 (2H, t,J =
5.1 Hz, OCH,CH;N), 4.23 (2H, d, J = 5.2 Hz, NHCH,), 4.35
(2H, t, J = 5.1 Hz, OCH,CH:N), 6.65 (1H, t, J = 5.2 Hz, NH),
6.70 (2H, s, maleimide), 7.39 (1H, t, J = 7.5 Hz, aroamtic),
7.61 (1H, dt, J = 7.5, 1.5 Hz, aromatic), 7.71 (1H, dt, J = 7.5,
1.5 Hz, aromatic), 7.92 (1H, t, J = 1.5 Hz, aromatic). CI-HRMS
caled for Co7HyNoOsSn (MHY): m/z 593.2037. Found: 593.2043.

Synthesis of Maleimidoethyl 3-Iodohippurate (8). Io-
dine (0.1 M) in chloroform was added at ambient temperature
to a solution of 7 (0.59 g, 1.0 mmol) in chloroform (10 mL) until
the solution remained pink. The reaction mixture was washed
with 10% aqueous sodium thiosulfate (10 mL) and water (10
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mL) and dried over sodium sulfate prior to removal of the
solvent in vacuo. The oil was chromatographed on silica gel
using chloroform—ether (1:1) as an eluent to produce 8 as a
pale yellow viscous 0il (0.39 g, 91%). IR (CHCly): 1745, 1714,
1668, 1518, 1433, 1406, 1197 cm~:. 'H-NMR (CDCl;): 6 3.84
(2H, t, J = 5.1 Hz, OCH.CH;N), 4.22 (2H, d, J = 5.2 Hz,
NHCH), 4.35 (2H, t, J = 5.1 Hz, OCH,CH;N), 6.67 (1H, t, J
= 5.2 Hz, NH), 6.74 (2H, s, maleimide), 7.20 (1H, t, J = 7.9
Hz, aroamtic), 7.79 (1H, dt, J = 7.9, 1.6 Hz, aromatic), 7.86
(1H, dt, J = 7.9, 1.6 Hz, aromatic), 8.17 (1H, t, J = 1.6 Hz,
aromatic). HRMS caled for CysH;3sIN2Os (M™*): m/z 427.9871.
Found: 427.9880. Anal. Caled for C15HysIN2Os: C, 42.08; H,
3.06; N, 6.54. Found: C, 42.01; H, 3.10; N, 6.33.

Synthesis of m-Iodohippuric Acid. This compound was
synthesized according to the procedure of Jonson et al.®® with
some modifications. Thionyl chloride (60.0 mL, 823 mmol) was
added slowly to m-iodobenzoic acid (20.0 g, 80.6 mmol), and
the mixture was stirred at 60 °C until the acid was completely
dissolved. After cooling to room temperature, the reaction
mixture was distilled under reduced pressure to yield m-
iodobenzoyl chloride (15.7 g, 73%) at 159—160 °C/23 mmHg.
The m-iodobenzoyl chloride (5.3 g, 20 mmol) was added slowly
to a cold solution of glycine (1.5 g, 20.0 mmol) in 3 M NaOH
(15 mL) and benzene (15 mL). After stirring for 1 h at room
temperature, the reaction mixture was treated with concen-
trated HCI to produce a white precipitate. Analytically pure
m-iodohippuric acid was obtained after recrystallization of the
precipitate in acetonitrile (2.7 g, 32%). Mp: 155—156 °C (lit.%®
mp 155-156 °C). Anal. Caled for CogH¢NOsI: C, 35.43; H,
2.64; N, 4.59; 0, 15.73. Found: C, 35.29; H, 2.74; N, 4.63; O,
15.74.

Radioiodination of MIH and Protein Labeling. MIH
was radioiodinated in the presence of NCS.® MIH was
dissolved in methanol containing 1% acetic acid (0.56 mg/mL),
and 81.4 uL of this solution was mixed with 22.2 4L of NCS in
methanol (0.5 mg/mL) in a sealed vial followed by the addition
of Na[131I]I (8.18 uL). The reaction was allowed to proceed at
room temperature for 45 min before quenching with aqueous
sodium bisulfide (11.1 4L, 0.72 mg/mL). The radiochemical
purity of radiciodinated MIH was determined by TLC (Merck
Art 5553) developed with a mixture of chloroform—ether (1:
1). MeOH was removed by a flow of Ny prior to subsequent
conjugation reactions with the protein.

NGA was reduced with 5 molar excess of DTT to expose one
thiol group.3® Briefly, freshly prepared 375 uL of DTT (0.45
mg/mL) in 0.1 M PB (pH 6.8) containing 0.3 M NaCl was added
to 375 uL of NGA (40 mg/mL) in the same buffer. After
incubating the mixture for 30 min at room temperature, excess
DTT was removed by the Diaflow system (8 MC Model; Amicon
Grace, Tokyo, Japan) with 20 volumes of well-degassed 0.1 M
PB containing 2 mM EDTA (pH 6.0). The protein concentra-
tion was adjusted to 5 mg/mL. Under these conditions, none
of the 17 disulfide bonds of HSA was accessible to DTT
reduction. A small portion of this mixture was sampled, and
the number of thiol groups was estimated with 2,2’-dithio-
dipyridine.®® This solution (100 xL) was then added to a
reaction vial containing the dried residue of crude radioiodi-
nated MIH prepared as described above. The reaction was
allowed to proceed at room temperature for 2 h. The crude
radiolabeled NGA was then purified by Sephadex G-25 column
chromatography (0.8 x 16 ¢m) equilibrated and eluted with
0.1 M PB (pH 6.0).

In radiolabeling OST7 with ['3!IIMIH, OST7 was treated
with 2-ME. Briefly, OST7 (10 mg/mL), in well-degassed 0.1
M PBS (pH 7.0) containing 2 mM EDTA, was allowed to react
with 1000 molar excess of 2-ME at room temperature for 30
min. Excess 2-ME was then removed in a manner similar to
that of DTT removal. The number of thiol groups exposed by
this treatment was determined with 2,2’-dithiodipyridine.3®
This solution (5 mg/mL, 250 xL) was added to the reaction
vial containing crude [*3'I]MIH. After agitating the reaction
mixture gently for 2 h at room temperature, 27 4L of iodoac-
etamide (10 mg/mL) in 0.1 M PB (pH 6.0) was added. The
reaction mixture was incubated for an additional 30 min to
alkylate the nonreacted thiol groups.’®* The radiolabeled
protein was subsequetly purified by Sephadex G-25 column
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chromatography (0.8 x 16 cm) equilibrated and eluted with
0.1 M PB (pH 6.0). Radiochemical purities of [}*I]MIH-labeled
NGA and OST7 were determined by cellulose acetate electro-
phoresis run at an electrostatic field of 0.8 mA/em for 45 min
in a veronal buffer (Z = 0.05, pH 8.6).

Radioiodination of ATE and Protein Labeling. ATE
was radioiodinated according to the procedure as described
above except that 0.45 mg/mL ATE in 1% AcOH/MeOH was
used in place of MIH. The radiochemical purity of [}3I]1ATE
was determined by TLC developed with a mixture of 30% ethyl
acetate in hexane.® After evaporating the MeOH, the residue
was directly used for subsequent conjugation with either NGA
or OST7.

Radioiodination of NGA or OST7 with [131]]ATE was per-
formed according to the procedure of Zalutsky et al.® with
slight modifications: 200 or 540 L or NGA or OST7 (5 mg/
mL) in 0.2 M borate buffer (pH 8.5) was added to a dried
residue of crude ['3!I]ATE prepared as described above. After
gentle incubation at room temperature for 1 h, crude radio-
iodinated proteins were purified by Sephadex G-25 column
chromatography (0.8 x 16 ecm) equilibrated and eluted with
0.1 M PB (pH 7.4). Radiochemical purities of [13!I]JATE-NGA
and OST7 were determined by cellulose acetate electrophoresis
under the conditions described above.

Preparation of [B'I]NGA. Direct radioiodination of NGA
was performed by the chloramine T method.22 To 500 uL of
NGA (4 mg/mL in 0.1 M PB, pH 7.4) was added 3 uL of Na-
[*31] diluted with the same buffer. Chloramine T (1 mg/mL,
10 uL), freshly prepared in the same buffer, was then added.
After incubation of the mixture at room temperature for 10
min, the reaction was terminated by adding 6 uL of aqueous
sodium bisulfite (0.72 mg/mL). In a manner similar to other
radioiodinated proteins, ['3!'IINGA was purified. The radio-
chemical purity of this protein was determined by cellulose
acetate electrophoresis as described above.

Mite Biodistribution of Radioiodinated NGAs. Each
radioiodinated NGA was diluted with 0.1 M PBS (pH 6.0) to
adjust the protein concentration to 90 ug/mL. Biodistribution
studies were conducted by injecting the respective radioiodi-
nated NGA iv in 6-week-old ddY mice.*® Groups of five mice
each were administered with 9 ug of the respective protein
prior to sacrificing the animals at 5 min and 0.5, 1, 3, 6, and
24 h postinjection by decapitation. Tissues of interest were
removed and weighted, and the radioactivity was determined
with a well counter (ARC 2000; Aloka, Tokyo, Japan).

At 6 h postinjection of [131I]MIH-NGA, urine samples were
collected and analyzed by TLC developed with a mixture of
chloroform—methanol—water (15:8:1). Under these conditions,
free iodine, m-iodohippuric acid, and m-iodobenzoic acid
exhibited Ry values of 0.1, 0.25, and 0.4, respectively. The urine
samples were further analyzed by RP-HPLC after filtration
of the samples through a 10-kDa cutoff ultrafiltration mem-
brane (Myrex; Millipore Ltd., Tokyo, Japan). Inthe RP-HPLC
analyses, free iodine, m-iodohippuric acid, and m-iodobenzoic
acid were eluted at retention times of 2.9, 9.4, and 30.8 min,
respectively.

To estimate the amount of radioactivity excreted by hepa-
tobiliary excretion following iv injection of the three [13I[NGAs,
the common bile duct of male Wistar rats (250—300 g) was
cannulated. Each 13!I-labeled NGA (50 4g) was administered
through the femoral vein. Bile samples were collected every
10 min for 130 min. The radioactivity excreted in bile after
[131T]MIH-NGA injection was analyzed by TLC developed with
a mixture of chloroform—methanol—-water (15:8:1) and RP-
HPLC.

Plasma Stability of [IIMIH-OST7. [3IIMIH-OST7
was diluted to 0.5 mg/mL with 0.1 M PBS (pH 6.0), and 20 uL
of this solution was added to a mixture of 115 uL of freshly
prepared murine plasma and 115 uL of 20 mM PBS (pH 7.4).
After incubating for 1, 6, and 24 h at 37 °C, samples were taken
from the reaction mixture. The percentage of radioactivity
bound to antibody was determined by TLC developed with a
mixture of chloroform—methanol—-water (15:8:1) and paper
chromatography (No. 50; Advantec Toyo, Tokyo, Japan) devel-
oped with a mixture of water and methanol (20:80). Radio-
labeled proteins, free iodine, and m-iodohippuric acid exhibited
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respective Ry values of 0—0.05, 0.6—0.65, and 0.9—0.95 in this
paper chromatography system. Percentage of the radioactivity
released from [BBIJATE-OST7 was also determined under
similar conditions.

Mice Biodistribution of Radioiodinated OST7s. The
radiolabeled OST7 was diluted to 200 4g/mL with 0.1 M PBS
(pH 6.0). Biodistribution studies of radioactivity after [*3I]-
MIH-OST7 and ['*'I]ATE-OST?7 injections in 6-week-old male
ddY mice were monitored at 1, 3, 6, 24, 48, and 72 h
postinjection. Groups of five mice, each receiving 20 ug of the
respective radioiodinated OST7, were used for the experi-
ments. Organs of interest were then removed and weighted,
and the radioactivity was determined.

Statistical Analysis. Data were expressed as the mean
+ standard deviation when appropriate. Each result was
statistically analyzed using unpaired ¢-test.
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