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The Synthesis and Antitumor Activity of Metal
Complexes of Amine-Carboxyborane Adducts
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The amine carboxyborane metal complexes,
tetrakis- p - (trimethylamine — boranecarbo -
xylato)acetonitrile dicopper(ll) and bis-p-
(mor pholine—bor anecar boxylato)zinc(l1) di-
hydrate demonstrated cytotoxic activity
against human Tmolt;, HeL a-S* and M B-9812
cell growth. Tetrakis-p-(trimethylamine—bor-
anecar boxylato)-acetonitrile dicopper(I1) and
bis- w - (mor pholine— bor anecar boxylato)zinc
(I1) dihydrate inhibited L,,,0 DNA, RNA and
protein syntheses, with greatest inhibitory
effects on DNA synthesis. The reduction in
DNA synthesis correlates well with inhibition
of de novo purine synthesis and the key
enzymes involved in this pathway, i.e. IMP
dehydrogenase and PRPP amido transferase.
These compounds were also observed to
induce DNA strand scisson but did not
appear to intercalate between base pairs of
DNA, alkylate bases or cause cross-linking of
the strands of DNA. Tetrakis-p-(trimethyla-
mine — boranecar boxylato)acetonitrile dicop-
per(11) also demonstrated the ability to inhibit
L 1,.0 DNA topoisomerase Il activity. © 1997
John Wiley & Sons, Ltd.
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INTRODUCTION

Previously several amine—carboxyborane ana-
logs of a-amino-acids were shown to be
effective antineoplastic agents.! However, when
metal ions (e.g. Cu**, Co**, Co®**, Cr**, F&** and
Zn**) were coupled with these amine—carboxy-
boranes to form metal complexes, their antineo-
plastic activity was markedly improved in vivo
and in tissue culture.® A related compound, tetra-
kis - w - (trimethylamine — borane - carboxy-
lato)acetonitrile dicopper(ll) (I) has previousy
been synthesized,® although this compound’s
antitumor activity was never investigated. Recent
ly a series of heterocyclic aminecarboxyboranes
were shown to have similar antineoplastic/
cytotoxic action to trimethylamine
carboxyborane.* A zinc complex of a hetero-
cyclic aminecarboxyborane has previously been
synthesized,> but studies evaluating the bio-
logical activity of these types of compounds have
not been performed to date. The purpose of this
study is to compare the cytotoxic activity and
mode of action of two amine—carboxyborane
metal complexes with those of the corresponding
parent compounds tetrakis-p.-(trimethylamine—
boranecarboxylato) - bis(tri - methylamine—car -
boxyborane)dicopper(l1) and morpholine—car-
boxyborane, respectively.

MATERIALS AND METHODS

Chemistry

Reagents and appar atus

All chemicals were used as received from the
manufacturer. Solvents were distilled prior to
use. Trimethylamine carboxyborane was pro-
vided by Boron Biologicals, Inc. (Raleigh, NC,
USA). All other chemicals used in syntheses
were purchased from Aldrich Chemica Com-
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pany (Milwaukee, WI, USA). A Perkin—Elmer
1320 Infrared Spectrophotometer was used for
infrared (IR) analyses. IR spectra were obtained
as KBr disks or as Nujol mulls using sodium
chloride plates. A Varian 300 MHz NMR spec-
trometer was used to generate *H NMR spectra.
Chemical shifts are relative to the external
standard tetramethylsilane (6=0 ppm). A Tho-
mas—Hoover capillary melting-point apparatus
was used to determine melting points, which
were uncorrected. Elemental analyses were per-
formed by M—H—-W Laboratories (Phoenix, AZ,
USA). Silica-gel 60F 254 plates (silica gel on
aluminum; Aldrich Chemical Company) were
used for thin-layer chromatography (TLC).

Synthesis of tetrakis-p-(trimethylamine—
boranecar boxylato)acetonitrile dicopper (I1)
(1)

Tetrakis- .- (trimethylamine—boranecarboxylato)
acetonitrile dicopper(11) (1) was prepared by the
method of Silvey.® Tetrakis-p.-(trimethylamine —
boranecarboxylato) - bis(trimethylamine — car-
boxyborane) dicopper(ll) (0.147 g, 0.178 mmol)
was dissolved in anhydrous acetonitrile (25 ml)
to give a green—blue solution. This solution was
slowly concentrated under nitrogen over 24 h to
afinal volume of 2 ml, resulting in small, dark-
green crystals of compound 1. Yield: 68.7 mg
(62%); m.p. 155-165 °C (dec.). IR (cm™*)g,:
2370 vgy, 2220 vey, 1480 von. Caled: C, 34.21;
H, 7.50; N, 11.08; Found: C, 34.21; H, 7.60; N,
10.90%.

Synthesis of bis-p-(morpholine—
boranecarboxylato)zinc(l1) dihydrate (2)
Morpholine—carboxyborane (1.03g, 7.1 mmol)
was dissolved in water (deionized and distilled,
20ml) at 54 °C and then cooled to 40 °C. A
solution of sodium carbonate (0.753 g,
7.1 mmol) in water (deionized and distilled,
5 ml) was heated to 40 °C and combined with the
agueous solution of the amine—carboxyborane.
The temperature of this solution was held
between 40 and 45 °C for 35 min. The solvent
was removed under reduced pressure, leaving a
white solid. The solid was extracted and dried
(four times with anhydrous methanol), and the
remaining insoluble white solid was removed by
vacuum filtration. The filtrate was evaporated to
dryness on a rotary evaporator and the residue
was then dried in vacuo for 3 h, leaving the
sodium salt of morpholine—carboxyborane.
Yield: 1.119 g (94%); m.p. 274—276 °C (dec.).
A column (300 mmx 20 mm) was packed with
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IR-120 cation-exchange resin to a bed volume of
77ml. The packing was washed with water
(deionized and distilled, 4x 100 ml) then charged
with hydrochloric acid (1m, 4x100 ml). The
column was washed with water (deionized and
distilled, 100 ml) to remove the excess acid from
the packing. A solution of zinc chloride (1 m,
4%x100ml) was allowed to pass through the
column. This was followed by washing the
excess zinc solution off the column with water
(deionized and distilled) until the sample gave a
negative chloride test result using 1% AgNO;.
The solvent in the column was changed from
water to methanol by using a gradient, increasing
methanol content by 10% each 100 ml, until pure
methanol was eluted. Sodium morpholine—bor-
ylcarboxylate (600 mg) was dissolved in dry
methanol (8 ml) and eluted through the column.
After elution of approximately 75 ml of metha-
nol, white crystals appeared in the collection
flask yield: 372.7 mg (59%); m.p. 195-200 °C
(dec). '"H NMR (CD,OD): & 3.85 (m, 4H,
2CH,); & 3.68 (m, 4H, 2CH,); & 3.15 (m, 4H,
2CH,); 6 2.71 (m, 4H, 2CH,); 6 1.84 (m, 4H,
2BH,); IR (cm™Y)yo: 3300 vy, 2360 vgy.
Calcd: C, 30.85; H, 6.73; N, 7.20. Found: C,
31.24; H, 6.54; N, 7.15%.

In vivo antineoplastic activity

CF, male mice (25—-30 g) were inoculated with
2x10° cells intraperitoneally in isotonic saline
(pH 7.0) a day before the administration of the
drugs. Drugs were suspended and homogenized
in 0.05% Tween-80/H,0 and administered to the
mice intraperitonealy at 8 mg kg ' day * from
day 1 to day 9. On day 10, animas were
sacrificed by cervical dislocetion. A transverse
incision was made across the abdomen and the
ascitic fluid was drained and the volume meas-
ured. Samples of ascitic fluid were collected and
centrifuged, and astrocrits were calculated. Per-
centage inhibition values were calculated for all
compounds according to the literature proce-
dures.?* The antineoplastic agents 5-FU and
6-MP were used as standards in this screen.

Cytotoxicity

Compounds 1 and 2 were tested for cytotoxic
activity by homogenizing drugsinalmgml !
solution in 0.05% Tween-80/H,0. These solu-
tions were sterilized by passing them through an
acrodisc (45 pm). The following cell lines were
maintained by literature techniques:® murine
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L1510 lymphoid leukemia, rat UMR 106 osteo-
sarcoma, human Tmolt, acute lymphoblastic
T-cell leukemia, HeLa-S® suspended cervical
carcinoma, Hel a solid cervical carcinoma, KB
epidermoid nasopharynx, A431 epidermoid car-
cinoma, colorectal adenocarcinoma SW480,
HCT-8 ileocecal adenocarcinoma, lung broncho-
genic MB-9812, A549 lung carcinoma and
glioma HS683. The protocol of Geran et al.” was
used to assess the suspended-cell cytotoxicity of
the compounds and standards in each cell line.
Céell numbers were determined by the trypan blue
exclusion technique. Solid tumor cytotoxi-
city was determined by the method of Leibovitz
et al.® utilizing crystal violet/MeOH and read at
562 nm (Molecular Devices). Values for cytotox-
icity were expressed as EDg, (ng ml 1), i.e. the
concentration of the compound inhibiting 50% of
cell growth. A value of less than 4 ug ml—* was
required for significant activity of growth
inhibition.

Incorporation studies

Incorporation of labeled precursors into
[*H]DNA, [®*H]RNA and [*H]protein for 10° L5,
cells was obtained.® The concentration response
a 25, 50 and 100 wm for inhibition of DNA,
RNA and protein synthesis was determined for
60-min incubations. The incorporation of
[**C]glycine (53.0mCi mmol ') into purines
was obtained by the method of Cadman et al.®
Incorporation of [*C]formate (53.0 mCi/mmol)
into pyrimidines was determined by the method
of Christopherson et al.'

Enzyme assays

Inhibition of various enzyme activities was
performed by first preparing the appropriate L ;5,4
cell homogenates or subcellular fractions, then
adding the drug to be tested during the enzyme
assay. For the concentration response studies,
inhibition of enzyme activity was determined at
25, 50 and 100 pm of compounds 1 and 2 after
60-min incubations. DNA polymerase « activity
was determined in cytoplasmic extracts isolated
by the method of Eichler er al.'' The assay for
DNA polymerase « was described by Sawada et
al.* with [*H]TTP. Messenger-, ribosomal- and
transfer-RNA polymerase enzymes were isolated
with different concentrations of ammonium sul-
fate; individual RNA polymerase activities were
determined using [*H]JUTP®** Ribonucleoside
reductase activity was measured using [**C]CDP
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with dithioerythritol . The deoxyribonucleotides
[**C]dCDP were separated from the ribonucleo-
tides by TLC on polyethyleneamine (PEI) plates.
Thymidine, TMP and TDP kinase activities were
determined using [*H]thymidine (58.3 mCi
mmol) in the medium of Maley and Ochoa.’®
Carbamyl phosphate synthetase activity was
determined with the method of Kalman et al.;'’
citrulline was determined colorimetrically.'®
Aspartate transcarbamylase activity was meas-
ured using the incubation medium of Kalman et
al.;*" carbamyl aspartate was determined colori-
metrically by the method of Koritz and Cohen.™
Thymidylate synthetase activity was analyzed by
the Kampf et al. method.?® The *H,0O measured
was proportional to the amount of TMP formed
from [*H]dUMP. Dihydrofolate reductase activ-
ity was determined by the spectrophotometric
method of Ho er al*' PRPP amidotransferase
activity was determined by the method of
Spassova et al.;?? IMP dehydrogenase activity
was analyzed with [8-**C]IMP (54 mCi mmol %)
(Amersham, Arlington Heights, IL, USA) after
separating XMP on PEI plates (Fisher Scientific)
by TLC.% Protein content was determined for the
enzymic assays by the Lowry technique.®* After
deoxyribonucleoside triphosphates were
extracted,”® levels were determined by the
method of Hunting and Henderson® with calf
thymus DNA, E. coli DNA polymerase I, non-
limiting amounts of the three
deoxyribonucleoside triphosphates not being
assayed, and either 0.4 mCi of [methyl-*H]dTTP
or [5-*H]dCTP.

The effects of compounds 1 and 2 on DNA
strand scission were determined by the methods
of Suzuki et al.,”” Pera et al.*® and Woynarowski
et al® Ly, lymphoid leukemia cells were
incubated with 10 wCi [methyl-*H]thymidine
(84.0 Ci mmol 1) for 24 h at 37 °C. Ly, célls
(10") were harvested and then centrifuged at
600gx10min in phosphate-buffered saline
(PBS). They were later washed and suspended in
1 ml of PBS. Lysis buffer (0.5 ml; 0.5m NaOH,
0.02m EDTA, 0.01% Triton X-100 and 2.5%
sucrose) was layered onto a 5-20% akaline
sucrose gradient (5 ml; 0.3 m NaOH, 0.7 m KCI
and 0.01 m EDTA); this was followed by 0.2 ml
of the cell preparation. After the gradient was
incubated for 2.5 h at room temperature, it was
centrifuged at 12,000 rpm at 20 °C for 60 min
(Beckman rotor SW60). Fractions (0.2 ml) were
collected from the bottom of the gradient,
neutralized with 0.2ml of 0.3m HCI, and
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measured for radioactivity. Thermal calf thymus
DNA denaturation studies, changesin DNA UV
absorption from 220 to 340nm, and DNA
viscosity studies were conducted after incubation
of compounds 1 and 2 at 100 um at 37 °C for
24 h.%®

L.»;0 DNA topoisomerase Il was isolated by
the method of Miller er al’® The 170kDa
topoisomerase 1l is present in the final prepara-
tion using the following procedures. All steps
were carried out at 0—4 °C. L, cells (2x 10°)
were collected by centrifugation (500 gx 5 min),
washed twice with PBS and resuspended in
buffer solution containing 0.25 m sucrose, 20 mm
potassium phosphate (pH 7.5), 2mm MgCl,,
1mm spermidine, 0.1mm EDTA, 0.1mm
phenylmethylsulfonyl fluoride (PMSF), and
1mm NaS,0O; at 4°C. Cel membranes were
lysed using a Dounce tissue grinder following
the addition of Triton X-100 at a volume
equivalent to 1/100th of that of the total cell
suspension trypan blue staining of nuclel was
used to determine complete cell lysis micro-
scopically. An equal volume of buffer containing
1.75 m sucrose was added to the cell suspension
and mixed by gently swirling. After mixing, the
total volume was loaded on a sucrose cushion
[1.4m sucrose, 20mm potassium phosphate
(pH .7.5), 5mm MgCl,, 1mm dithiothreitol
(DTT), 0.1 mm EDTA and 1 mm PMSF] and
centrifuged at 18 000 rpm for 45 min at 4 °C.
The sucrose cushion was removed via vacuum
aspiration and the remaining pellet was resus-
pended in buffer containing 20 mm potassium
phosphate (pH 7.5), 2mm MQgCl,, 1 mm DTT,
0.1 mm EDTA, 1 mm PMSF, 1 mm B-mercaptoe-
thanol, 10% glycerol and 100 mm NaCl. The
suspension was incubated at 4 °C for 30 min.
The process was repeated with buffers contain-
ing increasing concentrations of NaCl up to
400 mm. The supernatants containing enzyme
activity were used for assays.

The effects of compounds 1 and 2 on isolated
DNA topoisomerase |l activity was determined
by the method of Miller et al.® Reaction
mixtures containing 0.05m Tris (pH 7.5), 0.1 m
KCI, 0.01m MgCl,, 30 wg ml~* bovine serum
adbumin, 0.5 mm EDTA, 1.0mm DTT, 1.0 mm
ATRE 0.1 g knotted DNA (isolated by the
method of Liu and Davis®), 1U L,,, topoiso-
merase || and drugs were prepared. The samples
were allowed to incubate at 37 °C for 1 h and
then stopped by the addition of stop buffer [50%
(w/v) sucrose, 0.5% (w/v) sodium dodecylsul-
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fate (SDS), and 0.25% (w/v) Bromophenyl
blue]. Each sample wasrun for 18 h using a0.7%
agarose gel, in eectrophoresis buffer (pH 8.0)
[90 mm Tris, 2 mm EDTA, 90 mm boric acid], on
a Gibco BRL Horizon 11x 14 electrophoresis
apparatus at 23 V. VP-16 (etoposide) was used as
an internal standard inhibitor for DNA topoiso-
merase |1 assay. Photographs of gels were made
by illumination of gels on UV light table using
Polaroid 667 film. Densitometric analysis was
performed by the method of Hofmann et al.**
using a GS 300 Transmittance/ Reflectance Scan-
ning Densitometer and the GS 365 Densitometry
Program (version 2) for personal computers
(Hoefer Scientific Instruments, San Francisco,
CA, USA). Photographs of agarose gels were
scanned by the densitometer, in reflectance
mode, perpendicularly to the direction of DNA
migration, aigned with the unknotted DNA
bands. To standardize the quantification of
unknotted DNA, known amounts of completely
unknotted P4 DNA were subjected to electro-
phoresis and photographed. The areas under the
curves corresponding to unknotted DNA bands
were calculated using the densitometry software
package. Data were plotted as percentage of
enzyme control. 1C5, values were calculated by
non-linear regression analysis of plotted data
using Prism®, version 2 (GraphPad Software
Inc., San Diego, CA, USA).

Acute toxicity study

Acute toxicity studies were carried out in CF,
male mice (approx. 28 g) using the method of
Litchfield and Wilcoxon.** A single dose of
experimental drug, beginning at a dose of
100 mg kg~ * intraperitonealy (i.p.), was admini-
stered to each mouse on day 1. The number of
deaths occurring over the next seven days were
then documented. Depending on the resulting
number of deaths from the 50 mg kg~ * dose, the
experiment was then repeated with dosage
adjustments made accordingly to provide at |east
three data points from which to estimate LDg,
values.

Statistical analysis

Data are displayed in tables and figures as the
means+ standard deviations. N is the number of
samples or animals per group. The Student’s t-
test was used to determine the probable level of
significance (P) between test samples and control
samples.
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NH-BH, NaHCO3 0, NHBH
0, ——

\__/ - Na+
_/ j OH H20 °>—o Na

IR-120 ion exchange,
resin, ZnClp

o) NHBH, HaNH o)
_/ -z \__/ |2H0
PR

Schemel The synthesis of
carboxylato)zinc(l1) dihydrate (2).

bis-p.-(morpholine—borane-

RESULTS

Synthesis

The metal complexes were successfully synthe-
sized by ligand exchange in acetonitrile or by
using IR-120 cation-exchange resin charged with
the desired cation (Scheme 1). lon exchange
proceeded by elution of sodium salt solutions of
amine—carboxyboranes through a column of ion-
exchange resin. The structures (Fig. 1) and purity
of the compound were confirmed by elemental
analysis, melting points and *H-NMR and infra-
red spectra; the NMR and IR values were within
the acceptable limits. Attempts to form com-
plexes by mixing methanolic solutions of
carboxyborane sodium salts with methanolic
solutions of metal chloride salts were unsuc-
cessful.

GHs
i
N  BHrNCHs)
' ’O

(CHa)s 0----Cl--7-Q

gHz o 3 A >—|3|-|2
0-J-- Cli----0 NCHa)s
(CHa)sNBH, ©

Tetrakis-.-[ (trimethylamine-boranecarboxylato)acetonitrile dicop-
per(11) (1)

(o} NH-BH

BHZNH
-/

/_\
2+0.4\_/

Bis-w.-(morpholine-boranecarboxylato) zinc(l1) dihydrate (2)

2H0

Figurel Molecular structures of the metal complexes of
amine—carboxyborane adducts.
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Antitumor activity

Both metal complexes demonstrated inhibition
of Ehrlich ascites carcinoma growth in vivo in
male CF, mae mice at 8mgkg ‘day %, i.p.
Tetrakis - w - (trimethylamine — boranecarboxy -
lato)acetonitrile dicopper(ll) (1) afforded 78%
inhibition of growth and bis-p-(morpholine—
boranecarboxylato) zinc (II) dihydrate (2)
resulted in 95% inhibition of Ehrlich ascites
growth in vivo, 6-MP and 5-FU afforded 99%
and 95% inhibition of tumor growth, respec-
tively, in vivo in mice.

Cytotoxicity

The metal complexes demonstrated in vitro
cytotoxicity primarily in suspended tumor cell
lines with variable activity in human solid tumor
cell cultures (Table 1). Murine L,,, lymphoid
and P-388 lympholytic leukemias as well as
human Tmolt; T-cell leukemia cell growth were
effectively reduced by compounds 1 and 2. Both
compounds were active against human HelL a-S®
suspended cervica carcinoma growth. Only
compound 1 effectively reduced SW480 color-
ectal adenocarcinoma and HCT-8 ileocecal
adenocarcinoma cell growth. MB-9812 broncho-
genic lung growth was reduced by compounds 1
and 2 (EDg<4 pg ml—1) but both compounds
were inactive against lung A549 growth. Neither
of the compounds tested was effective in reduc-
ing the growth of rat UMR-106 osteosarcoma, or
human lung A549, glioma HS-683, KB naso-
pharynx and epidermoid A431 cells.

Mode-of-action study

Tetrakis- .- (trimethylamine—boranecarboxylato)
acetonitrile dicopper(ll) (1) (Table 2) and bis-
w-(morpholine—boranecarboxylato) zinc(I)
dihydrate (2) (Table 3) caused significant reduc-
tions in DNA synthesis a 100 um, but
demonstrated more potent activity in reducing
RNA synthesis, causing reductions of 45 and
39%, respectively, at 25 pm. L, protein synthe-
sis was not significantly atered by either
compound. Reductions in DNA polymerase «
activity were caused by both agents, with a 44
and 28% reduction in activity by compounds 1
and 2, respectively, at 100 um. Purine de novo
synthesis was reduced by compounds 1 and 2 at
100 pm by 58 and 52%, respectively. Com-

APPLIED ORGANOMETALLIC CHEMISTRY, VOL. 12, 87-97 (1998)



M. C. MILLER III, A. SOOD, B. F. SPIELVOGEL AND I. H. HALL

92

1 Iw B y>senfea Q3 weoyubis

we 1.0 vl 0S'€ 8/'€ ve'e g€ s0'e 181 — /S°€ €0t €81 9T-dA
82T 190 8S€ ¥9'G T 60 SCT T e 44 FASES T TP N3-S
/22 1Z€ 688 8T’ LLT €eL  12S T8 96T 'y /8¢ 0ST /9T eainhAxolpAH
88T 260 829 9T'9 1214 e ¥87¢ 177 €Te 19T 980 8eC eve oely
oy e TV 627 ST'T 19t +O'TT T'9S 212 29T €T'6 (] A AN o A dN-9

uos Lredwiod Joy suabe prepuels
269 TV 2Z8L LE€ €59 829  €£9 8c'9 60°€ YA 226 IST S6¢C Z
9T'9 SOV /S8 8ee e /ST ISL 867 19C 89T 9G¥ /122 18C T
€89SH TebvY 6VSV  2I86-dIN  8-10H  08YMS gM ploseH SePeH 90wl 90T-HAN  88sd R pdo

uewinH ey auuniy

(7w B7) Sag

(9=N) S1onppe aue.loqAxogred Jo saxa|dwod el pareuoloq JO A1IDIX0101AD o411a uf T a|qel

APPLIED ORGANOMETALLIC CHEMISTRY, VOL. 12, 87-97 (1998)

© 1998 John Wiley & Sons, Ltd.



METAL COMPLEXES OF AMINE CARBOXYBORANE ADDUCTS 93

Table2 Effects of tetrakis-p.-(trimethylamine—boranecarboxylato)acetonitrile dicopper(l1) (1) on Ly,

leukemia cell metabolism in vitro over 60 min (N=4)

Percentage of control (mean+ SD)

Assay Control 25 um 50 um 100 pm
DNA synthesis 100+5* 8817 81+6 53+4*
RNA synthesis 100+6° 55+ 6* 29+ 4* 15+3*

Protein synthesis

DNA polymerase «

mMRNA polymerase

rRNA polymerase

tRNA polymerase
Ribonucleoside reductase
Dihydrofolate reductase

De novo purine synthesis
PRPP amido transferase

IMP dehydrogenase

Carbamy! phosphate synthetase
Aspartate transcarbamylase
Thymidylate synthetase
Thymidine kinase

Thymidine monophosphate kinase

100+5°¢ 104+6 110+6 115+6
100+ 6 74+5* 73+5* 56+ 5*
100+ 7¢ 102+6 84+5 92+6
100+ 4f 89+7 88+5 83+6
100+ 79 87+6 85+5 81+4*
100+5" 92+6 86+6 81+6

100+5 77+6* 51+5* 46+ 3*
100+5' 99+5 55+ 5* 42+ 4*
100+ 6¢ 56+ 5* 41+4* 36+4*
100+5' 56+ 4* 45+ 4* 38+4*

100£7™ 100+5 107+6 114+7
100+6" 102+6 97+6 95+6
100£5° 125+7*  123+5* 99+5
100+6° 99+5 77+£6* 44+ 4*
100+ 7 72+ 6* 20+ 4* 17+4*

Thymidine diphosphate kinase 100+ 6" 92+7 91+5 91+4
d(ATP) 100+5° — — 106+5
d(GTP) 100+ 6' — — 119+6
d(CTP) 100+5" — — 107+5
d(TTP) 100+4" — — 99+5
* P<0.001.

226152 dpm. ' 0.868 OD units 91179 dpm

b 4851 dpm. 192551 dpm. 1891 dpm.

°c 7461 dpm. k0.121 OD units °6.17 pmol

947804 dpm. ' 76 058 dpm. t5.27 pmol

€1502 dpm. ™0.392 mol citrulline 4 6.87 pmol

4239 dpm. "1.064 mol N-carbamyl aspartate ¥ 6.94 pmol

96400dpm.  °18 463 dpm.
h 2744 dpm. P 1317 dpm.

pounds 1 and 2, at 100 um, caused reductions in
dihydrofolate reductase activity of 54 and 87%,
respectively. PRPP amido transferase activity
was reduced 36 and 68% by compounds 1 and 2
at 100 pm, respectively. Compounds 1 and 2, at
100 pm, reduced |MP dehydrogenase activity by
62 and 82%, respectively. Decreases in thymi-
dine kinase activity were significant at 100 pm
for both compounds, while decreases in thymi-
dine monophosphate kinase activity were
significant at all drug concentrations, with more
than 50% reduction being induced by both
compounds at 50 wm. No significant alterations
in deoxynucleotide pool levels were induced by
compound 1. Compound 2, however, caused
significant increases in levels of d(GTP),

d(CTP), and d(TTP) at 100 um.

Compounds 1 (Fig. 2) and 2 (Fig. 3) aso
demonstrated the ability to cause L,,;0 DNA
strand scission as indicated by the appearance of
low-molecular-weight DNA throughout the alka-
line sucrose gradient and a reduction in the
relative amounts of higher-molecular-weight
double-stranded DNA compared with control. ct-
DNA UV absorption did not change after
incubation for 24 h with compounds 1 or 2, so
the agents did not chemically interact with or
akylate the DNA bases. There were no effects
on UV absorption from 220 to 340 nm after 24-h
incubations with 1 or 2. There was no change in
the ct-DNA therma denaturation, 7,,, values
after 24-h incubation with the drugs, so no
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intercalation between DNA base pairs occurred.
In the ct-DNA viscosity studies less time was
required to move through the reservoirs, indicat-
ing reduced DNA viscosity or DNA
fragmentation.

Compound 2 was not an inhibitor of Ly,
DNA topoisomerase Il activity at 100 pum (Fig.
4). Compound 1, however, demonstrated a
concentration-dependent inhibitory effect on
L 1510 topoisomerase |1 activity with an 1C, value
of 25 um. The prototypical topoisomerase I
inhibitor VP-16, in comparison, exhibited an | Cs,
value of 22 um by this method. Acute toxicity
studies in CF, male mice resulted in LD, values
of 90mgkg * and >100mgkg * for com-
pounds 1 and 2, respectively.

DISCUSSION

Initial attempts to synthesize metal complexes of
carboxyborane adducts followed the method of
Norwood et al.**?" in which methanolic solu-
tions of sodium salts were added to methanolic
solutions of metal chlorides. When applied in
this study, a mixture of impurities was present at
each stage of Norwood's procedure and purifica-
tion was not possible. However, the use of
IR-120 cation-exchange resin provided a more
successful means to synthesize metal complexes
of amine—carboxyborane adducts without the
need for further purification. The synthesis of
other metal complexes using ion-exchange resin
was not pursued due to the limited amounts of

Table3 Effects of bis-w-(morpholine—boranecarboxylato) zinc(l1) dihydrate (2) on L, cell metabolism

in vitro over 60 min (N=4)

Percentage of control (mean+ SD)

Assay Control 25 um 50 pm 100 pm
DNA synthesis 100+5° 100+6 99+6 45+ 4*
RNA synthesis 100+6° 61+5* 58+ 7* 52+ 6*

Protein synthesis

DNA polymerase «

mMRNA polymerase

rRNA polymerase

tRNA polymerase
Ribonucleoside reductase
Dihydrofolate reductase

De novo purine synthesis
PRPP amido transferase

IMP dehydrogenase

Carbamy! phosphate synthetase
Aspartate transcarbamylase
Thymidylate synthetase
Thymidine kinase

Thymidine monophosphate kinase

100+5° 104+5 120+6 105+5
100+ 6 73+5* 73+6* 72+6*
100+ 7° 105+6 100+5 84+5
100+ 4' 92+6 111+6 80+ 4*
100+ 7° 8617 81+5* 78+5*
100+5" 137+6* 122+6 101+5

100+ 5 66+5* 53+4* 13+3*
100+ 5 62+ 5* 59+ 4* 48+ 4*
100+ 6¢ 54+ 4* 36+ 3* 32+3*
100+5' 73+5* 59+ 5* 18+ 4*

100+ 7" 103+5 107+5 98+6
100+6" 11545 102+6 102+5
100+5° 127+6* 121+5 113+6
100+6° 100+5 117+6 62+5*
100+ 79 54+5* 28+4* 11+3*

Thymidine diphosphate kinase 100+ 6" 99+6 90+5 72+5*
d(ATP) 100+5° — — 96+5
d(GTP) 100+ 6" — — 151+6*
d(CTP) 100+ 5" — — 12245+
d(TTP) 100+4" — — 121+ 4*
* p=<0.001.

326152 dpm. ' 0.868 OD units 91179 dpm.

b 4851 dpm. 192 551 dpm. " 1891 dpm.

€ 7461 dpm. k0.121 OD units 6.17 pmol

947 804 dpm. ' 76 058 dpm. t5.27 pmol

€1502 dpm. ™0.392 molcitrulline 46.87 pmol

4239 dpm. " 1.064 mol N-carbamyl aspartate ¥ 6.94 pmol

9 6400 dpm. ©18 463 dpm.
h 2744 dpm. P 1317 dpm.
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Figure2 L,,,0 DNA strand scission induced by 24-h incubation with compound 1 at 100 wm concentration.

starting materials remaining after multiple In Ly, cels, the parent of compound 1,
attempts at metal complexation using Norwood's  tetrakis-p.-(trimethylamine—boranecarboxylato)-
method. bi s(trimethylamine—carboxyborane) dicopper(l1)
25 ¢
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Figure3 L0 DNA strand scission induced by 24-h incubation with compound 2 at 100 wm concentration.
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Knotted P4 Phage DNA

L-1210 Topoisomerase 1l Control
VP-16 (100 pM)

1 (100 pM)

2 {100 uM)

Figure4 The inhibition of L,,, topoisomerase Il activity by various derivatives of the dipeptide N-[(trimethylamine-

boryl)carbonyl]-L-phenylalanine methyl ester and metal complexes of amine carboxyborane adducts at 100 pm.

(EDg,=3.14 pgml ') was a potent cytotoxic
agent, and chemical transformation to compound
1 maintained cytotoxic activity.? In Tmolt; cells,
transformation of the parent compound to com-
pound 1 led to an improvement in cytotoxic
activity compared with the parent compound.
Againgt HeLa-S® and MB-9812 cell growth,
there was little difference between the cytotoxic
activity of compound 1 and its parent compound.
In Tmolt; cells there was very little difference
between the cytotoxic ED5, values of compound
2 and its parent compound, morpholine—carbox-
yborane.* In HeLaS® cells, compound 2 was
more potent than its parent compound. Whereas
the parent compound was inactive in reducing
MB-9812 cell growth, compound 2 was margin-
aly active. Thus, it is apparent that metal
complexation produces variable effects on cyto-
toxicity specific to a given tumor cell line.
Mode-of-action studies indicated the major
effects of compounds 1 and 2 were inhibition of
Li,;0 DNA and RNA syntheses. The primary
sites by which these inhibitory effects are
mediated appear to be IMP dehydrogenase,
PRPP amido transferase, and TMP kinase activi-
ties. L0 DNA strand scission induced by
compounds 1 and 2 would also contribute to the
observed inhibition of DNA synthesis and cell
death. Reductions in DNA viscosity were also
consistent with the observed DNA fragmentation
observed in the DNA strand scission studies for
both compounds. The results obtained by exam-
ination of the effect of the compounds on
ct-DNA UV absorbance, therma denaturation
and viscosity suggest that DNA cross-linking
and/or intercalation between base pairs are not a
major mode of action mediating L,,,, cell killing
by compounds 1 and 2. Comparing compound 1
with its parent compound, the most striking
difference in their modes of action is evident in
these compounds’ effects on tRNA polymerase
activity. The parent compound demonstrated a
77% reduction in tRNA polymerase activity

© 1998 John Wiley & Sons, Ltd.

whereas compound 1 inhibited this enzyme by
21%.2 The mode-of-action studies for the parent
of compound 2 have not been published. Piper-
idine—carboxyborane, another related
heterocyclic amine—carboxyborane, primarily
inhibited DNA synthesis by reducing de novo
purine synthesis and reducing dihydrofolate
reductase, and nucleoside and nucleotide kinase
activities.* L,,,, DNA topoisomerase Il activity
was inhibited by compound 1 but compound 2
was less active. Previous studies have demon-
strated that copper(l1), iron(l11), cobat(l1l) and
chromium(lIl) complexes of trimethylamine—
carboxyborane were potent L,,,, DNA
topoisomerase |l inhibitors [ICy,=10-42 pm],
but complexes of sodium, calcium and iron(l1)
werenot active, nor wastrimethylamine—carboxy-
borane itself at >100 um.?2 These new com-
pounds, as well as compound 1, compared
favorably with VP-16 with an 1C,, of 22 um,? but
they do not function like VP-16 to produce
cleavable products. It has been shown that this
enzyme activity was sensitive to calcium and
copper inorganic salts in our studies.*® Fur-
thermore, it has been shown that ZnCl, and
CuCl,, inhibit shrimp DNA topoisomerase activ-
ity at millimolar concentrations.® Nevertheless,
there is no evidence that the copper(ll) com-
plexes of trimethylamine—carboxyboranes
dissociate in agueous mediums to release free
cations. The complexation of trimethylamine—
carboxyborane with copper may form the correct
three-dimensional or ternary structure that fits
best in the receptor active site of the enzyme and
affords the best inhibition of DNA topoisomer-
ase activity. The inability of the zinc
bis-morpholine—carboxyborane  complex to
inhibit DNA topoisomerase |l activity in vitro
might indicate that inhibitor activity requires the
‘tetrakis arrangement of ligands, as in the
copper(ll) complex, as opposed to zinc's ‘bis
arrangement. However, neither of the metal
complexes induced DNA protein-linked breaks

APPLIED ORGANOMETALLIC CHEMISTRY, VOL. 12, 87-97 (1998)
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when whole cells were incubated with these
drugs aone. Yet, the metal complexes as well as
the free ligand were synergistic with VP-16 in
inducing DNA protein-linked breaks, suggesting
that the synergistic effects with VP-16 are
characteristic of the amine—carboxyborane moi-
ety. Complexation with the metal appears to
increase the cytotoxic potency of the compound.
Whether this action is via some non-specific
interaction with in vivo enzyme is unclear at
present. Anthraquinone—copper(l1) complexes
have been shown to interact non-specifically
with DNA to induce DNA topoisomerase |- and
I1-mediated strand breaks.* The present studies
suggest that more than one mode of action is
afforded by these metal complexes in inducing
cell death and the inhibition of L1210 DNA
topoisomerase activity is only one of these
mechanisms.
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