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The metallacarboranes (Et2C2B4H4)-
TaCl2(C5H5) (1), (Et2C2B4H4)NbCl2(C5H5) (2),
(Et2C2B4H4)TaCl2(C5Me5) (3), [(Me3Si)2
C2B4H4]TaCl2(C5H5) (4) and (Me2C2B4H4)-
TaCl2(C5H5) (5) are potent cytotoxic agents
against suspended tumors, producing cell death
in several tissue culture lines; for example, all
were effective against murine L1210 lymphoid
leukemia, and all except 5 against murine P388
lymphocytic growth. Human leukemic growth is
also retarded since 1–4 were effective against
Tmolt3 cell leukemia, all except 4 against Tmolt4
leukemia, and 1, 2, and 5 against HI-60 leuk-
emia. Cytotoxicity was found towards HuT-8
lymphoma, THP-1 acute monocytic leukemia
and suspended HeLa-S3 uterine carcinoma.
Some but not all of the complexes were active
against Sk-2 melanoma and Mcf-7 breast effu-
sion growth. Mode-of-action studies in P388
lymphocytic leukemia cells showed thatde novo
purine synthesis was inhibited; this inhibition
reduces DNA and RNA syntheses. Purine synth-
esis was reduced by compounds 3 and 4 at the
regulatory enzymes, i.e. phosphoribosyl pyro-
phosphate (PRPP) amidotransferase and dihy-
drofolate reductase. The agents lowered d[ATP]
and d[CTP] pools, further reducing DNA synth-
esis. The complexes afforded DNA fragmenta-
tion leading to apoptosis, but this was not by a
mechanism of nucleoside alkylation, intercala-
tion between base-pairs or cross-linking of the

DNA strands. Copyright # 2000 John Wiley &
Sons, Ltd.
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INTRODUCTION

The well-documented antitumor activity1 of certain
metallocene sandwich complexes, including neutral
(Z5-C5H5)2MX2 complexes as well as salts of
the ferrocenium ion {[(Z)5-C5H5)2Fe�]Xÿ}, which
have demonstrated effectiveness against a range of
solid tumors and/or tumor cell lines, suggests the
possibility that cytotoxic behavior might be ex-
hibited by other types of organometallic sandwich
species. Recently, a collaborative study by Hall,
Sneddon and their co-workers2 showed that
large ferratricarbaborane clusters (Z5-C5H5)Fe
(MeC3B7H9) and [(Z5-C5H5)Fe(MeC3B7H9)]

�Xÿ,
which incorporate 11-vertex FeC3B7 polyhedral
cages, cause cell death in several tissue culture
lines, including L-1210, Tmolt3, HL-60, and HeLa-
S3. These findings are particularly intriguing when
one considers the substantial differences in size and
structure between the ferratricarboranes and metal-
locene complexes, and suggest that an investigation
of possible antitumor properties in small metalla-
carborane complexes was in order. The pentagonal-
pyramidal small-carboranenido-R2C2B4H4

2ÿ li-
gand is comparable in size toZ5-C5H5

ÿ and
isoelectronic with it, and the steric properties of
its mononuclear sandwich complexes are similar to
those of (Z5-C5H5)2MX2 metallocenes.3 Moreover,
their aerobic stability and ease of introduction of
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differentmetalsandsubstituents4 affordsconsider-
ableversatility in theelectronicfine-tuningof such
species.As candidatesfor an initial screeningwe
selectedtheearlytransition-metalspeciesshownin
Fig. 1, which hadbeenpreparedandcharacterized
previously.5

MATERIALS AND METHODS

Source of compounds

Samplesof the five metallacarboranes 1–5 were

preparedand purified by the methodspreviously
described.5

Cytotoxicity

Compounds1–5 (Tables1 and 2) were testedfor
cytotoxic activity by homogenizingthe drugs as
1 mgmlÿ1 solutions in 0.05% Tween 80/H2O,
which weresterilizedby passingthemthroughan
Acrodisc(0.45�m). Different histologicaltypesof
murine and human tumors were selected for
cytotoxic testing of the agentsto evaluatetheir
potencyin a wide rangeof tumors.Includedin this

Figure 1 Structures of (Et2C2B4H4)TaCl2(C5H5) (1), (Et2C2B4H4)NbCl2(C5H5) (2), (Et2C2B4H4)TaCl2(C5Me5) (3),
[(Me3Si)2C2B4H4]TaCl2(C5H5) (4) and(Me2C2B4H4)TaCl2(C5H5) (5).
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serieswerea numberof tumorsfor which thereare
no effectivedrugsto inhibit their cell growth.

The following cell lines were maintainedby
literature techniques:6 murine L1210 lymphoid
leukemiaandP388lymphocytic leukemia,human
Tmolt3 and Tmolt4 T-cell leukemia,HI-60 leuke-
mia, Hut-78 cutaneouslymphoma,THP-1 mono-
cytic leukemia,SW480colorectaladenocarcinoma,
HCT-8 ileocecaladenocarcinoma,MB-9812 lung
bronchogenic, A-549 lung carcinoma, Soas-2
osteosarcoma,KB epidermoidnasopharynx,A431
skin epidermoid, HeLa-S3 suspendedand HeLa
solid cervical carcinomas,Mck-7 breasteffusion,
clear cell renal Caki, Sk-MEL-2 malignantmela-
nomaandU-87-MGglioma.TheNCl protocolwas
used to assessthe cytotoxicity of the test com-
poundsandstandardsin eachcell line.6 Valuesof
cytotoxicity wereexpressedastheED50 [�g mlÿ1],
i.e. the concentrationof the compoundinhibiting
50% of cell growth.ED50 valuesweredetermined
by the TrypanBlue exclusiontechnique.6 A value
of lessthan4�g mlÿ1 wasrequiredfor significant
activity of growthinhibition. Solid tumorcytotoxi-
city wasdeterminedutilizing CrystalViolet/MeOH
andreadat 580nm (MolecularDevices).7

Incorporation studies

The effects of drugs on the incorporation of
radiolabeledprecursorsthymidine(72Ci mmolÿ1),
uracil (12Ci mmolÿ1) or leucine(120Ci mmolÿ1)
into [3H]DNA, [3H]RNA and [3H]protein, respec-
tively for 106 P388cellsat 25, 50 and100�M was
determinedover 60min.8 The acid-insolublela-

beledDNA, RNA or proteinwascollectedonGF/A
disks which were counted in a Packard beta
counter. The incorporation of [14C]glycine
(53.0mCi mmolÿ1) into purineswas obtainedby
the method of Cadmanet al.9 Incorporation of
[14C]formate(53.0mCi mmolÿ1) into pyrimidines
wasdeterminedby themethodof Christophersonet
al.10 The final purines or pyrimidines were
separatedby TLC from the starting components
using the appropriateRf for standardnucleoside
bases,andcounted.

Enzyme assays

Since the tantalum(V) carboranecomplexes1–5
effectively inhibited RNA and DNA synthesesin
P388cells, their effectson a numberof enzymes
involved in nucleic acid metabolismwere deter-
mined at 25, 50 and 100�M after 60min incuba-
tions. DNA polymerasea activity wasdetermined
in cytoplasmicextractsisolatedby Eichler et al.’s
method.11,12 The DNA polymerasea assaywas
described by Sawada et al.13 with 2-deoxy
[3H] ribothymidine-5'-triphosphate (TTP) (53
Ci mmolÿ1). Messenger,ribosomal and transfer
RNA polymerase enzymes were isolated with
different concentrationsof ammonium sulfate;
individual RNA polymeraseactivities were deter-
mined using [3H]uridine-5'-triphosphate (UTP)
(35Ci mmolÿ1).14,15 The following enzymeactiv-
ities were determinedusing P388 homogenates.
Ribonucleosidereductaseactivity was measured
using [14C] cytidine-5'-diphosphate (CDP)
(19.4Ci mmolÿ1) with dithioerythritol.16 2'-Deoxy

Table 1 Cytotoxicity (ED50, �g mlÿ1) of complexes1–5 againstgrowthof suspendedtumor cellsa

Compound
L1210

leukemia
P388

leukemia
Tmolt3
leukemia

Tmolt4
leukemia

HI-60
leukemia

HuT-78
lymphoma

THP-1
acute

monocytic
leukemia

HeLa-S3

uterine
carcinoma

1 3.33 3.71 3.37 3.51 2.97 1.38 3.67 2.95
2 2.36 2.69 2.65 3.06 3.46 2.88 2.67 3.47
3 3.27 3.86 3.33 2.17 4.56 3.82 2.71 2.72
4 2.12 3.89 2.59 4.52 4.27 4.99 4.87 2.34
5 1.51 4.07 4.59 3.57 3.41 2.34 4.87 2.95

Standards
6-MP 2.43 2.04 0.43 2.67 6.36 1.63 3.34 2.12
Ara-C 2.07 0.79 1.29 2.36 3.90 2.50 2.54 2.13
HU 2.67 1.30 4.47 6.68 5.22 3.87 1.96

a ED50 valuesof less than 4�g mlÿ1 are requiredfor significant activity (Ref. 6). Thesecalculationswere derived from four
determinationsat eachconcentrationof the agent,averagedto obtain the ED50 valueby plotting the percentageinhibition vs the
logarithmof theconcentration.The four determinationsin eachcasewerewithin 3.6%of eachother.
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Table 2 Cytotoxicity (ED50, �g mlÿ1) of complexes1–5 againstgrowthof solid tumorsa

Compound
KB Naso-
pharynx

Colon
SW480

Lung
A549

Lung
MB9812

HeLa
solid

uterine
Melanoma
Sk-Mel2

HCT-8
ileum

MCF7
breast

Caki
kidney

Saos-2
bone

A431
skin

Glioma
U-87-MG

1 9.56 8.94 7.99 7.16 7.06 7.53 7.81 11.54 7.65 9.09 6.77 5.48
2 10.11 5.35 5.85 7.32 7.29 10.20 6.94 8.63 7.04 6.88 7.68 4.82
3 8.00 8.91 7.13 7.09 7.62 3.94 5.59 5.60 6.29 6.46 10.48 6.32
4 6.61 8.38 7.11 5.28 6.51 4.27 6.04 2.88 5.82 5.51 9.39 6.59
5 9.02 9.90 7.12 9.53 7.91 3.78 7.61 2.99 6.37 11.90 10.13 7.30

Standards
6-MP 5.74 3.61 4.71 4.29 5.61 6.86 1.15 8.84 9.35 7.16 9.13 4.46
Ara-C 2.84 3.42 5.62 6.16 4.74 10.53 2.54 12.45 1.38 13.97 0.86 1.88
HU 5.27 7.33 8.89 7.18 8.12 1.77 2.87 2.27

a Seefootnoteto Table1.
ED50 value�4�g/ml requiredfor significantactivity.
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[14C] ribocytidine-5'-diphosphatewas separated
from the [14C] CDPby TLC on polyethyleneimine
cellulose(PEI) plates.

Thymidine,thymidine-5'-monophosphate(TMP)
and thymidine-5'-diphosphate(TDP) kinaseactiv-
ities were determined using [3H] thymidine
(58.3mCi mmolÿ1) in the medium of Maley and
Ochoa17 and separatedby TLC. Carbamylphos-
phate synthetaseactivity was determinedby the
methodof Kalmanetal.18 andtheproductcitrulline
wasdeterminedcolorimetrically.19 Aspartatetrans-
carbamylaseactivity was measured using the
incubationmethodof Kalmanet al.,18 the product
carbamyl aspartatewas determinedcolorimetri-
cally by themethodof Koritz et al.20 Thymidylate
synthetaseactivity wasanalyzedby the methodof
Kampfetal.21 The3H2O separatedby charcoalwas
proportionalto theamountof TMP formedfrom 2'-
deoxy[3H] ribouridine-5'-monophosphate(UMP)
(20Ci mmolÿ1). Dihydrofolate reductaseactivity
was determined by the NADH disappearance
spectrophotometricmethod of Ho et al.22 at
340nm. Phosphoribosylpyrophosphate(PRPP)
amidotransferaseactivity was determinedby the
method of Spassovaet al. as the generationof
NADH23 and inosine-5'-monophosphate(IMP)
dehydrogenaseactivity wasanalyzedwith 8-[14C]
IMP (54mCi mmolÿ1) (Amersham, Arlington
Heights, IL, USA) after separating[14C] xantho-
sine-5'-monophosphate(XMP) on PEI plates
(Fisher Scientific) by TLC,24 then counting it.
Protein content was determinedfor the enzymic
assaysby theLowry technique.25

DNA studies

After deoxyribonucleosidetriphosphateswere ex-
tracted26 from P388 cells, d[NTP] levels were
determinedby themethodof HuntingandHender-
son27 with calf thymusDNA, E. coli DNA poly-
meraseI non-limiting amountsof the threedeoxy-
ribonucleosidetriphosphatesnotbeingassayed,and
either 0.4mCi of [3H-methyl]dTTP (53.1Ci
mmolÿ1) or [5-3H]dCTP (30Ci mmolÿ1). Thus,
2'-deoxyriboadenosine-5'-triphosphate(d[ATP], 2'-
deoxyriboguanisine-5'-triphosphate(d[GTP]), 2'-
deoxyribocytidine-5'-triphosphate (d[CTP]), and
thymidine-5'-triphosphate (d[TTP]) levels were
determinedafter incubation with the drugs for
60min at100�M. Theeffectsof compounds1–5 on
DNA strand scission were determined by the
methods of Suzuki et al.,28 Pera et al.29 and
Woynarowskiet al.30 P388lymphocytic leukemia
cells were incubatedwith 10�Ci [methyl-3H]thy-

midine (84.0mCi mmolÿ1) for 24h at 37°C. P388
cells (107) wereharvestedand thencentrifugedat
600g� 10min in phosphate-bufferedsaline(PBS).
They were later washedandsuspendedin 1 ml of
PBS. Lysis buffer (0.5ml; 0.5M NaOH, 0.02M
EDTA, 0.01%Triton X-100and2.5%sucrose)was
layered onto a 5–20% alkaline-sucrosegradient
(5 ml; 0.3M NaOH,0.7M KCl and0.01M EDTA);
this wasfollowed by 0.2ml of thecell preparation.
After the gradientwasincubatedfor 2.5h at room
temperature,it wascentrifugedat 12000g� 17h
at 8 °C. Fractions(0.2ml) werecollectedfrom the
bottom of the gradient,neutralizedwith 0.2ml of
0.3M HCl, and measuredfor radioactivity. Calf
thymus DNA thermal denaturationstudies were
conductedfrom 37 to 100 °C in orderto determine
the Tm valuesfor the control anddrugsat 100�M
for 24h. Changesin DNA UV absorptionbetween
220 and340nm, andDNA viscositystudieswere
conductedafter incubationof compounds1–5 at
100�M at 37°C for 24h.31

Statistics

The meanand standarddeviationsare designated
by x� SD. The probablelevel of significance(P)
betweentest and control sampleswas determined
by Student’st-testwith the raw data.

RESULTS

Cytotoxicity

The tantalum(V) carboranesproved to be potent
cytotoxicagentsagainstsuspendedtumorcells,e.g.
all of the compoundswere active in the murine
L1210 lymphoid leukemiascreen,with complex5
affording the bestactivity of 1.51�g mlÿ1 (Table
1). All of thecompoundswereactivein themurine
P388lymphocytic screenexcept5. Humanleuke-
mic growthwasalsoretardedby thecompounds:1–
4 wereeffectiveagainstTmolt3 T-cell leukemia,1–
3 and5 wereeffectiveagainstTmolt4 leukemia,and
compounds1, 2 and5 wereeffectiveagainstHI-60
leukemia growth. HuT-8 lymphoma growth was
inhibitedby compounds1–3 and5 andTHP-1acute
monocytic leukemiagrowth was reducedby 1–3.
SuspendedHeLa-S3 uterinecarcinomagrowthwas
reducedsignificantlyby all of thecompounds.The
tantalum(V)carboranecomplexeswereaspotentas
the standardclinical drugs in the inhibition of
suspendedleukemia, lymphomas, and HeLa-S3

uterinecarcinomacell growthafter threedays.
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Only certain compoundsdemonstratedsignifi-
cant activity againstthe growth of cultured cells
derivedfrom solid tumors(Table2). Complexes3
and 5 demonstratedmarginal activity againstthe
growthof Sk-2melanoma,and4 and5 wereactive
againstMcf-7 breasteffusiongrowth. It shouldbe
noted that the tantalum(V) carboranecomplexes
weremorepotentagainstthe growthof melanoma
SK-Mel-2 and breast than the standardclinical
drugs.

Effects on nucleic acid metabolism

A mode-of-action study in P388 lymphocytic
leukemiacells demonstratedthat compounds1–4
significantly suppressedDNA synthesisin a con-
centration-dependentmanner to 55–71% after
60min at 100�M (Tables3–6).

RNA and protein syntheseswere reducedby
complexes1–3, but in a less dramatic manner,
under the same conditions. DNA synthesisap-
pearedto be reducedby a numberof mechanisms
whichwereprobablyadditiveto producecell death.
DNA polymerasea activity was reducedby 25–
44%by compounds1–4 at100�M after60min. m-
RNA polymeraseactivity wasreducedby 25–29%
by compounds4 and1. r-RNA polymeraseactivity
wasreducedby 43%by compound3 andby 57%by
compound4. t-RNA polymeraseactivity was not
affectedby the agents.Ribonucleosidereductase
activity wassignificantly reducedby 39–91%and
dihydrofolatereductaseactivity by 57–81%by the
four compoundsat 100�M after 60min. Purinede
novo synthesis was reduced by 23–42% after
60min at 100�M. PRPPamidotransferase activity
wasreducedby 24%by compound1 andby 40%by

Table 3 Effects(% control) of compound1 on P388leukemiacell metabolismafter 60min incubation

Assay(N = 6) Control 25�M 50�M 100�M

DNA synthesis 100� 5a 53� 4* 43� 4* 31� 3*
RNA synthesis 100� 6b 69� 5* 64� 4* 62� 4*
Proteinsynthesis 100� 5c 100� 6 71� 5 65� 4*
DNA polymerasea 100� 6d 95� 5 70� 4* 59� 4*
m-RNA polymerase 100� 7e 92� 5 86� 5 71� 5*
r-RNA polymerase 100� 4f 132� 6* 116� 5 82� 5
t-RNA polymerase 100� 7g 113� 6 111� 5 108� 6
Ribonucleosidereductase 100� 5h 69� 4* 20� 3* 12� 2*
Dihydrofolatereductase 100� 5i 44� 3* 33� 2* 25� 3*
Purinesynthesis 100� 5j 100� 5 81� 4* 69� 4*
PRPPamidotransferase 100� 6k 139� 6* 76� 5* 76� 4*
IMP dehydrogenase 100� 5l 85� 4 73� 4* 30� 3*
Pyrimidinesynthesis 100� 6m 106� 5 89� 5 87� 6
Carbamylphosphatesynthetase 100� 7n 89� 3 85� 5 73� 5*
Aspartatetranscarbamylase 100� 6o 77� 5* 65� 4* 46� 4*
Thymidylatesynthetase 100� 5p 112� 5 92� 6 84� 5
Thymidinekinase 100� 6q 87� 6 52� 5* 46� 4*
Thymidinemonophosphatekinase 100� 7r 66� 5* 58� 6* 55� 5*
Thymidinediphosphatekinase 100� 6s 48� 5* 47� 4* 41� 3*
d[ATP] 100� 5t 68� 5*
d[GTP] 100� 6u 82� 4*
d[CTP] 100� 5v 92� 5
d[TTP] 100� 4w 93� 5

* P� 0.001;control valuesbasedon 106 P388cells.
a 26152dpm
b 4 851dpm
c 7 461dpm
d 47804dpm
e 4 239dpm
f 1 502dpm
g 6 400dpm
h 2 744dpm
i 0.868OD unit

i 0.868OD unit
j 92551dpm
k 0.121OD unit
l 76058dpm
m 19758dpm
n 0.392mol citrulline
o 1.064mol N-carbamylaspartate
p 18463dpm

q 1 317dpm
r 1 179dpm
s 1 891dpm
t 6.17pmol
u 5.27pmol
v 6.87pmol
w 6.94pmol

Copyright# 2000JohnWiley & Sons,Ltd. Appl. Organometal.Chem.14, 108–118(2000)

CYTOTOXICITY OF METALLOCARBORANE COMPLEXES 113



compound 3. IMP dehydrogenaseactivity was
reducedby 69–70%by compounds2 and 1 but
only by 24%for compound4. De novopyrimidine
synthesiswasinhibitedby 31%by compound2 but
was actually elevatedby 43% by compound4.
Carbamylphosphatesynthetaseactivity was sup-
pressedby 27%,37%and39%by compounds1, 2
and 3, respectively. Asparate transcarbamylase
activity was reducedby 42%, 54% and 60% by
compounds4, 1 and 2, respectively.Thymidylate
synthetaseactivity wasnotsignificantlyreducedby
anyof thecompoundsbut thymidinekinaseactivity
wasreducedby 44–63%by the four agents.TMP
kinaseactivity was reducedby 48–59%and TDP
kinaseactivity wasinhibitedby 59–64%by thefour
agentsover60min at 100�M.

DNA studies

d[ATP] poolswerereducedby 32%by compound1
and by 38% by compound4, and d[GTP] pools
were reduced 18% by compound 1, 36% by
compound2, 23% by compound3 and 41% by
compound4 after incubationfor 60min. d[TTP]
pools were elevatedby 54% by compound3 and

d[CTP]poolswerereducedby 18%by compound4
after incubation for 60min at 100�M. After
incubationof the drugs for 24h at 100�M P388
DNA, strandscissionor fragmentationwasevident
with smaller-molecular-weightDNA in the gradi-
ent (Fig. 2). ct-DNA studiesin vitro demonstrated
thatafter24h of incubationat100�M therewasno
hyperchromicshift in the UV absorptionof the
basesfrom 220 to 340nm. Therefore,the agents
were not causingSN1 or SN2 reactionswith the
bases.There was a 2–6% decreasein ct-DNA
viscosity but no changewas observedin the Tm
value for ct-DNA thermal denaturation after
incubationfor 24h at 100�M. Thus,it appearsthat
the agentsdo not alkylate the basesof DNA or
intercalatebetweenthe base-pairsof DNA. The
reductionin DNA viscositywasconsistentwith the
ability of theagentsto causeDNA fragmentation.

DISCUSSION

The tantalum(V)and niobium(V) carboranecom-
plexes are effective cytotoxic agents against

Table 4 Effects(% control) of compound2 on P388LeukemiaCell Metabolismafter 60min incubation

Assay(N = 6) Control 25�M 50�M 100�M

DNA synthesis 100� 5a 72� 4 48� 4* 44� 3*
RNA synthesis 100� 6b 87� 5 73� 4* 63� 5*
Proteinsynthesis 100� 5c 100� 5 90� 6 79� 5*
DNA polymerasea 100� 6d 135� 6* 86� 5 63� 4*
m-RNA polymerase 100� 7e 147� 5* 120� 5 101� 6
r-RNA polymerase 100� 4f 117� 5 98� 6 91� 5
t-RNA polymerase 100� 7g 163� 5* 140� 5* 120� 5
Ribonucleosidereductase 100� 5h 25� 4* 22� 4* 9� 1*
Dihydrofolatereductase 100� 5i 68� 4* 48� 4* 43� 5*
Purinesynthesis 100� 5j 75� 5* 73� 4* 58� 4*
PRPPamidotransferase 100� 6k 138� 6* 121� 5 93� 5
IMP dehydrogenase 100� 5l 52� 4* 41� 4* 31� 4*
Pyrimidinesynthesis 100� 6m 112� 5 89� 5 69� 4*
Carbamylphosphatesynthetase 100� 7n 67� 4* 63� 4* 63� 4*
Aspartatetranscarbamylase 100� 6o 62� 4* 50� 4* 40� 3*
Thymidylatesynthetase 100� 5p 143� 6* 116� 5 104� 6
Thymidinekinase 100� 6q 74� 5* 46� 4* 37� 3*
Thymidinemonophosphatekinase 100� 7r 60� 4* 59� 4* 51� 4*
Thymidinediphosphatekinase 100� 6s 47� 2* 37� 3* 36� 3*
d[ATP] 100� 5t 92� 4
d[GTP] 100� 6u 64� 4*
d[CTP] 100� 5v 86� 5
d[TTP] 100� 4w 107� 5

* P� 0.001;control valuesbasedon 106 L1210cells.
a–w For control values,seefootnoteto Table3.
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the growth of a numberof leukemias,lymphomas
and suspended HeLa-S3 uterine carcinomas.
Nevertheless,they were more selective in the
inhibition of cell growth derived from solid
tumors.Thispatternis verysimilar to thatobserved
for the previously reportedcoppercomplexesof
2-furaldehyde oximes,37,38 ferratricarbadecacar-
boranyl complexes,2 and the copper–, cobalt–
and chromium–boroncomplexes,33 in that they
are significantly more potent in inhibiting the
growth of suspendedcells than solid tumor
growth. Surprisingly, the tantalum(V) and nio-
bium(V) carboranecomplexes are significantly
active against the growth of breastMCF-7 and
melanomaSk-Mel-2,two humantumorsfor which
effective drugs againstcell growth are currently
beingsought.

The carboranecomplexesinhibited nucleicacid
synthesis by multiple mechanisms that were
probably additive. The significant magnitudeof
reductionby the agentsof dihydrofolatereductase
activity over 60min alonewould accountfor the
observedmagnitudeof reductionof DNA synthesis
over the same time period. Inhibition of this

enzymewould block onecarbon-atomtransferfor
de novopurinesynthesisandto a lesserextentde
novopyrimidine synthesis.Indeed,de novopurine
synthesiswasinhibitedby all of theagentsandto a
lesser extent de novo pyrimidine synthesiswas
suppressedafter 60min. Reductionof both path-
waysby theagentswouldleadto inhibition of RNA
andDNA syntheses.However,sincethepool level
of RNA comparedto DNA is 10:1 in mammalian
tumor cells, it is not surprising to observethe
effects of the agents in 60min first on DNA
synthesisandto a lesserextenton RNA synthesis.
In addition,theactivitiesof regulatoryenzymesof
both purine and pyrimidine pathwayswere inhib-
ited in a concentration-dependentmannerby the
complexes.The magnitudeof inhibition of PRPP
amidotransferaseandIMP dehydrogenaseactivities
by the compoundsis consistentwith the observed
inhibition of total de novo purine synthesis.The
inhibition of carbamyl phosphatesynthetaseand
aspartatetranscarbamylaseactivities is consistent
with theoverall inhibition of pyrimidinesynthesis.
In general,themagnitudeof thereductionafforded
by the complexeson thesetwo pathwaysis not

Table 5 Effects(% control) of compound3 on P388leukemiacell metabolismafter 60min incubation

Assay(N = 6) Control 25�M 50�M 100�M

DNA synthesis 100� 5a 78� 5* 51� 4* 29� 4*
RNA synthesis 100� 6b 126� 5 83� 3 82� 4
Proteinsynthesis 100� 5c 114� 7 103� 5 71� 4*
DNA polymerasea 100� 6d 102� 5 80� 4* 56� 4*
m-RNA polymerase 100� 7e 94� 4 88� 5 88� 4
r-RNA polymerase 100� 4f 90� 5 72� 4* 57� 3*
t-RNA polymerase 100� 7g 156� 6* 109� 5 104� 6
Ribonucleosidereductase 100� 5h 100� 4 65� 4* 61� 3*
Dihydrofolatereductase 100� 5i 55� 4* 21� 3* 19� 3*
Purinesynthesis 100� 5j 122� 5 119� 5 77� 4*
PRPPamidotransferase 100� 6k 119� 6 72� 5* 60� 5*
IMP dehydrogenase 100� 5l 112� 5 96� 6 82� 5
Pyrimidinesynthesis 100� 6m 114� 6 111� 5 87� 6
Carbamylphosphatesynthetase 100� 7n 99� 6 78� 4* 61� 5*
Aspartatetranscarbamylase 100� 6o 105� 5 85� 6 80� 4*
Thymidylatesynthetase 100� 5p 140� 6* 132� 5* 121� 5
Thymidinekinase 100� 6q 55� 5* 40� 5* 39� 4*
Thymidinemonophosphatekinase 100� 7r 46� 4* 43� 4* 41� 3*
Thymidinediphosphatekinase 100� 6s 45� 5* 41� 3* 37� 4*
d[ATP] 100� 5t 62� 4*
d[GTP] 100� 6u 77� 4*
d[CTP] 100� 5v 92� 5
d[TTP] 100� 4w 154� 4*

* P� 0.001;control valuesbasedon 106 L1210cells.
a–w For control values,seefootnoteto Table3.
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sufficientto suggestthat thesearemajor targetsof
thecarboranecomplexesfor theinhibition of DNA
synthesis.

Furthermore,the complexesreducedthe activ-
ities of DNA polymerasea, nucleosidekinasesand
ribonucleosidereductase,which would be more
selectivefor thesuppressionof DNA synthesis.The
fact that the agents suppressedribonucleoside
reductase markedly in 60min would lead to
reduced synthesis of deoxyribonucleosidesand
their entranceinto the nucleusfor DNA synthesis.
In mammalian cells this is the only enzymic
reaction that gives rise to deoxyribonucleosides.
Suppressionof DNA polymerasea would lead to
the accumulationof deoxyribonucleosideswhich
were not incorporatedinto a new strandof DNA;
thus,theobservedreductionof d[GTP]andd[ATP]
pools after 60min suggeststhat the complexes’
ability to inhibit de novo purine synthesisand
dihydrofolatereductaseactivity is more important
to their mechanismof actionthanis the inhibition
of DNA polymerasea activity. The effectsof the
agentsontheactivitiesof theRNA polymerasesare
inconsistentandareprobablynot a major factor in

the mechanismof actionof thesecompounds.The
observationthat the tantalum(V) and niobium(V)
metallacarboranesfunction at multiple sites in
nucleic acid metabolismis not surprising,sincea
numberof metalcomplexeshavebeenshownto do
this.32–39

In contrast to cisplatin and other metal com-
plexes,32–39 the tantalumandniobium compounds
do not alkylate the bases of DNA, cause
intercalation between base-pairs or produce
cross-linkingof the strandsof DNA, but they do
effectP388DNA fragmentationandreducedDNA
viscosity, which leads directly to apoptosis(cell
death). Many of the previously studied metal
complexesare topoisomeraseII inhibitors, which
would explain their ability to causeDNA frag-
mentation.This possibility will be exploredwith
the current compoundsand structurally related
metallacarboranes.

In conclusion, these preliminary studies on
tantalumandniobiumcarboranecomplexessuggest
that this classof compoundshasthe potential for
development into potent antineoplastic agents.
Furtherstudiesarecurrentlyin progressto identify

Table 6 Effects(% control) of compound4 on P388leukemiacell metabolismafter 60min incubation

Assay(N = 6) Control 25�M 50�M 100�M

DNA synthesis 100� 5a 55� 4* 37� 3* 36� 4*
RNA synthesis 100� 6b 142� 7* 126� 5 92� 5
Proteinsynthesis 100� 5c 100� 6 102� 5 92� 5
DNA polymerasea 100� 6d 156� 6* 113� 4 75� 4*
m-RNA polymerase 100� 7e 126� 4 102� 5 76� 5*
r-RNA polymerase 100� 4f 82� 5 81� 3* 43� 4*
t-RNA polymerase 100� 7g 161� 5* 114� 5 104� 6
Ribonucleosidereductase 100� 5h 114� 5 55� 4* 20� 3*
Dihydrofolatereductase 100� 5i 38� 4* 33� 4* 20� 3*
Purinesynthesis 100� 5j 118� 5 93� 6 73� 5*
PRPPamidotransferase 100� 6k 148� 5* 146� 6* 85� 6
IMP dehydrogenase 100� 5l 86� 5 79� 5* 78� 4*
Pyrimidinesynthesis 100� 6m 107� 5 110� 6 143� 6*
Carbamylphosphatesynthetase 100� 7n 104� 6 103� 5 88� 5
Aspartatetranscarbamylase 100� 6o 93� 6 65� 4* 58� 5*
Thymidylatesynthetase 100� 5p 127� 7 124� 5 120� 5
Thymidinekinase 100� 6q 106� 5 65� 4* 56� 3*
Thymidinemonophosphatekinase 100� 7r 81� 5 67� 5 52� 3*
Thymidinediphosphatekinase 100� 6s 93� 4 78� 4* 52� 4*
d[ATP] 100� 5t 85� 5
d[GTP] 100� 6u 59� 4*
d[CTP] 100� 5v 82� 4
d[TTP] 100� 4w 102� 5

* P� 0.001;control valuesbasedon 106 L1210cells.
a–w For control values,seefootnoteto Table3.
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morepotentderivativesthat showactivity against
thegrowthof solid tumors.
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