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Abstract Boron-neutron capture therapy (BNCT) is
an attractive technique for cancer treatment. As such, a,
a-cycloalkyl amino acids containing thiododecaborate
([B;,H,,1*"-S-) units were designed and synthesized as
novel boron delivery agents for BNCT. In the present study,
new thiododecaborate o, a-cycloalkyl amino acids were
synthesized, and biological evaluation of the boron com-
pounds as boron carrier for BNCT was carried out.
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ACBC 1-Aminocyclo-butane- 1-carboxylic acid
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PET Positron emission tomography

ICP-OES Inductively coupled plasma optical emission
spectrometry

LAT L-type amino acid transporter

EAATs Excitatory amino acid transporters

ODS Octadecylsilyl

WST Water soluble tetrazolium

DMEM  Dulbecco’s Modified Eagle’s Medium

FBS Fetal bovine serum

EDTA Ethylenediaminetetraacetic acid

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid

PBS Phosphate-buffered saline

NMR Nuclear magnetic resonance

ESI-MS  Electrospray ionization mass spectrometry

Introduction

Boron neutron capture therapy (BNCT)is based on the
nuclear fission reaction of '°B with thermal/epithermal
neutrons yielding high linear energy transfer (LET) a par-
ticles (*He) and recoiling "Li nuclei in tumor cells, and has
attracted attention as a potential treatment for malignant
brain tumors (Barth et al. 2005). For a boron delivery agent
to be successful in BNCT, the following criteria must be
met: (1) high tumor-targeting selectivity (T/N >3); (2) low
systemic toxicity; and (3) tumor concentrations of ~20 pg
10B/g tumor tissues. Although many kinds of boron-con-
taining compounds such as amino acids, nucleic acids and
porphyrins have been reported as boron delivery agents
(boron carriers) for BCNT (Soloway et al. 1998), only two
compounds are used for the treatment of brain tumorsvia
BNCT: p-borono-L-phenylalanine (BPA) and mercapto-
closo-undecahydrododecaborate (BSH).
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Fig. 1 Boron-containing compounds

As part of our studies on novel boron delivery agents
for BNCT, we designed and synthesized thiododecaborate
([B;,H,,1*"-S-) unit containing L-amino acids (1), which
constitute a new class of tumor-seeking and water-soluble
amino acids (Fig. 1). The in vitro evaluation of the cytotox-
icity, killing effects by neutron irradiation, and micro dis-
tribution analysis performed previously by our group sug-
gested that 1 might be a potential delivery agent for BNCT
(Hattori et al. 2012).

On the other hand, a, a-cycloalkyl amino acids radio-
labeled with '8, such as I-aminocyclobutane- 1-carboxylic
acid (ACBC) (Soloshonok and Sorochinsky 2010), are use-
ful positron emission tomography (PET) probes for brain
cancer diagnosis, since unusual amino acids with small a,
a-alkyl rings are selectively incorporated via L-type amino
acid transporter (LAT)and are temporarily retained in can-
cer cells (Rice et al. 2011). These results led us to develop
cycloalkyl amino acidsmodified with thiododecaborate
units in their side chainsfor BNCT.

Here, we described the design and synthesis of two thi-
ododecaborated o, a-cycloalkyl amino acids, namely cis
and trans ACBC-BSH (2a, 2b) with no asymmetric carbon
atoms, by an extension of our previously reported method
(Kusaka et al. 2011). The biological evaluation of ACBC-
BSH is also described.

Material and method

General

L-'°BPA and '°BSH were provided by Stella Pharma Cor-
poration (Osaka, Japan). The synthesis of BSH-amino

acid 1 was carried out according to a previously described
methodby Kusaka et al. (2011). Cyclobutyl-cis-hydantoin
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benzyl ether 3a and 3b were prepared according to the lit-
erature method by Rammeloo and Stevens (2002). S-cya-
noethylthio-dodecaborate (5) was prepared according to
the previously described method by (Hattori et al. 2010).
Flash ODS column chromatography was carried out using
IsoleraSpektra (Biotage Sweden AB, Uppsala, Sweden)
with a SNAP KP-C18-HS Cartridge (Biotage Sweden AB,
Uppsala, Sweden). '"H NMR and '3C NMR spectra were
measured on a JMTC-400/54/SS (400 MHz, JEOL Ltd.,
Tokyo, Japan). ESI-MS measurements were performed on
a XevoQTof (Waters Corporation, Massachusetts, US). The
purity of 2a and 2b was analyzed by capillary electropho-
resis, and the analysis of 2a and 2b revealed the purity to
be >95 %.Capillary electrophoresis analysis was carried
out using Photal CAPI-3300 (Otsuka Electronics Co. Ltd.,
Osaka, Japan) equipped with a fused silica capillary of
75 wm i.d. and a total length of 50 cm (effective length of
38 cm). A new capillary was conditioned with 0.1 M NaOH
for 30 min followed by 15 min distilled water and 15 min
electrolyte buffer (5 mM sodium phosphate buffer, pH 9.0).
The applied potential was 20 kV and detection at 200 nm.
Inductively coupled plasma optical emission spectrom-
etry (ICP-OES) was obtained on a VISTA-MPX ICP-OES
Spectrometer (Seiko Instruments, Chiba, Japan). Fluor®
488Goat Anti Mouse IgG was purchased from Life Tech-
nologies (Carlsbad, CA, US). Permafluor was purchased
from Immunotech (Marseille, France).

Cis 5-(3-iodometylcyclobutane)hydantoine (4a)

To a solution of hydantoine 3a (807 mg, 3.1 mmol) in
MeOH (200 ml) was added 20 % Pd(OH),/C (100 mg). The
resulting suspension was placed under a hydrogenator, and
hydrogenated at 3 atom for 12 h. The Pd(OH),/C catalyst
was removed by filtration, and the filtrate was concentrated
in vacuo. The residual solid was suspended in CH,Cl,
(150 mL), and PPh; (1.63 g, 6.2 mmol), imidazole (422 mg,
6.2 mmol) and I, (1.57 g, 6.2 mmol) was added to the sus-
pension at 0 °C. After stirring for 48 h at change to room
temperature, the suspension was filtered, and the resulting
solid was washed with CH,Cl,. The solid was recrystal-
lized from MeOH to give 4a (625 mg, 72 %) as colorless
crystals. "H-NMR(DMSO-d,): § = 10.6 (1H, s), 8.18 (1H,
s5), 3.29 (2H, J = 7.6 Hz, d), 2.41-2.54 (4H, m), 1.83-1.88
(2H, m)."*C-NMR(D,0): § = 14.06, 29.54,39.05, 55.28,
155.94, 178.40.MS: (pos. ESI, m/z) 280.0875 [M+H].

Trans 5-(3-iodometylcyclobutane)hydantoine (4b)

The title compound was prepared following the same
procedure described above for 4a, starting from benzy-
loxycyclobutane 3b (598 mg, 2.3 mmol). Compound
4b (465 mg, 63 %) was obtained as colorless crystals.
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"H-NMR(DMSO-dy): § = 10.6 (1H, s), 8.04 (1H, s), 3.48
(2H, J = 8.4 Hz), 2.61-2.69 (1H, m), 2.25-2.30 (2H,
m), 2.08-2.13 (2H, m). BC-NMR(D,0): § = 13.20,
30.13,37.73, 57.26, 156.14, 177.57.MS: (pos. ESI, m/z)
280.0923 [M+H].

Cis S-((5,7-diazaspiro[3.4]octane-6,8-dione-1-yl)-
methyl)thioundecahydro-closo-dodecaborate (2-) ditetra-
methylammonium Salt (6a).

S-cyanoethylthio-dodecaborate Q) (354 mg,
0.97 mmol) was added to a solution of compound 4a
(325 mg, 1.2 mmol) in MeCN (40 ml), and the mixture
was refluxed for 24 h. The mixture was concentrated in
vacuo and the resulting residue was subsequently sus-
pended in acetone (100 mL). The suspension was filtered
and 25 w % NMe,OH (354 mg, 0.97 mmol) was added
to the filtered solution. The precipitate was recrystallized
from H,O to give 6a (410 mg, 91 %) as colorless crystals.
'H-NMR(D,0): § = 3.00 (24H, s), 2.40-2.49 (4H, m),
2.28-2.38 (1H, m), 1.94 (2H, J = 10.7, 1), 0.65-1.60 (11H,
m,). BC-NMR(D,0): § = 28.38, 37.71,39.41, 55.89, 59.73,
159.79, 179.85.MS: (neg. ESI, m/z) 158.1452 [A]*~.

Trans S-((5,7-diazaspiro[3.4]octane-6,8-dione-1-yl)-
methyl)thioundecahydro-closo-dodecaborate (2-) ditetra-
methylammonium Salt (6b).

The title compound was prepared following the same
procedure described above for 6a, starting from dode-
caborate 5 (207 mg, 0.56 mmol) and iodocyclobutane 4b
(250 mg, 0.68 mmol). Compound 6b (292 mg, 92 %) was
obtained as colorless crystals. 1H-NMR(DZO): § = 3.00
(24H, s), 2.55-2.62 (4H, m), 2.20-2.30 (1H, m), 2.08-2.14
(2H, m), 0.65-1.60 (11H, m)."*C-NMR(D,0): § = 29.46,
37.15,38.06, 55.87, 61.11, 160.78, 182.30. MS: (neg. ESI,
mlz) 158.1452 [A]*~.

Cis S-((3-amino-3-hydroxycarbonylcyclobutyl)-
methyl)thioundecahydro-closo-dodecaborate (2-) disodium
Salt (2a).

A solution of precursor 5a (300 mg, 0.65 mmol) in 0.5 N
NaOH (30 mL) was stirred for 18 h at 100 °C, and the
mixture was acidified with Amberlite IR-120(H"). After
filtration, the solution was neutralized with 1 N NaOH.
The mixture was concentrated in vacuo and the residual
oil was purified by flash ODS column chromatography to
give 2a (210 mg, 96 %) as a colorless oil. 1H—NMR(DZO):
8 = 2.45-2.51 (6H, m), 1.68 (1H, m), 0.65-1.60 (11H, br).
BC-NMR(D,0): § = 29.88, 36.22,37.95, 55.33, 177.86.
MS: (neg. ESI, m/z) 145.6298 [A]*~.

Trans  S-((3-amino-3-hydroxycarbonyl cyclobutyl)-
methyl)thioundecahydro-closo-dodecaborate (2-) disodium
Salt (2b).

The title compound was prepared following the same
procedure described for 2a, starting from hydantoine Sb
(206 mg, 0.44 mmol). Compound 2b (134 mg, 91 %) was
obtained as a colorless oil. 1H-NMR(DZO): 6 = 2.61-2.68

(14, m) 2.51 (2H, J = 7.6 Hz, d), 2.17-2.20 (4H, m), 0.65—
1.60 (11H, br)."*C-NMR(D,0): § = 30.86, 37.32,38.92,
56.73, 181.12.MS: (neg. ESI, m/z) 145.6298 [A]*~.

Cells and cell culture

U251 (human astrocytoma), A172 (human glioblastoma),
US81 (human glioblastoma), and C6 (rat glioma) cell lines
used in cytotoxicity analyses, boron incorporation, tumor
cell killing studies, and immunostaining, were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10 % fetal bovine serum (FBS), 2 mM glu-
tamine, and 24 mM sodium hydrogen carbonate at 37 °C
in a 5 % CO, atmosphere. Cells in the mono-layer were
harvested with 0.25 % trypsin/0.02 % ethylenediamine-
tetraacetic acid (EDTA) in Ca’*-free phosphate-buffered
saline (PBS). Matrigel (growth factor reduced type) was
purchased from BD Science (SanJose, CA, US).

Water soluble tetrazolium (WST)-8 assay

The cytotoxicity of each amino acid was assayed using the
WST-8 assay with a cell counting kit (Wako Pure Chemi-
cals, Osaka, Japan) following a modified version of the
manufacturer provided protocols. Briefly, a 96-well micro-
plate was seeded with 5 x 10? cells suspended in 100 wL of
cell growth media, and allowed to settle for 16 h at 37 °C.
The medium was removed by aspiration, and 100 pL of
growth medium (DMEM with 10 % FBS containing each
compound at different concentrations) was added to each
well. After incubation for 48 h at 37 °C, the medium was
removed by aspiration, and 100 WL of the WST-8 solu-
tion [5 mM WST-8, 20 mM HEPES (pH 7.4) and 0.2 mM
I-methoxy PMS dissolved in PBS] was added to each well,
followed by incubation for 4 h at 37 °C.The absorbance at
450 nm (reference: 655 nm) was read on a microwell plate
reader. Well without cells was used as the blank. Relative
cell survival was calculated as follows;

Relative cell survival (%) = (Absorbance value of
compound treated well/Absorbance value of untreated
well) x 100.

The relative cell survival was plotted against the com-
pound concentration, and ICs, values for each compound
were graphically determined.

Boron incorporation into cultured tumor cells

Cultures were inoculated with 1.0 x 10° cells/dish, and
cells were grown for 24 h in DMEM. The medium was
replaced with an equivalent amount of medium contain-
ing each boron-containing amino acid (the final concentra-
tion was 2.0 mM in each case). The cells were cultured for
24 h and then the medium was removed by aspiration. The
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cells were washed thrice with PBS, harvested by trypsini-
zation, and then counted. Each sample, containing 1 x 10°
cells, was added to a mixture of HC1O, (60 %, 0.3 mL) and
H,0, (31 %, 0.6 mL), and then heated at 75°Cfor 1 h. The
mixture was filtered through a membrane filter (Millipore,
0.45 pm), and the boron concentration was measured by
ICP-OES.

Immunostaining of C6 cells

Immunostaining was performed to determine the incor-
poration of boron-containing amino acids into C6 cells,
according to a previously described method by Ogawa et al.
(2005) with some modifications. Glass coverslips coated
with Matrigel (3.5 pg/cm? protein) were seeded with C6
cells (0.8 x 10° cells suspended in 3 mL of DMEM), and
allowed to settle for 1 h at 37 °C. The medium was replaced
with an equivalent amount of medium containing compound
1a (the final concentration was 2.0 mM in each case), and
the cells were cultured for 24 h at 37 °C. After washing with
DMEM, C6 cells were fixed with 10 % paraformaldehyde
in PBS for 10 min at room temperature. The cells were
rinsed with PBS and treated with 0.05 % Triton X-100 for
10 min at room temperature. Next, the cells were washed
with PBS, and preincubated in a humid chamber with 1.0 %
BSA/0.02 % NaN; in PBS at room temperature, followed
by incubation with the anti-BSH monoclonal antibody
A9H3 in PBS containing 1.0 % BSA/0.02 % NaN; (0.2 png/
mL) for 60 min at 32 °C. The cells were rinsed with PBS,
and then incubated with Alexa-Fluor® 488Goat Anti-Mouse
IgG in PBS containing 1.0 % BSA/0.02 % NaN; (0.2 pg/
mL) for 30 min at 32 °C. After washing with PBS, the cells
were mounted with Permafluor and then photographed with
a microscope (IX-70, Olympus, Tokyo) equipped with a
cooled charge-coupled device camera (UIC-QE; Molecular
Devices Co., Sunnyvale, CA, US) controlled by MetaMorph
software (Molecular Devices Co.).
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Cell-killing studies

Cultures were inoculated with 1.0 x 10° cells/dish, and
cells were grown for 24 h in DMEM. The medium was
replaced with an equivalent amount of medium containing
the boron-containing amino acid (the final concentration
was 2.0 mM in each case). The cells were cultured for 24 h,
and the medium was removed by aspiration. The cells were
washed with PBS, harvested by trypsinization and subse-
quently counted. After centrifugation, trypsin was removed
by aspiration, and DMEM was added to the residual cells.
The cell suspension in DMEM (5.0 x 10* cells/mL, 1 mL)
was irradiated with thermal neutrons for 0-90 min in a col-
umn-shaped tube. The thermal neutron fluence was deter-
mined by averaging two gold foils, symmetrically attached
to the surface of the column-shaped tube along the direc-
tion of incidence of the thermal neutrons. After thermal
neutron exposure, 600 cells were placed in three Corning
60 mm tissue culture dishes containing 3 mL of DMEM to
examine colony formation. Seven days later, the colonies
were fixed with ethanol and stained with 0.1 % crystal vio-
let for quantitative visualization by the naked eye.

Results and Discussion

The syntheses of cis/trans-ACBC-BSH (2) viahydantoin
intermediates (3) were carried out as shown in Scheme 1.
The separated cyclobutyl-cis-hydantoin benzyl ether (3a)
was transformed into iodocyclobutyl-cis-hydantoin (4a)
through the hydrogenolysis of 3a over Pd/C in MeOH fol-
lowed by iodination of the hydroxyl group with I,/PPh,/imi-
dazole to furnish 4a. Condensation of 4a with S-cyanoeth-
ylthiododecaborate (5) (Gabel et al. 1993) and subsequent
deprotection were performed according to a previously
reported method(Kusaka et al. 2011) to give thiododecabo-
rated cis-cyclobutyl-hydantoin (6a). Hydrolysis of 6a with
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° o‘\s N% e), f) \
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3b (trans) 2b (trans) . 5 .
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Scheme 1 Synthesis of cis/trans-ACBC-BSH (2a and 2b). Reagents
and conditions: a H, (3 atom)/ 20 % Pd(OH), / MeOH, r.t. 12 h, b
PPh;, imidazole, I, / CH,Cl,, r.t., 48 h, ¢ S-cyanoethylthiododecabo-
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Table 1 Cytotoxicity of boron-containing amino acids against tumor
cells

Compound 1C45y (mM)

C6 Al72 U251
L-'"BpPA >10 >10 >10
C4-BSH-AA (1) 6.6 5.55 8.8
Cis-ACBC-BSH (2a) 25 2.0 >10
Trans-ACBC-BSH (2b) 2.1 1.9 >10

1 | H
4 O2b
U8l bt O2a
@1
I : =5 EL-BPA
© —
0 1 2 3 4

Boron Concentration (ugB/107cell)

Fig. 2 Incorporated amount of boron-containing amino acids

sodium hydroxide and subsequent successive treatment with
ion-exchange resin furnished the cis-cyclobutyl amino acid
(2a) in high yield. The same reaction sequence was applied
for the conversion of the trans-isomer (3b) into the trans-
cyclobutyl amino acid (2b) via intermediate 6b.

The cytotoxicities of the ACBC-BSH (2a, b), BSH-
amino acid (1) and L-BPA toward malignant brain tumor
cell lines such as U251 (human astrocytoma), A172 (human
glioblastoma) and C6 (rat glioma), were determined using

the WST-8 test (Table 1). As shown in Table 1, the cytotox-
icity of each compound was very low. However, the cyto-
toxicities of the three BSH-containing amino acids were
higher than that of L-BPA.

To elucidate the amounts of ACBC-BSH incorporated
into the malignant brain tumor cells, we measured the boron
concentrations in several cancer cells by inductively coupled
plasma optical emission spectrometry (ICP-OES) (Fig. 2).
As compared with L-BPA and C4-BSH-AA (1), 2a and 2b
delivered a large amount of boron to C6, U81 and A172 cells
(all lines express LAT) (Kanai et al. 1998; Yoshimoto et al.
2013). In particular, the intracellular boron concentration of
2b in C6 cells was four times greater than that of L-'°BPA.
However, the intracellular boron concentrations of 2a and
2bwere less than that of L-'BPA in U251 human astrocy-
toma cells which express the excitatory amino acid trans-
porters (EAATs) (Guo et al. 2002; Kim et al. 2004). These
results suggested the possibility that the frans-ACBC-BSH
2b was predominantly transported by system L in glioma
cells in analogy with ACBC(Oka et al. 2012), and 2b might
be useful as '°B carrier for the treatment of glioblastoma.

To determine the distribution of each BSH-amino acid
in tumor cells, we stained C6 cells that incorporated com-
pound 2b with the anti-BSH antibody A9H3 (Kirihata et al.
2007) (Fig. 3). ACBC-BSH 2b was incorporated into the
cell membrane of the C6 cells and aggregated on the fringe
of the cell nuclei.

To confirm the usefulness of the ACBC-BSH for
BNCT, we examined the tumor cell killing effects of
L-'"BPA, C4-BSH-AA (1), and cis/trans-ACBC-BSH
(2a, 2b) against C6 glioma cells by using neutron irradia-
tion (Fig. 4). The result of this test was correlated with the
result of incorporated test. ACBC-BSH showed higher kill-
ing effects than L-'°BPA and BSH-amino acid 1for glioma
cells. Furthermore, the trans-isomer 2b showed higher kill-
ing effect than that of the cis isomer 2a.

Fig.3 The micro-distribution of compound 2b in C6 cells. a A
phase-contrast micrograph of C6 cells cultured in DMEM containing
compound 2b. b A fluorescence micrograph of C6 cells that were cul-

tured in DMEM containing compound 2b stained with the anti-BSH
antibody A9H3. ¢ A merge image of aand b
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Fig. 4 Cell-killing effects of boron-containing amino acids against
C6 cells

Conclusion

We synthesized novel undecahydro-closo-dodeca-bora-
nylthio-containing «, a-cycloalkyl amino acids,cis-ACBC-
BSH (2a) and trans-ACBC-BSH (2b). The results of the
in vitro evaluation suggested that these compounds were
useful '°B carriers for gliomas. Specifically, trans-ACBC-
BSH2bexhibiteda high cell-killing effect against several
glioma cells and was significantly accumulated within
cells. The in vivo evaluation of 2b is ongoing, and the
results will be reported in the near future.
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