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The metallacarboranes (EC-B4H,)-  DNA strands. Copyright © 2000 John Wiley &
TaCl,(CsHs) (1), (Et;CoB4H4NDCIL(CsHs) (2),  Sons, Ltd.

(EtoCB4H)TaACIx(CsMes)  (3),  [(MesSi),
CoB4H4TaClx(CsHs) (4) and  (MexCaByHy)-
TaCl,(CsHs) (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
Tmolt cell leukemia, all except 4 against Tmolf INTRODUCTION

leukemia, and 1, 2, and 5 against HI-60 leuk- ) . )
emia. Cytotoxicity was found towards HuT-8  The well-documented antitumor acfuvhyf certain
lymphoma, THP-1 acute monocytic leukemia mgtallocene sandwich complexes, including neutral
and suspended HelLa-$ uterine carcinoma.  (1-CsHs)sMX, complexes as well as salts of
Some but not all of the complexes were active the ferrocenium ion {[§)>-CsHs),Fe"]X "}, which
against Sk-2 melanoma and Mcf-7 breast effu- have demonstrated effectiveness against a range of
sion growth. Mode-of-action studies in P388 solid tumors and/or tumor cell lines, suggests the
lymphocytic leukemia cells showed thatle novo ~ possibility that cytotoxic behavior might be ex-
purine synthesis was inhibited; this inhibition  hibited by other types of organometallic sandwich
reduces DNA and RNA syntheses. Purine synth- species. Recently, a collaborative study by Hall,
esis was reduced by compounds 3 and 4 at the Sneddon and their co-workérssh%wed that
regulatory enzymes, i.e. phosphoribosyl pyro- large ferratricarbaborane _clusters;™CsHs)Fe
phosphate (PRPP) amidotransferase and dihy- (MeCsB7Ho) and [(1>-CsHs)Fe(MeGB/Hg)] "X,
drofolate reductase. The agents lowered d[ATP] Which incorporate 11-vertex FgB; polyhedral
and d[CTP] pools, further reducing DNA synth-  cages, cause cell death in several tissue culture
esis. The complexes afforded DNA fragmenta- lines, including L-1210, Tmoi HL-60, and HeL a-
tion leading to apoptosis, but this was not by a S™ These findings are particularly intriguing when
mechanism of nucleoside alkylation, intercala- One considers the substantial differences in size and
tion between base-pairs or cross-linking of the structure between the ferratricarboranes and metal-
locene complexes, and suggest that an investigation
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Figure 1 Structures of (Et,C,B4H4)TaCh(CsHs) (1), (Et,CoB4H4)NBCL(CsHs) (2), (EtCoBsH4)TaCh(CsMes)  (3),
[(Me35i)2CZB4H4]TaC|2(C5H5) (4) and(MeZCZB4H4)TaCI2(C5H5) (5)

differentmetalsandsubstituentsaffordsconsider-  preparedand purified by the methodspreviously
ableversatilityin the electronicfine-tuningof such  described.
speciesAs candidatedor an initial screeningwe
selectedheearlytransition-metakpecieshownin . e
Fig. 1, which hadbeenpreparedandcharacterized Cytotoxicity
previously® Compoundsl-5 (Tables1 and 2) were testedfor
cytotoxic activity by homogenizingthe drugs as
1mgml~ solutions in 0.05% Tween 80/H,0,
MATERIALS AND METHODS which were sterilized by passingthemthroughan
Acrodisc(0.45um). Different histologicaltypesof
murine and human tumors were selected for
Source of compounds cytotoxic testing of the agentsto evaluatetheir
Samplesof the five metallacarboraree1-5 were  potencyin awide rangeof tumors.Includedin this

Copyright© 2000JohnWiley & Sons,Ltd. Appl. OrganometalChem.14, 108-118(2000)
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Table 1 Cytotoxicity (EDso, g ml~1) of complexesl-5 againstgrowth of suspendedumor cells®

THP-1
acute HeLa-$
L1210 P388 Tmolt Tmolt, HI-60 HuT-78 monocytic  uterine
Compound leukemia leukemia leukemia leukemia leukemia Iymphoma leukemia 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

@ EDs, valuesof lessthan 4 ugml~ are requiredfor significant activity (Ref. 6). Thesecalculationswere derived from four
determinationsat eachconcentratiorof the agent,averagedo obtainthe EDsg value by plotting the percentagenhibition vs the
logarithmof the concentrationThe four determinationsn eachcasewerewithin 3.6% of eachother.

serieswerea numberof tumorsfor which thereare
no effective drugsto inhibit their cell growth.

The following cell lines were maintained by
literature technique$ murine L1210 lymphoid
leukemiaand P388lymphocytic leukemia,human
Tmolt; and Tmolt, T-cell leukemia,HI-60 leuke-
mia, Hut-78 cutaneoudymphoma, THP-1 mono-
cytic leukemia,SW480colorectaladenocarcinoma,
HCT-8 ileocecaladenocarcinomayB-9812 lung
bronchogenic, A-549 lung carcinoma, Soas-2
osteosarcom&B epidermoidnasopharynxA431
skin epidermoid, HeLa-S suspendedand Hela
solid cervical carcinomasMck-7 breasteffusion,
clear cell renal Caki, Sk-MEL-2 malignhantmela-
nomaandU-87-MG glioma.TheNCI protocolwas
usedto assesghe cytotoxicity of the test com-
poundsandstandardsn eachcell line.® Valuesof
cytotoxicity wereexpresse@sthe EDsq [ ug ml ™,
i.e. the concentrationof the compoundinhibiting
50% of cell growth. EDsq valueswere determined
by the Trypan Blue exclusiontechnique’ A value
of lessthan4 g ml~* wasrequiredfor significant
activity of growthinhibition. Solid tumor cytotoxi-
city wasdeterminedutilizing CrystalViolet/MeOH
andreadat 580nm (Molecular Devices)’

Incorporation studies

The effects of drugs on the incorporation of
radiolabeledbrecursorghymidine (72 Ci mmol‘lz,
uracil (12 Ci mmol™) or leucine(120Ci mmol™)
into [*H]DNA, [®H]JRNA and [*H]protein, respec-
tively for 10° P388cellsat 25,50 and100uM was
determinedover 60min2 The acid-insolublela-

Copyright© 2000JohnWiley & Sons,Ltd.

beledDNA, RNA or proteinwascollectedon GF/A

disks which were counted in a Packard beta
counter. The incorporation of [YC]glycine

(53.0mCimmol™Y) into purineswas obtainedby

the method of Cadmanet al.® Incorporation of

[*“C]formate (53.0mCimmolY) into pyrimidines
wasdeterminedy the methodof Christophersomet

al.’® The final purines or pyrimidines were
separatecby TLC from the starting components
using the appropriateR; for standardnucleoside
basesandcounted.

Enzyme assays

Since the tantalum(V) carboranecomplexesl-5
effectively inhibited RNA and DNA synthesesn
P388cells, their effectson a numberof enzymes
involved in nucleic acid metabolismwere deter-
mined at 25, 50 and 100uM after 60 min incuba-
tions. DNA polymerase: activity wasdetermined
in cytoplasmicextractsisolatedby Eichler et al.’s
method***? The DNA polymerasex assaywas
described by Sawada et al.® with 2-deoxy
[*H] ribothymidine-3-triphosphate (TTP) (53
Ci mmol™). Messenger,ribosomal and transfer
RNA polymerase enzymes were isolated with
different concentrationsof ammonium sulfate;
individual RNA polymeraseactivities were deter-
mined using [3Hluridine-S-triphosphate (UTP)
(35Ci mmol1).**** The following enzymeactiv-
ities were determinedusing P388 homogenates.
Ribonucleosidereductaseactivity was measured
using [*C]  cytidine-5-diphosphate (CDP)
(19.4Ci mmol™Y) with dithioerythritol*® 2'-Deoxy

Appl. Organometal Chem.14, 108-118(2000)
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Table 2 Cytotoxicity (EDso, g ml~1) of complexesl-5 againstgrowth of solid tumorg

HelLa
KB Naso- Colon Lung Lung solid  Melanoma HCT-8 MCF7 Caki Saos-2  A431 Glioma
Compound pharynx SW480  A549 MB9812 uterine  Sk-Mel2 ileum breast  kidney bone skin 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

@ Seefootnoteto Tablel.
EDsq value <4 ng/ml requiredfor significantactivity.
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[**C] ribocytidine-B-diphosphatewas separated
from the [*“C] CDPby TLC on polyethyleneimine
cellulose(PEl) plates.

Thymidine,thymidine-3-monophosphatér MP)
and thymidine-3-diphosphatgTDP) kinaseactiv-
ities were determined using [*H] thymidine
(58.3mCimmol™?) in the medium of Maley and
Ochod’ and separatedby TLC. Carbamylphos-
phate synthetaseactivity was determinedby the
methodof Kalmanetal.™® andtheproductcitrulline
wasdeterminectolorimetrically’® Aspartaterans-
carbamylaseactivity was measuredusing the
incubationmethodof Kalmanet al.,*® the product
carbamyl aspartatewas determined colorimetri-
cally by the methodof Koritz et al.?° Thymidylate
synthetasectivity wasanalyzedby the methodof
Kampfetal.?* The®H,0 separatethy charcoalas
proportionalto theamountof TMP formedfrom 2'-
deoxyPH] ribouridine-3-monophosphate(UMP)
(20Ci mmol™Y). Dihydrofolate reductaseactivity
was determined by the NADH disappearance
spectrophotometricmethod of Ho et al.?? at
340nm. Phosphoribosylpyrophosphate(PRPP)
amidotransferasactivity was determinedby the
method of Spassoveet al. as the generationof
NADH?® and inosine-3-monophosphate(IMP)
dehydrogenasactivity was analyzedwith 8-[**C]
IMP  (54mCimmol ™) (Amershamd Arlington
Heights, IL, USA) after separating[*“C] xantho-
sine-3-monophosphate(XMP) on PEI plates
(Fisher Scientific) by TLC,?* then counting it.
Protein contentwas determinedfor the enzymic
assaysy the Lowry technique?®

DNA studies

After deoxyribonucleosidériphosphatesvere ex-
tracted® from P388 cells, dINTP] levels were
determinedoy the methodof HuntingandHender-
sorf’ with calf thymusDNA, E. coli DNA poly-
merasd non-limiting amountsof the threedeoxy-
ribonucleosidériphosphatesotbeingassayedand
either 0.4mCi_of [*H-methy]dTTP (53.1Ci
mmol™) or [5-*H]dCTP (30Cimmol™Y). Thus,
2'-deoxyriboadenosine-Briphosphat€d[ATP], 2-
deoxyriboguanisine-&riphosphate (d[GTP]), 2-
deoxyribocytidine-5triphosphate (d[CTP]), and
thymidine-3-triphosphate (d[TTP]) levels were
determinedafter incubation with the drugs for
60 min at100 .M. Theeffectsof compoundd—5on
DNA strand scission were determined by the
methods of Suzuki et al.,?® Pera et al.?® and
Woynarowskiet al.*° P388lymphocytic leukemia
cells were incubatedwith 10 .Ci [methyl®H]thy-

Copyright© 2000JohnWiley & Sons,Ltd.

midine (84.0mCimmol™?) for 24h at 37°C. P388
cells (10°) were harvestedand then centrifugedat
600g x 10 min in phosphatesufferedsaline(PBS).
They were later washedand suspendedn 1 ml of
PBS. Lysis buffer (0.5ml; 0.5m NaOH, 0.02m
EDTA, 0.01%Triton X-100and2.5%sucrosewas
layered onto a 5—-20% alkaline-sucrosegradient
(5ml; 0.3m NaOH,0.7m KCI and0.01m EDTA);
this wasfollowed by 0.2ml of the cell preparation.
After the gradientwasincubatedfor 2.5h at room
temperaturejt was centrifugedat 12000g x 17h
at8 °C. Fractions(0.2ml) werecollectedfrom the
bottom of the gradient,neutralizedwith 0.2ml of
0.3m HCI, and measuredfor radioactivity. Calf
thymus DNA thermal denaturationstudies were
conductedrom 37to 100 °C in orderto determine
the T,, valuesfor the control anddrugsat 100 uM
for 24h. Changesn DNA UV absorptiornbetween
220 and 340nm, and DNA viscosity studieswere
conductedafter incubation of compoundsl-5 at
100uM at 37°C for 24h 3t

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) carboranegroved to be potent
cytotoxicagentsagainssuspendetumorcells,e.g.
all of the compoundswere active in the murine
L1210lymphoid leukemiascreenwith complex5
affording the bestactivity of 1.51gml~* (Table
1). All of thecompoundsvereactivein themurine
P388lymphocytic screenexcept5. Humanleuke-
mic growthwasalsoretardedy thecompoundsi—
4 wereeffectiveagainstTmolt; T-cell leukemia,l—
3 and5 wereeffectiveagainsfTmolt, leukemiaand
compoundd, 2 and5 wereeffectiveagainstHl-60
leukemia growth. HUT-8 lymphoma growth was
inhibitedby compound4—-3 and5 andTHP-1acute
monocytic leukemiagrowth was reducedby 1-3.
SuspendetHeLa-S uterinecarcinomagrowthwas
reducedsignificantlyby all of the compoundsThe
tantalum(V)carboraneomplexesvereaspotentas
the standardclinical drugs in the inhibition of
suspendedieukemia, lymphomas, and HelLa-S
uterinecarcinomacell growth after threedays.

Appl. OrganometalChem.14, 108-118(2000)



CYTOTOXICITY OF METALLOCARBORANE COMPLEXES 113
Table 3 Effects (% control) of compoundl on P388leukemiacell metabolismafter 60 min incubation
Assay(N = 6) Control 25 uM 50 M 100uM
DNA synthesis 100+ 52 53+ 4* 43+ 4* 314+ 3*
RNA synthesis 100+ 6° 69+ 5* 64+ 4* 62+ 4*
Proteinsynthesis 100+ 5° 100+ 6 71+5 65+ 4*
DNA polymerasex 100+ 6¢ 95+ 5 70+ 4* 59+ 4*
m-RNA polymerase 1004+ 7° 92+5 86+ 5 71+ 5%
r-RNA polymerase 100+ 4 132+ 6* 116£5 82+5
t-RNA polymerase 100+ 79 113+6 11145 108+ 6
Ribonucleosideeductase 100+ 5" 69+ 4* 20+ 3* 124 2*
Dihydrofolatereductase 100+ 5 44+ 3* 33+ 2% 25+ 3*
Purinesynthesis 100+ 5 100+ 5 81+ 4* 69+ 4*
PRPPamidotransferase 100+ 6 139+ 6* 764 5* 76+ 4*
IMP dehydrogenase 100+ 5 85+4 73+ 4* 30+ 3*
Pyrimidine synthesis 100+ 6™ 106+5 89+5 87+6
Carbamylphosphatesynthetase 100+ 7" 89+3 85+5 73+ 5*
Aspartatetranscarbamylase 100+ 6° 77+ 5* 65+ 4* 46+ 4*
Thymidylatesynthetase 1004+ 5° 112+5 92+ 6 84+5
Thymidinekinase 100+ 6° 87+6 52+ 5* 46+ 4*
Thymidine monophosphatkinase 100+ 7' 66+ 5* 58+ 6* 55+ 5*
Thymidine diphosphatéinase 100+ 6ts 48+ 5* 47 + 4* 414 3*
d[ATP] 100+ 5 68+ 5*
d[GTP] 100+ 6 824 4*
d[CTP] 100+ 5Y 92+5
d[TTP] 100+ 4% 93+5
* P < 0.001;control valueshasedon 10° P388cells.
226152dpm
> 4851dpm ' 0.8680D unit 91317dpm
. [461dpm 1 92551dpm "1179dpm

47804dpm k0.1210D unit $1891dpm
. 4239dpm ' 76058dpm £6.17pmol

1502dpm ™ 19758dpm Y5.27pmol
» 6400dpm " 0.392mol citrulline v 6.87pmol
i ggggg%munit ©1.064mol N-carbamylaspartate W 6.94pmol

P 18463dpm

Only certain compoundsdemonstratedsignifi-
cant activity againstthe growth of cultured cells
derivedfrom solid tumors(Table 2). Complexes3
and 5 demonstratednarginal activity againstthe
growth of Sk-2melanomaand4 and5 wereactive
againstMcf-7 breasteffusiongrowth. It shouldbe
noted that the tantalum(V) carboranecomplexes
were more potentagainstthe growth of melanoma
SK-Mel-2 and breastthan the standardclinical
drugs.

Effects on nucleic acid metabolism

A mode-of-action study in P388 lymphocytic
leukemiacells demonstratedhat compoundsl—4
significantly suppressedNA synthesisin a con-
centration-dependenmanner to 55-71% after
60min at 100uM (Tables3-6).

Copyright© 2000JohnWiley & Sons,Ltd.

RNA and protein syntheseswere reduced by
complexes1-3, but in a less dramatic manner,
under the same conditions. DNA synthesisap-
pearedto be reducedby a numberof mechanisms
whichwereprobablyadditiveto producecell death.
DNA polymerasex activity was reducedby 25—
44%by compoundd—4 at 100 um after60 min. m-
RNA polymeraseactivity wasreducedby 25—-29%
by compoundgt and1. r-RNA polymeraseactivity
wasreducedy 43%by compound andby 57%by
compound4. t-RNA polymeraseactivity was not
affected by the agents.Ribonucleosidereductase
activity wassignificantly reducedby 39-91%and
dihydrofolatereductasectivity by 57—81%by the
four compoundsat 100 M after 60 min. Purinede
novo synthesiswas reduced by 23-42% after
60min at 100uM. PRPPamidotransferasactivity
wasreduceddy 24%by compoundL andby 40%by

Appl. OrganometalChem.14, 108-118(2000)
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Table 4 Effects(% control) of compound2 on P388LeukemiaCell Metabolismafter 60 min incubation

Assay(N =6) Control 25um 50 um 100um
DNA synthesis 100+ 52 72+4 48+ 4* 44+ 3*
RNA synthesis 100+ 6° 87+5 73+ 4* 63+ 5*
Proteinsynthesis 100+ 5° 100+ 5 90+ 6 79+ 5*
DNA polymerasex 100+ 6° 135+ 6* 86+5 63+ 4*
m-RNA polymerase 100+ 7° 147+ 5* 120+ 5 101+ 6
r-RNA polymerase 100+ 4 117+£5 98+ 6 91+5
t-RNA polymerase 100+ 79 163+ 5* 1404 5* 120+ 5
Ribonucleosideeductase 100+ 5" 25+ 4* 22+ 4* 9+ 1*
Dihydrofolatereductase 100+ 5' 68 + 4* 48+ 4* 43+ 5*
Purinesynthesis 100+ 5 75+ 5* 73+ 4* 58 + 4*
PRPPamidotransferase 100+ 6~ 138+ 6* 121+5 93+5
IMP dehydrogenase 100+ 5 52+ 4* 41+ 4* 31+ 4*
Pyrimidine synthesis 100+ 6™ 11245 89+5 69+ 4*
Carbamylphosphatesynthetase 100+ 7" 67+ 4* 63+ 4* 63+ 4*
Aspartatetranscarbamylase 100+ 6° 62 + 4* 50+ 4* 40+ 3*
Thymidylatesynthetase 1004 5P 143+ 6* 116+5 104+ 6
Thymidinekinase 100+ 6° 74+ 5* 46+ 4* 37+ 3%
Thymidine monophosphat&inase 100+ 7" 60+ 4* 59+ 4* 51+ 4*
Thymidinediphosphatéinase 100+ 6° 47 £ 2* 37+ 3% 36+ 3*
d[ATP] 100+ 5 92+4
d[GTP] 100+ 6" 64+ 4*
d[CTP] 100+ 5" 86+5
d[TTP] 1004 4% 107+5

* P < 0.001;control valueshasedon 1¢° L1210 cells.
aW Eor control values,seefootnoteto Table 3.

compound 3. IMP dehydrogenaseactivity was
reducedby 69—-70%by compounds2 and 1 but
only by 24%for compound4. De novopyrimidine
synthesisvasinhibited by 31%by compound? but
was actually elevatedby 43% by compound4.
Carbamylphosphatesynthetaseactivity was sup-
pressedy 27%, 37% and39% by compounddl, 2
and 3, respectively. Asparate transcarbamylase
activity was reducedby 42%, 54% and 60% by
compound#4, 1 and 2, respectively.Thymidylate
synthetaseactivity wasnot significantlyreducecby
anyof thecompoundbutthymidinekinaseactivity
wasreducedby 44-63%by the four agents.TMP
kinaseactivity was reducedby 48-59%and TDP
kinaseactivity wasinhibitedby 59-64%by thefour
agentsover 60 min at 100 um.

DNA studies

d[ATP] poolswerereducedyy 32%by compoundl
and by 38% by compound4, and d[GTP] pools
were reduced 18% by compound 1, 36% by
compound?2, 23% by compound3 and 41% by
compound4 after incubationfor 60min. d[TTP]
pools were elevatedby 54% by compound3 and

Copyright© 2000JohnWiley & Sons,Ltd.

d[CTP]poolswerereducedyy 18%hby compoundt
after incubation for 60min at 100um. After
incubationof the drugsfor 24h at 100um P388
DNA, strandscissionor fragmentatiorwasevident
with smaller-molecular-weighDNA in the gradi-
ent (Fig. 2). ct-DNA studiesin vitro demonstrated
thatafter24 h of incubationat 100 uM therewasno
hyperchromicshift in the UV absorptionof the
basesfrom 220 to 340nm. Therefore,the agents
were not causingSyl or Sy2 reactionswith the
bases.There was a 2-6% decreasein ct-DNA
viscosity but no changewas observedin the T,,
value for ct-DNA thermal denaturation after
incubationfor 24 h at 100 uM. Thus,it appearghat
the agentsdo not alkylate the basesof DNA or
intercalatebetweenthe base-pairsof DNA. The
reductionin DNA viscositywasconsistentvith the
ability of the agentsto causeDNA fragmentation.

DISCUSSION

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

Appl. Organometal Chem.14, 108-118(2000)
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Table 5 Effects(% control) of compound3 on P388leukemiacell metabolismafter 60 min incubation
Assay(N = 6) Control 25um 50 um 100um
DNA synthesis 100+ 52 78+ 5* 51+ 4* 29+ 4*
RNA synthesis 100+ 6° 126+ 5 83+3 82+4
Proteinsynthesis 100+ 5° 114+7 103+5 71+ 4*
DNA polymerasex 100+ 6° 102+ 5 80+ 4* 56+ 4*
m-RNA polymerase 100+ 7° 94+ 4 88+5 88+ 4
r-RNA polymerase 100+ 4 90£5 72+ 4* 57+ 3*
t-RNA polymerase 100+ 79 156+ 6* 10945 104+ 6
Ribonucleosideeductase 100+ 5" 100+ 4 65+ 4* 61+ 3*
Dihydrofolatereductase 100+ 5 55+ 4* 21+ 3* 19+ 3*
Purinesynthesis 100+ 9 122+5 119+5 77+ 4%
PRPPamidotransferase 100+ 6 119+ 6 724 5* 60+ 5*
IMP dehydrogenase 100+ 5 112+5 96+ 6 82+5
Pyrimidine synthesis 100+ 6™ 114+ 6 11145 87+6
Carbamylphosphatesynthetase 100+ 7" 99+6 78+ 4* 61+ 5*
Aspartatetranscarbamylase 100+ 6° 105+5 85+ 6 80+ 4*
Thymidylatesynthetase 1004 5° 140+ 6* 132+ 5* 121+5
Thymidinekinase 100+ 6° 55+ 5* 40+ 5* 39+ 4*
Thymidine monophosphatkinase 100+ 7" 46+ 4* 43+ 4* 41+ 3*
Thymidine diphosphatéinase 100+ 6° 454 5* 41+ 3* 37+ 4%
d[ATP] 100+ 5 62+ 4*
d[GTP] 100+ 6" 77+ 4%
d[CTP] 100+ 5" 92+5
d[TTP] 100+ 4% 154+ 4*

* P < 0.001;control valueshasedon 10° L1210 cells.
aW Eor control values,seefootnoteto Table 3.

the growth of a numberof leukemias lymphomas
and suspended HelLa-$ uterine carcinomas.
Nevertheless,they were more selective in the
inhibition of cell growth derived from solid
tumors.This patternis very similar to thatobserved
for the previously reportedcopper complexesof
2-furaldehyde oximes®’3® ferratricarbadecacar-
boranyl complexes, and the copper-, cobalt—
and chromium—boroncomplexes?® 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) carborane complexes are significantly
active againstthe growth of breastMCF-7 and
melanomaSk-Mel-2, two humantumorsfor which
effective drugs againstcell growth are currently
beingsought.

The carboranecomplexesnhibited nucleic acid
synthesis by multiple mechanismsthat were
probably additive. The significant magnitude of
reductionby the agentsof dihydrofolatereductase
activity over 60min alone would accountfor the
observednagnitudeof reductionof DNA synthesis
over the same time period. Inhibition of this

Copyright© 2000JohnWiley & Sons,Ltd.

enzymewould block one carbon-atontransferfor
de novo purine synthesisandto a lesserextentde
novo pyrimidine synthesisindeed,de novo purine
synthesisvasinhibited by all of theagentsandto a
lesser extent de novo pyrimidine synthesiswas
suppressedifter 60 min. Reductionof both path-
waysby theagentsvouldleadto inhibition of RNA
andDNA synthesesHowever,sincethe pool level
of RNA comparedo DNA is 10:1in mammalian
tumor cells, it is not surprisingto observethe
effects of the agentsin 60min first on DNA
synthesisandto a lesserextenton RNA synthesis.
In addition, the activities of regulatoryenzymesof
both purine and pyrimidine pathwayswere inhib-
ited in a concentration-dependembannerby the
complexes.The magnitudeof inhibition of PRPP
amidotransferasendIMP dehydrogenasactivities
by the compoundss consistentwith the observed
inhibition of total de novo purine synthesis.The
inhibition of carbamyl phosphatesynthetaseand
aspartatetranscarbamylasactivities is consistent
with the overallinhibition of pyrimidine synthesis.
In generalthe magnitudeof the reductionafforded
by the complexeson thesetwo pathwaysis not

Appl. OrganometalChem.14, 108-118(2000)
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Table 6 Effects(% control) of compound4 on P388leukemiacell metabolismafter 60 min incubation

Assay(N = 6) Control 25um 50 um 100um
DNA synthesis 100+ 52 55+ 4* 37+ 3* 36 + 4*
RNA synthesis 100+ 6° 142+ 7* 126+5 92+5
Proteinsynthesis 100+ 5° 100+ 6 102+ 5 92+5
DNA polymerasex 100+ 6¢ 156+ 6* 113+ 4 75+ 4*
m-RNA polymerase 100+ 7° 126+ 4 10245 76+ 5*
r-RNA polymerase 100+ 4 82+5 81+ 3* 43+ 4*
t-RNA polymerase 100+ 79 161+ 5* 114+5 104+ 6
Ribonucleosideeductase 100+ 5" 114+ 5 554 4* 20+ 3*
Dihydrofolatereductase 100+ 5' 38+ 4* 33+ 4* 20+ 3*
Purinesynthesis 100+ 5 118+ 5 93+ 6 73+ 5*
PRPPamidotransferase 100+ 6~ 148+ 5* 146+ 6* 85+ 6
IMP dehydrogenase 100+ 5 86+5 79+ 5* 78+ 4*
Pyrimidine synthesis 100+ 6™ 107+5 110+ 6 143+ 6*
Carbamylphosphatesynthetase 100+ 7" 104+ 6 103+5 88+5
Aspartatetranscarbamylase 100+ 6° 93+ 6 65+ 4* 58 + 5*
Thymidylatesynthetase 1004 5P 127+ 7 124+5 120+5
Thymidinekinase 100+ 6° 106+ 5 65+ 4* 56 + 3*
Thymidine monophosphat&inase 100+ 7" 81+5 67+5 52+ 3*
Thymidinediphosphatéinase 100+ 6° 93+4 78 + 4* 52 + 4*
d[ATP] 100+ 5 85+5
d[GTP] 100+ 6" 59+ 4*
d[CTP] 100+ 5" 82+4
d[TTP] 1004 4% 102+5

* P < 0.001;control valueshasedon 1¢° L1210 cells.
aW Eor control values,seefootnoteto Table 3.

sufficientto suggesthat theseare major targetsof
the carboraneeomplexedor the inhibition of DNA
synthesis.

Furthermore the complexesreducedthe activ-
ities of DNA polymerasex, nucleoside&inasesand
ribonucleosidereductase which would be more
selectivefor thesuppressionf DNA synthesisThe
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.

Suppressiorof DNA polymerasex would lead to
the accumulationof deoxyribonucleosidesvhich
were not incorporatednto a new strandof DNA;
thus,theobservedeductionof d[GTP]andd[ATP]
pools after 60min suggeststhat the complexes
ability to inhibit de novo purine synthesisand
dihydrofolatereductaseactivity is more important
to their mechanisnof actionthanis the inhibition
of DNA polymerasex activity. The effectsof the
agentontheactivitiesof theRNA polymerasesre
inconsistentandare probablynot a major factor in

’
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the mechanisnof actionof thesecompoundsThe
observationthat the tantalum(V) and niobium(V)
metallacarboranedunction at multiple sites in
nucleic acid metabolismis not surprising,sincea
numberof metalcomplexetavebeenshownto do
this 32739

In contrastto cisplatin and other metal com-
plexes3?~3?the tantalumand niobium compounds
do not alkylate the bases of DNA, cause
intercalation between base-pairs or produce
cross-linkingof the strandsof DNA, but they do
effect P388DNA fragmentatiorandreducedDNA
viscosity, which leadsdirectly to apoptosis(cell
death). Many of the previously studied metal
complexesare topoisomerasél 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
tantalumandniobiumcarborane&omplexesuggest
that this classof compoundshasthe potential for
developmentinto potent antineoplastic agents.
Furtherstudiesarecurrentlyin progresgo identify

Appl. Organometal Chem.14, 108-118(2000)
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Figure 2 P388DNA strandscissionafter 24h at 100 uMm.

more potentderivativesthat show activity against
the growth of solid tumors.
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