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The purpose of this study was to evaluate the
mechanism by which 2-acetylpyrazineN-sub-
stituted thiosemicarbazone copper Il complexes
mediate their cytotoxicity. These compounds
were shown to be cytotoxic to a variety of
human and rodent tumors in cell culture and are
potent cytocidal agents as determined by dilute
agar colony assays. They demonstrated the
ability to inhibit several enzymes in vitro
including DNA topoisomerase |l activity. The
data presented suggest that cytotoxicity may be
mediated by the cumulative effect of several
enzymes being inhibited by the agents. Copy-
right © 1999 John Wiley & Sons, Ltd.
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INTRODUCTION

Metal complexes of heterocyclic thiosemicarba
zones, thioureas and 2-substituted pyridines ha
previously been shown to be potent antineoplasti
agents in the Ehrlich ascites carcinoma screen.
Cytotoxicity was demonstrated against L1210 an
Tmolty leukemias, as well as human solid tumor

\"

The major enzymatic sites of inhibition by the
agents include inosine-fnonophosphate (IMP)
dehydrogenase, dihydrofolate reductase, DNA
polymerase, ribonucleoside reductase and nucleo-
side kinase. More important was the observation
that DNA strand scission occurred after 24 h of
incubation with the agents. There did not appear to
be any evidence of crosslinking of the DNA strands
or of intercalation of the agents between nucleic
bases in the DNA molecufe? The present
investigation is a further study of the reason why
the agents are causing L1210 DNA strand breaks.
Recently it has been demonstrated that these types
of copper(ll) complexes of thiosemicarbazones
inhibit the activity of L1210 DNA topoisomerase

Il activity in vitro® but the analogous nickel
complexes do ndt.

MATERIALS AND METHODS

All three of the compounds (Table 1) were
previously synthesized and the chemical and
physical characteristics reportedll radioisotopes
_were purchased from New England Nuclear

oston, MA, USA) unless otherwise indicated.
(;gBadioactivity was determined in Fisher Scintiverse
scintillation fluid with correction for quenching.
goubstrates and cofactors were obtained from Sigma
Chemical Co. (St Louis, MO, USA).

growth, e.g. Hela, KB, skin, bronchogenic lung,
bone osteosarcoma and glioma. A mode-of-actionAntineoplastic activity in vivo

study in L1210 leukemia cells showed that DNA
synthesis followed by RNA synthesis was inhibited.

* Correspondence to: I. H. Hall, Division of Medicinal Chemistry - .
and Natural Products, School of Pharmacy, University of North @dministered for nine days at 8 mg

Carolina, Chapel Hill, NL 27559-7360, USA.
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CF, male mice £28g) were innoculated with
2 x 10° Ehrlich ascites carcinoma cells on day 0.
Drugs prepared in 0.05% Tween 80/water were
Kgday*
intraperitoneally (i.p.). On day 10 the tumor was
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Table 1 Structuresof 2-acetylpyraziné!N-substitutedthiosemicarbazoneandinhibition of L1210 lymphocytic leukemiaDNA

topoisomerasd activity

iN
CH
N]ﬁ‘/ 3
N
¢ / \N
Cu+2
o7 T~s R
Compound R ICsq (uM)
1 Cu(Pzhexim)Cl 6.25
Acetylpyrazine-3- —NO
hexamethyleneiminylthiosemi
carbazonatochlorocopper(Il)
2 Cu(Pzbnc)Cl 12.2
Acetylpyrazine- —
3-azabicyclo[3.2.2]nonyl
thiosemicarbazonatochloro
copper(1l)
3 Cu(Pz4DM)CI -N(CH;), 94
Acetylpyrazine N(4)-dimethyl
thiosemicarbazonatochloro
copper(Il)

harvested and the volume and astrocrit were

determinedin order to calculate the percentage
inhibition of tumorgrowth? 6- Mercaptopuring6-

MP) and 5-fluorouracil (5FU) were used as the

internal standardgor the assay.

Cytotoxicity

Compoundsl-3 weretestedfor cytotoxic activity
by homogenizingdrugsasa 1 mgml~?* solutionin
0.05% Tween 80/H,O. These solutions were
sterilized by passingthem through an acrodisc
(45um). The following cell lines were maintained
by literaturetechniques-2®murineL ; 210lymphoid
leukemia, rat UMR-106 osteosarcomahuman
Tmolt; acute lymphoblastic T-cell leukemia,
HelLa-S suspendedervicalcarcinomaHelLasolid
cervical carcinoma,KB epidermoidnasopharynx,
A431 epidermoidcarcinoma,colorectaladenocar-
cinomaSW480,HCT-8ileocecaladenocarcinoma,
lung bronchogenidviB-9812, A549 lung carcino-
ma, TE418 osteosarcomand glioma HS683.The
protocol of Geranet al.® was usedto assesshe
suspended-celtytotoxicity of the compoundsand
standardsin each cell line. Cell numberswere

Copyright© 1999JohnWiley & Sons,Ltd.

determinedby the Trypan Blue exclusiontechni-
que. Solid-tumor cytotoxicity was determinedby
the method of Leibovitz et al.” utilizing Crystal
Violet/MeOH, and read at 562nm (Molecular
Devices).Values for cytotoxicity were expressed
as EDso (ugml™Y), i.e. the concentrationof the
compoundinhibiting 50% of cell growth. A value
of lessthan4 pg ml~* wasrequiredfor significant
activity of growth inhibition.

Incorporation studies

The effectsof drugs at 25, 50 and 100§uv| on the
incorporationof labeledprecursorsnto [°H]-DNA,
[*H]-RNA and [3H]-protein for 10° L1210 cells
weredetermined:® The incorporationof [*C]gly-
cine (53.0mCi mmol™Y) into purineswasobtained
b%/ the methodof Cadmanet al.® Incorporationof
[*“C]formate (53.0mCi mmol™) into pyrimidines
was q((]aterminedby the methodof Christopherson
etal.

Enzyme assays
Inhibition of various enzyme activities was per-

Appl. OrganometalChem.13, 9-19(1999)
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formedby first preparingheappropriatd.1210cell

homogenatesr subcellularfractions,then adding
the drug to be testedafter optimizing the enzyme
assay. For the concentrationresponsestudies,
inhibition of enzymeactivity was determinedat

25,50 and100uM of compoundsl-3 after 60 min

incubations. DNA polymerase o activity was
determinedn cytoplasmicextractsisolatedby the

methodof Eichieretal.'**> The DNA polymerase
assaywas describedby Sawadaet al.** with 2-

deoxyPH]ribothymidine-3-triphosphate  (TTP).

Messenger-,ribosomal- and transfer-RNA poly-

merase enzymes were isolated with different

concentrationsof ammonium sulfate; individual

RNA polymeraseactivities were determinedusing

[®H]uridine-5-triphosphate  (UTP)**®  Ribo-

nucleosidereductaseactivity was measuredising

[**C]cytidine-B-diphosphate(CDP) with dithio-

erythritol. 2-Deoxy[-*C]*® ribocytidine-5'-diphos-
phatewas separatedrom the [**C]JCDP by thin-

layerchromatographyTLC) on polyethyleneimme

cellulose (PEI) plates. Thymidine, thymidine-3-

monophosphatd TMP) and thymidine-3-diphos-
phate (TDP) kinase activities were determined
using [3H]thymidine (58.3mCmmol™Y) in the

medium of Maley and Ochoal’ Carbamylphos-
phate synthetaseactivity was determinedby the

method of Kalman et al.*® and citrulline was
determinedcolorimetrically!® Aspartatetranscar-
bamylaseactivity was measuredusing incubation
mediumof Kalmanetal.'® carbamylaspartatevas
determined colorimetrically by the method of

Koritz andCohen?® Thymidylatesynthetasectiv-

ity wasanalyzedby the methodof Kampf et al.*
The>H,0 measureavasproportionalto theamount
of TMP formed from 2'-deoxyPH]ribouridine-3-

monophosphatdUMP). Dihydrofolate reductase
activity wasdeterminedoy the spectrophotonteic

method of Ho et al.?> Phosphoribosypyrophos-
phate(PRPP)-amidotransferasactivity wasdeter-
minedby themethodof Spassovatal®®inosine-5-

monophosphatdMP) dehydrogenasactivity was
analyzed with 8-[**C]IMP ~ (54mCmmol™%)

(Amersham, Arlington Heights, IL, USA) after
separating xanthosine-5monophosphate(XMP)

on [PEI] plates (Fisher Scientific) by TLC.?*

Protein contentwas determinedfor the enzymic
assaydy the Lowry technique?®

DNA studies

After deoxyribonucleosidériphosphategd[NTP])
hadbeenextracted?® their levelswere determined
by the methodof Hunting and Hendersoft’ with

Copyright© 1999JohnWiley & Sons,Ltd.

calf thymus DNA, Escherichiacoli DNA poly-
merase I, non-limiting amounts of the three
deoxyribonucleoside triphosphates not being
assayedand either 0.4mCi of [methy}*H]TTP or
[5-H]-dCTP. Thus 2-deoxyriboadensine-5-tri-
phosphate (dATP), 2-deoxyriboguanosi5-
triphosphate (dGTP), 2'-deoxyribocytidne-5-tri-
phosphate(dCTP) and thymidine-3-triphosphate
(dTTP) levels were determinedafter incubation
with the drugsfor 60min at 100um.

The effects of compoundsl-3 on DNA strand
scissionweredeterminedy the methodsof Suzuki
et al.,”® Peraet al.?® and Woynarowskiet al.*°
L1210 lymphoid leukemia cells were incubated
with  10uCi  [methyt®H]-thymidine (84.0Ci
mmol~?) for 24h at 37°C. L1210cells (10") were
harveste@ndthencentrifugedat600g x 10minin
phosphate-bufferedaline (PBS). They were later
washedandsuspendedh 1 ml of PBS.Lysis buffer
(0.5ml; 0.5M NaOH, 0.02m sodium ethylenedi-
aminetetra-aceticacid (EDTA), 0.01% Triton X-
100 and 2.5% sucrose)was layeredonto a 5-20%
alkaline-sucrosgradient(5 ml; 0.3m NaOH,0.7m
KCl and0.0m EDTA); thiswasfollowed by 0.2ml
of the cell preparationAfter the gradienthadbeen
incubatedfor 2.5h at room temperaturejt was
centrifugedat 12000g x 17h at 8°C. Fractions
(0.2ml) were collected from the bottom of the
gradient,neutralizedwith 0.2ml of 0.3m HCI, and
measuredfor radioactivity. Thermal calf thymus
DNA denaturationstudies,changesin DNA UV
absorptionfrom 220to 340nm andDNA viscosity
studieswere conductedafter incubation of com-
poundsl—3at 100um at 37°C for 24h 3!

L1210 DNA topoisomerasél was isolated by
literaturemethods***3The 170kDatopoisomerase
Il is presentn the final preparatiorobtainedusing
thefollowing proceduresAll stepswerecarriedout
at0-4°C. L1210cells (2 x 10°) werecollectedby
centrifugation(500g x 5min.), washedwice with
PBSandresuspendeih buffer solutioncontaining
0.25M sucrose20mm potassiunphosphatéuffer
(pH 7.5), 2mm MgCl,, 1 mm spermidine,0.1mm
EDTA 0.1mm phenylmethylsulfonyl fluoride
(PMSF),and 1 mM NaS0; at 4°C. Cell mem-
braneswere lysed using a Potter’stissuegrinder
following the additionof Triton X-100 atavolume
equivalento 1/100thof thetotal volumeof thecell
suspension.Trypan Blue staining of nuclei was
usedto determinecompletecell lysis microscopi-
cally. An equalvolumeof buffer containingl.75m
sucrosewvasaddedo thecell suspensiomandmixed
by gentleswirling. After mixing, the total volume
was loadedon a sucrosecushion[1.4M sucrose,

Appl. Organometal Chem.13, 9-19(1999)
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Knotted DNA control
L1210 enzyme control
VP-16 (100 um) control
VP-16 (50 um)

~ VP-16 (25 um)

~ VP-16(12.5 um)

" Cu(PzL)CI (50 um)

= Cu(PzL)Cl (25 um)

" Cu(PzL)CI (12.5 um)

Cu(PzL)CI (6.25 um)

Figure 1 Effectsof variousconcentration®f compound3 on isolatedL1210topoisomerasé activity.

20mm potassiunphosphatduffer (pH 7.5),5 mm

MgCl,, 1 mm dithiothreitol (DTT), 0.1mm EDTA

and 1 mm PMSF] and centrifugedat 250009 x

45min at 4 °C. The sucrosecushionwasremoved
by vacuumaspirationandthe remainingpelletwas
resuspendeth buffer containing20 mm potassium
phosphatebuffer (pH 7.5), 2mm MgCl,, 1 mm

DTT, 0.1mm EDTA, and 1mm PMSF, 1 mm-

mercaptoethanol,0%glycerol,and100mm NaCl.

The suspensiowasincubatedat 4 °C for 30min.

The processwas repeatedwith buffers containing
increasingconcentrationof NaCl up to 400mm.

The supernatantsontainingenzymeactivity were
usedfor assays.

The effectsof compoundsl-3 onisolatedDNA
topoisomerasél activity were determinedby the
method of Miller et al.®*®* (Fig. 1). Reactions
containing 0.05m Tris (pH 7.5), 0.1m KClI,
0.01M MgCl,, 30 ug ml~* bovine serumalbumin,
0.5mm EDTA, 1.0mm DTT, 1.0mm ATP, 0.1ug
knotted DNA (isolated by the method of Liu et
al.®?), 1 unit L1210topoisomeras# andthedrugs
were prepared. The sampleswere allowed to
incubateat 37 °C for 1 h andthen stoppedby the
additionof stopbuffer [50% w/v sucrose(.5%w/v
sodium dodecylsulfate (SDS), and 0.25% w/v
Bromophenyl Blue]. Each sample was run for
18h using a 0.7% agarosegel in electrophoresis
buffer (pH 8.0) (90mm Tris, 2mmM EDTA, 90mm
boric acid) on a Gibco BRL Horizon 11 x 14
electrophoresisapparatusat 23V. VP-16 (etopo-
side)wasusedasan internal standardnhibitor for
DNA topoisomerasdél assay.Photograph®f gels
were madeby illumination of gelson a UV light
table using Polaroid 667 film. Densitometric
analysiswasperformedby the methodof Hofmann
et al.®® using a GS 300 transmittancereflectance
scanningdensitometeandthe GS 365 Densitome-

Copyright© 1999JohnWiley & Sons,Ltd.

try Program (version 2) for personalcomputers
(Hoefer ScientificInstrumentsSanFranciscoCA,
USA). Photograph®f agarosegels were scanned
by the densitometerin reflectancemode, perpen-
dicularly to the direction of DNA migration,
aligned with the unknotted DNA bands. To
standardizethe quantificationof unknottedDNA,
known amountsof completelyunknottedP4 DNA
were subjected to electrophoresisand photo-
graphedThe areasunderthe curvescorresponding
to unknottedDNA bandswerecalculatedusingthe
densitometrysoftwarepackage Data were plotted
aspercentagesf enzymecontrol.ICsg valueswere
calculated by non-linear regressionanalysis of
plotted data using Prism®, version 2 (GraphPad
Softwarelnc., SanDiego, CA, USA).

DNA protein-linked breaks

DNA protein-linkedbreakswere evaluatedby the
methodof Rowe et al.>* using approximately10’
L1210 cells growing in growth medium with
50uCi [6-H]thymidine (15.0Cimmol™) for
24h. The cell suspensiorwas then centrifugedat
2000g x 10minat4 °Cto pelletthecells.Thecells
wereresuspendeith freshmediumat 37 °C for 2—
3 hto washoutanyunincorporatedmethytH]thy-
midine.

Interference assay

The interferenceassayfollowed the procedures
describedfor DNA protein-linked breaks, only

differing in that after the 1-24h incubationwith

samplecompound,an equal volume of etoposide
(VP-16) was addedto each sample®® The cells

wereallowedto incubateat 37 °C for anadditional
hour afterthe additionof VP-16 solution.

Appl. OrganometalChem.13, 9-19(1999)
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Table 2 The cytotoxicity of 2-acetylpyraziné'N-substitutecthiosemicarbazones

EDso (ng/mol ™)

Bone Nasoph. Skin Colon lleum Lung Lung Glioma
Compound L1210 Tmolt; Hela-$ HeLa UMR-106 TE418 KB A431  SW480 HCT-8 A549 MB9812 Hs-683
1 1.76 0.72 2.49 0.11 0.32 1.44 0.27 0.01 0.45 0.39 2.74 1.28
2 0.33 2.75 2.89 0.80 1.66 — 111 1.02 0.55 1.79 0.89 0.75
3 2.00 1.84 3.11 0.12 0.23 0.62 0.48 0.02 0.47 0.29 3.29 1.98
5-Fluorouracil 1.41 2.14 2.47 4.11 3.52 1.25 0.61 3.09 1.12 3.58 5.64 1.28
Cytosinearabinoside 2.43 2.67 2.13 4.74 0.86 2.84 0.92 3.42 2.54 6.28 6.16 1.88
Etoposide(VP-16) 1.83 7.87 3.05 3.57 3.32 0.71 3.34 3.78 4.74 3.50 2.44
Actinomycin D 1.98 5.88 2.46 0.33 0.65 0.93 0.30 3.18 3.71 0.89 1.28 1.15
6-Mercaptopurine 2.43 1.62 2.12 5.61 9.13 7.46 11.04 3.42 3.61 1.15 4.78 4.29 4.46
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Cleavage-interference in vitro

The methodusedto assesinterferencewith drug-
inducedtopoisomerasdé-mediatedDNA cleavage
in vitro was basedon the procedureof Harker et

al.*® The Hind Ill-cut PBR322 DNA was end-
labeledwith [0-*2P]dCTP (3000Ci mmol %, ICN)

usingacommercialT4 polymerasdabelingsystem
with a 30min incubationat 37 °C.

Dilute agar colony method

FoIIowing the modified method of Chu and
Fischer?” murine L1210 lymphoid leukemiacells

were grown as coloniessuspendedn agar. Cells

(1 x 10°), in RPMI-1640 with 10% fetal bovine
serum,and penicillin / streptomycinwere exposed
to experimentaldrugs, or vehicle (dimethyl sulf-

oxide, DMSO) as the control for 1h. After

centrifugation,the cell pellet was resuspendedh

fresh medium, diluted and suspendedn a 0.13%
agarsolution of growth medium,heatedto 45°C.

Following five daysof incubationat 37 °C, 0.01%
NeutralRedwasgently layeredover eachsample.
On day 7, sampleswere decantedinto six-well

platesand colonieswere countedusing a colony
counterover a 2mm x 2mm grid. Resultswere
expressedas percentageof the coloniesin the

untreatedcontrol.

Statistical analysis

Data are displayedin tables and figures as the
meanst standarddeviationsor standarderrors of
the mean.N is the numberof samplesper group.
Student’st-testwasusedto determinethe probable
level of significance(P) betweentestsamplesand
control samples.

RESULTS

Antineoplastic Activity in vivo

Compoundsl and 3 weretoxic to the mice when
administeredfrom 2 to 8 mgkg™* day* i.p. for
nine days. Compound 2 at 1mgkg* day*
afforded 99.8% inhibition of Erhlich ascites
carcinomagrowth. This value was competitive
with 6-mercaptopurinewhich afforded 99% in-
hibition of tumorgrowth,and5-fluorouracil,which
caused95% inhibition of growth at 12mgkg~*
day ti.p.

Copyright© 1999JohnWiley & Sons,Ltd.

Cytotoxicity

All three compoundsdemonstratedpotent cyto-
toxicity againstthe growth of all of the tumor cell
lines tested, with EDsy values of less than
4 ng ml—1, therequiredvaluefor significantactivity
(Table2). Most of the EDsq valuesweresuperiorto
theclinical standardsestedn eachtumorcell line.
Compound?2 was very effective in suppressing
growth of murine L1210 leukemia.Compoundl
inhibited human Tmolt; leukemia growth. HelLa
solid uterine carcinomagrowth was effectively
inhibited by all threecompoundsbutin the HeLa-
s suspendedcreenwhereaghe EDsq valueswere
below 4 pg ml~*, the compoundswere lessactive.
Compoundsl and 3 were effectivein suppressing
rat UMR-106 osteosarcomgrowth andcompound
3 affordedan EDsg valuesof lessthan1 ugml—in
the humanbonescreenCompoundsl and 3 were
more effective in reducing the growth of KB
nasopharynxand epidermoid skin A431 cancer
growth aswell ascolon SW480andileum HCT-8
growth. Compound? demonstrategbotentactivity
againstthe growth of lung A549, lung MB-9812
andgliomacells.

Mode-of-action study

In the L1210 leukemia cell culture, all three
compoundseffectively reducedDNA synthesishy
90% at 100puM but RNA synthesiswas inhibited
~34% by compoundL, ~44% by compound3 and
~56% by compound2 at 100um (Tables 3-5).
Compound2 markedly reducedprotein synthesis
by 63% at 100uMm, but it was only marginally
reducedby compoundsl and 3 after 60 min.

DNA polymerasex activity was reducedmore
than 56% at 100um by all three agents.m-RNA
polymeraseactivity was significantly reducedby
the agentsfrom 36%to 61% andr-RNA polymer-
ase activity was also suppressedto a lesser
magnitudefrom 24% to 52%. t-RNA polymerase
activity was suppressedharginally by compounds
2 and3 butwasactuallystimulatedby compoundL.
Ribonucleosideeductasenddihydrofolatereduc-
tase activities were reducedby all three agents.
Compoundsl and 3 achievedgreaterthan 70%
inhibition of ribonucleosidereductaseactivity at
100um. It shouldbe notedthat compound2 had
only marginal effects on dihydrofolate reductase
activity, comparedwith the 79% and 84% inhibi-
tion of compounds3 and1, respectively.

De novopurinesynthesisvasreducedrom 45%
to 90% by eachof the three compounds.PRPP

Appl. OrganometalChem.13, 9-19(1999)
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Table 3 Effects of compoundl on L1210 leukemia cell metabolismover 60min (% of

control+ sp)

Concentratiorof 1

Assay(N =6) Controlt 25um 50 um 100um
DNA synthesis 100+ 52 57 + 5* 46+ 4* 2+ 1%
RNA synthesis 100+ 6° 804+ 5* 76+ 5* 66+ 4*
Proteinsynthesis 100+ 5° 132+ 6* 91+7 81+5
DNA polymerasex 100+ 6% 76+ 5* 724+ 4* 43+ 4*
MRNA polymerase 100+ 7° 78+ 5* 70+ 4* 64+ 4*
rRNA polymerase 100+ 4 64+ 6* 60+ 5* 55+ 4*
tRNA polymerase 100+ 79 101+5 127+5 193+ 9*
Ribonucleosideeductase 100+ 5" 65+ 4* 57+ 5* 27+ 4*
Dihydrofolatereductase 100+ 5 87+ 4* 67+ 5* 16+ 2*
Purinesynthesisgde novo 100+ 59 40 + 4* 40+ 3* 10+ 3*
PRPPamidotransferase 100+ 6% 124+ 6 174+ 9* 243+ 9*
IMP dehydrogenase 100+ 5 47 + 6* 41+ 5* 24+ 3*
Pyrimidine synthesigle novo 100+ 6™ 56+ 4* 47 + 5* 39+ 5*
Carbamylphosphatesynthetase 100+ 8" 168+ 8* 138+ 5* 132+ 6*
Aspartatetranscarbamylase 100+ 6° 101+ 6 100+ 5 98+ 5
Thymidylatesynthetase 100+ 5° 72+ 4% 59+ 4* 56 + 4*
Thymidinekinase 100+ 61 101+5 97+ 4 85+ 4
Thymidine monophosphatg&inase 100+ 7 93+ 4 91+5 73+ 4*
Thymidinediphosphateéinase 100+ 6° 94+5 85+ 4 72+ 5*
d[ATP] 100+ 5 53+ 5*
d[GTP] 100+ 6" 83+5
d[CTP] 100+ 5Y 224+ 6*
d[TTP] 100+ 4% 182+ 7*
* P <0.001. 1502dpm ©18463dpm
t The measureccontrol valueswereas 9 6400dpm P 1317dpm
follows (dpm,disintegrationgerminute; h 2744dpm 91179dpm
OD, optical density): ' 0.8680D units "1891dpm
&26152dpm 1'92551dpm $6.17pmol
b 4851dpm k 0.1210D units t'5.27pmol
€ 7461dpm ' 76058dpm 4 6.87pmol
¢ 47804dpm ™ 0.392mol citrulline v 6.94pmol
€ 4239dpm " 1.064mol N-carbamylaspartate " P < 0.001

amidotransferaseactivity wassuppresseonly by
compound3, by 32%at 100um but the regulatory
site of IMP dehydrogenasactivity wassuppressed
by agentsfrom 49-76% at 100uM. De novo
pyrimidine synthesiswas also markedly reduced
by all threecompounddut the site of inhibition by
the agentswas not early in the pathway since
carbamylphosphatesynthetasendaspartatdérans-
carbamylaseactivitieswereunaffectedby thethree
agents.On the other hand,thymidylate synthetase
activity was reducedsignificantly, from 38% to
44% at 100pum by the compounds.Thymidine
kinaseactivity wasinhibited 40% by compound2
but the activity wasinhibited (15% to 26%) only
moderatelyby compoundsl and 2. TMP kinase
activity wasinhibited 26%to 28%by compounds3
andl1 andTDP kinaseactivity wasinhibited 28%to
44% by all threecompoundsd[GTP] pool levels
were reduced by compoundsl and 2 whereas

Copyright© 1999JohnWiley & Sons,Ltd.

d[ATP] pool levels were reducedby all three
compounds,yet d[CTP] and d[TTP] pools were
elevatedby all three agentsafter 60 min incuba-
tions.

Calf thymusDNA (ct-DNA) studiesshowedhat
after incubation with the agentsat 100um, the
thermaldenaturatiorvalueT,, rosefrom thecontrol
valueof 87.5°C to 92.5°C for compound£ and3.
DNA viscosity after 24h of incubation for the
control was 323s (time to pass through the
reservoirs).Compound3 affordeda time of 275s,
compoundl 291.6s and compound2 287s. The
UV absorptionof ct-DNA from 220 to 340nm
indicated no hyperchromicshift with the drugs.
L1210 DNA strandscissionafter incubationwith
theagentsat 100um demonstratedNA fragmen-
tation (Fig. 2).

The copper(ll) complexes of 2-acetylpyra-
zineN-substituted thiosemicarbazones were

Appl. Organometal Chem.13, 9-19(1999)
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Table 4 Effects of compound2 on L1210 leukemia cell metabolismover 60min (% of

control+ sp)

Concentratiorof 2

Assay(N =6) Control 25um 50um 100um
DNA synthesis 100+ 52 102+ 6 21+ 4* 2+ 1%
RNA synthesis 100+ 6° 66+ 4* 61+ 5* 44+ 3+
Proteinsynthesis 100+ 5° 63+ 7* 52+ 5* 37+ 3*
DNA polymerasex 100+ 64 57+ 5* 54 4 5* 41+ 5*
mRNA polymerase 100+ 7° 91+5 61+ 5% 55+ 4*
rRNA polymerase 100+ 4 199+ 8* 130+ 6* 76+ 5*
tRNA polymerase 100+ 79 128+ 5 85+5 81+4
Ribonucleosideeductase 100+ 5" 99+ 7 89+ 6 524 5*
Dihydrofolatereductase 100+ 5 110+ 6 85+5 82+ 4
Purinesynthesigle novo 100+ 59 61+ 5* 55+ 5* 45+ 4*
PRPPamidotransferase 100+ 6 166+ 8* 134+ 6* 2154 7*
IMP dehydrogenase 100+ 5 73+ 7* 61+ 6* 51+ 5*
Pyrimidine synthesisde novo 100+ 6™ 29+ 4* 27+ 5* 154+ 3*
Carbamylphosphatesynthetase 100+ 7" 102+ 5 103+ 5 92+6
Aspartatetrangarbamylase 100+ 6° 102+5 99+ 6 98+ 6
Thymidylatesynthetase 100+ 5° 69+ 4* 65+ 4* 62+ 3*
Thymidinekinase 100+ 69 137+ 6* 82+5 60+ 4*
Thymidine monophosphatk&inase 100+ 7 129+ 5* 124+5 88+5
Thymidine diphosphatéinase 100+ 6° 1424+ 7* 106+5 72+ 3*
d(ATP) 100+ 5 10+ 2*
d(GTP) 100+ 6 78+ 5*
d(CTP) 1004 5" 248+ 7*
d(TTP) 100+ 4% 243+ 8*
* P <0.001.
T SeeTable 3 footnote.

potentinhibitors of L1210 (Fig. 3) topoisomerase DISCUSSION

II, with IC5o valuesof 6.25-12.2uM, compared
with etoposide (VP-16) with an ICsq value of
22.5um (Table 1). VP-16 inducesDNA protein-
linked breaksbut the copperpyrazinethiosemicar-
bazonesat concentrationsrom 25-100um did not
cause breaks when incubated alone over 24h.
However, when incubatedwith VP-16, the com-
poundsreducedhe ability of VP-16to causeDNA

protein-linkedbreaksin a concentration-dependent

manner(Fig. 4). A more sensitiveassay the end-
labeled PBR322 DNA interference assay, con-
firmed that the agents blocked VP-16-induced
breaksin a concentration-dependemannerover
30min. To determinewhethertheseeffects were
reversible,cells were exposedto various concen-
trationsof compoundl for 1 h, thenresuspendeih

drug-freedilute agar.CompoundL demonstratedn
EDso value of ~100nM in its ability to inhibit

colony growth. These results suggest that at
concentrationghat affect DNA topoisomerasél

activity in cell culture,i.e. 5-10um, compoundl

causesrreversibledamageo cells following short
exposurg(Fig. 5).

Copyright© 1999JohnWiley & Sons,Ltd.

The three copper complexesof 2-acetylpyrazine
“N-substituted thiosemicarbazone demonstrated
similar antineoplasti@ctivity and modesof action
to the copper(ll) and nickel(ll) complexes of
heterocyclicthiosemicarbazoneand 2-substituted
pyridine N-oxides.DNA synthesisppearso bethe
major site of actionof the agentsandwasreduced
by morethan90%over60 min. RNA synthesisvas
moderately reducedas observedfor other thio-
semicarbazoneomplexes,and protein synthesis
was selectively reduced by certain compounds
only. DNA synthesisvasreducedbecauseale novo
purine synthesisand pyrimidine synthesiswere
markedlyreduced Purinesynthesisappearedo be
blockedat the IMP dehydrogenassite but not at
the other regularsite in the pathway,i.e. that of
PRPPamidotransferasélhe reductionof the IMP
dehydrogenasactivity by theagentds sufficientto
explainthe observedeductionin purinesynthesis.
Dihydrofolatereductasectivity, wheninhibited by
compoundsl and 2, should be additive with the
overall inhibition of purine synthesis,n that one

Appl. OrganometalChem.13, 9-19(1999)
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Table 5 Effects of compound3 on L1210 leukemia cell metabolismover 60min (% of
control+ sp)

Concentratiorof 3

Assay(N =6) Control 25um 50um 100um

DNA synthesis 100+ 52 90+ 4 30+ 4* 24 2*
RNA synthesis 100+ 6° 80+ 4 66+ 4* 56+ 4*
Proteinsynthesis 100+ 5° 97+6 96+5 87+5

DNA polymerasex 100+ 6% 50+ 4* 47+ 3* 40+ 3*
MRNA polymerase 100+ 7° 71+ 5* 70+ 6* 39+ 4*
rRNA polymerase 100+ 4 66+ 5* 64+ 4* 48+ 4*
tRNA polymerase 100+ 79 99+7 96 + 5* 88+5

Ribonucleosideeductase 100+ 5" 79+ 5* 254 3* 244 2*
Dihydrofolatereductase 100+ 5 100+ 6 30+ 3* 21+ 3*
Purinesynthesigde novo 100+ 59 80+ 5* 63+ 5* 55+ 4*
PRPPamidotransferase 100+ 6 107+ 6 102+5 68 + 5*
IMP dehydrogenase 100+ 5 70+ 5* 50+ 5* 39+ 4*
Pyrimidine synthesigle novo 100+ 6™ 33+ 4* 28+ 3* 13+ 3*
Carbamylphosphatesynthetase 100+ 7" 134+ 5* 123+ 5 119+ 6

Aspartatetranscarbamylase 100+ 6° 102+ 4 101+ 4 99+5

Thymidylatesynthetase 100+ 5° 82+ 4 81+ 3* 59+ 4*
Thymidinekinase 100+ 61 99+ 5 76+ 4* 74+ 3*
Thymidine monophosphatg&inase 100+ 7 92+5 80+5 74+ 4*
Thymidine diphosphatéinase 100+ 6° 125+ 5 69+ 4* 56+ 3*
d[ATP] 100+ 5 117+5

d[GTP] 100+ 6" 78+ 3*
d[CTP] 100+ 5" 294+ 7*
d[TTP] 100+ 4% 259+ 6*
* P <0.001.

T SeeTable 3 footnote.
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Figure 2 L1210 strandscissiondueto 24 h of incubationwith 1, 2 and3 at 100uM.
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Control

Topoisomerase 11 Control
2 DNA + #1

VP-16 Control

H#1 (100 uM) + VP-16 (40uM)

#1 (10N + VP-16 (40pM)

H#1 (1pM) + VP-16 (40pM)

Figure 3 Effectsof compoundl onVP-16-inducedreaksn [*2P]-end-labeledPBR322DNA. TheK */SDS-precipitatedountsfor
each sample are as follows: enzyme control, 193cpm; VP-16, 1293cpm; 1 (100um) =982cpm; 1 (10um)=1110cpm; 1
(1 um) = 1212cpm. Note that the depositat the origin is similar in sizeto the DNA topoisomerasd# control

carbontransferis blockedfor nucleic acid synth-
esis. Pyrimidine synthesiswas blocked by the
agentsbut this was not at the early stepsin the
pathway. Thymidylate synthetaseactivity was
moderately blocked by all three agentsbut the
effect of the drugs on sites such as OMP
decarboxylasevere not determinedin this study.
The compoundsvereableto reducethe activity of
DNA polymerasge) andribonucleosideeductase
activities,which shouldagainleadto reducedDNA
synthesis.The reduction of the activity of RNA
polymerasesvould leadto moderatereductionsin
RNA synthesisbeing observed.The RNA pool in
mammaliancells is greaterthan the DNA pools;
therefore,blockageof the purine and pyrimidine

100-
2
=
o
O
©
S 504
S
. w
0 — T —T 7T
10° 10° 10+
Concentration (M)
Figure 4 Interference with VP-16-induced L1210 cell

protein-linked DNA breaks in the presence of various
concentration®f compoundl.

Copyright© 1999JohnWiley & Sons,Ltd.

pathwayswould take longer than 60min to be
reflectedn overallRNA levels.As canbeobserved
from thedeoxyribonucleotidéd[NTP]) poollevels,
the purine deoxynucleosidesvere markedly af-
fectedby the agentsbut the deoxypyrimidinepools
were not. If DNA polymerase(x) activity was
inhibited, one would expectthe d[NTP] pools to
accumulatesince they are not being incorporated
into the new strandof DNA. This elevationwas
certainly observedfor the deoxypyrimidinepools
but notfor thedeoxypuringpools,which suggests
major metabolicblock by the agentssuppressing
their synthesisin the purine pathway.Since IMP
dehydrogenasactivity was markedly affectedby
the drugs, this should lower purine nucleosides,
which shouldbe reflectedin a lowering of d[GTP]
and d[ATP] pool levels. L1210 DNA strand
scissionwas evidentafter incubatingthe agentsat
100um for 24h. This may be due to the potent
blockageof DNA topoisomerasd activity, which
shouldlead directly to apoptosis.The decreasen
viscosity evidentin the ct-DNA studieswould be

100+
754

50

% Untreated Control

25

0
10

T T

T et
107 10° 10

Concentration (M)

Figure 5 Colony formation of L1210 cells in dilute agarin
responseo variousconcentration®f compoundl.

Appl. OrganometalChem.13, 9-19(1999)



CYTOTOXICITY OF COPPER(II)THIOSEMICARBAZONE COMPLEXES 19

consistentwith the observedfragmentationof the
DNA by the agentsct-DNA studiesalsoindicated
that the agentscausedchangesin DNA thermal
denaturationand UV absorption of the DNA
indicative of sometype of interactionbetweenthe
agentsandDNA which wasnotintercalationof the
drug betweenbasepairs of the DNA. Like the 2-
acetyl-(6-picolyl)*N-substituted thiosemicarba-
zones, these pyrazine derivatives were potent
inhibitorsof DNA topoisomerasH activity without
forming cleavageproducts Themodeof actionwas
not similar to VP-16, which does give rise to
cleavage products. Neverthelessthe agentsdid
block the ability of VP-16 to form DNA protein-
linked breakdn a concentration-depglentmanner.
This would suggesthatthesederivativesare DNA
topoisomerasénhibitors which function similarly
to fostriencin at high concentrationswhich also
does not form cleavageproducts. However, the
ability of these compoundsto inhibit colony
outgrowth at nanomolarconcentrationandicated
thattheinhibition of DNA topoisomeras# activity
is probablynot the only targetof the druginvolved
in cytotoxicity. It is highly possiblethat the cell
deathresults from a cumulative effect on DNA
synthesis and DNA topoisomerasell activity,
leadingto strandscission.Therefore theseagents
demonstratemultiple meansof inhibiting DNA
synthesisand affording tumor cell death.
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