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Trifluoromethylboron derivatives proved to be  therapy for human brain glioma, e.g-carboxy-
cytotoxic in a number of murine and human  phenylboric acid. Soloway and co-workers initially
leukemic and lymphoma screens. Solid tumor investigated the use of-carboxybenzeneboric
growth, e.g. glioma HS 683, breast Mck-7 and acid;} sodium decahydrodecaborateand sulfhy-
colon adenocarcinoma SW480, was reduced dryl-containing hydroboratédor the treatment of
significantly by the compounds. Human Tmolg  brain tumors. Subsequently, arylboronic acids,
T-cell leukemia DNA synthesis was inhibited p-boronophenylalanine, 3-amino-4-carboxybenze-
preferentially by the derivatives, with marginal neboronic acid and+boronsuccinanilic actiwere
effects on RNA and protein syntheses, after observed to cross the blood-brain barrier and were
60 min at 100uM. The agents appeared to act by taken up efficiently by the tumor cells. Since these
multiple mechanisms in that they inhibited the  original studies, boron has been included in a
activities of DNA polymerase «, dihydrofolate  number of carrier molecules (i.e. heterocyclic
reductase and nucleosides, significantly within borones, amino acids, tumor-specific antibodie$,
60 min at 100uMm. Deoxyribonucleotide pools lipoproteins® porphyrinst® anti-estrogens? poly-
were reduced after 60 min incubation with the  hedral borane%z,[l) rimidines and nucleosidé$;**
compounds. Tmolg DNA fragmentation and  and antibiotics® %Which are taken up preferen-
reduced ct-DNA viscosity were evident after tially by brain tumor cells. Boron compounds were
24 h of incubation at 100umM. ct-DNA thermal  then examined as antitumor agents not involving
denaturation studies indicated that the agents boron neutron capture. Soloway and Butler
caused some type of interaction with the bases of synthesized 4-[bis(2-carboroethyl)amino]phenyl-
DNA. Copyright © 2000 John Wiley & Sons, carboran®’ and boron-containing acridings
Ltd. which were testedn vivo in mouse ependymoma
tumors. Shealy and Strutk prepared bis(2-
chloroethyl)amino analogues which were tested
against rat Walker 256 carcinosarcoma and mouse
L1210 lymphoid leukemia growth. These deriva-
tives were also activein vitro in the KB
nasopharynx and H. Ep-2 larynx carcinoma
cytotoxic screens. Boll prepared a boron
derivative of 1-(3,4-dichlorophenyl)-5-isopropylbi-
guanide, a folic acid antagonist, as an antitumor
INTRODUCTION agent. Alamet al?! prepared 1,®-carboranes and
nido-carboranes linked to phenyl rings to treat B16
Boron-containing agents have been investigated iimelanoma in mice.
the past for the purpose of boron neutron capture This led to the synthesis of novel isoelectronic
and isostructural boron analoguesxedmino acids
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growth and mouseLewis lung growth} and has
beendemonstratetb havepotentcytotoxicity 2324
Further structural modifications have included
amidation and esterification of trimethylamine—
carboxyborane%6 heterocyclic amine—carboxy-
boranes di- and tri-p eptide carboxyborane$’
boronated nucleic acids®® metal complexes of
trimethylamine—carboxyorane®%° and substi-
tuted carboranes and polyhedral hydroborate
salts3! All of thesederivativeswerevery effective
in inhibiting DNA syntheS|sn L1210lymphocytic
leukemiacells**~3?The major targetof the boron
agentsappearedo be the purinesyntheticpathway
and nucleosidekinasesalong with considerable
DNA fragmentation.The ethylamine—carboxyhbe
anederivativeand the heterocyclicamineadducts
were shownto inhibit HeLa-S' DNA topoisome-
rasell activity at 200 uM andthetrlmethylamme—
carboxyboranesit 1000uM.%33* The metal com-
plexes of trimethylamine—carboxyorane, e.g.
copper(ll), cobalt, iron and chromium (I), were
very effective inhibitors of L1210 DNA topoi-
somerasél activity in vitro at 10—100um, but did
not themselves cause DNA protein-linked
breaks®® Other metal complexesof polypeptides
and trimethylamine have been examined®3’
Ferratricarbadecarbarangbmplexesaverecently
been shown to have similar cytotoxicities and
effects on nucleic acid metabolism, mcludmg
inhibition of DNA topoisomerasectivity.?* The
presentstudyinvolvesthe evaluationof a different
type of boron complex, trifluromethylboronderi-
vatives,for their cytotoxicity andtheir mechanism
of actionin tumor cellsto determinewhethertheir
effectsare similar to thoseof the previousboron
complexes.

CHEMISTRY

Replacemendf a hydrogenor a methylgroupby a
trifluoromethyl group changesthe chemical and
physical properties of the boron derivatives.
Becauseof the inductive effect of the F;C groups,
the B-NB bond in amine-trifluoromethylborzes
(FsC),R:B-NHR,, whereR; is an arbitraryligand,
is strongerthan in non-fluorinatedanaloguesin

general the attachmenbf the F;C groupstabilizes
the tetracoordinatedtateof the boronto an extent
that such compounds are better described as
neutral ‘ammonium’ ions rather than as adducts.
Little is known aboutthe physiologicalproperties
of trifluoromethylatedboron species,and nothing

Copyright© 2000JohnWiley & Sons,Ltd.

about their cytotoxicity. The selection of test
compounds from the approximately 200—-300
trifluoromethylboron compounds synthesizedto
date was arbitrary but these compoundswere
representativef variousinterestingspeciesof this
chemical class: compound 1, cesium tris-
(trifluoromethyl)nitroborge {Cs[(CF3)sBNO,]}, is
a salt with high water solubility; compound?2,
amino-tris(trifluoromethyborane  tetrahydrate
{(CF3)3B-NH3-4H,0}, is a water-solublecovalent
species;compound3, potassium2,2-bis(trifluoro-
methyl)-3-metlyl-3-azonia-2-boratabutanesulfon-
ate hydrate{K[O 3SCH,B(CFs),-NHMe,]-H,0}, is
a salt-like ammoniumion; compound4, dimethyl-
propargylamine—bis(triflummethyl)borane {HB
(CF3)>, NMe,CH,C=CH containsa B-H bond;
and compound 5, dimethylamine—bis(a®oxy)-
methylbis(trifluoromethyl)brane {{HOOC),CH]B
(CRs3)> NHMe,}, hasa carboxylic acid function.

SOURCE OF COMPOUNDS

The synthesisof 2,® 3%° and 4%° has been
reportedpreviously.The X-ray crystal structureof
2 has been reported recently**” Compound 12

was prepared from 2 by ozone oxidation in
aqueousCsOH solution and has been published

(Eqn [1]).*

(CF)3)3BNH;3 + CSOH -2 Cs[(CFy),BNOy]
+2H0 1]

Compound5 was preparedfrom dimethylamino-
bis(trifluoromethyl)borane, (CF3).BNMe, and
malonic acid t-butyl ester (C4H,OOC)CH, to
butyl esterwas subsequentlgleavedby trifluoro-
acetic acid to form free carboxylic acid,
[(HOOC)LCHI]B(CFs),NHMe,. Mass spectrum
MS (70eV): m/z (%)=92 (100) [FsBC,H30™],
94 (52) [Fo-BNH(CHa), '], 44 (24) [CoHeN '], 74
(13) [FBN(CHa), ", 253 (2) [MT—COA], 228 (1)
[MT—CFg], 277 (1) [M*—HF]. Elementalanaly-
sis: Calcd: C, 28.32;H, 3.39; N, 4.72; Found:C,
28.00; H, 3.33; N, 5.56%. All compoundswere
recrystallizedand were more than 99.4% pure for
the pharmacologicaktudies.

All radioisotopeswere purchasedfrom New
England Nuclear (Boston, MA, USA) unless
otherwiseindicated.Radioactivitywas determined
in FisherScintiversescintillation fluid with correc-
tion for quenching.Substratesnd cofactorswere
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obtainedrom SigmaChemicalCo. (St. Louis, MO,
USA).

CYTOTOXICITY

Compoundsl and 5 (Table 1) were tested for
cytotoxic activity by homogenizinghe drugsasa
1 mgml~ solutionin 0.05%Tween80 H,0. These
solutionswere sterilizedby passingthem through
anAcrodisc(0.45um). Different histologicaltypes
of murine and human tumors were selectedfor
cytotoxic testing of the agentsto evaluatetheir
potencyin awide rangeof tumors.Includedin this
seriesf tumorsweresomehumantumorswhichdo
not have effective drugs which inhibit their cell
growth.

The following cell lines were maintained by
literaturetechniques™ murineL 1,10 lymphoid and
P388 lymphocytic leukemias,human Tmolt; and
Tmolt, T-cell leukemias HI-60 leukemia,HuT-78
cutaneousymphoma,THP-1 monocyticleukemia,
SW480colorectaladenocarcinoma;ICT-8 ileoce-
cal adenocarcinom, MB-9812 lung bronchogenic,
A-549 lung carcinoma,Saos-2osteosarcomakB
epidermoid nasopharynxA431 skin epidermoid,
HeLa-S suspendedand HelLa solid cervical
carcinomasMck-7 breasteffusion,clearcell renal
Caki, Sk-MEL-2 malignantmelanomaand U-87-
MG glioma. The NCI protocolwasusedto assess
the cytotoxicity of the test compounds and
standardsn eachcell line.** The numberof cells
was determinedby the Trypan Blue exclusion
techniqué®andthe percentagénhibition of growth
for each concentrationof the compound was
calculatedand averaged(N = 4). The percentage
inhibition was plotted against the log of the
concentratiorof the compoundandthe EDsg value
estimatedSolid tumorcytotoxicity wasdetermined
utilizing CrystalViolet/MeOH andreadat 580nm
(MolecularDevices)** Valuesof cytotoxicity were
expressedsEDsg (g mlT), i.e. theconcentratiorof
the compound inhibiting 50% of cell growth
[Tables1 and 2]. A value of lessthan 4 ugml™
wasrequiredfor significantactivity for inhibition of
tumor cell growth.

INCORPORATION STUDIES

The effects of drugs on the incorg)oration of
radiolabeled precursors [*H]thymine

Copyright© 2000JohnWiley & Sons,Ltd.

(72Cimmol™Y), [*H]uracil (12Cimmol”) or
[*H]leucine (120Cimmol~) into DNA, RNA or
protein, respectivelyfor 10° Tmoltz T-cell leuke-
mia cells at 25,50 and100 M wasdeterminedor
60min.*®* Theacid-insolubldabeledDNA, RNA or
proteinwas collectedon discs[GF/A] which were
countedn aPackardeta-counterincorporationof
[*“C]glycine (53.0mCimmol™Y) into purineswas
obtained by the method of Cadman et al.*®
Incorporationof [*C]formate (53.0mCimmol™?)
into pyrimidineswasdeterminedby the methodof
Christophersonet al.*” The final purines or
pyrimidines were separatedby TLC from the
starting componentsusing the appropriateR; for
standarchucleosidebasesand counted.

ENZYME ASSAYS

Since the trifluoromethylbadon derivatives 1-5
inhibited RNA andDNA synthesesn Tmolt; cells
effectively, their effectson a numberof enzymes
involved in nucleic acid metabolismwere deter-
mined at 25, 50 and 100um after 60min
incubations. DNA polymerase o activity was
determinedin cytoplasmic extracts isolated by
Eichler et al.’'s method?®“°The DNA polymerase
o assaywas describedby Sawadaet al.> with 2-
deoxy[H]ribothymidine5'-triphosphate  [TTP]
(53Ci mmol™). Messenger-, ribosomal- and
transfer-RNA polymeraseenzymeswere isolated
from the nuclei with different concentrationsof
ammonium sulfate; individual RNA polymerase
activities were determinedusing [°H]uridine-5-
triphosphate][UTP] (35Ci mmol%).>*>2 The fol-
lowing enzymeactivities were determinedusing
Tmolt; homogenates.Ribonucleotide reductase
activity was measured using [**C]cytidine-3-
diphosphatgCDP) (19.4Ci mmol™*) with dithio-
erythritol>® 2'-Deoxy[**C]ribocytine- 5'-diphos-
phatewas separatedrom the [**C]CDP by TLC
on polyethyleneiminecellulose(PEI) plates.Thy-
midine, thymidine-3-monophosphatéTMP) and
thymidine-3-diphosphate(TDP) kinase activities
were determined  using [®H]thymidine
(58.3mCimmol™Y) in the medium of Maley and
Ocho&” and separatecby TLC. Carbamylphos-
phate synthetaseactivity was determinedby the
method of Kalman et al.>®> and the product
citrulline was determinedcolorimetrically>® As-
partate transcarbamylasectivity was measured
using the incubationmedium of Kalman et al.,>®
the product carbamyl aspartatewas determined

Appl. Organometal Chem.14, 86—97(2000)
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Table 1 The cytotoxicity (EDso, g ml~?) of the trifluoromethylboronderivativesagainstthe growth of suspendedumor cells

Murine Human
THP-lacute Tmolts Tmolt, HelLa-S?
L1210 P388 monocytic T-cell T-cell HuT 78 H1-60 uterine
Compound leukemia  leukemia leukemia  leukemia  leukemia lympho leukemia  carcinoma
1 Cs[(CR)3BNO,] 3.62 2.96 3.16 3.58 3.95 1.13 4.86 4.27
2 (CF5)B-NHz-4H,0- 3.85 3.42 2.05 2.86 2.64 2.25 4.81 3.73
3 K[O3SCH,B(CF3),-NHMe,]-H,0O 3.17 3.32 2.64 3.44 3.04 2.00 4.27 2.34
4 HB(CFs)3-NMe,CH,=CH 3.72 2.07 4.81 3.01 2.80 3.00 3.08 4.45
5 [(HOOC)LHC]B(CFs),-NHMe, 3.14 2.10 4.56 2.44 3.27 2.25 3.67 3.12
Standardagentsfor comparison
6-MP 2.43 2.04 3.03 0.43 2.67 1.63 1.63 2.12
Ara-C 2.43 0.79 2.54 1.29 2.36 2.50 2.50 2.13
Hydroxyurea 2.67 2.87 4.47 6.68 3.87 5.22 1.96
5-FU 141 0.99 0.49 2.14 2.75 1.50 1.50 2.47
VP-16 1.83 0.99 3.27 1.00 1.92 1.13 1.13 7.87

aN=4; EDsp < 4 ug ml~ for significantactivity.
6-MP = 6-MercaptopurineAra-C = Cytarabineor CytosineArabinosine;5-FU = 5-Fluorouracil;VP-16= Etoposide.
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Table 2 The cytotoxicity (EDso, g ml~?) of the trifluoromethylboronderivativesagainstthe growth of humantumor cells derivedfrom solid tumors

Breast Solid Renal KB Bone SW 480 HCT-8 Skin Melanoma Lung MB

Compound Mck-7 HelLa Caki-1 nas@harynx  Saos-2 colon ileum 431 SK2 9812
1 3.01 9.98 13.89 5.84 7.36 2.33 6.08 5.09 8.24 6.45
2 2.47 10.91 6.21 6.98 9.15 2.44 7.83 2.55 10.60 6.40
3 3.95 8.81 10.40 6.43 8.53 1.44 8.20 10.70 7.15 6.06
4 2.80 7.01 15.55 6.23 9.77 5.47 5.96 7.80 10.29 6.45
5 2.47 6.26 8.00 451 7.62 6.74 5.10 7.89 7.87 5.91
Standardagentsfor comparison

6-MP 5.61 9.35 11.04 7.16 3.61 1.15 9.13 6.86 4.29

Ara-C 4.74 1.38 2.84 8.90 3.42 2.54 0.86 10.53 6.16

Hydroxyurea 8.12 5.27 7.33 1.77 2.87 7.18

5-FU 411 5.29 1.25 8.75 3.09 1.12 1.80 5.93 5.64

VP-16 3.05 7.01 3.32 7.19 3.34 3.78 1.97 3.53 3.50

aN=4; EDsp < 4 ug ml~* for significantactivity.
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Table 3 Effects(% control) of cesiumtris (trifluoromethyl)nitroboratg€1) on Tmolt; T-cell leukemianucleicacid

metabolismafter 60 min incubation

Assay(N=4) Control 25um 50um 100um
DNA synthesis 100+ 52 86+5 72+ 4* 14+ 2*
RNA synthesis 100+ 6° 94+ 6 69+ 4* 66+ 4*
Proteinsynthesis 100+ 5° 123+5 108+5 95+5
DNA polymerasex 100+ 6° 70+5 554 4* 53+ 5*
m-RNA polymerase 100+ 7° 104+ 4 109+ 4 119+5
r-RNA polymerase 100+ 4' 98+ 4 101+ 3 102+ 5
t-RNA polymerase 100+ 79 83+4 81+ 4* 48+ 3*
Ribonucleotidereductase 100+ 5" 88+ 5 88+ 4 87+5
Dihydrofolatereductase 100+ 5 79+ 5 424 3* 23+ 2*
Purinede novosynthesis 100+ 5 81+ 4* 73+ 4* 68 + 3*
PRPPamidotransferase 100+ 6 88+5 80+ 4* 77+ 4*
IMP dehydrogenase 100+ 5 140+ 6* 136+ 5* 95+5
Pyrimidinede novosynthesis 1004+ 6™ 129+ 6 113+ 7 94+5
Carbamylphosphatesynthetase 100+ 7" 124+5 111+6 110+ 4
Aspartatetranscarbamylase 1004+ 6° 98+5 93+5 87+4
Thymidylatesynthetase 1004+ 5° 104+5 80+ 4* 714+ 3%
Thymidinekinase 100+ 61 68+ 4* 63+ 3* 53+ 3*
Thymidine monophosphatkinase 100+ 7" 61+ 4* 43+ 4* 42+ 3*
Thymidine diphosphatéinase 100+ 6° 98+5 24+ 2* 14+ 2*
d[ATP] 100+ 5 98+ 4
d[GTP] 100+ 6" 97+5
d[CTP] 100+ 5" 9243
d[TTP] 100+ 4" 86+ 4
Controlvaluesfor 10° cells/h:

a7 719dpm ''0.1440D unit 91371dpm

1 014dpm 1 28 624dpm "179dpm

€17492dpm k'0.08780D unit $1891dpm

99019dpm ' 19575dpm t17.07pmol

€1 343dpm ™ 19758dpm Y 13.58pmol

f325dpm " 0.807mol N-carbamyla sparate v 33.60pmol

9400dpm ©0.273mmol citrulline W 31.04pmol

h 48 780dpm P 77616dpm

* P < 0.001(Student’st-test).

colorimetrically by the methodof Koritz et al.>’
Thymidylate synthetaseactivity was analyzedby
the methodof Kampf et al.>® The *H,0 separated
by charcoalwas proportional to the amount of
TMP formed from 2-deoxyfH]ribouridine-5-
monophosphatéUMP) (20 Ci mmol~Y). Dihydro-
folate reductaseactivity was determinedby the
NADH disagpearancepectrophotonteic method
of Ho et al.>® at 340nm. Phosphoribosypyropho-
sphate (PRPP) amidotransferas activity was
determinedby Spassova’snethodas the genera-
tion of NADH® and inosine —5-monophosphate
(IMP) dehydrogenasactivity was analyzedwith
8-[**C]IMP (54mCimmol™*) (AmershamArling-
ton Heights, IL, USA) after separating[**C]
xanthosine-5monophosphatéXMP) on PEl plates
(Fisher Scientific) by thin-layer chromatogra-

Copyright© 2000JohnWiley & Sons,Ltd.

phy (TLC)®' which was then counted. Protein
contentwas determinedfor the enzymaticassays
by the Lowry techniqueé®® Resultsare given in

Tables3-6.

DNA STUDIES

After deoxyribonucleosidériphosphategd[NTP])
were extracte@® from Tmolts cells, d[NTP] levels
were determinedby the method of Hunting and
Hendersoff* with calf thymusDNA, E. coli DNA
polymerasel, non-limiting amountsof the three
deoxyribonucleosiddriphosphatesnot being as-
sayed,and either 0.4mCi of [*H—methy]-d[TTP]
(53.1Ci mmol™) or [5->H]-d[ATP]

Appl. Organometal Chem.14, 86—-97(2000)
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Table 4 The effectsof amine—tris(trifluoromethyl)boranetrahydratg2) on Tmolt; T-Cell leukemianucleic acid

metabolismafter 60 min incubation

Assay(N=4) Control 25um 50um 100um
DNA synthesis 100+ 5 94+ 6 88+5 24+ 5*
RNA synthesis 100+ 6 84+5 79+ 4* 68+ 4*
Proteinsynthesis 100+5 03+6 98+ 4 91+5
DNA polymerasey 100+ 6 93+6 84+5 69 + 4*
m-RNA polymerase 100+ 7 106+ 4 1254+ 5* 1304+ 4*
r-RNA polymerase 100+ 4 106+ 5 97+ 4 77+ 3*
t-RNA polymerase 100+ 7 95+4 86+ 4 80+ 3*
Ribonucleotidereductase 100+ 5 136+ 5* 114+ 4 78+ 4*
Dihydrofolatereductase 100+5 101+5 101+ 4 34+ 3*
Purinede novosynthesis 100+ 5 75+5 69+ 4 56+ 4
PRPPamidotransferase 100+ 6 84+6 71+ 4 67+3
IMP dehydrogenase 100+5 136+ 5* 116+ 4 79+ 4*
Pyrimidine de novosynthesis 100+ 6 123+ 4 123+5 116+5
Carbamylphosphatesynthetase 100+ 7 116+ 7 113+5 89+5
Aspartatetranscarbamylase 100+ 6 94+ 6 77+ 5* 71+ 4*
Thymidylatesynthetase 100+ 5 139+ 6 107+5 91+5
Thymidinekinase 100+ 6 97+5 54 + 4* 50 + 4*
Thymidine monophosphatkinase 100+ 7 53+4 36+5 29+ 2*
Thymidine diphosphaté&inase 100+ 6 61+ 4* 21+ 3* 14+ 2%
d[ATP] 100+5 98+ 4
d[GTP] 100+ 6 71+ 3*
d[CTP] 100+5 90+ 4
d[TTP] 100+ 4 86+ 4

* P <0.001(Student’st-test).
Seecontrol valuesin Table3.

(30Ci mmol™Y). Thus, 2-deoxyriboadenosing-
triphosphate (d[ATP]) 2-deoxyriboguanosine-b
triphosphate(d[GTP]) 2'-deoxyribocytidine-5tri-
phosphatgd[CTP]) and thymidine-3-triphosphate
(d[TTP]) levels were determinedafter incubation
with thedrugsfor 60 min at 100uM. The effectsof
compounds1-5 on DNA strand scission were
determinecby the methodsof Suzukietal.®®, Pera
etal.®® andWoynarowskiet al.®” Tmoltz lymphoid
leukemia cells were incubated with 10 pCi
[methyt*H]thymidine (84.0Ci mmol™Y) for 24h
at37°C. Tmolts cells(10°) wereharvestedndthen
centrifuged at 600g x 10min in phosphate-buf-
fered saline (PBS). They were later washedand
suspendedn 1ml of PBS. Lysis buffer (0.5ml;
0.5mM NaOH, 0.02m EDTA, 0.01% Triton X-100
and 2.5% sucrose)was layered onto a 5-20%
alkaline-sucrosgradient(5 ml; 0.3m NaOH,0.7—
KC1 and 0.01m EDTA); this was followed by
0.2ml of the cell preparation.After the gradient
wasincubatedor 2.5h atroomtemperatureit was
centrifugedat 12000g x 17h at 8°C. Fractions
(0.2ml) were collected from the bottom of the
gradient,neutralizedwith 0.2ml of 0.3m HCI, and
measuredor radioactivity.

Copyright© 2000JohnWiley & Sons,Ltd.

Calf thymusDNA thermaldenaturatiorstudies
were conductedfrom 37 to 100°C in order to
determingheT,, valuesfor the controlanddrugsat
100uM for 24h. Changesn DNA UV absorption
from 220 to 340nm and ct-DNA viscosity were
measuredafter incubation of compoundsl-5 at
100uM at 37 °C for 24h 5859

STATISTICS

The meanand standarddeviationsare designated
by x4+ sb The probablelevel of significance(P)
betweentest and control sampleswas determined
by Student’st-testusingthe raw data.

RESULTS

The trifluoromethylboronderivativesprovedto be
potent cytotoxic agents,reducing the growth of
suspendedTable 1) aswell as solid tumor cells
(Table2). An EDsq valueof lessthan4 ug ml~t is

Appl. Organometal Chem.14, 86—97(2000)
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Table 5 Effects (% control) of potassium 2,2-bis(trifluoromethyl)-3-methyl-3-azonia-2-boratabganifonate
hydrate(3) on Tmolt; T-cell leukemianucleicacid metabolismafter 60 min incubation

Assay(N=4) Control 25um 50um 100um
DNA synthesis 100+ 5 97+ 4 48 + 3* 43+ 3*
RNA synthesis 100+ 6 95+4 81+ 3* 76+ 3*
Proteinsynthesis 100+ 5 86+5 84+5 74 + 4*
DNA polymerasex 100+ 6 794 5* 78+ 4* 68+ 4*
m-RNA polymerase 100+ 7 107+ 4 97+ 5 94+ 4
r-RNA polymerase 100+ 4 99+ 5 110+5 11845
t-RNA polymerase 100+ 7 107+ 6 110+ 5 120+ 6
Ribonucleotidereductase 100+ 5 83+4 111+ 6 64+ 4*
Dihydrofolatereductase 100+5 11445 111+4 64+ 3*
Purinede novosynthesis 100+ 5 91+5 85+5 81+ 4*
PRPPamidotransferase 100+ 6 81+4 72+ 4* 65+ 3*
IMP dehydrogenase 100+ 5 142+ 6 95+5 84+4
Pyrimidine de novosynthesis 100+ 6 132+ 5* 132+ 6* 129+ 5*
Carbamylphosphatesynthetase 100+ 7 139+ 7 111+5 109+ 6
Aspartatetranscarbamylase 100+ 6 88+5 88+ 6 64 + 4*
Thymidylatesynthetase 100+ 5 122+5 87+4 87+3
Thymidinekinase 100+ 6 106+ 5 105+5 54 + 3*
Thymidine monophosphatkinase 100+ 7 65+ 3* 50+ 4* 46+ 4*
Thymidine diphosphat&inase 100+ 6 76 + 5* 56 + 4* 53+ 5*
d[ATP] 100+ 5 77+ 4*
d[GTP] 100+ 6 82+t4
d[CTP] 100+5 95+5
d[TTP] 100+ 4 81+5

* P <0.001(Student’st-test).
Seecontrol valuesin Table3.

requiredin thesescreensfor significant activity.
The trifluoromethylboron derivatives were all
activeagainsthegrowthof murineL ;5,0lymphoid
and P-388lymphocytic leukemias,humanTmoltz
and Tmolt, leukemias,and HuT-78 lymphoma.
Compoundsl, 2 and 3 inhibited THP-1 acute
monocytic leukemia growth. Only compounds4
and 5 were effective againstthe growth of human
HI-60 leukemia.Compound£, 3 and5 wereactive
againstthe growth of suspendedeLa-S$ uterine
carcinomagrowth. Compoundsl—-3 were effective
in reducing growth of colon adenocarcinoia
SW480 but compound?2 was significantly active
in the skin A431 screenAll five compoundsvere
active againstthe growth of glioma Hs-683 and
breasteffusion Mck-7.” None of the compounds
were active in the solid HelLa uterine carcinoma,
KB nasopharynx’, bone SOS’, HCT-8 ileum
adenocarcinomdung MB9812, lung A549, Sk-
Mel-2 melanoma, or clear cell renal Caki-1
adenocarcinomacreens.

In the modeof actionstudyperformedin human
Tmolt; T-cell leukemiacells, DNA synthesiswas
preferentiallyinhibited by thetrifluoromethylbaon
derivativesin a concentration-dependembanner

Copyright© 2000JohnWiley & Sons,Ltd.

after60 min, achievingmorethan50%inhibition at
100uM [Tables 3—6]. RNA synthesiswas only
marginally reducedby 20-33%after 60 min and
protein synthesiswas inhibited by 26% only by
compound3 at 100um after 60min. DNA poly-
merase« activity was reduced by 21-47% at
100uM. m-RNA polymeraseactivity wasreduced
by 23%by compoundb. t-RNA polymerasectivity
wasloweredby 52% by compoundl and 20% by
compound2 after 60min incubation at 100 uM.
Ribonucleosidaeductaseactivity was reducedby
22-36% by compounds2 and 3 at 100uM.
Dihydrofolate reductaseactivity was significantly
inhibited by 36—77%by the compoundsat 100 uM
after 60 min. Purinede novosynthesisafter 60 min
wasreducedy 32%and44%by compoundd. and
2 after 60min at 100uM. PRPPamidotransferase
activity was inhibited by 23-35% by the com-
pounds while IMP dehydrogenaseactivity was
reducedby 21% only by compound2 at 100uM
after 60min. Pyrimidine de novo synthesisand
carbamyl phosphatesynthetaseactivity were not
affectedby the compoundsat theseconcentrations.
Aspartatdranscarbamylasactivity wasreducedoy
27%, 29% and 36% by compounds5, 2 and 3,

Appl. Organometal Chem.14, 86—-97(2000)
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Table 6 Effects(% control) of dimethylamine—bis(carboxy)methylbis(triitomethyl)borang5) on Tmolt; T-cell

leukemianucleicacid metabolismafter 60 min incubation

Assay(N=4) Control 25um 50um 100um
DNA synthesis 100+ 5 92+ 6 80+5 38+ 4*
RNA synthesis 100+ 6 88+5 87+4 80+ 3*
Proteinsynthesis 100+5 110+ 6 106+ 5 104+5
DNA polymerase 100+ 6 93+5 89+5 79+ 4*
m-RNA polymerase 100+ 7 110+ 4 107+ 5 77+ 4%
r-RNA polymerase 100+ 4 91+4 88+4 86+5
t-RNA polymerase 100+ 7 109+ 6 112+5 124+7
Ribonucleotidereductase 100+ 5 1394+ 5* 118+ 4 94+5
Dihydrofolatereductase 100+ 5 105+ 6 61+ 5* 55+ 4*
Purinede novosynthesis 100+ 5 96+ 6 92+5 88+4
PRPPamidotransferase 100+ 6 86+5 74+ 4 71+ 4*
IMP dehydrogenase 100+ 5 131+5 11145 86+4
Pyrimidine de novosynthesis 100+ 6 113+ 4 93+5 90+5
Carbamylphosphatesynthetase 100+ 7 127+ 6 121+5 110+5
Aspartatetranscarbamylase 100+ 6 77+ 5* 76 + 4* 73+ 4*
Thymidylatesynthetase 100+ 5 269+ 9 166+ 7 101+5
Thymidinekinase 100+ 6 137+ 6 68 + 4* 51+ 3*
Thymidine monophosphatkinase 100+ 7 87+5 62+ 3* 38+ 2*
Thymidine diphosphaté&inase 100+ 6 71+ 4* 47 + 4* 16+ 2*
d[ATP] 100+ 5 79+ 3*
d[GTP] 100+ 6 99+5
d[CTP] 100+ 5 97+ 4
d[TTP] 100+ 4 100+ 5

* P <0.001(Student’st-test).
Seecontrol valuesin Table3.

respectivelyat 100uM after 60 min. Thymidylate
synthetase activity was lowered by 29% by
compound 1. Thymidine kinase activity was
reducedby 46-50%by the compoundsat 100 um
after 60min. Thymidine monophosphateinase
activity wasinhibited by 54—71%by the derivative
and thymidine diphosphatekinase activity was
loweredby 47—86%by the compoundsat 100 um
after 60min. The d[GTP] pool level was lowered
by 29%by compound® andthe d[ATP] poollevels
were reducedby 21% and 23% by compoundss
and 3, respectivelyafter 60 min at 100 uMm.
ct-DNA studiesafter incubating the agentsat
100uMm for 24h demonstratedhat there was no
hyperchromicshift in the UV absorptionfrom 220
to 340nm, indicatingthat the agentsdid not cause
any Sy1 or Sy2 alkylation of the deoxyribonucleo-
tide basesTheT,, valuesfor thedenaturatiorof ct-
DNA were:control,92.5°C, compoundl, 77.5°C;
compound 2, 85°C and compounds3 and 5,
83.5°C. This indicatedthat therewasa possibility
of the agents’intercalationbetweenthe base-pairs
of DNA. ct-DNA viscositiegimesto movethrough
the reservoirs,were: control 506s; compoundl,
485.6s; compound2, 509s; compound3, 488s;
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andcompoundb, 484s. This suggestedhat lower-
molecular-weight DNA was present. Indeed,
Tmolt; DNA strandscissionstudiesafter 24h at
100um showedthatDNA fragmentatiordid occur,
with theradioactivitybeingdisplacedrom fraction
17 to lower fractions(Fig. 1).

DISCUSSION

The trifluoromethylboron derivatives exhibited
cytotoxic action againstthe growth of a number
of murine and humanleukemiasand lymphomas
and suspendetIzI-IeLa-S3 cells. The EDsg valuesfor
the new compoundsverein the rangeof the EDsgq
valuesof the standardclinical drugs.Very similar
EDs, values have been demonstratedor boron
derivativesof a variety of chemicaltypes.Activity
againstsolid tumor growthwasmoreselective but
the compoundswere active againstthe growth of
humanglioma Hs 683; however the ferratricarba-
decarbaranylcomplexesand amine—carboxybor-
aneswere not active in the glioma screen.The
compoundsalso inhibited the growth of human

Appl. Organometal Chem.14, 86—97(2000)
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Tmolt; DNA Strand Scission After 24 Hours Incubation at 100 ;, M

Fraction Numbers

Figure 1 Tmolt; leukemiaDNA strandscissionafter 24 h incubationwith agents:N = 4; standarddeviation0.05%.

breasteffusionMCK-7. Thisis anunusualproperty
for boron complexes,since none has yet been
shownto be active againstthe growth of human
breastcells; furthermore they were more potentin
this screenthan the standardclinical drugs. A
numberof the compoundswere active againstthe
growth of SW480 adenocarcinomawith EDsg
values similar to the EDsy values for amine—
carboxylboranesbut they were better than the
values obtainedfor the ferratricarbadecarbarahy
complexes.

Mode-of-actionstudiesin murine Tmolt; cells
demonstratethat DNA synthesisvassignificantly
reducedafter 60 min and appeardo be the major
targetof theagentsAs observedvith otherboron—
metal complexes,these compoundsreduced de
novo purine synthesishaving the most effect on
dihydrofolatereductaseactivity. The reductionof
the activity of this enzyme would reduce one
carbontransferfor purinesynthesisaffectingDNA
synthesisand to a lesserextent RNA synthesis,
which is what was observedafter 60 min incuba-
tions with the agents.The reasonfor this differ-
ential effectis thattheratio of ribonucleotidepools
to deoxyribonucleotidgoolsis approximately9:1
in mammaliancancercells; thus,the effectsof the
drugs would appearsfirst in DNA synthesis,
followed later in RNA synthesisIn addition, the
agentsinhibited the activity of the first regulatory
enzymeof the purine pathway,i.e. PRPPamido-
transferase,moderately but did not affect the
secondregulatory enzyme, IMP dehydrogenase.
Most of the amine—carboxyborasendferratricar-
badecarbaranytomplexesactually inhibited both
regulatory enzyme activities. The activity of
ribonucleotidereductasewvas moderatelyreduced
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by theagentsthiswould suppresshe conversiorof
ribonucleotidesto deoxyribonucleotidesor DNA
synthesisThefactthatthymidinekinasesandDNA
polymerase o activities were reduced by the
compoundswould also be additive effects in
inhibiting DNA synthesisratherthan RNA synth-
esis, initially. The d[NTP] pools were reducedin
certaincaseswhich reflectstheinhibition of purine
synthesisby the agents.If the major targetof the
agentswas the inhibition of DNA polymerasex
activity, this actionwould resultin an increasen
d[NTP] pools becausethe deoxyribonucleotides
werenotincorporatednto the newstrandof DNA.
Thus,marginalreductionin the d[NTP] poolsafter
60min indicates that the compounds’ mode of
action is probably as antimetabolities,and the
inhibition of purine synthesisandrelatedenzymes
is more important than the effects observedon
DNA polymerasex althoughthe overall effectsof
theagentds additivein bringingaboutsuppression
of DNA synthesisThedifferentmoietieswithin the
individual compoundsvould accountfor the slight
differenceobservedn the effectscausedby each
compoundon the individual enzymeactivity.

The agentsdid not appearto alkylate individual
nucleotidebaseof DNA throughsometypeof Sy1
or S\2 reaction,but that they did interactwith the
DNA moleculewas suggestedy the alterationof
T valuesandDNA fragmentatiorover24h. Other
boron derivativeshave exhibited similar behavior
in causingDNA strandscissionandreducedDNA
viscosity as a part of their mode of action. The
metalcomplexef amine—carboxyboranesdthe
ferratricarbadecarbonylcomplexes were potent
inhibitors of DNA topoisomeras# activity, which
would explain the DNA fragmentation. The

Appl. Organometal Chem.14, 86—-97(2000)
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trifluoromethylboronderivativeshavenotyet been
examinedfor this biochemicalproperty; however,
this pilot investigationof this chemical class of
boron derivativesindicatesthat thesederivatives
shouldbe evaluatedor clinical useasantineoplas-
tic agentsby a more extensiveinvestigation.
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