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The copper complexes of 2-furaldehyde and
furan oximes have previously demonstrated
potent cytotoxicity, L1210 DNA synthesis inhibi-
tion, DNA topoisomerase II inhibition and DNA
fragmentation. Currently a series of cobalt metal
complexes of 2-furaldehyde oximes were com-
pared with copper complexes of furan oximes to
determine whether the type of metal is impor-
tant to the cytotoxicity and mode of action of the
complexes. The cobalt complexes of furan
oximes, like the copper complexes, were shown
to be cytotoxic to suspended tumor cell lines, e.g.
leukemias, lymphomas, acute monocytic leuke-
mia and HeLa-S3 uterine carcinoma. The cobalt
complexes did not demonstrate dramatic cyto-
toxicity against the growth of tumors derived
from solid human tumor lines. The cobalt
complexes preferentially inhibited L1210 DNA
synthesis, followed by inhibition of RNA and
protein synthesis from 25 to 100mM over 60 min.
These agents, like the copper complexes of 2-
furaldehyde and furan oximes, were inhibitors
of DNA polymerase a activity and de novo
purine synthesis with marginal inhibition of
ribonucleoside reductase and dihydrofolate re-
ductase activities with DNA fragmentation. Un-
like the copper complexes, the cobalt complexes
did not inhibit L1210 DNA topoisomerase II
activity but did reduce thymidylate synthetase
activity. Thus, varying the type of metal within
the complexes of 2-furaldehyde and furan
oximes produces differences in both cytotoxicity

and mode of action. Copyright # 1999 John
Wiley & Sons, Ltd.
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INTRODUCTION

Based on the cytotoxicity of other copper, cobalt
and iron metal complexes of trimethylamine
carboxyboranes1,2 and copper and nickel com-
plexes of heterocyclic thiosemicarbazones,3,4 we
undertook a study of the metal complexes of 2-
furaldehyde and furan oximes to determine their
ability to retard tumor cell growth in tissue-culture
cells. The copper complexes of 2-furaldehyde and
furan oxime derivatives were found to be potent
cytotoxic agents in both murine and human
suspended tissue-cultured cell lines as well as those
derived from solid tumors.5,6 Mode-of-action
studies in murine L1210 lymphoid leukemia cells
showed that the compounds suppressed DNA, RNA
and protein syntheses after 60 min at 100�M in a
concentration-dependent manner.

Inhibition of purine and pyrimidinede novo
syntheses, as well as inhibition of ribonucleoside
reductase and nucleoside kinase activities with
DNA strand scission, occurred with the agents.5,6

All of these effects of the drug are probably additive
in their ability to cause cell death. Most important
was the inhibition of DNA topoisomerase II
activity, which causes apoptosis.5,6 IC50 values of
these agents were 1.75–24.9�M, lower than those
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affordedby thestandardVP-16,which hasanIC50
valueof 25�M. Inhibition of DNA topoisomeraseII
activity in human cancercells by antineoplastic
agentshasled to agentswith higherspecificityfor
cancer cells, e.g. etoposide,VP-16, and have a
higher log(kill) of the cancer cells.5,6 We have
noteddifferent effectson nucleicacid metabolism

and DNA topoisomeraseII inhibition, depending
onwhichmetalis within thecomplexes,i.e. copper
thiosemicarbazonesarepotentDNA topoisomerase
inhibitors, whereasnickel thiosemicarbazonesare
not inhibitors. Sodium,calcium and iron(II) com-
plexes of amine carboxyboranesare not DNA
topoisomeraseII inhibitors,whereascopper,cobalt,

Figure 1 Structuresof thecomplexesandligands.
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iron(III) and chromium(III) complexesof amine
carboxyboranesare inhibitors. Since we had
available cobalt complexesof 2-furaldehydeand
furan oximes, we investigatedtheir cytotoxicity,
effects on nucleic acid metabolism and DNA
topoisomeraseII activity to comparethesewith
the previously reportedcopper2-furaldehydeand
furanoximes.5,6

MATERIALS AND METHODS

All six compoundshadbeensynthesizedpreviously
and the chemical and physical characteristics
reported7,8 (Fig. 1). All radioisotopeswere pur-
chasedfrom New EnglandNuclear(Boston,MA,
USA) unless otherwise indicated. Radioactivity
was determinedin FisherScintiversescintillation
fluid with correctionfor quenching.Substratesand
cofactorswereobtainedfrom SigmaChemicalCo.
(St. Louis, MO, USA).

Cytotoxicity

Compounds1±6 weretestedfor cytotoxic activity
by homogenizingdrugsasa 1 mgmlÿ1 solutionin
0.05% Tween 80/H2O. These solutions were
sterilized by passingthem through an Acrodisc
(45�m) andtestedserially from 0.2 to 15�g mlÿ1

againsteachcell line. Thefollowing cell lineswere
maintainedby literaturetechniques9 andthegrowth
media and growth conditions were accordingto
American Type Culture Collection protocols:
murine L1210 lymphoid leukemiaand P388 lym-
phocytic leukemia, rat UMR-106 osteosarcoma,
humanTmolt3 and Tmolt4 acutelymphoblasticT
cell leukemia,Hl-60 leukemia,HuT-78lymphoma,
THP-1 acute monocytic leukemia, HeLa-S3 sus-
pendedcervical carcinoma,HeLa solid cervical
carcinoma,KB epidermoidnasopharynx,Sk-Mel-2
malignant melanoma,colorectal adenocarcinoma
SW480, HCT-8 ileocecal adenocarcinoma,lung
bronchogenicMB-9812,A549 lung carcinomaand
gliomaHS683.Geranet al.’s protocol9 wasusedto
assessthe suspendedcell cytotoxicity of the
compoundsand standardsin eachcell line. Cell
numbers were determinedby the Trypan Blue
exclusion techniqueafter three days’ incubation.
Solid tumor cytotoxicity was determined by
Leibovitz et al.’s method7 utilizing CrystalViolet/
methanol and read at 562nm (Molecular De-
vices)10 after 4–5 days’ incubation when the
controls had converged.Values for cytotoxicity

were expressed as ED50 (�g mlÿ1), i.e. the
concentrationof the compoundinhibiting 50% of
cell growth. A value of less than 4�g mlÿ1 was
requiredfor significant activity of growth inhibi-
tion.9

Incorporation studies

The effects of drugs on the incorporation of
radiolabeledprecursorsinto [3H]DNA, [3H]RNA
or [3H]protein for 106 L1210 cells at 25, 50 and
100�M for inhibition of DNA, RNA and protein
synthesiswasdeterminedfor 60-minincubations.11

The acid-insolublelabeledDNA, RNA or protein
was collectedon disks which were countedin a
Packardb-counter.The incorporationof [14C]gly-
cine (53.0mCi mmolÿ1) into purineswasobtained
by themethodof Cadmanet al.12 Incorporationof
[14C]formate(53.0mCi mmolÿ1) into pyrimidines
wasdeterminedby themethodof Christophersonet
al.13 The final purines or pyrimidines were
separated by thin-layer-chromatography (TLC)
from starting componentsusing the appropriate
standardnucleosidebases,andcounted.

Enzyme assays

Theeffectsof thecobaltcomplexesonnucleicacid
metabolismweredeterminedat 25, 50 and100�M
of compounds1±4 after 60-min incubations.DNA
polymerasea activity was determinedin cyto-
plasmic extracts isolated by Eichler et al.’s
method.14–15 The DNA polymerasea assaywas
describedby Sawadaet al.16 with 3H 2-deoxyr-
ibothymidine-5'-triphosphate(TTP). Messenger-,
ribosomal- and transfer-RNA polymerasenuclei
enzymeswere isolated with different concentra-
tions of ammonium sulfate; individual RNA
polymeraseactivities were determinedusing 3H-
uridine-5'-triphosphate(UTP).17,18 The following
enzyme activities were determinedusing L1210
homogenates.Ribonucleosidereductaseactivity
was measuredusing [14C]-cytidine-5'-diphosphate
(CDP) with dithioerythritol.19 [14C] 2'-Deoxy-
ribocytidine- 5'-diphosphatewas separatedfrom
the 14C-CDP by TLC on polyethyleneimine
cellulose (PEI) plates. Thymidine, thymidine-5'-
monophosphate(TMP) and thymidine-5'-dipho-
sphate(TDP) kinase activities were determined
using [3H]thymidine (58.3mCi mmolÿ1) in the
medium of Maley and Ochoa20 and separatedby
TLC. Carbamylphosphatesynthetaseactivity was
determinedby the methodof Kalman et al.21 and
the productcitrulline wasdeterminedcolorimetri-
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cally. Aspartate transcarbamylaseactivity was
measuredusingthe incubationmediumof Kalman
et al.;21 the product carbamyl aspartate was
determined colorimetrically by the method of
Koritz andGohen23 Thymidylatesynthetaseactiv-
ity wasanalyzedby Kampf et al.’s method.24 The
3H2O separatedby charcoalwasproportionalto the
amountof TMP formedfrom [3H]-2'-deoxyribour-
idine-5'-monophosphate[dUMP]. Dihydrofolate
reductaseactivity was determinedby the NADH-
disappearancespectrophotometric methodof Ho et
al.25 at 340nm. Phosphoribosyl-pyrophosphate
(PRPP)-amidotransferase activity was determined
by Spassovaet al.’s methodas the generationof
NADH;26 inosine-5'-monophosphate(IMP) dehy-
drogenaseactivity was analyzedwith 8-14C-IMP
(54mCi mmolÿ1) (Amersham,Arlington Heights,
IL, USA), after separating 14C-xanthosine-5'-
monophosphate(XMP) on PEI plates (Fisher
Scientific) by thin-layer chromatography[TLC]27

which was then counted. Protein content was
determinedfor the enzymicassaysby the Lowry
technique.28

DNA studies

After deoxyribonucleosidetriphosphates(d[NTP])
hadbeenextracted,29 their levelsweredetermined
by the methodof Hunting and Henderson30 with
calf thymusDNA, E. coli DNA polymeraseI (non-
limiting amountsof the threedeoxyribonucleoside
triphosphatesnotbeingassayed)andeither0.4mCi
of [3H-methyl]dTTP or [5-3H]dCTP. Thus, 2'-
deoxyriboadenosine-5'-triphosphate (dATP), 2'-
deoxyriboguanosine-5'-triphosphate (dGTP), 2'-
deoxyribocytidine-5'-triphosphate(dCTP)andthy-
midine-5'-triphosphate(dTTP) levels were deter-
minedafter incubationwith thedrugsfor 60min at
100�M.

The effectsof compounds1±4 on DNA strand
scission were determined by the methods of
Suzuki et al.,31 Pera et al.32 and Woynarowski
et al.33 L1210 lymphoid leukemia cells were
incubated with 10�Ci [H3-methyl]thymidine
(84.0Ci mmolÿ1) for 24h at 37°C. L1210 cells
(107) were harvested and then centrifuged at
600g� 10min in phosphate-buffered 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, 0.7M KCl
and0.01M EDTA); this wasfollowed by 0.2ml of
the cell preparation.After the gradienthad been

incubatedfor 2.5h at room temperature,it was
centrifuged at 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.

Thermalcalf thymusDNA denaturationstudies,
changesin DNA UV absorptionat220–340nmand
DNA viscosity studies were conducted after
incubationof compounds1±4 at 100�M at 37°C
for 24h.34

Human DNA topoisomerase
inhibition

Sampledrugswerepreparedin dimethyl sulfoxide
(DMSO) so that the stockfinal concentrationwas
5 mM (w/v). The enzymeassayconsistedof test
drugsat 50�g mlÿ1, 0.5unit of humantopoisome-
raseII (p170 isoform) (TopoGen,Columbus,OH,
USA), ca 0.1mg of supercoiledPBR322DNA in
50mM Tris buffer,pH 7.5,15mM b-mercaptoetha-
nol,30mgmlÿ1 bovineserumalbumin,1 mM ATP,
10mM MgCl2 and 150mM KCl. After 30min
incubation at 37°C the reaction was terminated
with 0.75% (v/v) SDS and 0.5mgmlÿ1 proteina-
seK. After an additional hour of incubation,
aliquots were applied to a 0.8% (v/v) agarose
TBE gel containing0.5�g mlÿ1 ethidiumbromide
and 1% (w/v) sodium dodecyl sulfate (SDS).
Following overnightelectrophoresisat 30V (con-
stant), the gel was destainedand photographed
usinga UV-transilluminator andPolaroidfilm.

Statistical analysis

Data are displayed in tables and figures as the
means� standarddeviationsof themeanexpressed
as percentageof control. N is the number of
samplesper group. Student’s‘ t’-test was usedto
determinethe probable level of significance(P)
betweentestsamplesandcontrol samples.

RESULTS

The cobalt complexesof 2-furaldehydeand furan
oximes demonstratedpotent cytotoxicity against
the growth of suspendedtumor cells, with ED50
<4�g/mlÿ1 (Table 1). Compounds 1±6 were
significantly active againstthe growth of murine
L1210 lymphocytic leukemia, human Tmolt4
leukemia, HL-60 leukemia, THP-1 monocytic
leukemiaand HuT-78 lymphoma.In the Hela-S3
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suspendeduterinecarcinomaandTmolt3 leukemia
screens,compounds1±3, 5 and6 weresignificantly
active. All of the compoundswere moderately
activeagainstlung A549 growth,with ED50 values
between 3 and 4�g/mlÿ1. Compound 3 was
marginally active againsthumanKB nasopharynx
growth, with an ED50 value of 3.97�g/mlÿ1, and
compounds2 and6 wereactivein theratUMR-106
osteosarcomascreen,with ED50 values of 0.20
and 2.65�g/mlÿ1, respectively. None of the
compoundswere active against the growth of
humanmelanoma,glioma HS683,lung MB-9812,
adenocarcinomaof the colon SW480 and of the
ileum HCT-8 or HeLasolid uterinecarcinoma.All

of the remainingED50 valueswerebetween4 and
13.80�g/mlÿ1.

Mode-of-action studies for L1210 lymphoid
leukemia cells showedthat DNA synthesiswas
preferentiallyinhibitedafter60min in a concentra-
tion-dependentmanner with greater than 65%
inhibition at 100�M (Tables 2–5). This was
followed by significant inhibition of both RNA
and protein synthesesunder the sameincubation
conditions.In orderto establishwhetherthecobalt
complexesinterferedwith DNA templateactivity
for DNA or RNA synthesis,the individual poly-
meraseswereexaminedwith excessd[NTP]s.DNA
polymerasea activity was suppressedby 47% to

Table 1 Cytotoxicity of cobaltcomplexesof furaldehydeandfuranoximes,ED50 (�g mgÿ1)

(a) Suspendedtumors
Murine Human

Compounda P388 L1210 Tmolt3 Tmolt4 HuT-8 THP-1 Hl-60
HeLa

uterineS3

1 3.87 1.10 1.58 2.14 2.06 0.81 0.68 2.43
2 4.70 1.89 2.90 1.03 1.68 0.94 1.69 2.94
3 4.01 2.04 1.98 0.95 1.68 0.81 1.24 2.81
4 5.24 2.07 4.09 1.19 1.42 0.62 1.58 4.86
5 3.69 2.49 2.64 2.14 1.81 0.81 1.35 3.78
6 4.28 3.91 2.13 0.87 1.68 0.80 1.80 1.54

Standardagentsfor comparison
6-MP 2.43 9.13 1.62 2.67 1.63 3.03 6.36 2.12
Ara-C 2.43 0.86 2.67 2.36 2.50 2.54 3.90 2.13
HU 2.67 2.87 4.47 6.68 3.87 5.22 1.96
5-FU 1.41 3.52 2.14 2.75 1.50 0.49 5.28 2.47
VP-16 1.83 3.57 — 1.92 1.13 3.27 3.49 7.87

(b) Tumorsderivedfrom solid tumors
Human Rat

Compound
Melanoma
SK-Mel2

Solid
HeLa

KB naso-
pharynx

SW480
colon

HCT-8
ileum

Lung
MB9812

Lung
A549

Glioma
HS683

UMR-106
osteosarcoma

1 6.65 8.21 4.86 13.80 5.75 4.09 3.24 4.43 4.67
2 7.36 7.14 4.40 4.90 7.28 4.00 3.29 4.43 0.20
3 8.02 8.59 3.97 7.40 6.29 4.27 3.95 4.61 8.00
4 6.71 7.89 4.13 6.00 9.52 4.63 3.92 4.22 6.81
5 6.82 7.04 7.72 5.80 5.21 5.00 3.55 4.31 6.57
6 7.45 5.97 7.79 9.20 8.45 4.99 3.59 4.25 2.65

Standardagentsfor comparison
6-MP 6.86 5.61 11.04 3.61 1.15 4.29 4.71 4.46 3.42
Ara-C 10.53 4.74 2.84 3.42 2.54 6.16 6.28 1.88 0.92
HU 8.12 5.27 7.33 1.77 7.18 8.89 2.27 3.21
5-FU 5.93 4.11 1.25 3.09 1.12 5.64 3.58 1.28 0.61
VP-16 3.53 3.05 3.32 3.34 3.78 3.50 4.74 2.44 0.71

a Compounds;1. [CoCl2(M5FDH2)], mol. wt 384; 2. [CoCl2(M5FDH4)], mol. wt 630; 3. [CoCl2(E5FDH)4], mol. wt 710; 4.
[CoCl2(FAOH)2], mol. wt 404;5. [CoCl2(FAOH)4], mol. wt 678;6. [CoCl2(M5FAOH)2], mol. wt 432.N = 4.
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58% by the compoundsat 100�M. mRNA poly-
merase(II) activity waselevatedby the agentsby
31% to 134% at 100�M after 60min incubation,
while rRNA polymerase(I) activity wasreducedby
27% to 34% and t-RNA polymerase(III) activity
wasinhibited by 26% to 40% by compounds1, 2
and4 but compound3 causeda 122%increasein
activity.

Sincetemplateutilization by thepolymerasewas
not inhibitedby enoughto accountfor theobserved
suppressionof either DNA or RNA synthesis,a
series of metabolic pathways and regulatory
enzymesof those pathways were examined to
determine whether the cobalt complexes were
antimetabolitesof nucleic acid metabolism.Ribo-
nucleosidereductaseactivity wasreducedby 21%
to 34% and dihydrofolate reductaseactivity was
suppressedby 48%to 60%at 100mM after60min.
De novo purine synthesiswas reducedby 43% to
52% after 60min but PRPP-amidotransferase

activity was only reducedby 15% to 43% and
IMP dehydrogenaseactivity wasinhibited by 11%
to 35%after60min at100�M. Denovopyrimidine
synthesiswasreducedby 23%by compound1 and
by 37% by compound4. The early regulatory
enzymesin this pathwaywerenot affectedby the
compoundsbut thymidylatesynthetaseactivity was
suppressedby 27%to 54%after60min incubation
at 100�M. Thymidinekinaseactivity wasreduced
by 27% and 31% by compounds 1 and 3,
respectively;TMP kinaseactivity wasreducedby
55%and64%by compounds3 and4, respectively
andTDP kinaseactivity wassuppressedby 29%to
64% after 60min incubation at 100�M. d[ATP]
pool levels were lowered by 40% to 52% by
compounds1±3 but only by 18%by compound4.
d[GTP] pool levels were reduced by 46% by
compounds2 and 4. d[CTP] pool levels were
reducedby 35% by compound3. d[TTP] pool
levelsweresuppressedby 47%by compound2. To

Table 2 Effectsof compound1 on L1210 lymphoid leukemiametabolism

Percentageof control

Assay(N = 4) Control 25�M 50�M 100�M

DNA synthesis 100� 5a 79� 5 63� 4* 28� 2*
RNA synthesis 100� 6b 95� 4 89� 4 65� 3
Proteinsynthesis 100� 5c 38� 3* 30� 2* 28� 3*
DNA polymerasea 100� 6d 69� 4* 55� 5* 42� 3*
mRNA polymerase 100� 7e 102� 6 127� 5* 226� 8*
rRNA polymerase 100� 4f 133� 5* 88� 5 71� 4*
tRNA polymerase 100� 7g 104� 6 95� 5 74� 5*
Ribonucleosidereductase 100� 5h 79� 4* 72� 3* 66� 3*
Dihydrofolatereductase 100� 5i 63� 4* 58� 5* 54� 4*
Purinede novosynthesis 100� 5j 58� 5* 58� 4* 42� 3*
PRPPamidotransferase 100� 6k 86� 5 69� 5* 66� 4*
IMP dehydrogenase 100� 5l 86� 6 79� 4* 76� 3*
Pyrimidinedenovosynthesis 100� 5m 85� 5 77� 5* 77� 4*
Carbamylphosphatesynthetase 100� 8n 115� 6 115� 7 108� 6
Aspartatetranscarbamylase 100� 6o 101� 5 104� 6 105� 5
Thymidylatesynthetase 100� 5p 97� 3 81� 3* 72� 4*
Thymidinekinase 100� 6q 156� 6* 126� 5 73� 3*
Thymidinemonophosphatekinase 100� 7r 135� 5* 123� 5 103� 4
Thymidinediphosphatekinase 100� 6s 80� 4* 77� 3* 71� 3*
d[ATP] 100� 5t 60� 4*
d[GTP] 100� 6u 98� 5
d[CTP] 100� 5v 100� 5
d[TTP] 100� 4w 95� 4

* P � 0.001;control valuesbasedon 106 L1210cells.
a 25153dpm
b 4851dpm
c 7461dpm
d 47804dpm
e 1502dpm

a 25153dpm
b 4851dpm
c 7461dpm
d 47804dpm
e 1502dpm

f 4239dpm
g 6400dpm
h 2744dpm
i 0.868OD unitsnet
j 92551dpm

k 0.121OD unitsnet
l 76058dpm
m 19758dpm
n 0.392�mol citrulline

o 1.064mol
N-carbamylaspartate
p 18463dpm
q 1317dpm
r 1179dpm

s 1891dpm
t 6.17pmol
u 5.27pmol
v 6.87pmol
w 6.94pmol
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determinewhetherthe cobalt complexestargeted
the DNA molecule, a number of studies were
performed.In vitro ct-DNA studiesdemonstrated
that all four compoundscausedan UV hyperchro-
mic shift to a higher wavelength, suggesting
interaction of the agents with the individual
nucleosidebasesof DNA. Thermal denaturation
studiesshowedthat the Tm valuesfor the control
and compound3 were 93.5°C, for compounds1
and2 87.5°C, andfor compound4 83.5°C, which
do not stronglysupportthe conceptthat the cobalt
complexescausedintercalationbetweenthe base
pairsof DNA. ct-DNA viscositywas456s for the
control,445s for compound1, 442s for compound
2 473s for compound3 and470s for compound4,
which suggestthat the cobalt complexesdid not
directly causeDNA fragmentationusing isolated
ct-DNA. The L1210 DNA strand scissionstudy
aftera 24h incubationat 100�M indicatedthat the
compoundscausedDNA fragmentation,i.e. higher
radioactivity presentin fractions 11–18 (Fig 2).
Compound2 appearsto havecausedcross-linking
of the DNA strands,i.e. higher radioactivity in
fraction 1, with someDNA fragmentation(Fig. 2).

The agentsat 50�g mlÿ1 did not afford sig-
nificant effectson DNA topoisomerase,i.e. inhibi-
tion of strand-passingor DNA topoisomerase II
activity nor did DNA double-or single-stranded
protein linked breaks occur when the human
enzymesystemwas used(datanot shown).Thus,
the cobalt complexeshad no inhibitor effects on
DNA topoisomeraseII activity.

DISCUSSION

The cobalt complexesof the 2-furaldehydeand
furan oxime derivatives demonstratedsimilar
cytotoxicity to their comparable copper com-
plexes,5,6 in that they werevery activeagainstthe
growthof suspendedmurineandhumanleukemias
and lymphomas as well as HeLa-S3 uterine
carcinoma.The cobalt derivatives demonstrated
activity against the growth of human HuT-78
lymphoma, Tmolt4 leukemia and THP-1 acute
monocytic leukemia. In thesetumor screensthe
copper complexeswere not tested. The cobalt

Table 3 Effectsof compound2 on L1210 lymphoid leukemiametabolism

Percentageof Control

Assay(N = 4) Control 25�M 50�M 100�M

DNA synthesis 100� 5 72� 5* 44� 3* 32� 4*
RNA synthesis 100� 6 67� 5* 52� 4* 32� 3*
Proteinsynthesis 100� 5 83� 5 57� 5* 48� 4*
DNA polymerasea 100� 6 67� 4* 50� 4* 43� 4*
mRNA polymerase 100� 7 107� 6 196� 7* 234� 8*
rRNA polymerase 100� 4 106� 5 77� 5* 73� 4*
tRNA polymerase 100� 7 128� 5* 125� 5* 67� 4*
Ribonucleosidereductase 100� 5 106� 6 87� 5 70� 4*
Dihydrofolatereductase 100� 5 57� 5* 50� 4* 40� 3*
Purinedenovosynthesis 100� 5 61� 5* 57� 4* 51� 3*
PRPPamidotransferase 100� 6 98� 5 60� 4* 59� 4*
IMP dehydrogenase 100� 5 93� 6 79� 4* 65� 4*
Pyrimidinede novosynthesis 100� 5 101� 6 92� 5 92� 5
Carbamylphosphatesynthetase 100� 8 111� 7 103� 5 102� 6
Aspartatetranscarbamylase 100� 6 105� 6 105� 5 106� 7
Thymidylatesynthetase 100� 5 83� 6 79� 4* 73� 4*
Thymidinekinase 100� 6 237� 8* 121� 6 117� 5
Thymidinemonophosphatekinase 100� 7 142� 6* 126� 7* 89� 4*
Thymidinediphosphatekinase 100� 6 87� 5 69� 4* 59� 3*
d[ATP] 100� 5 51� 3*
d[GTP] 100� 6 54� 4*
d[CTP] 100� 5 85� 5
d[TTP] 100� 4 53� 4*

* P � 0.001,control valuesbasedon 106 L1210cells.
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complexeswereactiveagainstthe growth of lung
A549, as were the copper complexes.5,6 Neither
cobalt nor coppercomplexesof 2-furaldehydeor
furan oximes were active against the growth of
glioma and lung MB-9812, but selectedcopper
complexesdid demonstrateactivity in the human
solid HeLa uterine carcinoma,skin epidermoid
A431, ileum and colon adenocarcinomasand rat
UMR-106osteosarcomascreens.Thus,the typeof
metalwithin thecomplexesdoeshaveanimpacton
thecytotoxicity againsttumorsgrownfrom human
solid tumorsbut the cobalt andcoppercomplexes
demonstratedlittle difference in activity against
growthof suspendedtumors.

In themode-of-actionstudiesboththecobaltand
copper complexes5,6 preferentially inhibited the
productionof DNA, andto alesserextentRNA, but
both types of 2-furaldehyecomplexeswere less
effectivein blockingproteinsynthesisafter60min.
The coppercomplexesof furan oximes were the
least effective in the inhibition of protein synth-
esis.6 However,the DNA templateand its utiliza-
tion by the polymerasesfor nucleicacid synthesis
did not appearto be the main targetof the cobalt

complexes,which wassimilar to the effectsof the
coppercomplexes.5,6 Nevertheless,DNA polymer-
asea wassuppressedby thecobaltcomplexesby ca
50%, comparedwith ca 10–25% by the copper
complexes.5,6 d[NTP] pools would naturally be-
come elevatedif the DNA polymerasea activity
was markedly suppressedby these compounds.
After 60min incubation the d[NTP] pool levels
were not elevatedbut rather in generalreduced,
suggesting that the cobalt complexes cause a
metabolic blockage or that they function as
antimetabolitesto suppresscancergrowth.

Thus,a seriesof individual regulatoryenzymes
involved in nucleic acid synthesiswere examined
afterfirst examiningdenovopurineandpyrimidine
syntheses.Both types of complexesinhibited de
novo purine synthesiswith marginal inhibition of
the two regulatory enzymesof the pathway, i.e.
PRPP-amidotransferase and IMP dehydrogenase
activities. The copper complexes were more
effective in causinga reductionof IMP dehydro-
genaseactivity. Anotherenzymethatplaysarole in
one-carbontransferin purinesynthesisis dihydro-
folate reductase.The activity of this enzymewas

Table 4 Effectsof compound3 on L1210Lymphoid LeukemiaMetabolism

Percentageof Control

Assay(N = 4) Control 25�M 50�M 100�M

DNA synthesis 100� 5 64� 4* 31� 3* 30� 2*
RNA synthesis 100� 6 62� 3* 61� 2* 43� 3*
Proteinsynthesis 100� 5 52� 6* 41� 3* 38� 3*
DNA polymerasea 100� 6 63� 4* 62� 4* 53� 3*
mRNA polymerase 100� 7 106� 5 140� 5* 150� 7*
rRNA polymerase 100� 4 92� 6 75� 4* 64� 45*
tRNA polymerase 100� 7 121� 6 179� 7* 222� 7*
Ribonucleosidereductase 100� 5 103� 5 97� 4 79� 4*
Dihydrofolatereductase 100� 5 65� 5* 48� 4* 40� 5*
Purinede novosynthesis 100� 5 77� 4* 58� 4* 48� 4*
PRPPamidotransferase 100� 6 113� 6 91� 5 85� 6
IMP dehydrogenase 100� 5 82� 5 78� 4* 76� 3*
Pyrimidinedenovosynthesis 100� 5 92� 6 90� 5 88� 4
Carbamylphosphatesynthetase 100� 8 103� 7 111� 6 135� 5*
Aspartatetranscarbamylase 100� 6 106� 6 106� 5 107� 4
Thymidylatesynthetase 100� 5 103� 5 77� 3* 69� 3*
Thymidinekinase 100� 6 161� 6* 151� 5* 61� 4*
Thymidinemonophosphatekinase 100� 7 98� 5 84� 5 45� 4*
Thymidinediphosphatekinase 100� 6 73� 4* 72� 4* 71� 3*
d[ATP] 100� 5 48� 3*
d[GTP] 100� 6 88� 4
d[CTP] 100� 5 65� 3*
d[TTP] 100� 4 98� 4

* P � 0.001;control valuesbasedon 106 L1210cells.
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reducedlessby the cobalt complexesthan by the
copper complexes.5,6 Ribonucleoside reductase
activities were reduced more markedly by the
cobalt derivatives; this enzymeis responsiblein
humancancercells for convertingribonucleotides
to deoxyribonucleotidesandaffectsDNA synthesis
markedly when blocked by antimetabolites,e.g.
hydroxyurea(HU). Any one of thesemetabolic
targetswould accountfor the inhibition of purine

synthesisand suppressionof tumor cell growth.
Suppressionof purinesynthesisby anagentwould
be reflectedin both RNA andDNA synthesesbut
since in mammalian cells the d[NTP] pools
compareabout 10% and the r[NTP] pools 90%,
suppressionof syntheseswould be most likely to
appearfirst with DNA rather than RNA. Conse-
quently, the fact that the agentsinhibit de novo
purine synthesisexplains the rapid reduction in
deoxypurinetriphosphatepoolsgeneratedfrom this
pathway.Therewasnosignificantevidencethatthe
early stepof the de novosynthesisof pyrimidines
was affected by the cobalt derivatives, but the
copper complexeswere effective in blocking de
novosynthesisof pyrimidines.Both thecobaltand
coppercomplexesreducedtheactivitiesof nucleo-
side kinase. In addition, the cobalt derivatives
inhibited thymidylatesynthetaseactivity, whereas
the copper complexesdid not. The biochemical
effects of the complexeswould lead to reduced
deoxypyridine triphosphate pools, which was
indeedthe casewith the cobaltderivativesbut not
the copper complexes.5,6 These studies strongly
indicatethatthecobaltcomplexesof 2-furaldehyde
andfuran oximesarepotentantimetabolitesof the

Table 5 Effectsof compoundA sp4 on L1210Lymphoid LeukemiaMetabolism

Percentageof Control

Assay(N = 4) Control 25�M 50�M 100�M

DNA synthesis 100� 5 51� 4* 30� 2* 15� 2*
RNA synthesis 100� 6 77� 5* 73� 3* 70� 3*
Proteinsynthesis 100� 5 63� 4* 46� 4* 41� 3*
DNA polymerasea 100� 6 74� 5* 65� 4* 46� 3*
mRNA polymerase 100� 7 121� 6 121� 5 131� 6*
rRNA polymerase 100� 4 117� 5 94� 5 72� 3*
tRNA polymerase 100� 7 94� 6 79� 4* 60� 5*
Ribonucleosidereductase 100� 5 118� 6 111� 6 72� 3*
Dihydrofolatereductase 100� 5 133� 6* 130� 5* 41� 4*
Purinedenovosynthesis 100� 5 126� 5 86� 4 57� 4*
PRPPamidotransferase 100� 6 104� 6 99� 4 94� 5
IMP dehydrogenase 100� 5 108� 6 96� 5 89� 4
Pyrimidinede novosynthesis 100� 5 81� 5 73� 3* 63� 5*
Carbamylphosphatesynthetase 100� 8 123� 6 123� 7 98� 6
Aspartatetranscarboxylase 100� 6 100� 5 104� 6 105� 75
Thymidylatesynthetase 100� 5 96� 68 63� 5* 46� 3*
Thymidinekinase 100� 6 161� 7* 109� 6 81� 4*
Thymidinemonophosphatekinase 100� 7 95� 4 63� 5* 36� 3*
Thymidinediphosphatekinase 100� 6 47� 4* 39� 3* 36� 4*
d[ATP] 100� 5 82� 4
d[GTP] 100� 6 54� 4*
d[CTP] 100� 5 96� 4
d[TTP] 100� 4 99� 4

* P � 0.001;control valuesbasedon 106 L1210all.

Figure 2 Effects of cobalt complexesof furan oximes on
DNA fragmentation.
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purine pathway and are not interacting with the
DNA moleculeitself via alkylation of nucleotide
basesor intercalation between base pairs. The
copper complexeswere DNA topoiosmeraseII
inhibitors without inducing DNA-linked protein
breaksbut the cobaltcomplexeshadno effectson
either DNA topoisomeraseII activity or protein-
linked breaks although both complexes caused
DNA fragmentationafter a 24h incubation.5,6 A
similarobservationhasbeenmadewith othermetal
complexes such as the aminecarboxyboranese/
copper, cobalt and iron complexeswere DNA
topoisomeraseII inhibitors but chromium,sodium
andcalciumcomplexeswerenot DNA topoisome-
rase II inhibitors; however, all of these metal
complexescausedDNA fragmentationby another
mechanism.1–4
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