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Abstract

Pharmacokinetic analyses of protein pharmaceuticals are of prime importance for their
clinical application. Because many proteins have pharmacological activity at low con-
centrations, radiolabelling of proteins is widely used to identify the sites and determine the
rates of protein catabolism in-vivo due to the high sensitivity of detection of radioactivity.
Recently, a metallic radionuclide, "11h, has been used to trace the pharmacokinetics of
proteins of interest after conjugation of the proteins with diethylenetriaminepentaacetic
acid (DTPA). In this study, galactosyl-neo%lycoalbumin (NGA) was reacted with the cyclic
dianhydride of DTPA and labelled with '''In to estimate the validity of this radiolabelling
procedure for pharmacokinetic analyses. For comparison, we also evaluated direct radio-
iodination, because directly-radioiodinated proteins are widely used to assess the phar-
macokinetics of proteins of interest.

The hepatic radioactivity profile after intravenous injection of [“'TINGA or
['''In]DTPA-NGA into mice was analysed pharmacokinetically, and the first-order rate
constant representing the elimination of the respective radiometabolite from hepatic
parenchymal cells was determined.

The results indicated that direct radioiodination is inappropriate for pursuing the
pharmacokinetics of the proteins, because of rapid elimination of the radioactivity from
the sites of protein catabolism. These findings also implied that the ['''In]DTPA label
could be used to identify the catabolic sites and determine the rates of catabolism of
proteins with relatively short biological half-lives, although characterization of radiola-
belled species at the sites of accumulation would be required for accurate determination of

the catabolic sites of proteins.

With advances in molecular genetics, pharmaceu-
tical applications of recombinant proteins have
attracted much attention (Koths 1995). Chemical
modifications of proteins are extensively investi-
gated for targeted delivery or for prolonging
retention in the blood circulation (Takakura et al
1996). Pharmacokinetic analyses such as the esti-
mation of catabolic sites and rates of newly
developed or chemically modified proteins are
of prime importance for assessing their pharma-
ceutical applications. Because many proteins are
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pharmacologically active at very low concen-
trations, pharmacokinetic analyses should be per-
formed at low protein concentrations. Radio-
labelling of proteins has been widely used for
this purpose, because of the high sensitivity of
detection of radioactivity (femtomolar concentra-
tions). In addition, single-photon emission com-
puted tomography (SPECT) has recently become
available for pursuing the real-time localization of
the radioactivity in living small laboratory animals
(Weber et al 1994; Ishizu et al 1995). This proce-
dure enables real-time tracing of the in-vivo beha-
viour of proteins in an animal by external
measurement of the radioactivity.
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For accurate identification of the sites and esti-
mation of the rates of protein catabolism in-vivo,
long residence times of the radioactivity at the
catabolic sites are required. Recent metabolic stu-
dies of radiolabelled proteins have indicated that
the in-vivo behaviour of radiometabolites generated
after lysosomal proteolysis is of critical importance
in determining the levels of radioactivity in tissues
in which proteins are catabolized (Duncan &
Welch 1993; Arano et al 1994a, b, 1995; Rogers et
al 1995, 1996; Duncan et al 1997; Mukai et al
1998). Indeed, several radiolabels with saccharide
units have been developed for these purposes
because of the generation of radiometabolites with
limited ability to diffuse through the lysosomal (or
cell) membrane (Thorpe et al 1993). These radi-
olabelling reagents are called residualizing labels.
Recently, a metallic radionuclide, indium-111
("'"In), has been used as a residualizing label after
reaction of proteins with cyclic diethylene-
triaminepentaacetic dianhydride (cDTPA) (Fujita et
al 1992; Nishikawa et al 1992). '''In emits y-rays
of adequate energy (173 and 247keV) both for
measuring the radioactivity with a y-counter and for
external imaging using SPECT for small animals.
The physical half-life (2-8 days) of this radio-
nuclide is sufficient for pursuing the pharmacoki-
netics of proteins with long plasma half-life but not
too long for the disposal of radioactive materials. In
addition, '''In-labelled proteins are prepared with
high radiochemical yields by a simple addition of
""n solution to the conjugate solution, because of
a rapid complexation reaction between DTPA-
conjugated proteins and '''In ions (Hnatowich et al
1983). As a result, ['''In]DTPA-labelled proteins
suitable for subsequent pharmacokinetic studies are
made available without further purification, which
constitutes another advantage of this procedure. To
apply ['''In]DTPA-labelling to pharmacokinetic
analysis of a variety of proteins, assessments of the
residence time of the radiometabolite derived from
[IHIn]DTPA—labels at the catabolic sites are
required.

Previous studies indicated that galactosyl-neo-
glycoalbumin (NGA) is a useful polypeptide for
estimation of the behaviour of radiometabolites
generated after lysosomal proteolysis in hepatic
parenchymal cells (Arano et al 1994a, b). Thus,
NGA was radiolabelled with '''In after reaction
with cDTPA to evaluate the ['''In]DTPA-labelling
procedure for pharmacokinetic analyses of proteins.
The biodistribution of radioactivity after intrave-
nous injection of [l ! lIn]DTPA—NGA into mice was
analysed, and the disappearance rate constant of the
radiometabolite from the mouse liver was deter-
mined. Because the direct iodination of proteins is

used for pharmacokinetic analyses of proteins
(Schmer et al 1978; Xi et al 1996), the rate of dis-
appearance of the radiometabolite from the liver after
injection of NGA labelled with iodine-131 (**'T) was
determined. Validity and caution in using the two
radiolabelling procedures for assessment of the sites
and rates of protein catabolism in-vivo are discussed.

Materials and Methods

Reagents

"nCly (74 MBgqmL ™! in 0-02N HCI) was kindly
supplied by Nihon Medi-Physics (Takarazuka,
Japan). Serum albumin from man (HSA: A-3782)
and cDTPA were purchased from Sigma (St Louis,
MO) and Dojindo Laboratories (Kumamoto,
Japan), respectively. Other reagents were reagent-
grade products obtained commercially.

Animals

Animal studies were performed on male ddY mice,
27-30g. Mice were maintained with standard
mouse food and water freely available. Animal
studies were performed in compliance with gen-
erally accepted guidelines governing such work.

Synthesis of NGA

NGA was prepared by reaction of HSA with cya-
nomethyl-2,3,4,6-tetra-O-acetyl-thio-f-D-galacto-
pyranoside, according to the procedures of Stowell
& Lee (1980). The numbers of sugars incorporated
into HSA were determined by the phenol-sulphuric
acid method (Dubois et al 1956) to be 44.

Preparation of [''In]DTPA-NGA

DTPA-NGA was prepared as described previously
(Arano et al 1994a, b). Briefly, a 5 molar excess of
¢DTPA in dimethylsulphoxide (2-5mgmL ") was
added to a solution of NGA (10mgmL™") in
borate-buffered saline (0-05M, pH 8-5). After stir-
ring gently for 30 min, the conjugate was purified
by Sephadex G-50 (Pharmacia Biotech, Tokyo,
Japan) column chromatography (1-8 x40cm),
equilibrated and eluted with 0-1 M citrate buffer (pH
6-0). The conjugate fractions were collected and
subsequently concentrated to 5SmgmL " with the
Diaflow system (8 MC model, Amicon Grace,
Tokyo, Japan). DTPA-NGA was labelled with '''In
by adding 111InCl3 (25 pL) to conjugate (100 uL) in
the citrate buffer. After incubation for 1h at room
temperature, 144 ul. ethylenediaminetetraacetic
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acid (10 mMm) in acetate buffer (0-1 M, pH 6-0) was
added, and the reaction mixture was gently agitated
for 1h at room temperature. The [""'In]DTPA-
NGA was purified by a centrifuged column proce-
dure (Meares et al 1984) using Sephadex G-50
equilibrated with 0-1 M acetate buffer (pH 6-0). The
radiochemical purity of the ['''In]DTPA-NGA was
determined by cellulose acetate electrophoresis
(CAE) and size-exclusion high-performance liquid
chromatography (HPLC). CAE was performed at
an electrostatic field strength of 0-8mAcm ™' for
45 min in veronal buffer (I = 0-05, pH 8-6); size-
exclusion HPLC (7-5mm x 600mm Cosmosil
5Diol-120 column; Nacalai Tesque, Kyoto, Japan)
was performed with phosphate buffer (0-1M, pH
6-8) as mobile phase at a flow rate of I mLmin '

Biodistribution of [ In]DTPA-NGA

The protein concentration of [l ! lIn]DTPA—NGA
was adjusted to 90 uygmL " with 0-1 M phosphate-
buffered saline (pH 6-0). Radiolabelled NGA (9 ug,
15kBq) was injected into the tail vein of mice. The
mice were housed in metabolic cages and urine and
faeces were collected for 24 h. At 10 and 30 min
and 1, 3, 6 and 24h postinjection, groups of five
mice were killed by decapitation. The organs of
interest were removed and weighed and the radio-
activity in blood, urine, faeces and organs was
determined with a well counter (ARC 2000, Aloka,
Tokyo, Japan) and expressed as a percentage of the
injected dose.

Pharmacokinetic analysis

Experimental data for ['>'II]NGA have been repor-
ted elsewhere (Arano et al 1994c). A hepatic
radioactivity profile after injection of each dose of
radiolabelled NGA was fitted to equation 1 by non-
linear least-squares analysis (Yamaoka et al 1981):

X, = De ®i(t=7) (1)

(where X is the amount of radiometabolites in the
liver, D (%) and 7 (h) are the maximum level of
radioactivity accumulated in the liver and the post-
injection time to reach the maximum level of radio-
activity in the liver, respectively, and K; is the first-
order rate constant for elimination from hepatic par-
enchymal cells). The first-order rate constant (K;)
was determined and the elimination half-life (t,) was
calculated by dividing 0-693 by K.

Results and Discussion

The radiolabelling of DTPA-NGA with '''In was
performed by addition of '''InCl; to the conjugate

solution. To remove the '''In-species loosely
bound to the protein molecule, ['''In]DTPA-NGA
was purified by a centrifuged column procedure
after incubation in the presence of a large amount
of ethylenediaminetetraacetic acid. Size-exclusion
HPLC and CAE analysis indicated that 99-0% of
the radioactivity was in the protein fractions.
Because cDTPA has two anhydride groups as the
binding sites for proteins, inter- and intramolecular
cross-linking is unavoidable during conjugation of
cDTPA with polypeptides (Maisano et al 1992).
Previous studies also indicated that DTPA mole-
cules that formed intramolecular cross-links acted
as chelating sites for '''In and such '''In-species
were difficult to remove by gel-permeation chro-
matography (Arano et al 1996). Although high
radiochemical purity of ['''InJ]DTPA-NGA was
registered by size-exclusion HPLC and CAE ana-
lysis, ['''In]DTPA-NGA showed slightly lower
radioactivity levels in the liver at an early post-
injection time (Table 1) than NGAs labelled with
""In by use of other chelating agents (Arano et al
1994b, 1995). This suggested the presence of small
amounts of '''In-species which were attached to
the chelating sites produced by intramolecular
cross-linking. However, because all the radio-
labelled species were present as ['''In]DTPA-
lysine in the liver 1h after injection of
[mln]DTPA-NGA (data not shown), redistribution
of radiolabelled species other than [mIn]DTPA—
lysine to the liver was negligible. Therefore, the
pharmacokinetic estimation of the radiometabolite
derived from ['''In]DTPA-labels was performed
on the basis of the results in Table 1. More than
88% of the injected radioactivity accumulated in
the liver 10 min after injection (Table 1). At 24h
postinjection, 51% of the injected radioactivity
remained in the liver with 18% and 12% of the
radioactivity being excreted in the urine and faeces,
respectively.

The radioactivity profile in the liver after intra-
venous injection of [IHIn]DTPA—NGA or
[13II]NGA was fitted to equation 1, and the first-
order rate constant was determined. As shown in
Figure 1, the fitting curves were in good agreement
with the experimental data. The pharmacokinetic
parameters obtained are listed in Table 2. The K,
value for ['''InJ[DTPA-NGA was identical with
that calculated by the compartment model reported
previously (Mukai et al 1998) (data not shown).
The calculated t), value for [13II]NGA was very
close to the half-life (10-25min) of the dis-
appearance of the radioactivity from the rat liver after
injection of ['*I]asialofetuin (Dunn et al 1979).

Pharmacokinetic analysis of [ISII]NGA indicated
that the radioactivity was eliminated from the
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Table 1. Biodistribution of radioactivity after intravenous injection of ['!''In]diethylenetriaminepentaacetic acid-galactosyl-

neoglycoalbumin into mice.

Organ/tissue* Time after injection
10 min 30 min 1h 3h 6h 24h

Liver 88:53+4-11 86-89+6-62 86-46+4-96 80-10£3-11 79-10+4-51 51-16£4-01
Intestine 0-69+0-14 2-62+0-59 3.28+0-47 3.794+0-78 3.04+0-93 6-59+0-58
Kidney 0-27+£0-03 0-29+0-05 0-59+0-12 1.95+0-26 1.68+0-34 4.36+0-72
Spleen 0-08 £0-00 0-05£0-01 0-06£0-02 0-08 £0-02 0-06+0-03 0-03£0-02
Stomach 0-14+0-09 0-21+0-07 0-09+ 0-06 0-14+0-06 0-22+0-15 0-34+0-14
Bloodf 1.04+0-23 0-66£0-15 0-76+0-14 0-71+£0-60 026+ 0-11 0-27+0-02
Urine - - - - 17-54+4.74
Faeces - - - - 12:024+2-80

* Expressed as a percentage of injected dose (mean = standard deviation of results from five animals). { Calculated assuming a

mouse blood volume of 2-5mL.
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Figure 1. Radioactivity profiles in the liver after intravenous

injection of ['''In]DTPA-NGA (@) or [*'IINGA (O) into
mice. Each point was expressed as the percentage of injected
dose (meanz standard deviation of results from five experi-
ments). The experimental data for ['*!'TINGA have been
reported previously (Arano et al 1994c). Fitting curves were
drawn using the values listed in Table 2.

catabolic site very quickly (t, = 0-23 h). This rapid
elimination was a result of rapid metabolism of
radioiodinated proteins to mono- and diiodotyrosine
in the lysosome and subsequent conversion of these
radiometabolites to free radioiodine by a cytoplasmic

enzyme (LaBadie et al 1975). Thus, the direct
radioiodination procedure was inappropriate for
identification of the sites and estimation of the rates of
protein catabolism.

The t, of [IHIn]DTPA—NGA was 130 times lar-
ger than that of [">'IINGA (Table 2), suggesting
that the ['''In]DTPA label could be used for
pharmacokinetic analysis of proteins with relatively
short biological half-lives although the elimination
of radioactivity from the liver might still be too
rapid to be applicable to proteins with long biolo-
gical half-lives (Thorpe et al 1993). The relatively
long residence time of the radioactivity after
injection of [""'In]DTPA-NGA was attributable to
the slow rate of elimination of the radiometabolite,
['"'In]DTPA-lysine, from the lysosomal compart-
ment in hepatic parenchymal cells (Duncan &
Welch 1993; Arano et al 1994a; Franano et al
1994). Recent studies also indicated that when
[Hlln]DTPA was attached to the N-terminal
asPartic acid or phenylalanine residues of proteins,
['"'In]DTPA-aspartic acid or ['''In]DTPA-phenyl-
alanine, respectively, was generated as the final
radiometabolite and the residence times of both

Table 2. Pharmacokinetic parameters for elimination of radioactivity from the liver after
intravenous injection of radiolabelled galactosyl-neoglycoalbumin into mice.

["''In]DTPA-NGA [BIINGA
Experimental data
Maximum level of hepatic radioactivity (D,%)* 88-53 92.49
Time after injection when the level of 0-17 0-083
radioactivity in the liver is maximum (t,h)
Calculated data
First-order rate constant for elimination from 0-023 3.0
hepatic parenchymal cells (Kl,h")
Elimination half-life (tl,,h) 30 0-23

* Percentage of the injected dose. DTPA-NGA, diethylenetriaminepentaacetic acid-galactosyl-
neoglycoalbumin; NGA, galactosyl-neoglycoalbumin.
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metabolites at the sites of protein catabolism were
long (Rogers et al 1995; Bass et al 1998). Thus, the
long residence time of the radiometabolites at the
catabolic site when [IHIn]DTPA is attached to the
cationic (lysine), anionic (aspartic acid) or aromatic
(phenylalanine) amino acid residues of the proteins
might be because of the inherent (hydrophilic and
anionic) characteristics of [""In]DTPA chelate.

In conclusion, pharmacokinetic analysis of
radiometabolite elimination from hepatic par-
enchymal cells was performed to estimate the
aPplicability of direct radioiodination and
[ "'In]DTPA-labelling procedures for identification
of the sites and assessment of the rates of protein
catabolism in-vivo. The rate of elimination of the
radiometabolite of [13]I]NGA was too high to be
applicable to the pharmacokinetic analysis of pro-
teins. The residence time of radioactivity in the
liver was much longer after administration of
["""In]DTPA-NGA, suggesting that ['''In]DTPA-
labelling might be applicable for identification of
the sites and estimation of the rates of catabolism of
proteins with relatively short biological half-lives.
However, because the formation of intramolecular
cross-links is unavoidable when DTPA molecules
are attached to proteins via currently available
procedures such as reaction with cDTPA, char-
acterization of radiolabelled species in the catabolic
sites would be required for accurate estimation of
protein pharmacokinetics. Thus, it might be
necessary to develop chelating agents that enable
DTPA-conjugated proteins to be prepared without
inducing intramolecular cross-linking.
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