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Abstract
We are investigating the use of recombinant streptavidin (rSAv) as a carrier molecule for the short-
lived α-particle emitting radionuclides 213Bi (t1/2 = 45.6 min) and 211At (t1/2 = 7.21 h) in cancer
therapy. To utilize rSAv as a carrier, it must be modified in a manner that permits rapid chelation or
bonding with these short-lived radionuclides, and also modified in a manner that diminishes its
natural propensity for localization in kidney. Modification for labeling with 213Bi was accomplished
by conjugation of rSAv with the DTPA derivative p-isothiocyanato-benzyl-CHX-A″ (CHX-A″),
3a. Modification for direct labeling with 211At was accomplished by conjugation of rSAv with an
isothiocyanatophenyl derivative of a nido-carborane (nCB), 3b, or an isothiocyanatophenyl-
dPEG™/decaborate(2-) derivative, 3c. After conjugation of the chelating or bonding moiety, rSAv
was further modified by reaction with an excess (50–100 equivalents) of succinic anhydride.
Succinylation of the lysine amines has previously been shown to greatly diminish kidney localization.
rSAv modified by conjugation with 3a and succinylated radiolabeled rapidly with 213Bi (< 5 min),
providing a 72% isolated yield. 211At labeling of modified rSAv was accomplished in aqueous
solution using chloramine-T as the oxidant. Astatination of rSAv conjugated with 3b and succinylated
occurred very rapidly (<1 min), providing a 50% isolated radiochemical yield. Astatination of rSAv
conjugated with 3c and succinylated was also very rapid (<1 min) providing 66–71% isolated
radiochemical yields. Astatination of succinylated rSAv, 2a, which did not have conjugated borane
cage moieties, resulted in much lower radiolabeling yield (18%). The 213Bi- or 211At-labeled
modified rSAv preparations were mixed with the corresponding 125I-labeled rSAv, and dual-label
in vivo distributions were obtained in athymic mice. The in vivo data show that 213Bi-labeled
succinylated rSAv [213Bi]6a has tissue concentrations similar to 125I-labeled modified rSAv [125I]
6b, suggesting that 213Bi is quite stable towards release from the chelate in vivo. In vivo data also
indicate that the 211At-labeled rSAv conjugated with 3b or 3c and succinylated are stable to in vivo
deastatination, whereas succinylated rSAv lacking a boron cage moiety is subject to some
deastatination. The modified rSAv conjugated with nido-carborane derivative 3b has a higher
retention in many tissues than rSAv without the carborane conjugated. Interestingly, the rSAv
conjugated with 3c, which also contains a m-dPEG12

™ moiety, has significantly decreased
concentrations in blood and other tissues when compared with direct labeled rSAv, suggesting that
it may be a good candidate for further study. In conclusion, rSAv that has been modified with CHX-
A″ and succinylated (i.e. 5a) may be useful as a carrier of 213Bi. The encouraging results obtained
with the PEGylated decaborate(2-) derivative 3c and succinylated (i.e. 5c) suggests that its further
study as a carrier of 211At in pretargeting protocols is warranted.
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INTRODUCTION
α-Emitting radionuclides are of high interest for Targeted Radionuclide Therapy (TRT1) of
disseminated (micro)metastatic cancer (1–4). The short path length of the α-particle results in
deposition of a large amount of energy in a few cell diameters, providing very effective cell
killing for single cells or small clumps of cells without affecting the surrounding normal tissues.
Two of the most promising α-particle emitting radionuclides for use in TRT are 213Bi
and 211At (5). Unfortunately, both of these radionuclides have relatively short half-lives (45.6
min and 7.21 h, respectively) making it imperative that rapid and efficient radiolabeling
chemistry be available or developed. The short half-lives of these radionuclides also makes it
imperative that the cancer-targeting carrier molecule be able to localize rapidly to the cancer
cells in the body. Further, the high cytotoxicity of these radionuclides requires that they remain
attached to the carrier molecule during the period they are present in the body.

The cancer-targeting agent is a critical component in TRT. While there are a large number of
biological agents to choose from, making the choice of an appropriate cancer-targeting agent
to carry highly cytotoxic, short half-lived, α-emitting radionuclides is not easy. For systemic
delivery, intact monoclonal antibodies (mAbs) and their F(ab′)2 fragments are questionable for
carrying 213Bi or 211At due to their inherent properties (6–8) and unfavorable tumor-targeting
pharmacokinetics. Smaller mAb fragments, engineered proteins and peptides are also
unfavorable due to their propensity to localize in kidney, although a number of studies to
decrease localization have been published (9–13). As an alternative, we have been investigating
the use of two different 2-step approachs2 for targeting 213Bi and 211At to cancer cells in vivo
termed “pretargeting”. In one form of the 2-step pretargeting approach (14,15), monoclonal
antibodies (mAbs) are conjugated with a biotin derivative and that conjugate is injected to
target the cancer cells. At some time later (i.e. 24 h post injection of the mAb-biotin), a
radiolabeled recombinant streptavidin (rSAv) is injected to bind with the tumor cell surface-
associated mAb-biotin.

Proteins, such as rSAv, can not be labeled with 213Bi or 211At without conjugation of a binding
or bonding moiety (BM) first. Furthermore, proteins such as rSAv, which have molecular
weights of ~50 kDa, can localized rapidly to the kidney (16), posing the same serious limitations
of mAb fragments and peptides. Fortunately, prior studies have reported several methods to
decrease the kidney localization of rSAv without significantly affecting the biotin-binding
affinity (17–19). Of these options, succinylation of the amines on rSAv is perhaps the most
readily achieved, and provides low kidney concentrations. Thus, use of rSAv as a carrier of
radionuclides requires two modification steps; the first is to conjugate a binding or bonding
moiety and the second is to react all (or most) of the remaining surface lysine amines with a
molecule that neutralizes the lysine’s positive charge, such as a succinic anhydride moiety.

A cyclohexyl-DTPA derivative, isothiocyanato-benzyl-CHX-A″ was chosen for conjugation
with rSAv for 213Bi labeling. This choice was based on our (20,21), and other investigators
(22–26), prior studies that have demonstrated proteins conjugated with the CHX-A″ moiety
are rapidly labeled with 213Bi in high radiochemical yields. The choice for modification of
rSAv to attain efficient 211At labeling was not as readily apparent. Unlike radioiodination,
direct astatination of proteins can result in an unstable label when injected in vivo (27,28). The
application of p- or m-astatobenzoate NHS esters often used in protein astatinations (29,30)

1ABREVIATIONS: Av, avidin; BM, binding moiety or bonding moiety; ChT, chloramine-T; cpm, counts per minute; decaborate(2-),
undecahydrodecaborate, [B10H9]2--R; DTPA, diethylenetetraaminepentaacetic acid; EDTA, ethylenediaminetetraacetic acid; IEF,
isoelectric focusing; iv, intravenous; mAb, monoclonal antibody; %ID/g, percent injected dose/gram; nCB, nido-carborane; PBS,
phosphate-buffered saline; pi, post injection; rSAv, recombinant streptavidin; rt, room temperature, SAv, streptavidin
2The term 2-step is often not accurate as a “clearing” step may be used to rid the blood of remaining mAb-biotin or mAb-SAv conjugates,
in effect making it a 3-step approach.
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was considered for labeling rSAv. However, the use of such astatinated benzoate derivatives
appeared problematic due to the requirement of modification of rSAv to eliminate kidney
localization following the radiolabeling step. Additionally, it was desirable to obtain a simpler
and perhaps higher yielding approach for astatination of rSAv. In other studies we have shown
that astatination of a mAb Fab’ can be accomplished rapidly in high yield using borane cage
moieties (31). Because of the differences noted previously for nido-carborane conjugates and
decaborate(2-) conjugates, we felt it was important to evaluate both options in this
investigation. The protein-reactive α-emitting radionuclide’s binding (chelating) or bonding
moieties used to modify rSAv are shown in Figure 1.

The primary goals of this investigation were to determine if modifications made to rSAv
for 213Bi- and 211At-labeling altered its in vivo properties and if the rSAv conjugates prepared
for study were stable to in vivo release of the radionuclides. A secondary goal was to evaluate
the efficiency of radiolabeling with these expensive radionuclides, as that may impact on
whether these radionuclides can be successfully applied to cancer therapy. The results obtained
in the investigation are reported herein.

EXPERIMENTAL PROCEDURES
General

All chemicals purchased from commercial sources were analytical grade or better and were
used without further purification. Succinic anhydride and most other chemicals were obtained
from Aldrich (Sigma-Aldrich Corp., Milwaukee, WI). The m-dPEG12

™ amine was obtained
from Quanta BioDesign, Ltd (Powell, OH). Chloramine-T (ChT) and phosphate buffered saline
(PBS) were obtained from Sigma (St. Louis, MO). Avidin was obtained from Pierce (Rockford,
IL). Bismuth metal used as the target for preparation of 211At was obtained from Alpha Aesar
(Ward Hill, MA) as Puratronic 99.999%. Solvents for HPLC analysis were obtained as HPLC
grade and were filtered (0.2 μm) prior to use. Recombinant streptavidin (rSAv) was obtained
from Boehringer Mannheim (Indianapolis, IN). Silica gel chromatography was conducted with
70–230 mesh 60 Å silica gel (Aldrich Chemical Co.). Sephadex G-25 desalting columns
(PD-10 and NAP-10) were obtained from Amersham Biosciences (Piscataway, NJ).
Centricon-30 centrifugation concentrators were obtained from Amicon (Beverly, MA).

Radioactivity
All radioactive materials were handled according to approved protocols at the University of
Washington. Na[125I]I was purchased from Perkin-Elmer Life and Analytical Services as high
concentration/high specific activity radioiodide in 0.1 N NaOH. [225Ac]Actinium nitrate was
purchased from the Department of Energy (Oak Ridge, TN) on a column (actinide resin, 100–
200 mesh, EiChrom Technology Inc., Darien, IL) ready for elution of 213Bi in the radiolabeling
experiments. 211At was produced by an α-particle irradiation (28 MeV) of natural
bismuth, 209Bi(α, 2n)211At, on a Scandatronix MC-50 cyclotron. The 211At activity was
distilled from the bismuth target at 650–700°C into a cooled trap as previously described
(32). The dry distillation of 211At was conducted in a charcoal filtered glove box (Innovative
Technologies, radioisotope glove box). The distilled 211At was trapped in a cooled (−78°C)
vial or peek tubing (1 mm ID × 35 cm length) (33) and was rinsed from the vial with CHCl3
or 0.05 N NaOH for use in the labeling experiments.

Radiohalogenation reactions were conducted in a charcoal-filtered Plexiglas enclosure (Biodex
Medical Systems Inc., Shirley, NY) housed within a radiochemical fume hood. The
radiohalogenation reactions (125I or 211At) were conducted in vials capped with Teflon-coated
septa. Reaction vials were vented through a 10 mL charcoal-filled syringe. Additions of
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reagents and radionuclides to, or removal of materials from, radiohalogenation vials were
conducted by passing a syringe needle through the septa.

Measurement of 213Bi, 211At and 125I was accomplished on a Capintec CRC-15R. The
calibration numbers provided by Capintec Technical Services were used for measurement
of 213Bi and 211At on these instruments. Tissue samples containing these radionuclides were
counted in a Wallac Wizard™ gamma counter (PerkinElmer Life and Analytical Sciences,
Wellesley, MA). The tissue samples had either 213Bi or 211At, along with 125I. Total
radioactivity counts (cpm) for the samples were obtained by counting in all channels of the
detector. To determine the counts from each radionuclide in tissues, the tissue samples were
allowed to decay for 1–2 day resulting in <0.01% 213Bi being present (<0.01%) or 3–5 days
resulting in <0.1% 211At being present. Recounting tissue samples after the decay period
provide the 125I counts. The total counts and 125I counts for tissues were transferred to an Excel
(Microsoft Corp., Redmond, WA) spreadsheet. The counts for 213Bi or 211At radioactivity
were calculated by subtracting the 125I counts from the total cpm for each tissue sample, and
the 213Bi and 211At counts were corrected for decay of each sample during the counting process.

Spectral Analyses
1H and 11B NMR spectra for compounds were obtained on either a Bruker AV 300 (300 MHz)
or Bruker AV 500 (500 MHz) instrument. 1H chemical shifts are expressed as ppm using
tetramethylsilane as an internal standard (δ = 0.0 ppm). 11B chemical shifts were referenced
to BF3OEt2 as an external standard. High-resolution mass spectra (HRMS) and low-resolution
mass spectra (LRMS) were obtained on a Bruker APEX III 47e Fourier Transform Mass
Spectrometer using electrospray ionization. For analysis, the samples were dissolved in 50/50
MeOH/H2O and were introduced by an integral syringe infusion pump (Cole Parmer Series
74900).

Analytical Chromatography
All synthetic reactions were monitored by HPLC. Samples were assessed on a system that
contained a Hewlett-Packard quaternary 1050 gradient pump, a variable wavelength UV
detector (254 nm), and a Varex ELSD MKIII evaporative light-scattering detector. Analyses
of HPLC data were conducted using Hewlett-Packard HPLC ChemStation software. Reversed-
phase HPLC chromatography was carried out on an Alltech Altima C-18 column (5 μm, 250
× 4.5 mm) using a gradient solvent system at a flow rate of 1 mL/min. A gradient of MeOH
and H2O/0.1% HOAc was used. Starting with 40% MeOH, the initial solvent mixture was held
for 2 min, then the gradient was increased to 100% MeOH over the next 10 min, then held at
100% MeOH for 8 min. Retention times (tR) under these conditions for new compounds are
provided with the compound experimental.

HPLC separations of the (non-radioactive) modified rSAv were conducted on a Hewlett-
Packard isocratic system consisting of a Model 1050 pumping system and a Model 1050
Multiple Wavelength Detector (280 nm). The proteins were evaluated on a Protein Pak 300
SW glass size exclusion column (10 μm, 8 mm × 30 cm, Waters Corporation, Milford, MA)
run at 1.0 mL/min eluting with 50 mM sodium phosphate buffer (pH 6.8) which contained 300
mM NaCl, 1 mM EDTA, and 1 mM sodium azide. Analyses of the HPLC data were conducted
on Hewlett-Packard HPLC ChemStation software. Retention times (tR) for the succinylated r-
SAv was 9.8 min and boron cage-modified rSAv were ~10.5 min using these conditions.

Radiolabeled rSAv—Size-exclusion chromatography was also used to evaluate
radiolabeled modified rSAv. HPLC separations of radioiodinated proteins were conducted on
a system consisting of a Model 1050 pumping system, a Waters Lambda-Max 481 UV detector,
and a Beckman model 170 radioisotope detector. The detectors were connected to a computer
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through a Hewlett-Packard Model 35900 interface, and data from the chromatograms was
obtained on a computer running Hewlett-Packard ChemStation Software. The same size-
exclusion column and elution conditions were used for the radiolabeled proteins as unlabeled
proteins.

Isoelectric Focusing
IEF were obtained on a Novex PowerEase 500 instrument with the XCell II chamber using
Invitrogen (Novex) precast gels, pH 3–10 (1.0 mm, 12 well) running under the standard IEF
Program. The protein was stained with GelCode Blue Stain (Pierce). IEF standards were from
Serva Electrophoresis GmbH: (pI) 10.7 - cytochrome C; 9.5 - ribonuclease A; 8.3, 8.0, 7.8 -
lectin; 7.4, 6.9 - myoglobin; 6.0 - carbonic anhydrase; 5.3, 5.2 - β-lactoglobulin; 4.5 - trypsin
inhibitor; 4.2 - glucose oxidase; 3.5 – amyloglucosidase.

Syntheses
The following compounds were prepared as previously described: isothiocyanatobenzyl-CHX-
A″ DTPA, 3a (34)3; 3-(3′-(nido-carboranyl)propionyl)amino-1-isothiocyanatobenzene, 3b
(35); 5-N-(tert-butyloxycarbonyl)-aminoisophthalate bis-tetrafluorophenyl ester, 7 (36);
[Et3NH]B10H9-CO-trioxatridecanediamine, 10 (31).

5-(N-tert-Butyloxycarbonylamido)-3-(m-dPEG12™-amido)-isophthalamic acid 2,3,5,6-tetra-
fluorophenyl ester, 9

A solution of m-dPEG12
™-amine, 8, (100 mg, 0.18 mmol) in anhydrous DMF (2 mL) was

added dropwise over 30 min to a solution of 7 (207 mg, 0.36 mmol) and Et3N (30 μL, 0.36
mmol) in anhydrous DMF (5 mL) at room temperature. After the addition was complete the
reaction mixture was stirred at room temperature for an additional 10 min, then the volatile
materials were removed under vacuum. The crude residue was purified by silica gel
chromatography eluting with 10% MeOH/EtOAc to give 138 mg (80%) of 9 as a colorless
oil. 1H NMR (CD3OD, 300 MHz): δ 1.59 (s, 9H), 3.35 (s, 3H), 3.51–3.71 (m, 48H), 7.46–7.58
(m, 1H), 8.23 (t, J = 2.0 Hz, 1H), 8.28 (t, J = 1.6 Hz, 1H), 8.51 (t, J = 1.9 Hz, 1H), 8.72 (t, J =
5.2 Hz, 1H). HRMS (ES+) C44H66N2O17F4Na (M+Na)+; calcd 993.4195; found 993.4193.
HPLC: tR = 14.2 min.

5-(N-tert-Butyloxycarbonylamido)-3-(m-dPEG12™-amido)-1-((13′-nonahydro-closo-
decaborate(2-))-4,7,10-trioxatridecanediamine)-aminoisophthalate, 11

A solution containing [Et3N]10 (53 mg, 0.113 mmol), 9 (110 mg, 113 μmol), Et3N (32 μL,
0.227 mmol) and anhydrous DMF (5 mL) was stirred at room temperature for 2 h. EtOAc (20
mL) was added and the mixture was stirred for an additional 10 min. The liquid was decanted
from the residue. The crude product was redissolved in MeOH/water (1/1) and purified by flash
chromatography (Biotage C18 FLASH 25+M column) eluting with a gradient mixture
composed of MeOH and 0.1% aqueous HOAc (pH 3.25). The starting gradient mixture of 25%
MeOH was held for 2 min, increased to 100% MeOH over the next 10 min, then held at 100%
MeOH for 8 min. Isolation yielded 112 mg (78%) of 11 as light-brown tacky solid. 1H NMR
(DMSO-d6, 500 MHz): δ 1.17 (t, J = 7.3 Hz, 9H), 1.46 (s, 9H), 1.71–1.81 (m, 4H), 3.04–3.09
(m, 6H), 3.21 (s, 3H), 3.29 (dd, J = 6.6, 12.4 Hz, 2H), 3.39–3.72 (m, 71H), 7.72 (bs, 1H), 7.82
(s, 1H), 7.98 (d, J = 8.0 Hz, 2H), 8.43 (t, J = 5.5 Hz, 1H), 8.47 (t, J = 5.5 Hz, 1H), 9.28 (bs,
1H), 9.58 (s, 1H). 11B NMR (DMSO-d6, 96.29 MHz): δ −5.03 (2B), −15.90 (2B), −24.66 (6B).
LRMS (MALDI−) C49H95B10N4O20K (M+K)−; calcd 1208.7; found 1208.8. HPLC: tR = 11.0
min.

3This reagent is available commercially from Macrocyclics, Dallas, Tx (www.macrocyclics.com).
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5-(Isothiocyanato)-3-(m-dPEG12™-amido)-1-((13′-nonahydro-closo-decaborate(2-))-4,7,10-
trioxatridecanediamine)-aminoisophthalate, 3c

A quantity of 11 (100 mg, 0.079 mmol) was dissolved in neat TFA (1 mL), and that solution
was stirred at room temperature for 10 min. The excess TFA was removed under a stream of
Argon, then the residue was dissolved in a solution of MeOH (3 mL) and Et3N (0.2 mL). After
solvents were evaporated on a rotoevaporator, the deprotected compound was dried under
vacuum for 2 h, then dissolved in anhydrous DMF (1 mL).

To the DMF solution was added thiocarbonyldiimidazole (28 mg, 0.157 mmol). That solution
was stirred at room temperature for 1 h. Et2O was added and the solution was stirred for an
additional 30 min. The solvents were decanted and the residue was washed with EtOAc (3 ×
15 mL) to afford 91 mg (95%) of 3c. 1H NMR (DMSO-d6, 500 MHz): δ 1.16 (t, J = 7.2 Hz,
9H), 1.71–1.77 (m, 4H), 3.06 (q, J = 7.3 Hz, 6H), 3.16 (s, 1H), 3.21 (s, 2H), 3.30 (dd, J = 6.6,
12.3 Hz, 2H), 3.39–3.74 (m, 71H), 7.40 (s, 2H), 7.93 (d, J = 8.1 Hz, 2H), 8.24 (s, 1H), 8.51 (s,
1H), 8.66 (t, J = 5.2 Hz, 1H), 8.75 (t, J = 5.1 Hz, 1H). 11B NMR (DMSO-d6, 96.29 MHz): δ
−5.25 (2B), −16.67 (2B), −25.99 (6B). HPLC: tR = 13.1 min.

Succinylation of rSAv, 2a
Succinylation of rSAv was accomplished as previously described (17). Briefly, a 200 μL aliquot
of a 5 mg/mL solution of rSAv (1 mg, 1.9 × 10−2 μmol) was added to 370 μL of 50 mM
NaHCO3 buffer (pH 8.5). To this solution was added 100 equivalents (188 μg; 1.88 μmol) of
succinic anhydride in 20 μL DMSO. After 30 min at room temperature, the contents were
transferred to a Centricon-10 and concentrated to approximately 50 μL. PBS (500μL) was
added and the solution was again concentrated to 50 μL. This wash step was repeated 5 times.

Preparation of Succinylated rSAv-CHX-A″, 5a
Three steps were taken to prepare the rSAv conjugate, 5a, such that it could be radiolabeling
with 213Bi. The first step involved demetallation of rSAv. The second step involved conjugation
of the CHX-A″ chelate 3a, then succinylation of that conjugate. The third step was purification
of the modified rSAv under demetallation conditions. The conditions used in each step are
described below.

Demetallation of rSAv—The rSAv (5 mg) was dialyzed against 2 liters of metal-free
HEPES buffer with a minimum of 5 buffer changes over 3 days at 4°C using a Slide-A-Lyzer®
10K cassette (Pierce, Rockford, IL). All buffers used were prepared with metal-free (18 mega-
ohm) water passed over a column of Chelex-100 resin (250 g/12 L). Chelex-100 resin (10 g)
was added to each buffer change. The demetallated mAbs were removed from dialysis and
placed in acid washed 15 mL conical vials, and care was taken to assure that no metals were
introduced.

Conjugation of 3a and Succinylation—To the demetallated rSAv (4.5 mg, 85 nmol) in
1 mL demetallated HEPES buffer, pH 8.5 at room temperature was added 44 μL (1.7 μM) of
an isothiocyanatobenzyl-CHX-A″, 3a, solution (22.4 mg/mL in DMSO). The reaction mixture
was stirred at room temperature for 18 hours to yield 4a. After that time, 0.43 mg (4.24 μmol)
of succinic anhydride was added and the mixture was stirred for another 1 h at room temperature
to give 5a (80%, 4.5 mg/mL, 0.8 mL).

Purification and Second Dialysis—After the conjugation reaction was complete, the
reaction mixture was placed in a dialysis cassette and dialyzed against 3 × 2 liters of metal-
free citrate buffer (50 mM sodium citrate, 150 mM NaCl, 0.05% NaN3 adjusted to pH 5.5)
over 2 days; against 4 × 2 liters of 150 mM NaCl for 2 days. The number of CHX-A″ chelates
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per rSAv molecule in 5a was assessed using the yttrium-arsenazo III complex
spectrophotometric assay (37). The modified rSAv was stored at 4°C until used.

Preparation of Succinylated rSAv-nCB, 5b
To 2.5 mg (500 μL at 5 mg/mL in PBS pH 7.2) of rSAv was added 1 mL of 50 mM sodium
bicarbonate buffer, pH 8.5, followed by 40 μL of a solution of 3b (4.85 mg/mL in DMSO).
This was allowed to react overnight at room temperature. The solution was then passed over
a PD-10 column (Pharmacia, Uppsala, Sweden) eluting 1 mL fractions with 0.9% saline. The
protein fractions were combined and concentrated using a Centricon-30 (Millipore, Bedford,
MA) to give 2.4 mg (400 μL of 6 mg/mL; 96%) of rSAv-nCB, 4b.

To 1.0 mg of rSAv-nCB (167 μL of 6 mg/mL in 0.9% saline solution) was added 334 μL of
50 mM sodium bicarbonate buffer, pH 8.5, followed by 20 μL of a solution of 4.7 mg/mL
succinic anhydride in DMSO. After 30 min at room temperature, the solution was passed over
a PD-10 column and collected in 0.9% saline. The protein fractions were combined and
concentrated in a Centricon-30 to give 0.94 mg (260 μL of 3.6 mg/mL solution; 94%) of
succinylated rSAv-nido-carborane, 5b.

Preparation of Succinylated rSAv-B10H9-m-dPEG12™, 5c
To 11 mg (207 nmol) of rSAv in 1 mL of 500 mM sodium borate buffer pH 8.0 was added 137
μL (2.08 μmol) of a solution of 3c (20 mg/mL in DMF). This was allowed to react overnight
at room temperature. The solution was then passed over a PD-10 column and collected in PBS
pH 7.2. The protein containing fractions were combined and concentrated in a Centricon-30
to give 790 μL of 12.7 mg/mL solution (91%). To 700 μL of this solution (8.9 mg) was added
700 μL of 100 mM sodium bicarbonate pH 8.5 followed by 1.68 mg of succinic anhydride in
30 μL of DMF. After 30 min at room temperature, the solution was concentrated in a
Centricon-30 and washed with 4 × 1 mL of PBS pH 7.2. This yielded 7.9 mg (1.1 mL at 7.2
mg/mL; 88%) of succinylated rSAv-B10/dPEG™, 5c.

Preparation of [213Bi]6a
213Bi was obtained from 225Ac (t1/2 = 10 days) by elution of the generator column with 1 M
HCl using a dual syringe pump (38). As the elution proceeded, the 213Bi/HCl solution was
mixed with water (in a plastic chamber) and run across a MP-50 cation exchange column.
The 213Bi was trapped on the ion exchange column and the column was removed from the
generator system. The column was then eluted with freshly prepared 0.1N HI, then the pH of
the eluant was adjusted to 4.2 – 4.5 using 3M NH3OAc (Ultrex grade).

A 200 μg quantity of demetallated and succinylated rSAv with approx. 1.5 CHX-A″ chelates/
molecule in 120 μL PBS was diluted with 100 μL 1 M NaOAc (pH 4), then 300 μL of 213Bi
eluant (95 MBq; 2.56 mCi) was added. After 5 min at room temperature the reaction mixture
was passed over a PD-10 column and 68 MBq (72%) of [213Bi]6a was obtained. The
radiochemical purity of the [213Bi]6a, was analyzed using instant thin layer chromatography
(ITLC) on an ITLC-SG strip (Gelman, Ann Arbor, MI). After spotting, the ITLC strips were
allowed to air dry, then were placed in a development chamber containing 80% methanol/20%
10 mM DTPA in water as eluant. When the solvent had nearly reached the top of the strip, it
was air-dried, cut in sections, and counted in a gamma counter. The percent bound activity was
obtained by dividing the activity in the first half of the strip (from point of spotting) divided
by the total activity on the ITLC strip (x100).
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211At/125I Labeling; Preparation of [211At]2b, [125I]2b, [125I]6b, [211At]6c, [125I]6c, [211At]6d,
[125I]6d

The following general procedures were used to obtain the 211At- and 125I-labeled rSAv
conjugates.

[125I]6b
To solution of 5a (100 μL of a 4.5 mg/mL in PBS) was added 25 μL of sodium phosphate (500
mM, pH 7.4), then 1 μL of Na[125I]I (195 μCi in 0.1 N NaOH). That addition was followed
by 12 μL of a 1 mg/mL solution of ChT in water. After 5 min. at room temperature, the reaction
was quenched with 1.2 μL of a 10 mg/mL solution of sodium metabisulfite in water. The
reaction mixture was then placed on a NAP-10 column (Amersham Pharmacia Biotech) and
eluted with PBS. The protein fractions were combined to yield 166 μCi (85%) of [125I]6b.

[125I]2b and [125I]6c
To 600 μg succinylated rSAv-nCB, 5b, (1.7 mg/mL in PBS) or succinylated rSAv, 2a, (12.6
mg/mL in PBS) was added 25 μL of sodium phosphate 500 mM, pH 7.4. This was followed
by 1.5 μL (310 μCi) of Na[125I]I in 0.1 N NaOH and 38 μL of a solution of 1 mg/mL ChT in
water. After 30 sec at room temperature, 3.8 μL of a solution of 10 mg/mL sodium metabisulfite
in water was added to quench the reaction. The mixture was then passed over a NAP-10 column
and collected in 0.9% saline. The protein fractions were combined. This procedure gave
radiochemical yields of 54% for [125I]2b and 68% for [125I]6c.

[211At]2b and [211At]6c
To 600 μg succinylated rSAv-nido-carborane, 5b, (1.7 mg/mL in PBS) or succinylated rSAv,
2a, (12.6 mg/mL in PBS) was added 100 μL of sodium phosphate 500 mM, pH 7.4. This was
followed by 40 μL (360–410 μCi) of Na[211At]At solution at pH 7 and 38 μL of a solution of
1 mg/mL ChT in water. After 30 sec at room temperature, 3.8 μL of a solution of 10 mg/mL
sodium metabisulfite in water was added to quench the reaction. The mixture was then passed
over a NAP-10 column (Pharmacia, Uppsala, Sweden) and collected in 0.9% saline. The
protein fractions were combined. This procedure gave radiochemical yields of 18% for [211At]
2b, and 50% for [211At]6c.

[211At]rSAv-B10, [211At]6d
To 750 μg, 5c, (2.97.2 mg/mL in PBS) was added 100 μL sodium phosphate 500 mM, pH 7.4.
This was followed by addition of 400–500 μL (600–660 μCi) of Na[211At]At solution in 0.05
N NaOH. To this solution was added 75 μL of a solution of 1 mg/mL ChT in water. After 1
min at room temperature, the reaction was quenched with 75 μL of 1 mg/mL sodium
metabisulfite in water. The mixture was then passed over a NAP-10 column and collected in
0.9% saline. The protein fractions were combined to give radiochemical yields of 66 and 71%
(2 radiolabeling reactions) for [211At]6d.

[125I]rSAv-B10, [125I]6d
To 750 μg, 5c, (7.2 mg/mL in PBS) was added 25 μL sodium phosphate 500 mM, pH 7.4. This
was followed by addition of 2 μL (800–980 μCi) of Na[125I]I solution in 0.1N NaOH. To this
solution was added 20 μL of a solution of 1 mg/mL ChT in water. After 30 seconds at room
temperature, the reaction was quenched with 20 μL of 1 mg/mL sodium metabisulfite in water.
The mixture was then passed over a NAP-10 column and collected in 0.9% saline. The protein
fractions were combined to give radiochemical yields of 81 and 86% (2 radiolabeling reactions)
for [125I]6d.
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Biodistribution Studies
The animal studies were approved by the University of Washington’s Institutional Animal Care
and Use Committee prior to being conducted. Male athymic mice (BALB/c nu/nu), 4–5 weeks
of age were obtained from Simonsen Laboratories (Gilroy, CA). The mice were housed for a
minimum of 1 week in the animal facility prior to the study. In dual label experiments,
the 213Bi- or 211At-labeled modified rSAv was mixed with the appropriate (matched) 125I-
labeled modified rSAv. That mixture was diluted in phosphate buffered saline (PBS) to prepare
quantities of ~100 μL for administration. In each set of experiments, the dual-labeled
succinylated rSAv was injected into 15 athymic mice via the lateral tail vein. The actual amount
of injectate each animal received was determined by weighing the administering syringe before
and after injection. Groups of five mice were sacrificed by cervical dislocation at 45, 90 and
180 min for samples containing 213Bi, or 1, 4, and 24 h post injection for samples
containing 211At. Blood samples were obtained by cardiac puncture immediately before
sacrifice. Urine samples were obtained by syringe bladder tap at the time the tissues were
excised. The tissues were excised, blotted free of blood, weighed, and counted. Excised tissues
are listed in Tables S1–S4 (Supporting Information). The amount of radioactivity and quantity
of rSAv, as well as the average animal weights in the biodistributions, are provided in the Table
legends. Calculation of the percent injected dose (%ID) and percent injected dose per gram (%
ID/g) in the tissues was obtained by measuring standards containing 10 μL of the injected dose.
The 213Bi and 211At counts were adjusted for decay from the time of counting standards. Total
blood volume was estimated to be 6.0% of body weight (39) for the calculations. Statistical
analysis of the data was conducted using the paired Student’s t test. Differences were
considered statistically significant when the p < 0.05.

RESULTS
Reagents for Conjugation

Reagents containing bonding or chelating moieties that were used for modification of rSAv
were synthesized. The protein-reactive isothiocyanatobenzyl-CHX-A″ DTPA derivative, 3a,
was obtained in a multi-step synthesis as previously reported (34)3. The isothiocyanatophenyl-
nido-carborane derivative, 3b, was also obtained in a multi-step synthesis as previously
described (31). The protein-reactive decaborate(2-) derivative, 3c, was obtained as shown in
Scheme 1. In that synthesis, reaction of an excess of 5-N-(t-Boc)-aminoisophthalate bis-
tetrafluorophenyl (TFP) ester, 7, (36) with m-dPEG12

™ amine, 8, and Et3N in DMF for 30
minutes at room temperature provided 5-N-(t-Boc)-1-(m-dPEG12™ amino)-
aminoisophthalate TFP ester, 9, in 80% yield after purification. Reaction of 9 with 2-(4,7,10-
trioxatridecane-13-amine-1-amido)-undecahydro-closo-decaborate(2-), 10, and Et3N in DMF
for 2h at room temperature gave a 78% yield of 11. Deprotection of the aniline in neat TFA
for 10 min at room temperature yielded the free amine, which was converted to the
isothiocyanate derivative 3c in 95% yield by reaction with thiocarbonyldiimidazole in DMF
for 1 h at room temperature.

Modification of rSAv
The reactions used to modify rSAv are shown in Scheme 2. In all examples studied, rSAv was
modified by succinylation of surface amines to decrease kidney localization. For comparison,
succinylated rSAv, 2a, was prepared without a binding or bonding moiety (BM). That
preparation was accomplished by reaction of rSAv with 50–1004 molar equivalents of succinic
anhydride in NaHCO3 buffer, pH 8.5 at room temperature for 30 min. Good protein recovery

4The initial studies were conducted with 50 equivalents succinic anhydride, but later studies used 100 equivalents to be certain that as
many amines are capped as possible.
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yields (e.g. 85–95%) are generally obtained in this reaction. In the preparation of the other
modified rSAv, succinylation was conducted after conjugation of 3a, 3b, or 3c.

Modification of rSAv for binding (chelating) 213Bi or bonding 211At was conducted by reaction
with 10 molar equivalents of the protein-reactive reagents 3a, 3b and 3c (Figure 2) in HEPES
buffer, pH 8.5, at room temperature for 18 h to provide 4a, 4b and 4c. After that time, the
modified rSAv species were not isolated, but rather 50–1004 equivalents of succinic anhydride
were added, and the reaction was allowed to proceed for an additional 30 min. Prior to, and
after, conjugation of the modified DTPA derivative, 3a, the rSAv was demetallated using
Chelex-100 resin. The recovery of modified rSAv species, 5a, 5b and 5c varied with the
protein-reactive reagent used. Size-exclusion HPLC of the modified rSAv showed very little
change from unmodified rSAv. For rSAv modified with 3a (CHX-A″), the number of CHX-
A″ moieties conjugated was determined by the spectrophotometric assay using yttrium-
arsenazo III complex (37). Using this method it was determined that there were ~1.5 chelates/
rSAv in the preparation used for the animals study (i.e. Table S1, supporting information).
Quantification of the number of 3b (nido-CB moieties) and 3c (dPEG™/B10 moieties)
conjugated with rSAv was not readily accomplished. However, changes in isoelectric points
(pI) brought about by conjugation were evaluated by IEF analyses. An example of an IEF gel
is shown in Figure 2. IEF gels showed that rSAv had protein bands in the range of pH 7.4–7.8.
The protein bands (pI) shifted to pH 7.0–5.2 when conjugated with the mono-anion 3b. The
protein bands (pI) shifted further to pH 5.2-4.3 when rSAv-3b (4b) was succinylated. Greater
shifts in the pI were noted (5.9-4.7) when rSAv was conjugated with the di-anionic 3c.
Succinylation of rSAv-3c (4c) shifted the pI even further (4.1-3.7). The fact that none of the
unmodified rSAv is present after conjugation of 3b or 3c indicates that all rSAv tetramers have
at least 1 of these moieties conjugated. In fact, it is likely that each tetramer has more than 2
conjugates or some of the unmodified rSAv would be present.

Radiolabeled modified rSAv, Preparation of 2b, 6a, 6b, 6c
The modified rSAv was radiolabeled with either 213Bi or 211At to assess radiochemical yields
and in vivo stability. rSAv conjugates 2a, 5a, 5b and 5c were also radioiodinated with 125I.
Radioiodination of rSAv was conducted to provide a comparison with the astatination yields
and to provide an internal control for comparisons in vivo. The 225Ac/213Bi generator system
previously described (38) was used to obtain the 213Bi for labeling. The succinylated rSAv-
CHX-A″, 5a, was reacted in 1M NaOAc buffer, pH 4 for 5 min. Purification was accomplished
by size-exclusion chromatography (NAP-10 column) to give a 72% isolated yield of [213Bi]
6a. Dry distillation of an irradiated bismuth target provided 211At for labeling. Astatination
was very rapid (<1 min) using chloramine-T in phosphate buffered saline (PBS), pH 7.4. After
purification by size-exclusion chromatography (NAP-10), isolated yields of 18% for [211At]
2b and 66% - 86% for [211At]6b and [211At]6c were obtained.

Biodistribution Studies
Four biodistribution studies were conducted in athymic mice. In each study, the 213Bi
or 211At-labeled rSAv was mixed with a radioiodinated version of the same modified rSAv
and injected into three sets of 5 mice each. Because the rSAv is very resistant to protease
degradation, direct radioiodination can be used to provide a standard that closely reflects the
distribution of the modified rSAv (16). In the first biodistribution study, [213Bi]6a and [125I]
6b were coinjected and tissue samples were obtained at 45 min, 90 min and 180 min (~1, 2
and 4 half-lives) post injection (pi). The data obtained at 90 and 180 min are plotted in Figure
3, panel A, and the data obtained at all three time points are provide in Table S1 (Supporting
Information). The plotted data show that the tissue concentrations of the two radionuclides are
very similar at the two time points. Analysis of the concentrations of radionuclides in mice by
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the paired Student’s t test indicated that the only tissue with a significant difference in
concentrations of 213Bi and 125I was kidney at the 180 min time point.

In a second biodistribution, 211At-labeled succinylated rSAv, [211At]2b, and 125I-labeled
succinylated rSAv, [125I]2b, were coinjected and tissue samples were obtained at 1, 4 and 24
h (~0.14, 0.6, and 3.3 half-lives) pi. The data obtained at 4 and 24 are plotted in Figure 3, panel
B, and the data obtained at all three time points are provided in Table S2 (Supporting
Information). The plotted data show differences in concentrations of radionuclides in blood,
kidney, spleen, neck and stomach. When analyzed by the Student’s t test, several differences
were found to be significant. At the 1 and 4 h time points, the concentration of radionuclides
in blood, spleen, neck and stomach were significantly different. Differences in concentrations
of 211At and radioiodine in lung, spleen, neck and stomach is an indication that there was free
[211At]astatide in vivo (40). It is interesting to note that at 24 h pi, there is no difference between
the radionuclide concentrations in any tissue except muscle (Table S2).

In the third biodistribution, [211At]6c and [125I]6c were coinjected and tissue samples were
obtained at 1, 4, and 24 h pi. The data obtained at 4 and 24 are plotted in Figure 3, panel C,
and the data obtained at all three time points are provided in Table S3 (Supporting Information).
By inspection of Figure 3C it can be seen that, with the exception of concentrations of
radionuclides in blood at the 1h time point, the concentrations of the two radionuclides in tissues
are quite similar at the two time points plotted. A small but significant difference in the
radionuclide concentrations was found in the stomach at 1 h pi, but the lack of significant
differences in concentrations in other tissues makes it likely that very little free [211At]astatide
was present. At the 4 h time point, significant differences in radionuclide concentrations were
seen in blood, muscle, kidney and spleen. Again, lack of significant differences in lung,
stomach and neck makes it unlikely that the differences were reflective of astatide release from
the rSAv conjugates.

In a fourth biodistribution, [211At]6d and [125I]6d were coinjected and tissue samples were
obtained at 1, 4, and 24 h pi. The data obtained at 4 and 24 are plotted in Figure 3, panel D,
and the data obtained at all three time points are provided in Table S4 (Supporting Information).
From the plotted data it is apparent that concentrations of 211At and 125I are essentially the
same in all tissues, indicating a high degree of stability towards deastatination. When subjected
to the paired Student’s t test, a small, but significant difference was noted for the radionuclide
concentration in only one tissue (spleen) examined, and only at 4 h pi. Because there were no
differences observed in the lung, stomach or neck, it seems unlikely that the observed difference
was due to free astatide. Interestingly, the concentration of both radionuclides (125I and 211At)
was considerably lower in blood and other tissues than observed with the other radiolabeled
rSAv conjugates. Indeed, the blood and tissue concentrations of [125I]6d are less than half that
obtained with the other labeling methods. While that is the case, the liver concentrations were
found to be similar to that observed for the nido-carborane conjugate, [125I]6c. Those
concentrations were 3–5 %ID/gram higher than found for the rSAv conjugated with CHX-A
″, [125I]6b, or when there was no bonding/binding moiety conjugated, [125I]2b.

DISCUSSION
There are only a few α-emitting radionuclides that are considered reasonable candidates for
TRT applications. Of those, 213Bi and 211At are particularly attractive due to the fact that they
do not decay to α-particle emitting daughter radionuclides. While they are very different in
many aspects, choosing between 213Bi and 211At for TRT is difficult as each radionuclide has
its own strengths and weaknesses. For example, 213Bi is available from a generator
system, 225Ac/213Bi (41), which could potentially allow widespread use in clinics and treatment
centers. Further, the short half-life of 213Bi may allow repeated (fractionated) treatments in an
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outpatient setting while posing minimal danger to the patients’ family and health care providers.
However, the half-life of 213Bi may be problematic as targeting approaches may not be rapid
enough in some tissues to adequately target cancer cells before decay occurs. The longer half-
life of 211At (~9.4x) may circumvent this shortcoming of 213Bi. Additionally, at present it is
difficult to obtain clinical quantities of 225Ac (for 213Bi production) whereas 211At can be
prepared in quantities sufficient for clinical studies (42). On the other hand, treatment with
an 211At-labeled molecule may require being within a short distance from the cyclotron used
for its production. Rather than argue the merits of either 213Bi or 211At, our approach has been
to investigate both. The strengths and weaknesses of each radionuclide will likely dictate
usefulness for a specific therapy application.

A key issue with the use of the short half-lived α-emitting radionuclides 213Bi and 211At is
employing an appropriate cancer-targeting approach. Several preclinical therapy studies using
intact monoclonal antibodies or their fragments have shown promising results with 213Bi
(43–46) and 211At (47,48). However, we believe that another antibody-based approach, termed
pretargeting (49) may be the most promising for the short half-lived α-emitting radionuclides.
That belief is based primarily on results from studies using antibody-rSAv chemical conjugates
or fusion proteins in conjunction with biotin labeled with β-emitting radionuclides (50–53).
The belief is also supported by results obtained in a study using 213Bi in a pretargeting protocol
for therapy of adult T-cell leukemia in a murine model (54). In that study pretargeted 213Bi
provided an effective therapy whereas 90Y did not.

In the majority of pretargeting studies, including those cited above, the radionuclide is carried
by biotin. But, there is an alternative approach where a biotinylated mAb is administered first
(pretargeted) and radiolabeled rSAv is administered later (49,55–58). In this investigation,
initial steps of rSAv toward evaluating the potential for this alternate pretargeting approach to
target short half-lived α-emitting radionuclides have been taken. We hypothesize that using
the streptavidin as a carrier for treating minimal residual disease with α-emitting radionuclides
may have advantages. Its longer serum half-life should allow higher concentrations in blood
and tissues, perhaps allowing a lower quantity of expensive radionuclides to be administered.
While recombinant streptavidin, a ~53 kDa protein, will not penetrate solid tumors as rapidly
as radiolabeled biotin, with minimal residual disease such as micrometastatic lesions, tissue
penetration may not be a problem. Further, in contrast to significant normal tissue irradiation
from β-emitting radionuclides, such as 90Y, the short path length of the α-particle should cause
minimal normal tissue damage and toxicity when decaying in blood. Data from bone marrow
conditioning studies have provided some evidence that supports this hypothesis (20). Although
the use of succinylated rSAv as a carrier of radionuclide in pretargeting protocols may limit
second administration of the radioactive material due to its immunogenicity, we believe that
the potential for efficient targeting of α-emitting radionuclides to metastatic disease warrants
investigation.

The primary goals of this investigation were to evaluate methods for modifying radiolabeling
rSAv with 213Bi and 211At and determine the effect that modification had on tissue distribution
and pharmacokinetics in the mouse model. An important factor in the studies was normal tissue
localization of the radiolabeled rSAv. Fortunately, prior investigations (17,18) had shown that
the natural propensity for kidney localization of rSAv (i.e. 20+ %ID/g; (16)) could be
dramatically decreased by succinylation. The results of these studies demonstrate that even in
the case where succinylation of rSAv is conducted after modifying with binding or bonding
moieties, this modification greatly diminishes sequestration in the kidney.

Another important aspect of the studies was to determine whether the α-emitting radionuclides
remained stably attached to the rSAv in vivo. While quantification of released bismuth is not
readily achieved, a reasonable assessment of the stability of 213Bi-labeled rSAv can be obtained
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by comparing coinjected 213Bi- and 125I-labeled succinylated rSAv localized in kidney. Free
bismuth localizes to kidney (59,60), thus, if excess 213Bi activity is found in kidney it is a good
indicator that 213Bi has been released from the labeled rSAv. The DTPA derivative
isothiocyanatobenzyl-CHX-A″, 3a, was chosen for conjugation with rSAv for chelation
of 213Bi. Studies have shown that 111In and 90Y can be chelated rapidly on bioconjugates
containing this group, and the resultant labeled molecules have been shown to be stable to in
vivo demetallation (61–63). In our prior studies, 3a was conjugated with mAbs against antigens
on canine hematopoietic cells, then radiolabeled with 213Bi and evaluated in dogs (20,21,38).
In the studies, kidney enzymes were monitored for several months and no damage to that tissue
was noted, likely indicating that 213Bi was not released in vivo.

In this investigation, rSAv was modified with CHX-A″, succinylated and radiolabeled
with 213Bi. The data plotted in Figure 3, panel A (Table S1 in Supporting Information) show
that the distributions of the radionuclides are very similar. Indeed, the only significant
difference between the 213Bi and 125I concentrations (by Student’s t test) is in the kidney at 3
h pi. From the data it appears that there is a small amount of 213Bi released in vivo. However,
the important consideration is that release is relatively slow and the magnitude of difference
is quite small. At the 3 h time point, 4 half-lives of 213Bi have passed so ~94% of the
radioactivity has decayed. An alternative labeling method is to conjugate the DOTA chelation
group to rSAv for binding 213Bi (64). This may result in essentially no release of 213Bi in vivo,
but it is much more difficult to obtain the radiolabeled rSAv, as elevated temperatures (e.g.
37–45°C) are required for up to an hour to achieve reasonable labeling yields. Thus, it appears
that the CHX-A″ is the appropriate chelation group for executing 213Bi-labeled rSAv studies.

Instability of 211At-labeled proteins and small molecules has presented a serious problem with
its application to cancer therapy. We considered using m-[211At]astatobenzoate NHS ester
(29) and p[211At]astatobenzoate NHS ester (32) for labeling rSAv with 211At. Either of these
derivatives would be expected to be stable to in vivo deastatination because rSAv is very
resistant to protease degradation. However, in our experience, 40–60% labeling yields in the
two-step labeling procedure are the best that can be (consistently) obtained with those reagents.
Obtaining a high efficiency of radionuclide labeling is very important with 211At as well. Rather
than use the benzoate labeling reagents, we chose to evaluate anionic borane cage pendant
groups already under investigation in this laboratory (31). With conjugates of boron cage
moieties, direct astatination yields of up to 81% had been obtained. Unfortunately, studies
of 211At-labeled benzoate and nido-carborane derivatives (35) did not provide encouraging
results regarding in vivo stability. However, due to the protease resistance of rSAv, we chose
to investigate a nido-carborane conjugate 3b as a pendant group for direct astatination. The
nido-carborane derivative 3b had been previously evaluated in conjugates of a mAb Fab’
fragment. We chose to investigate a decaborate(2-) derivative as well since its use with Fab’
gave higher 211At labeling yields and appeared to impart less perturbation of the in vivo
properties of the protein.

For this investigation, we could not readily adapt either of the two decaborate(2-) derivatives
previously prepared for use with 211At (31). One decaborate(2-) derivative was conjugated by
reaction with sulfhydryl groups while the other contained a biotin moiety. Since rSAv does
not have disulfide bonds to reduce for reaction with maleimide derivatives (and we did not
want to use reagents to produce sulfhydryl groups on rSAv) the sulfhydryl-reactive reagent did
not appear to be a good candidate. Similarly, use of a biotin-containing decaborate(2-) was not
appropriate for conjugation with rSAv. Therefore, a new reagent containing a decaborate(2-)
moiety and a methoxyl-terminated discrete-length (dPEG™) polyethylene glycol moiety was
prepared. The rationale for the use of dPEG™ moiety was that such a group might keep the
dianionic decaborate moiety from interacting with serum proteins. Further, other investigators
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have shown that PEGylation of avidin (Av) (albeit with larger PEG moieties) can improve their
in vivo properties for pretargeting applications (65,66).

Before labeling the rSAv conjugated with 3b or 3c, direct labeling of succinylated rSAv, 2a,
was evaluated. Astatination studies of a mAb Fab’ fragment resulted in none (<1%) of the
astatinated protein being recovered after labeling using ChT and reducing with sodium
metabisulfite (31). Other investigators obtained similar results (e.g. <5% bound) when ChT
was used as oxidant (67–69). Therefore, it was interesting that an 18% isolated radiochemical
yield was obtained with directly labeled succinylated rSAv in this investigation. The reason
for the difference in radiolabeling yields is not known. However, it may be due to the presence
of disulfides in the Fab’ molecule, or lack of them in the rSAv molecule. Investigators have
shown that electrochemical oxidation and oxidation with H2O2 can provide higher yields of
astatinated proteins (68), however, studies indicate that the 211At is bound with sulfhydryl
groups rather than tyrosine moieties (69,70). An important point is that rSAv has no disulfides
or cysteine or methionine residues (71), so the labeling can not be associated with sulfhydryl
or thioether groups. Streptavidin has six tyrosine residues per subunit. Although one tyrosine
residue is buried in the biotin-binding pocket, five are on each subunit giving a total of twenty
tyrosine residues per molecule that might be astatinated. In related studies, 211At-labeling of
succinylated avidin, which has only one tyrosine per subunit (in biotin binding pocket), gave
low radiochemical yields (unreported results)5. The combined results are suggestive that
electrophilic 211At can react with tyrosine residues in proteins when no disulfides are present.
Early astatine labeling studies demonstrated that direct labeling of tyrosine was possible (72).

The three 211At-labeled rSAv preparations ([211At]2b, [211At]6c, [211At]6d) have noticeably
different distributions. The tissue distribution of radioiodinated succinylated rSAv, [125I]2b,
correlates well with data obtained in a previous study (16). If that iodinated derivative is
compared with directly labeled [211At]2b, it is apparent that there is some instability of the
astatinated rSAv. On the other hand when the boron cage moieties 3b and 3c are conjugated
to rSAv, in vivo deastatination is not detected. A noticeable difference in tissue (e.g. kidney,
spleen, liver) accumulation and retention is observed for the nido-carborane conjugated rSAv
relative to succinylated [125I]rSAv. In contrast to this, the astatinated decaborate(2-) rSAv
conjugate [211At]6d appears to be cleared from the blood much more rapidly than the
succinylated native protein. It is not known why this conjugate has such a rapid blood clearance.
Clearance is more rapid from all tissues except liver, which has concentrations similar to native
protein at the times studied. One possible explanation for the rapid clearance is that the m-
dPEG™

12 moiety destabilizes the rSAv tetramer by inserting between the rSAv monomers.
Higher molecular weight fusion proteins made of antibody single chain constructs and rSAv
have also been noted to have much more rapid clearance than rSAv or chemical conjugates of
rSAv and antibodies (51). A plausible explanation for the observed fast clearance in that case
is that the fused four scFv destabilize the rSAv tetramer.

Summary
This investigation has demonstrated that after appropriate modification, rSAv can be labeled
with either 213Bi or 211At in good radiochemical yield. Most importantly, the data obtained
from biodistributions conducted in athymic mice have shown that the 213Bi-labeled
succinylated rSAv has nearly the same distribution and pharmacokinetics as the non-metallated
rSAv conjugate. While there is slight (but significant) difference in the distributions after 4
half-lives (3 h) of 213Bi, at that time there is less than 10% of the activity remaining and the
magnitude of specific kidney localization appears small. From the data we conclude that

5Astatination of succinylated avidin and succinylated avidin conjugated with the nido-carborane moiety, 3b, was also conducted to show
the difference in yields. Avidin has only 1 tyrosine residue per subunit, making it less likely to be astatinated. Astatination of succinylated
avidin gave a radiochemical yield of 5% whereas astatination of succinylated avidin conjugated with 3b gave a 52% radiochemical yield.
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the 213Bi-labeled succinylated CHX-A″-rSAv has adequate stability to be used in pretargeting
protocols. The biodistribution data obtained for succinylated rSAv directly labeled with 211At,
i.e. [211At]2b, indicate that this labeling approach is not adequate for pretargeting studies due
to low radiochemical yields and low in vivo stability. Higher in vivo stability was obtained
with the nido-carborane conjugated rSAv, [211At]6c, but that functional moiety appears to
increase blood and tissue retention such that it is not an ideal conjugate either. The data obtained
from the in vivo studies with the PEGylated decaborate(2-)-conjugated rSAv, [211At]6d,
suggests that this method of labeling not only provides a stable label, but also provides very
good radiochemical yields and modifies the in vivo pharmacokinetics in what appears to be a
favorable manner. Therefore, additional studies with the PEGylated decaborate(2-) conjugate
are planned to evaluate its use in pretargeting protocols.
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Figure 1.
Structures of protein-reactive (phenylisothiocyanate) compounds used to modify recombinant
streptavidin for chelation of 213Bi (3a) or bonding with 211At (3b, 3c). In the structures of the
borane cage moieties, the open circles represent boron or B-H atoms and solid (black) circles
represent carbon atoms.
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Figure 2.
Digitized image of an IEF gel showing changes in pI when rSAv is modified with the decaborate
(2-) derivative 3c to prepare conjugate 4c, and after further modification with succinic
anhydride to give 5c. Lanes 1 & 7: IEF standards (Serva Electrophoresis GmbH, Broad pI; 3–
10) run in IEF standards run in the direction of application (bottom to top) and opposite
direction to application of sample (e.g. top to bottom). Lanes 2 & 6: unmodified rSAv. Lane
3 & 5: r-SAv conjugated with 3c. Lane 4: r-SAv conjugated with 3c and further modified by
reaction with an excess of succinic anhydride.
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Figure 3.
Bar graphs of selected biodistribution data obtained from co-injections (125I- and α-
emitter 213Bi-or 211At-labeled) modified rSAv. 125I-labeled modified rSAv data are plotted as
black bars in each panel. 213Bi or 211At biodistribution data are plotted as grey bars. Panel A
shows tissue distributions of 213Bi-labeled succinylated rSAv-CHX-A″, [213Bi]6a, in
comparison with 125I-labeled succinylated rSAv-CHX-A″, [125I]6b, at 1.5 h (1st pair of bars)
and 3 h (2nd pair of bars) pi. Panel B shows tissue distributions of 211At- and 125I-labeled
succinylated rSAv that had no boron cage conjugated, [211At]2b and [125I]2b, at 4 (1st pair of
bars) and 24 h (2nd pair of bars) pi. Panel C shows tissue distributions of 211At- and 125I-labeled
succinylated rSAv that had nido-carborane cages conjugated, [211At]6c and [125I]6c, at 4 and
24 h pi. Panel D shows tissue distributions of 211At- and 125I-labeled succinylated rSAv that
had decaborate(2-) cages conjugated, [211At]6d and [125I]6d, at 4 and 24 h post injection.
Tables (S1–S4) of biodistribution data are provided in Supporting Information.
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Scheme 1.
Synthetic pathway for preparation of protein-reactive phenylisothiocyanato-undecahydro-
decaborate(2-) derivative, 3c. In the structures of the decaborate(2-) moiety, the open circles
represent boron or B-H atoms.
(a) 8, DMF, Et3N, rt, 40 min, 80%; (b) 10, Et3N, rt, 2 h, 78%; (c) TFA, rt, 10 min; (d) TCDI,
rt, 1h, 95%
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Scheme 2.
Chemical steps for modification of rSAv and radiolabeling with 213Bi, 211At or 125I.
(a) 3a, 3b or 3c, HEPES, pH 8.6, rt, 18h; (b) succinic anhydride, DMSO, NaHCO3, pH 8.5,
30 min, rt;
(c) BiCl3, pH 4–5, NaOAc, HOAc; (d) Na[211At]At or Na[125I]I, ChT, H2O, HOAc, rt, 30 sec;
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