
The Cytotoxicity of Tri¯uoromethyl Boron
Derivatives and Mode of Action in Human
Tmolt3 T Leukemic Cells
Iris H. Hall,1* Jennifer R. Henry,1 Nathanael J. Peaty,1 Betsy Jo Barnes1 and
G. Pawelke2

1Division of Medicinal Chemistry and Natural Products, School of Pharmacy, University of North Carolina,
Chapel Hill, NC 27559-7360, USA
2Anorganische Chemie, FB 9, Bergische Universita¨t GH Wuppertal, D-42097 Wuppertal, Germany

Trifluoromethylboron derivatives proved to be
cytotoxic in a number of murine and human
leukemic and lymphoma screens. Solid tumor
growth, e.g. glioma HS 683, breast Mck-7 and
colon adenocarcinoma SW480, was reduced
significantly by the compounds. Human Tmolt3
T-cell leukemia DNA synthesis was inhibited
preferentially by the derivatives, with marginal
effects on RNA and protein syntheses, after
60 min at 100mM. The agents appeared to act by
multiple mechanisms in that they inhibited the
activities of DNA polymerase a, dihydrofolate
reductase and nucleosides, significantly within
60 min at 100mM. Deoxyribonucleotide pools
were reduced after 60 min incubation with the
compounds. Tmolt3 DNA fragmentation and
reduced ct-DNA viscosity were evident after
24 h of incubation at 100mM. ct-DNA thermal
denaturation studies indicated that the agents
caused some type of interaction with the bases of
DNA. Copyright # 2000 John Wiley & Sons,
Ltd.
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INTRODUCTION

Boron-containing agents have been investigated in
the past for the purpose of boron neutron capture

therapy for human brain glioma, e.g.p-carboxy-
phenylboric acid. Soloway and co-workers initially
investigated the use ofp-carboxybenzeneboric
acid,1 sodium decahydrodecaborates2 and sulfhy-
dryl-containing hydroborates3 for the treatment of
brain tumors. Subsequently, arylboronic acids,4,5

p-boronophenylalanine, 3-amino-4-carboxybenze-
neboronic acid andm-boronsuccinanilic acid5 were
observed to cross the blood–brain barrier and were
taken up efficiently by the tumor cells. Since these
original studies, boron has been included in a
number of carrier molecules (i.e. heterocyclic
borones,6 amino acids,7 tumor-specific antibodies,8

lipoproteins,9 porphyrins,10 anti-estrogens,11 poly-
hedral boranes,12 pyrimidines and nucleosides,13,14

and antibiotics15–17) which are taken up preferen-
tially by brain tumor cells. Boron compounds were
then examined as antitumor agents not involving
boron neutron capture. Soloway and Butler
synthesized 4-[bis(2-carboroethyl)amino]phenyl-
carborane17 and boron-containing acridines18

which were testedin vivo in mouse ependymoma
tumors. Shealy and Struck19 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. Bollag20 prepared a boron
derivative of 1-(3,4-dichlorophenyl)-5-isopropylbi-
guanide, a folic acid antagonist, as an antitumor
agent. Alamet al.21 prepared 1,2-o-carboranes and
nido-carboranes linked to phenyl rings to treat B16
melanoma in mice.

This led to the synthesis of novel isoelectronic
and isostructural boron analogues ofa-amino acids
which proved to be potent antineoplastic and
cytotoxic agents.22–25 Trimethylamine–carboxy-
borane inhibits rat Walker 256 carcinosarcoma
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growth and mouseLewis lung growth,1 and has
beendemonstratedto havepotentcytotoxicity.23,24

Further structural modifications have included
amidation and esterification of trimethylamine–
carboxyboranes,26 heterocyclic amine–carboxy-
boranes,27 di- and tri-peptide carboxyboranes,28

boronated nucleic acids,29 metal complexes of
trimethylamine–carboxyborane,15,30 and substi-
tuted carboranes and polyhedral hydroborate
salts.31 All of thesederivativeswerevery effective
in inhibiting DNA synthesisin L1210lymphocytic
leukemiacells.22–32The major targetof the boron
agentsappearedto bethepurinesyntheticpathway
and nucleosidekinasesalong with considerable
DNA fragmentation.The ethylamine–carboxybor-
anederivativeand the heterocyclicamineadducts
were shownto inhibit HeLa-S3 DNA topoisome-
raseII activity at 200�M andthe trimethylamine–
carboxyboranesat 1000�M.33,34 The metal com-
plexes of trimethylamine–carboxyborane, e.g.
copper(II), cobalt, iron and chromium (II), were
very effective inhibitors of L1210 DNA topoi-
someraseII activity in vitro at 10–100�M, but did
not themselves cause DNA protein-linked
breaks.35 Other metal complexesof polypeptides
and trimethylamine have been examined.36,37

Ferratricarbadecarbaranylcomplexeshaverecently
been shown to have similar cytotoxicities and
effects on nucleic acid metabolism, including
inhibition of DNA topoisomeraseactivity.22 The
presentstudyinvolvestheevaluationof a different
type of boron complex, trifluromethylboronderi-
vatives,for their cytotoxicity andtheir mechanism
of actionin tumorcells to determinewhethertheir
effectsare similar to thoseof the previousboron
complexes.

CHEMISTRY

Replacementof a hydrogenor a methylgroupby a
trifluoromethyl group changesthe chemical and
physical properties of the boron derivatives.
Becauseof the inductiveeffect of the F3C groups,
the B–NB bond in amine–trifluoromethylboranes
(F3C)2R1B�NHR2, whereR1 is an arbitrary ligand,
is strongerthan in non-fluorinatedanalogues.In
general,theattachmentof theF3C groupstabilizes
the tetracoordinatedstateof theboronto anextent
that such compounds are better described as
neutral ‘ammonium’ ions rather than as adducts.
Little is known aboutthe physiologicalproperties
of trifluoromethylatedboron species,and nothing

about their cytotoxicity. The selection of test
compounds from the approximately 200–300
trifluoromethylboron compounds synthesizedto
date was arbitrary but these compoundswere
representativeof variousinterestingspeciesof this
chemical class: compound 1, cesium tris-
(trifluoromethyl)nitroborate {Cs[(CF3)3BNO2]}, is
a salt with high water solubility; compound2,
amino–tris(trifluoromethyl)borane tetrahydrate
{(CF3)3B�NH3�4H2O}, is a water-solublecovalent
species;compound3, potassium2,2-bis(trifluoro-
methyl)-3-methyl-3-azonia-2-boratabutanesulfon-
atehydrate{K[O 3SCH2B(CF3)2�NHMe2]�H2O}, is
a salt-like ammoniumion; compound4, dimethyl-
propargylamine–bis(trifluoromethyl)borane {HB
(CF3)2 NMe2CH2C�CH contains a B–H bond;
and compound 5, dimethylamine–bis(carboxy)-
methylbis(trifluoromethyl)borane{[HOOC)2CH]B
(CF3)2 NHMe2}, hasa carboxylic acid function.

SOURCE OF COMPOUNDS

The synthesis of 2,38 339 and 440 has been
reportedpreviously.The X-ray crystalstructureof
2 has been reported recently.41 Compound 142

was prepared from 2 by ozone oxidation in
aqueousCsOH solution and has been published
(Eqn [1]).42

�CF)3�3BNH3� CsOHÿ!O3 Cs��CF3�3BNO2�
� 2H2O �1�

Compound5 was preparedfrom dimethylamino-
bis(trifluoromethyl)borane, (CF3)2BNMe2 and
malonic acid t-butyl ester (C4H9OOC)2CH2 to
yield [C4H9OOC)2CH]B(CF3)2NHMe2. The t-
butyl esterwassubsequentlycleavedby trifluoro-
acetic acid to form free carboxylic acid,
[(HOOC)2CH]B(CF3)2NHMe2. Mass spectrum
MS (70eV): m/z (%) = 92 (100) [F3BC2H3O

�],
94 (52) [F2BNH(CH3)2

�], 44 (24) [C2H6N
�], 74

(13) [FBN(CH3)2
�, 253 (2) [M�ÿCOA], 228 (1)

[M�ÿCF3], 277 (1) [M�ÿHF]. Elementalanaly-
sis: Calcd: C, 28.32;H, 3.39; N, 4.72; Found:C,
28.00; H, 3.33; N, 5.56%. All compoundswere
recrystallizedandweremore than99.4%pure for
the pharmacologicalstudies.

All radioisotopeswere purchasedfrom New
England Nuclear (Boston, MA, USA) unless
otherwiseindicated.Radioactivitywasdetermined
in FisherScintiversescintillationfluid with correc-
tion for quenching.Substratesand cofactorswere
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obtainedfrom SigmaChemicalCo.(St.Louis,MO,
USA).

CYTOTOXICITY

Compounds1 and 5 (Table 1) were tested for
cytotoxic activity by homogenizingthe drugsasa
1 mg mlÿ solutionin 0.05%Tween80 H2O. These
solutionswere sterilizedby passingthem through
anAcrodisc(0.45�m). Different histologicaltypes
of murine and human tumors were selectedfor
cytotoxic testing of the agentsto evaluatetheir
potencyin a wide rangeof tumors.Includedin this
seriesof tumorsweresomehumantumorswhichdo
not have effective drugs which inhibit their cell
growth.

The following cell lines were maintainedby
literaturetechniques:43 murineL1210 lymphoidand
P388 lymphocytic leukemias,humanTmolt3 and
Tmolt4 T-cell leukemias,Hl-60 leukemia,HuT-78
cutaneouslymphoma,THP-1monocyticleukemia,
SW480colorectaladenocarcinoma,HCT-8 ileoce-
cal adenocarcinoma, MB-9812 lung bronchogenic,
A-549 lung carcinoma,Saos-2osteosarcoma,KB
epidermoidnasopharynx,A431 skin epidermoid,
HeLa-S3 suspendedand HeLa solid cervical
carcinomas,Mck-7 breasteffusion,clearcell renal
Caki, Sk-MEL-2 malignantmelanomaand U-87-
MG glioma. The NCI protocolwasusedto assess
the cytotoxicity of the test compounds and
standardsin eachcell line.43 The numberof cells
was determinedby the Trypan Blue exclusion
technique43 andthepercentageinhibition of growth
for each concentration of the compound was
calculatedand averaged(N = 4). The percentage
inhibition was plotted against the log of the
concentrationof thecompoundandtheED50 value
estimated.Solid tumorcytotoxicitywasdetermined
utilizing CrystalViolet/MeOH andreadat 580nm
(MolecularDevices).44 Valuesof cytotoxicity were
expressedasED50 (g mlÿ), i.e. theconcentrationof
the compound inhibiting 50% of cell growth
[Tables 1 and 2]. A value of less than 4�g mlÿ

wasrequiredfor significantactivity for inhibition of
tumorcell growth.

INCORPORATION STUDIES

The effects of drugs on the incorporation of
radiolabeled precursors [3H]thymine

(72Ci mmolÿ1), [3H]uracil (12Cimmolÿ) or
[3H]leucine (120Cimmolÿ) into DNA, RNA or
protein, respectively,for 106 Tmolt3 T-cell leuke-
mia cellsat 25, 50 and100�M wasdeterminedfor
60min.45 Theacid-insolublelabeledDNA, RNA or
proteinwascollectedon discs[GF/A] which were
countedin aPackardbeta-counter.Incorporationof
[14C]glycine (53.0mCimmolÿ1) into purineswas
obtained by the method of Cadman et al.46

Incorporationof [14C]formate (53.0mCimmolÿ1)
into pyrimidineswasdeterminedby themethodof
Christophersonet al.47 The final purines or
pyrimidines were separatedby TLC from the
starting componentsusing the appropriateRf for
standardnucleosidebases,andcounted.

ENZYME ASSAYS

Since the trifluoromethylboron derivatives 1–5
inhibitedRNA andDNA synthesesin Tmolt3 cells
effectively, their effectson a numberof enzymes
involved in nucleic acid metabolismwere deter-
mined at 25, 50 and 100�M after 60min
incubations. DNA polymerase a activity was
determined in cytoplasmic extracts isolated by
Eichler et al.’s method.48,49 The DNA polymerase
a assaywas describedby Sawadaet al.50 with 2-
deoxy[3H]ribothymidine-5'-triphosphate [TTP]
(53Ci mmolÿ1). Messenger-, ribosomal- and
transfer-RNApolymeraseenzymeswere isolated
from the nuclei with different concentrationsof
ammonium sulfate; individual RNA polymerase
activities were determinedusing [3H]uridine-5'-
triphosphate[UTP] (35Ci mmolÿ1).51,52 The fol-
lowing enzymeactivities were determinedusing
Tmolt3 homogenates.Ribonucleotide reductase
activity was measured using [14C]cytidine-5'-
diphosphate(CDP) (19.4Ci mmolÿ1) with dithio-
erythritol.53 2'-Deoxy[14C]ribocytine- 5'-diphos-
phatewas separatedfrom the [14C]CDP by TLC
on polyethyleneiminecellulose(PEI) plates.Thy-
midine, thymidine-5'-monophosphate(TMP) and
thymidine-5'-diphosphate(TDP) kinase activities
were determined using [3H]thymidine
(58.3mCi mmolÿ1) in the medium of Maley and
Ochoa54 and separatedby TLC. Carbamylphos-
phate synthetaseactivity was determinedby the
method of Kalman et al.55 and the product
citrulline was determinedcolorimetrically.56 As-
partate transcarbamylaseactivity was measured
using the incubationmedium of Kalman et al.,55

the product carbamyl aspartatewas determined
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Table 1 The cytotoxicity (ED50, �g mlÿ1) of the trifluoromethylboronderivativesagainstthegrowthof suspendedtumorcellsa

Murine Human

Compound
L1210

leukemia
P388

leukemia

THP-1acute
monocytic
leukemia

Tmolt3
T-cell

leukemia

Tmolt4
T-cell

leukemia
HuT 78
lympho

H1-60
leukemia

HeLaÿS3

uterine
carcinoma

1 Cs[(CF3)3BNO2] 3.62 2.96 3.16 3.58 3.95 1.13 4.86 4.27
2 (CF3)B�NH3�4H2O� 3.85 3.42 2.05 2.86 2.64 2.25 4.81 3.73
3 K[O3SCH2B(CF3)2�NHMe2]�H2O 3.17 3.32 2.64 3.44 3.04 2.00 4.27 2.34
4 HB(CF3)3�NMe2CH2=CH 3.72 2.07 4.81 3.01 2.80 3.00 3.08 4.45
5 [(HOOC)2HC]B(CF3)2�NHMe2 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 1.41 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

a N = 4; ED50� 4 �g mlÿ1 for significantactivity.
6-MP= 6-Mercaptopurine;Ara-C= Cytarabineor CytosineArabinosine;5-FU= 5-Fluorouracil;VP-16= Etoposide.
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Table 2 The cytotoxicity (ED50, �g mlÿ1) of the trifluoromethylboronderivativesagainstthegrowthof humantumorcellsderivedfrom solid tumors

Compound
Breast
Mck-7

Solid
HeLa

Renal
Caki-1

KB
nasopharynx

Bone
Saos-2

SW 480
colon

HCT-8
ileum

Skin
431

Melanoma
SK2

Lung MB
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 4.51 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 4.11 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

a N = 4; ED50� 4 �g mlÿ1 for significantactivity.
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colorimetrically by the methodof Koritz et al.57

Thymidylate synthetaseactivity was analyzedby
the methodof Kampf et al.58 The 3H2O separated
by charcoal was proportional to the amount of
TMP formed from 2'-deoxy[3H]ribouridine-5'-
monophosphate(UMP) (20Ci mmolÿ1). Dihydro-
folate reductaseactivity was determinedby the
NADH disappearancespectrophotometric method
of Ho et al.59 at 340nm. Phosphoribosylpyropho-
sphate (PRPP) amidotransferase activity was
determinedby Spassova’smethodas the genera-
tion of NADH60 and inosineÿ5'-monophosphate
(IMP) dehydrogenaseactivity was analyzedwith
8-[14C]IMP (54mCi mmolÿ1) (Amersham,Arling-
ton Heights, IL, USA) after separating [14C]
xanthosine-5'-monophosphate(XMP) onPEIplates
(Fisher Scientific) by thin-layer chromatogra-

phy (TLC)61 which was then counted. Protein
contentwas determinedfor the enzymaticassays
by the Lowry technique.62 Resultsare given in
Tables3–6.

DNA STUDIES

After deoxyribonucleosidetriphosphates(d[NTP])
wereextracted63 from Tmolt3 cells,d[NTP] levels
were determinedby the method of Hunting and
Henderson64 with calf thymusDNA, E. coli DNA
polymeraseI, non-limiting amountsof the three
deoxyribonucleosidetriphosphatesnot being as-
sayed,and either 0.4mCi of [3Hÿmethyl]-d[TTP]
(53.1Ci mmolÿ1) or [5-3H]-d[ATP]

Table 3 Effects(% control) of cesiumtris (trifluoromethyl)nitroborate(1) on Tmolt3 T-cell leukemianucleicacid
metabolismafter60min incubation

Assay(N = 4) Control 25�M 50�M 100�M

DNA synthesis 100� 5a 86� 5 72� 4* 14� 2*
RNA synthesis 100� 6b 94� 6 69� 4* 66� 4*
Proteinsynthesis 100� 5c 123� 5 108� 5 95� 5
DNA polymerasea 100� 6d 70� 5 55� 4* 53� 5*
m-RNA polymerase 100� 7e 104� 4 109� 4 119� 5
r-RNA polymerase 100� 4f 98� 4 101� 3 102� 5
t-RNA polymerase 100� 7g 83� 4 81� 4* 48� 3*
Ribonucleotidereductase 100� 5h 88� 5 88� 4 87� 5
Dihydrofolatereductase 100� 5i 79� 5 42� 3* 23� 2*
Purinedenovosynthesis 100� 5j 81� 4* 73� 4* 68� 3*
PRPPamidotransferase 100� 6k 88� 5 80� 4* 77� 4*
IMP dehydrogenase 100� 5l 140� 6* 136� 5* 95� 5
Pyrimidinede novosynthesis 100� 6m 129� 6 113� 7 94� 5
Carbamylphosphatesynthetase 100� 7n 124� 5 111� 6 110� 4
Aspartatetranscarbamylase 100� 6o 98� 5 93� 5 87� 4
Thymidylatesynthetase 100� 5p 104� 5 80� 4* 71� 3*
Thymidinekinase 100� 6q 68� 4* 63� 3* 53� 3*
Thymidinemonophosphatekinase 100� 7r 61� 4* 43� 4* 42� 3*
Thymidinediphosphatekinase 100� 6s 98� 5 24� 2* 14� 2*
d[ATP] 100� 5t 98� 4
d[GTP] 100� 6u 97� 5
d[CTP] 100� 5v 92� 3
d[TTP] 100� 4w 86� 4

Control valuesfor 106 cells/h:
a 7 719dpm
b 1 014dpm
c 17 492dpm
d 9 019dpm
e 1 343dpm
f 325dpm
g 400dpm
h 48 780dpm

i 0.144OD unit
j 28 624dpm
k 0.0878OD unit
l 19575dpm
m 19758dpm
n 0.807mol N-carbamyla sparate
o 0.273mmol citrulline
p 77616dpm

q 1371dpm
r 179dpm
s 1891dpm
t 17.07pmol
u 13.58pmol
v 33.60pmol
w 31.04pmol

* P� 0.001(Student’st-test).
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(30Ci mmolÿ1). Thus, 2'-deoxyriboadenosine-5'-
triphosphate (d[ATP]) 2'-deoxyriboguanosine-5'-
triphosphate(d[GTP]) 2'-deoxyribocytidine-5'-tri-
phosphate(d[CTP]) andthymidine-5'-triphosphate
(d[TTP]) levels were determinedafter incubation
with thedrugsfor 60min at100�M. Theeffectsof
compounds1–5 on DNA strand scission were
determinedby themethodsof Suzukiet al.65, Pera
et al.66 andWoynarowskiet al.67 Tmolt3 lymphoid
leukemia cells were incubated with 10�Ci
[methyl-3H]thymidine (84.0Ci mmolÿ1) for 24h
at37°C.Tmolt3 cells(107) wereharvestedandthen
centrifuged at 600g� 10min in phosphate-buf-
fered saline (PBS). They were later washedand
suspendedin 1 ml of PBS. Lysis buffer (0.5ml;
0.5M NaOH, 0.02M EDTA, 0.01%Triton X-100
and 2.5% sucrose)was layered onto a 5–20%
alkaline-sucrosegradient(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
wasincubatedfor 2.5h at roomtemperature,it was
centrifugedat 12000g� 17h at 8 °C. Fractions
(0.2ml) were collected from the bottom of the
gradient,neutralizedwith 0.2ml of 0.3M HCl, and
measuredfor radioactivity.

Calf thymusDNA thermaldenaturationstudies
were conductedfrom 37 to 100°C in order to
determinetheTm valuesfor thecontrolanddrugsat
100�M for 24h. Changesin DNA UV absorption
from 220 to 340nm and ct-DNA viscosity were
measuredafter incubation of compounds1–5 at
100�M at 37°C for 24h.68,69

STATISTICS

The meanand standarddeviationsare designated
by x� SD 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
suspended(Table 1) as well as solid tumor cells
(Table2). An ED50 valueof lessthan4�g mlÿ1 is

Table 4 The effectsof amine–tris(trifluoromethyl)boranetetrahydrate(2) on Tmolt3 T-Cell leukemianucleicacid
metabolismafter 60min incubation

Assay(N = 4) Control 25�M 50�M 100�M

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 polymerasea 100� 6 93� 6 84� 5 69� 4*
m-RNA polymerase 100� 7 106� 4 125� 5* 130� 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*
Purinedenovosynthesis 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*
Pyrimidinedenovosynthesis 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*
Thymidinemonophosphatekinase 100� 7 53� 4 36� 5 29� 2*
Thymidinediphosphatekinase 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.
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required in thesescreensfor significant activity.
The trifluoromethylboron derivatives were all
activeagainstthegrowthof murineL1210lymphoid
and P-388lymphocytic leukemias,humanTmolt3
and Tmolt4 leukemias,and HuT-78 lymphoma.
Compounds1, 2 and 3 inhibited THP-1 acute
monocytic leukemia growth. Only compounds4
and5 wereeffectiveagainstthe growth of human
Hl-60 leukemia.Compounds2, 3 and5 wereactive
againstthe growth of suspendedHeLa-S3 uterine
carcinomagrowth.Compounds1–3wereeffective
in reducing growth of colon adenocarcinoma
SW480 but compound2 was significantly active
in the skin A431 screen.All five compoundswere
active againstthe growth of glioma Hs-683 and
breasteffusion Mck-7.’ None of the compounds
were active in the solid HeLa uterinecarcinoma,
KB nasopharynx’, bone SOS’, HCT-8 ileum
adenocarcinoma,lung MB9812', lung A549', Sk-
Mel-2 melanoma, or clear cell renal Caki-1
adenocarcinomascreens.

In themodeof actionstudyperformedin human
Tmolt3 T-cell leukemiacells, DNA synthesiswas
preferentiallyinhibitedby thetrifluoromethylboron
derivatives in a concentration-dependentmanner

after60min, achievingmorethan50%inhibition at
100�M [Tables 3–6]. RNA synthesiswas only
marginally reducedby 20–33%after 60min and
protein synthesiswas inhibited by 26% only by
compound3 at 100�M after 60min. DNA poly-
merasea activity was reduced by 21–47% at
100�M. m-RNA polymeraseactivity wasreduced
by 23%by compound5. t-RNA polymeraseactivity
wasloweredby 52% by compound1 and20% by
compound2 after 60min incubation at 100�M.
Ribonucleosidereductaseactivity was reducedby
22–36% by compounds 2 and 3 at 100�M.
Dihydrofolate reductaseactivity was significantly
inhibited by 36–77%by thecompoundsat 100�M
after60min. Purinedenovosynthesisafter60min
wasreducedby 32%and44%by compounds1 and
2 after 60min at 100�M. PRPPamidotransferase
activity was inhibited by 23–35% by the com-
pounds while IMP dehydrogenaseactivity was
reducedby 21% only by compound2 at 100�M
after 60min. Pyrimidine de novo synthesisand
carbamyl phosphatesynthetaseactivity were not
affectedby thecompoundsat theseconcentrations.
Aspartatetranscarbamylaseactivity wasreducedby
27%, 29% and 36% by compounds5, 2 and 3,

Table 5 Effects (% control) of potassium 2,2-bis(trifluoromethyl)-3-methyl-3-azonia-2-boratabutanesulfonate
hydrate(3) on Tmolt3 T-cell leukemianucleicacid metabolismafter 60min incubation

Assay(N = 4) Control 25�M 50�M 100�M

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 polymerasea 100� 6 79� 5* 78� 4* 68� 4*
m-RNA polymerase 100� 7 107� 4 97� 5 94� 4
r-RNA polymerase 100� 4 99� 5 110� 5 118� 5
t-RNA polymerase 100� 7 107� 6 110� 5 120� 6
Ribonucleotidereductase 100� 5 83� 4 111� 6 64� 4*
Dihydrofolatereductase 100� 5 114� 5 111� 4 64� 3*
Purinedenovosynthesis 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
Pyrimidinedenovosynthesis 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*
Thymidinemonophosphatekinase 100� 7 65� 3* 50� 4* 46� 4*
Thymidinediphosphatekinase 100� 6 76� 5* 56� 4* 53� 5*
d[ATP] 100� 5 77� 4*
d[GTP] 100� 6 82� 4
d[CTP] 100� 5 95� 5
d[TTP] 100� 4 81� 5

* P� 0.001(Student’st-test).
Seecontrol valuesin Table3.
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respectivelyat 100�M after 60min. Thymidylate
synthetaseactivity was lowered by 29% by
compound 1. Thymidine kinase activity was
reducedby 46–50%by the compoundsat 100�M
after 60min. Thymidine monophosphatekinase
activity wasinhibitedby 54–71%by thederivative
and thymidine diphosphatekinase activity was
loweredby 47–86%by the compoundsat 100�M
after 60min. The d[GTP] pool level was lowered
by 29%by compound2 andthed[ATP] pool levels
were reducedby 21% and 23% by compounds5
and3, respectively,after 60min at 100�M.

ct-DNA studiesafter incubating the agentsat
100�M for 24h demonstratedthat there was no
hyperchromicshift in the UV absorptionfrom 220
to 340nm, indicatingthat the agentsdid not cause
anySN1 or SN2 alkylationof thedeoxyribonucleo-
tidebases.TheTm valuesfor thedenaturationof ct-
DNA were:control,92.5°C, compound1, 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 viscositiestimesto movethrough
the reservoirs,were: control 506s; compound1,
485.6s; compound2, 509s; compound3, 488s;

andcompound5, 484s.This suggestedthat lower-
molecular-weight DNA was present. Indeed,
Tmolt3 DNA strandscissionstudiesafter 24h at
100�M showedthatDNA fragmentationdid occur,
with theradioactivitybeingdisplacedfrom fraction
17 to lower fractions(Fig. 1).

DISCUSSION

The trifluoromethylboron derivatives exhibited
cytotoxic action againstthe growth of a number
of murine and humanleukemiasand lymphomas
andsuspendedHeLa-S3 cells.TheED50 valuesfor
the newcompoundswerein the rangeof the ED50
valuesof the standardclinical drugs.Very similar
ED50 values have been demonstratedfor boron
derivativesof a varietyof chemicaltypes.Activity
againstsolid tumorgrowthwasmoreselective,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

Table 6 Effects (% control) of dimethylamine–bis(carboxy)methylbis(trifluoromethyl)borane(5) on Tmolt3 T-cell
leukemianucleicacid metabolismafter 60min incubation

Assay(N = 4) Control 25�M 50�M 100�M

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 polymerasea 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� 5 139� 5* 118� 4 94� 5
Dihydrofolatereductase 100� 5 105� 6 61� 5* 55� 4*
Purinedenovosynthesis 100� 5 96� 6 92� 5 88� 4
PRPPamidotransferase 100� 6 86� 5 74� 4 71� 4*
IMP dehydrogenase 100� 5 131� 5 111� 5 86� 4
Pyrimidinedenovosynthesis 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*
Thymidinemonophosphatekinase 100� 7 87� 5 62� 3* 38� 2*
Thymidinediphosphatekinase 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.
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breasteffusionMCK-7. This is anunusualproperty
for boron complexes,since none has yet been
shown to be active againstthe growth of human
breastcells; furthermore,theyweremorepotentin
this screen than the standardclinical drugs. A
numberof the compoundswereactiveagainstthe
growth of SW480 adenocarcinoma,with ED50
values similar to the ED50 values for amine–
carboxylboranesbut they were better than the
values obtainedfor the ferratricarbadecarbaranyl
complexes.

Mode-of-actionstudiesin murine Tmolt3 cells
demonstratedthatDNA synthesiswassignificantly
reducedafter 60min and appearsto be the major
targetof theagents.As observedwith 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 purinesynthesis,affectingDNA
synthesisand to a lesserextent RNA synthesis,
which is what was observedafter 60min incuba-
tions with the agents.The reasonfor this differ-
entialeffect is thattheratio of ribonucleotidepools
to deoxyribonucleotidepools is approximately9:1
in mammaliancancercells; thus,the effectsof the
drugs would appears first in DNA synthesis,
followed later in RNA synthesis.In 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 theamine–carboxyboranes andferratricar-
badecarbaranylcomplexesactually inhibited both
regulatory enzyme activities. The activity of
ribonucleotidereductasewas moderatelyreduced

by theagents;thiswouldsuppresstheconversionof
ribonucleotidesto deoxyribonucleotidesfor DNA
synthesis.Thefact thatthymidinekinasesandDNA
polymerase a activities were reduced by the
compounds would also be additive effects in
inhibiting DNA synthesisratherthan RNA synth-
esis, initially. The d[NTP] pools were reducedin
certaincases,whichreflectstheinhibition of purine
synthesisby the agents.If the major targetof the
agentswas the inhibition of DNA polymerasea
activity, this action would result in an increasein
d[NTP] pools becausethe deoxyribonucleotides
werenot incorporatedinto thenewstrandof DNA.
Thus,marginalreductionin thed[NTP] poolsafter
60min indicates that the compounds’mode of
action is probably as antimetabolities,and the
inhibition of purinesynthesisandrelatedenzymes
is more important than the effects observedon
DNA polymerasea althoughthe overall effectsof
theagentsis additivein bringingaboutsuppression
of DNA synthesis.Thedifferentmoietieswithin the
individual compoundswould accountfor theslight
differenceobservedin the effectscausedby each
compoundon the individual enzymeactivity.

The agentsdid not appearto alkylate individual
nucleotidebasesof DNA throughsometypeof SN1
or SN2 reaction,but that they did interactwith the
DNA moleculewassuggestedby the alterationof
Tm valuesandDNA fragmentationover24h. Other
boron derivativeshaveexhibitedsimilar behavior
in causingDNA strandscissionandreducedDNA
viscosity as a part of their mode of action. The
metalcomplexesof amine–carboxyboranesandthe
ferratricarbadecarbonylcomplexes were potent
inhibitorsof DNA topoisomeraseII activity, which
would explain the DNA fragmentation. The

Figure 1 Tmolt3 leukemiaDNA strandscissionafter 24h incubationwith agents:N = 4; standarddeviation0.05%.
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trifluoromethylboronderivativeshavenotyet been
examinedfor this biochemicalproperty;however,
this pilot investigationof this chemical class of
boron derivativesindicatesthat thesederivatives
shouldbeevaluatedfor clinical useasantineoplas-
tic agentsby a moreextensiveinvestigation.
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