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Abstract The effects of cis and II’OIIS Pt(lljdinmmine dichloride on the colony forming abi- 
lity of HcLn cells hove been measured. Higher doses of ~M~IS Pt(ll)diumminc dichloride than 
the ci.\ isomer had to bc administered to cells IO produce cqual cfGccts on ccl1 survival. Detcr- 
minntion of the amount of drug hound to cellular macromolecules showed that more of 
the ~nr,~.s compound was bound to DNA than cis when cell survival was reduced by the 
S;LITIC amount. suggcstin.? thcrc was ;I real dilfcrencc in the mechanisms of action of the two 
isomers. The lcvcls of Ic,lction of c,is and ~I’UIIS Pt(ll)diammine dichloride at known toxic 
conccntmtions with DNA. RNA and protein supported the hypothesis that DNA is the pri- 
mary target of the platinum( II) compounds. The ahilits ofcqual doses ol’c~i.t and IIWI.~ PI( II)- 
diamminc dichloride to Corm DNA intorarand cross-iinks dilycrcd Icss when isolnkd DNA 
was used than when whole cells wcrc’ trcatcd with thcsc agents. The ditrcrcnce in cross-link- 
ing ability of the two compounds in whole cells could explain the dimercnce in toxicity 
bctwecn the <is and ~MIIS isomers. The importoncc of DNA interstrand cross-linking as a 
cytotoxic event in its own right. and 21s a possible indicator of other cytotoxic lesions is dis- 
cussed. 

Cis AND rrvu~,s Pt(ll)diammine dichloride have been shown to possess different cyto- 
toxic properties in all the various systems in which they have been examined. These 
vary from bacteriophage’ and bacteria’ through cultured mammalian cells” to 
whole animals.“.5 Cis Pt(ll)diammine dichloride is a potentially useful antitumour 
agent having been found to be effective against certain animal tumours including sar- 
coma 180 and leukaemia L I 210.h the ADJ/PC6A plasma cell tumour’ and virus-in- 
duccd reticulum cell sarcoma8 in mice, and the Dunning ascitic leukaemia. Walker 
256 carcinosarcoma” and DMBA-induced mammary carcinoma”’ in rats. It has also 
proved useful in experimental combination therapy with cytoxan against sarcoma 
180’ ’ and lcukaemia L12 IO’ ’ and with isophosphamide and ICRF 159 against leuk- 
ncmia L 12 10.’ ’ By contrast the II’LIJIS isomer is biologically much less active and does 
not possess antitumour properties.’ 

In this study we have sought an explanation in molecular terms for this difference 
in activity between the cis and tr~111.s platinum( II) compounds. Previous investigations 
had indicated the possible importance of interactions with DNA leading to an inhibi- 
tion in the rate of DNA synthesis” and have provided evidence that cross-linking 
of DNA strands could occur when whole cells were treated with platinum com- 
pounds. ’ .’ 
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We have therefore compared the etl’ccts of cis and II'LIIIS Pt(lf )diamminc dichloride 
on the survival of HeLa cells (as measurud by colony-forming ability) with their abi- 
lity to bind to cellular ~~~icro~~olcculcs and to form DNA it~t~rstr~~lld cross-links, ,411 
assessment has been made of the importance of DNA intcrstrand cross-linking as 
a cytotoxic event and of the importance of DNA. RNA and protein as targets for 
the platinum drugs. 

The results provide some support for the hypothesis that the grcatcr toxic action 
of cis Pt(II)dian~mine dichloride is due to its superior ability to its fret< isomer to 
produce cross-links in cellular DNA. However. caiculntion of the proportion of plati- 
num reactions producing DNA cross-links indicates it is initialI> at latst. ;I rare event 
and therefore possibly of littlc importanoo in determining fhc toxic ~lfccts 01 
pIatinum( II) compounds. 

Cis and tru!?s Pt(II)diammine dichloride were provided by Professor M. L. T&c. 

HeLa cells were l~a~nt~lin~d in stirred s~~spcrtsion cufturc in Eagle’s medium 
(MEM, Cat. No. F14, Grand Island Biological Co., New York, 1J.S.A.) s~ipplemcnted 
with 7?, foetal calf serum (Flow Laboratories Ltd., Irvine, Scotland) and containing 
2 x IO’ IUjl. ben~yl-penicillin and 0.2 g3, streptomycin sulphate B.P. (Glaxo Labor- 
atories, Greenford, Middlesex. England). lltldor thcso conditions Heta celfs grew 
exponentially up to a concentr~~tjo~l of at least iif” cells:ml c\-ith a doubling time of 
approximately 24 hr, Monolayer cultures of the c&s on glass or plastic were maili- 
tained in Eagle’s medium (MEM. Cat. No. F‘I I. Grand Island Biological Co.. New 
York, lJ.S.A.) supplemented with IY,, foctal calf serum with the SI mc conccn trations 
of antibiotics as used in Fl4 medium. 

Cells were treated in suspension at an ~fpproxiI~l~~te c~~nccntr~~t~~n of 2~5 x tO’ 
cells/ml with platinum compound dissolved either in dimethyl sulphoxidc (the final 
concentration af solvent being not greater than 1 per cent and the solution being 
made up and added to the cells immediately) or in stcrilc 0.1 M. pH 7.2 phosphate 
buffer (the final concentration of buffer hcing not greater than 5 per cent of the cuf- 
ture medium). After the desired treatment time {usually 2 hr) the ceIfs were collected 
by centrifugation and resuspended in an equal volume of fresh warmed medium to 
ensure that any unreacted chemical was removed. Appropriate serial dilutions into 
suspension medium were immediately carried out in order to obtain not more than 
200 colonies per dish when I ml of the final cell suspension was plated into a 50 mm 
Petri dish (Nunclon. Sterilin Ltd.) cont~~ining 5 ml F1 1 medium. Ptates were main- 
tained in an atmosphere of 5”,, CO,: 95”,, air :tt 37 for 6 days. The rn~d~~trn was 
then replaced with 6 ml of fresh Fl 1 medium and incubation continued for a further 
5 days. Under these conditions the plating efficiency of control cells was between 70 
and 80 per cent. Cell colon& were fixed with methanol and stained with a dilute 
a4ueous sotution of tncthylcne hluc before counting. 
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Binding qfplatinurn compounds to cell constituents 

Mass stirred suspension cultures were grown for this purpose and in a typical ex- 
periment aliquots containing 5 x 10’ cells were treated with the agent under the 
same conditions used to obtain the survival curves. After 2 hr. treatment was ter- 
minated by collecting the cells by centrifugation. washing them with saline and then 
freezing the pellet at -20’. 

Isolation qf’nuclric acids and protein 

The phenol method of Kirby and Cook’ ’ was adapted as follows for isolation of 
DNA, RNA and cytoplasmic and nuclear protein for estimation of the amount of 
platinum bound to each fraction. 

(i) RNA. Each cell pellet was resuspended in an ice-cold solution of 0.5?,, (w/v) 
sodium naphthalene disulphonate (1 ml/lo’ cells). An equal volume of a solution of 
phenol (phenol:water:&hydroxyquinoline = 500 g:55 ml:0.6 g) was added. the mix- 
ture shaken vigorously and centrifuged at 3000 rev/min for 20 min. The supernatant 
was removed, washed with half a volume of phenol solution and 3 vol of absolute 
ethanol were added. RNA was left to precipitate at 4 overnight. The precipitate was 
collected by centrifugation. washed with a small volume of 75”;, ethanol, then with 
absolute ethanol and ether and was finally dried in a vacuum dessicator. 

(ii) DNA. The interface pellet obtained after the 3000 revjmin centrifugation in (i) 
was suspended by vigorous shaking with a solution of 6’,‘.;, (w/v) p-aminosalicylate 
(sodium salt)( I ml/lo’ cells). An equal volume of phenol was added and the solution 
shaken again. It was then centrifuged at 3000 revjmin for 20 min. 

The supernatant was removed and washed with 0.5 vol of phenol. DNA was preci- 
pitated by the addition of 2 vol of 2-ethoxyethanol. The fibrous precipitate was twice 
washed with 75’!;, ethanol and was then dissolved in 2.0”.;, (w/v) sodium acetate/l*596 
(w/v) sodium chloride buffer. Solution was effected by incubation at 4’. for 8 hr. This 
solution was warmed to 37“ and treated with ribonuclease (20 pl of a 1 mg/ml solu- 
tion) for 30 min. Half a volume of phenol was added to stop the reaction. and the 
mixture was shaken prior to centrifugation at 3000 rev/min for 10 min. DNA was 
precipitated from the supernatant by the addition of 2 vol of 2-ethoxyethanol. The 
precipitate was washed with 75’?:, ethanol. absolute ethanol and ether and dried in 
a vacuum dessicator. 

(iii) Cytoplusmic protein. The phenol layer obtained from the 3000 rev/min centri- 
fugation in (i) was washed with 05 vol of sodium naphthalene disulphonate solution, 
and cytoplasmic protein precipitated from it by the addition of 5 vol of a solution 
of 3 parts diethyl ether and 1 part methanol (v/v). The protein was collected by centri- 
fugation and washed three times with the ether/methanol solution. then with ether 
before drying in a vacuum dessicator. 

(iv) Nuclcur protein. This was extracted from the phenol layer obtained from the 
20 min. 3000 revlmin centrifugation in (ii) exactly as described in (iii). 

DNA whose ultimate fate was analysis by caesium chloride density CentriI‘ugation 
was obtained by the following procedure which was also based on the phenol method 
of Kirby and Cook.14 Each cell pellet was resuspended in an ice-cold solution of 6’!:;, 
(w/v) p-aminosalicyclic acid (sodium salt) plus 1::~; (w/v) triisopropyl naphthalene sul- 
phonate (sodium salt) and 6”;, (v,!v) src-butdnol (1 ml/lo’ cells) by vigorous shaking. 
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An equal volume of phenol solution (as described in (i) above) was added and the 
mixture shaken again. After centrifugation at 3000 revimin for 20 min the upper 
aqueous layer was taken and washed with 0.5 vol of the phenol solution. DNA was 
precipitated from it by the addition of 2 vol of 2-ethoxycthanol. and the precipitate 
was washed twice with 75:,, ethanol. It was then dissolved in the appropriate buffer. 

Pure, dried cellular constituents, prepared as described. were dissolved to give 
solutions of 1 mgjml. DNA and RNA were dissolved in 1 N HCI. and samples were 
heated for I hr at 100. to effect solution. The purity of nucleic acid solutions was 
checked by comparing their concentrations calculated from optical density readings 
at 260 nm (assuming an extinction coefficient of 20.000 at this wavelength) with those 
calculated on a weight basis. Proteins were dissolved in 5 N HCI by heating to 160 
for 1 hr, and their concentrations were calculated on a weight basis only. 10. 20 ot 
50 ,ul aliquots of these solutions were assayed for platinum in a Perkin-Elmer atomic 
absorption spectrophotometer. model 306. fitted with a heated graphite atomiser. 
model HGA-70. 

De%mnirwtiorl oJDN A cross-lirkimg 

(i) In r:ifro. Cells were grown in the presence of a mixture of [“H]thymidinc and 
5’-bromodeoxyuridine to introduce a heavy radioactively labelled DNA strand.‘“.” 
They were harvested and the DNA was isolated as described. It was dissolved in 
0.1 M, pH 7.2 phosphate buffer at an approximate concentration of 0.1 mgiml. 2 ml 
of this solution were used per treatment. Platinum compounds were either dissolved 
in 0.1 M pH 7.2 phosphate buffer or in dimethyl sulphoxide, the concentration of 
which did not exceed 5 per cent. and were added immediately. After the required 
time. treatment was stopped by precipitating the DNA with 2 vol of Sethoxyethanol. 
The precipitate was washed once with 75’!;, ethanol and then dissolved in 06 ml 
O-1 M, pH 12.5 phosphate buffer. and 05 ml of this solution was sub.jectcd to alkaline 
caesium chloride density gradient centrifugation as previously described.“‘ 

(ii) III aiuo. Cellular DNA was labclled by growing HeLa cells in the presence of 
C3H]thymidine and 5’-bromodeoxyuridine as previously described.‘“.” Treatment 
(usually of 10’ cells) was carried out at a concentration of 6 x 10” ccllsml. Reagents 
were made up in dimethyl sulphoxide and added to the 41s immediately. The sol- 
vent concentration did not exceed 3 per cent. Treatment was stopped by harvesting 
the cells by ccntrifugation and washing them in ice-cold saline. Ccl1 pellets were 
stored at -20’ prior to isolation of DNA by the method described. The DNA was 
dissolved in 0.6 ml. 0.1 M. pH 12.5 phosphate buffer and 0.5 ml of this solution was 
sub.jected to alkaline cacsium chloride density gradient as previously described.‘” 

Ten ml Triton-X scintillation lluid (70 g PPO. 3.5 g POPC)P. 4 I. I‘ri~c~)i :~nd 6 1. 
toluene) was added to each sample and radioactivity assayed using a Packard liquid 
scintillation spectrometer. model 3375. 



J. M. PASCOI: and J. J. kN3I:KTS 134Y 

15tii;cr.s ou cell suuziarl. The effects of a 2 hr treatment with either cis or tr’ur~s Pt(IIF 
diammine dichloride on HeLa cell survival are shown in Fig. I. Characterization 
of the curves according to the notation of Alper et al." gave the results in Table 
1. D, is the “quasi-threshold” or intercept dose and Do the dose increment required 
to bring ;tbout an avcragc of I lethal event per ccl1 once the cxponcntihl portion of 
the curve has been reached. 

o.oo~oL ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ 40 60 120 160 200 

Concn. of agent, pM 

FIG. I. Survival curves for treatment of HeLn cells in suspension culture with either cis Pt(ll)di:lmmine 
dichloride (A). or twws Pt(ll)diammine dichloride (0). for 2 hr at 37 

TABLI: I 

Compound 

cis Pt(ll)(NHJ)2C12 
~rws Pt(II)(NH~),CI, 

D, (PM) Do (FM) 
(shoulder width) (slope of curve) 

I 3 
50 55 

Calculation of the ratios of the I), values for cis and fru~s Pt( 1I)diammine dichlor- 
ide show that. on a dose bnsis. the cis isomer is lg.5 times more toxic than the 1~7s 
compound towards HeLa cells. 

These results are consistent with the biological properties of c-is and IJWIS I’t(ll)- 
diammine dichloride which have been observed in the wide variety of other bairns 
investigated.‘.“.‘.’ 

Bindir7g ro cellulur r77ucror77ole~ules. Determination of the amount of cis and trarzs 
Pt(II)diammine dichloride bound to DNA, RNA and protein yielded the results in 
Figs. 2 and 3. In Fig. 2 it can be seen that over the concentration range of 5-10 PM 
where cell killing was observed with the cis isomer only (trcrrts Pt(II)diammine dich- 
loride having no effect on cell survival), approximately twice as much of the rnrns 
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lc~~i. 2. Eutcn~s ol’ binding of (a) cis I’t(Il)diommine dichloride and (b) WILLIS Pt(ll)diammiw dichloride 
to RNA (0). DNA (0). c!toplasmic prokin (A) and nuclear protein (El) following trcarmcnt of HcLa cells 

in suspension culture for 2 hr at 37 
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FIG. 3. b.tClllS Of binding 01‘ c,is Pt( Il)diamminc dichloride IO. A) and 1w/i.\ l’l(lI )diamniinc dicllloridc 
(0. A) to RNA (0. 0) and DNA (A. A) following trwtmcnt of Hel.a cells in wspc’n4oll cullurc 1;>1 
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isomer was bound to DNA, RNA or protein as the cis isomer. In Fig. 3 where the 
doses were increased up to 400 PM. and trcrns Pt(II)diammine dichloride caused a 
significant decrease in the observed cell survival, macromolecular binding was of the 
same order for both isomers. It is clear from Figs. 2 and 3 that for both cis and trans 
Pt(II)diammine dichloride there was more binding to RNA than to either DNA or 
protein over the entire dose range studied. 

I I I I I I I I J 
0.1 0.3 0.5 0.7 09 

Binding to DNA, ~moles/g 

FIG. 4. Relationship bctuccn the survivnl of HcLn cells and the extents of the binding of cis Pt(lI)diam- 
mine dichloride (A) and nuns Pt( Il)diammine dichloride (A) to their DNA. The levels of DNA platination 
resulting from treatment with particular concentrations of cis or nulls Pt(lI)didmmine dichloride were 
obtained from Figs. 2 and 3. and the effect of these same concentrations on the colony forming ability 

of similarly treated cells was obtained from Fig. I. 

These results show that the lack of etiect of tmws Pt(II)diammine dichloride on 
HeLa cell survival is in no way due to a relative inability to penetrate the cell mem- 
brane and react with macromolecules therein. Also they are consistent with the find- 
ing by Gale et al.* that cis Pt(II)diammine dichloride is not actively transported into 
either lymphocytes or Ehrlich ascites tumour cells. but most probably enters by pas- 
sive diffusion. 

Relarionship hetwrn r,la~~or~loI~~(‘~~l~ir hirldirtg rrrld ~~11 surt:it:al. Differences in con- 
centration of cis and truns Pt( 1I)diammine dichloride required to produce equivalent 
effects on HeLa cell survival need not necessarily be indicative of the true amount 
of reaction occurring with cell constituents. but could (as has been shown in the case 
of some monofunctional alkylating agents’ 8 ) merely reflect differences in the relative 
ease of penetration of the two isomers into cells. It would therefore be expected that 
a comparison between the amount of reaction with cell macromolecules and the 
effect on cell survival would be more useful than one between concentration of drug 
administered to cells and observed cell killing. 

Knowledge of the extents of reaction of cis and rrar~ Pt(II)diammine dichloride 
with DNA. RNA and protein at concentrations which produced measurable effects 
on cell survival permitted the construction of curves of log. cell survival vs macromo- 
lecular binding. The curves obtained for DNA are shown in Fig. 4. They could be 

* G. R. Gale, C. R. Morris. L. M. Atkins and A. B. Smith. personal communication. 
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characterized along the tines proposed by Atper LJI L/I..‘- except thal H (signifying 
binding) was substituted for D (signifying dose). The binding cocfficicnls so ohtaincd 
are presented in Tabtc 2. B, is the shoutdcr width of the curve and U,, the ~topc. 
Curves similar to those in Fie. 3 wcrc constructed to rctatt’ the cxfcnts of rczction 
with RNA and protein to cell survival. The B, and B,) vatucs for RNA and protein 
are tikcwise given in Table 2. 

- .-- -._- --.-_- _- -. .- 
13inding !o ~i~;~~r~~~i~ol~~tllCh 

u,, I~rmolc~ @I 
(ahckldcl- uidth) 

/I,. Ip11olcs ?I 

Ihlopc d~~rr\cl 

DNA R N :Z Prolcin DNA KY;\ I’tx~tcin 
..-- --.-.--.__ __ ._.__ _ - -.-. .--..- ._-._- - .- - _. 

cis Pt(II)(NH3),C‘I, 04)-lC 0~300 I).00 04)23 04.~0 I I.( II Ml 7.5 . - ~JYIIIS Pt(ll)(\H,),(: I, 0~170 o~.wr) lb1 25 I)+50 
--.-.-. ---.-.-- 

In Tabtc 3 the approximate motccutar wrights of DNA. RNA and plotcin arc 
noted togcthcr with the binding cocflicicnts measured for (*is and ~nrrrs Pt(ll)diam- 
mine dichloride. By taking the molecular weights of these macromotccutes into 
account it is possible to catcutatc the number of platinum motccutcs bo.;4 lo each 
when the surviving fraction is reduced from,f’to 0.37,/; i.c. when thcrc has i~:c:n ml 
average of one lethal cvcnt per cctl. There arc many more platinum motccutcs hour: .! 
per DNA molecule than per RNA or protein motccute because the motccutar u-tight 
of DNA is much greater than that of RNA or protein. These r.csutts agree 31. illi the 
idea that DNA is probably the mos1 important targc! for the platinum dr~,p:;. 

The DNA B, values for cis and WLIIIS Pt( 1I)dinmminc dichtoridc car: 4mit:1rt!~ IX 
used to enabtc calculation of the number of platinum moiccutes bounc: Lcr c:~ctl DNA 
molecule before cell survival is aIfccM Thus it is found what apprc~~imatct~ 45 ci.\ 

Pt(II)diamminc dichloride motccutes and 170 tr~.s Pt( IItdiamminc dichtoridc motc- 
cules are bound to each DNA molecutc of IO“ mot. wl bcforc ;I mcasur:tbtc rcduclion 
in cell survival is obscrvcd. 

The ditfercnce in the DNA B, and B,, vntucs for 1.i.s and TI’LIIIS Pt( 1I)diamminc dich- 
loride suggests that there is very probably a rcat differcncc in Ihc reactions of thcsc 
two compounds with DNA and justifies more dctaitcd studies on the nalurc of the 
platinum -DNA interaction. 

~rAl3I.I 3. 
------.- -.-,.- 
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D!VA cross-lirl,Gg. In the case of the bifunctional alkylating agents available evi- 
dence indicates that their cytotoxic properties towards bacteriophage may well be 
connected with their ability to form inter- and intros-strand cross-links in DNA.‘“.‘” 
The observation that the Walker carcinoma with acquired resistance to mclphalan 
was also resistant to c*i.s Pt(Il)diammine dichloride” suggested that DNA cross-link- 
ing could ‘tlso contribute significantly to the cytotoxic properties of the inorganic 
platinum compounds. We have previously demonstrated that cis Pt(II)diammine 
di~hl1~ride is able to form int~rst~Ind cross-links in the DNA of cultured HeLa cellsI 
and now wish to set whether the dii%rent cytotoxic properties of c-is and &NIX Pt(II)- 
diamminc dichloride arc attributable to :t variation in their abilities to cross-link 
DNA. 

so- 

70 - 
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60 - 

1 
2 4 6 6 IO 12 
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In the first instance therefore we examined the abilities of cis and trarts Pt(Il)diam- 
mine dichloride to form interstrand cross-links in isolated DNA. It can be seen from 
Fig. 5 that low do?es of cis and frcrns Pt(II)diammine dichloride are capable of cross- 
linking isolated DNA over the dose range studied (2- 10 ,uM). and that the cis isomer 

is between I.5 and 2 times as effective as the frrrns compound under the condition?; 
employed. This difference is not great enough to account for the 5=3-fold difference 
in DNA B,, values and 4*5-l&l differcncc in DNA H, values obset vcd f1~ cis and 
tr’trr7.s Pt(lI)diammine dichloride (set Fig. 4). lt would thus appear that the ;\bility to 
cross-link isolated DNA is not directly related to the cytotoxic properties of the pla- 
ti~lurn( II) compounds. 

Secondly we extended our previous studies concerning the ability of cis Pt(II~iam- 
mine dichloride to cross-link cellular DNA13 to include: the ~‘UIES isomer. In Fig. 6 
the amount of cross-linked DNA is plotted against the concentration of cis or tram 

Pt(II)diammine dichloride administered to whole HeLa cells. In this situation the dif- 
ference in the abilities of the two isomers to cross-link DNA is of the order of IO-fold 
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FIG. 6. Proportion l)f DNA cross-linked bx cis Pt( Il)di;rmminc dichbridc (A) and /W/I.\ I-‘(( II )diamminc 
dichloride (AL following treatment of HeLa cells in suspension culture for 2 hr at 37 

being much greater than the 1.5 --2 fold difference in cross-linking abilities observed 
on treatment of isolated DNA (see Fig. 5). Furthermore very much higher con- 
centrations of both platinum compounds had to be administered to whole cells to 
produce the same level of cross-linking as was observed in the GISC of isolated DNA. 
Thus it can be seen from Table 4 that whereas 10 per cent cross-linking was obscrvcd 
on treatment of isolated DNA with either 0.5 /tM cis Pt(Il)diammine dichloride 01 
I.0 ,uM t,vrns Pt(II)diammine dichloride, HeLa cells had to bc trcatcd with 300 and 
1900 times these doses respectively to product the same amount of cross-linking in 
cellular DNA. 

Mm-ornolrcular torgc’ts I$ thr plutirum LY~I~~~IJ~S. Evidence supporting the 
hypothesis that the platinum drugs most probably exert their cytotoxic effect by di- 
rect reaction with DNA rather than by RNA or protein-mediated mechanisms is 
their observed effect on DNA. RNA and protein synthesis in mammalian cells. In 
the cases of Ehrlich ascites tumour cells.” human amnion AV3 cells” and phytohae- 
magglutinin stimulated human lymphocytes’3 it has been shown that whilst RNA 
and protein synthesis were barely affected by treatment with low doses of antitumour 

C‘oncn rquircd to (.‘oncti rcquircd lo 
produce IO”,, DNA product 1 O”,, DNA 

cross-linking cross-linkinp 
iu rim (jrM) iu riro (pM I 
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I.0 I900 



Interactions between mammalian cell DNA .-I 1355 

platinum compounds allowing high cell survival, DNA synthesis was significantly in- 
hibited. It has previously been noted that the inorganic platinum compounds resem- 
ble cytotoxic alkylating agents (in the case of which there is a large amount of evi- 
dencc supporting the view that they owe their cytotoxic properties to their ability 
to react directly with DNAz4) in this respect.15 The observations that low doses of 
antitumour platinum compounds enhanced the levels of DNA polymerase in human 
amnion AV, cells in spite of the fact that they inhibited enzyme activity it! r:it#’ 
and that millimolar concentrations of Pt(En)13r2 were required to inhibit leucine 
~~minopeptidase itt rid7 suggest that inhibition of DNA synthesis results from its 
direct reaction with the platinum drugs, and give rise to the possibility that continu- 
ing turnover of RNA and protein could reduce such inhibitory effects of the platinum 
drugs on these molecules as do occur. 

Our observations that many platinum molecules were bound to each DNA mole- 
cule whereas only a few of the total number of RNA or protein molecules were pla- 
tinated when cell survival was reduced by a given amount (see Table 3) support the 
hypothesis that the platinum drugs exert their cytotoxic effects by reaction with 
DNA itself, and that the observed inhibition of DNA synthesis in mammalian cells 
following treatment with antitumour platinum compounds is unlikely to have arisen 
as a consequence of RNA or protein ~lfunction. Furthermore the levels of 
reaction of cis and trms Pt(II~iammine dichloride with protein would be too low 
to produce ennzyme inhibition unless considerable specificity of attack occurred. 

C’rll s~~irtrl WILL DNA hindirty. The existence of shoulders on the plots of log. cell 
survival against DNA binding for cis and trans Pt(II)diammine dichloride shown in 
Fig. 4 is notable in that it could indicate that not all the cellular DNA is essential 
for the retention of the ability to divide and form colonies, or couid imply the exist- 
cnce of some kind of DNA repair mechanism within the cell.“” DNA repair processes 
have been shown to modify the outcome of alkylation damage” and u.v.-induced 
Icsions3” in mammalian cells, and studies on Eschrrichiu coli indicated that mutation 
in specific genes. which are known to be involved in DNA repair processes, greatly 
modified the response to these agents. ” It would therefore be expected that DNA 
repair processes might also be capable of modifying the outcome of damage inflicted 
on mammalian cells by the platinum compounds. Although it is not the purpose of 
the l>rcsCnt investigation to cover this field, the alteration of the outcome of pluti- 
num-inllictcd damage bq cellular repair processes must be borne in mind when 
assessing the outcome of drug treatment. 

By relating DNA binding to cell survival we have eliminated possible artifacts 
caused by differences in the ease of ~netration of drugs into cells. Thus the difference 
in the shoulder widths and slopes of the curves relating cell survival to DNA binding 
in Fig. 4 could either represent in whole or in part a difference in the mechanism 
of action of cis and truns Pt(II)diammine dichloride at the molecular level, or poss- 
ibly a difference in the repairability of their reaction products. 

in measuring the capabilities of cis and ~YLII~S Pt(II)diammine dichloride to cross- 
link DNA we have therefore sought a difference in the mechanism of action of these 
two compounds which could account for the observed differences in their cytotoxic 
properties. 

DNA c,~o,s.s-lirlkirlg. Band sedimentation through alkaline sodium chloride showed 
that both (9s and ft’trt~~ Pt(II)diammine dichloride were able to cross-link isolated 



bacteriophage T7 DNA.’ Itl agrecmcnt with thcsc WS~IIS rcni~tur;ition stuliich hil\;c 
established that both isomers arc able to cross-link isolut4 m~~n~i~~~~Ii;ii~ cdl r)k,j.+ 

Use ofalk~~liile sucrose gradient centrifugation :md h~d~‘os!.“l~:~tit~ columt~ chlomat- 
ography revealed that tr-rrrts Pt( II)diamminc dichloride was slightI!- less cilicctivc th;un 
its cis isomer in forming intcrstrand DNA cross-links.? 

Our findings that low doses of both c*is and fnt/ts Pt( II )diumminc dichloride arc 
capable of cross-linking isolated HeLa cc11 DNA arc in agreement with the ilbovc 
observations. It is possible that the difRrcncc in cross-linking ability of rhc two 
isomers is either larger or smaller than cxtlmination of Fig. 5 wulci imply. lwat~~c 
treatment with qua1 conccntt~tions ol ~,i.\ or Il’crii.\ Pl( Il)di;:tlirnii~~:: ciidl~~~ri~lc :na!, 

not ncccssarily give rise to qua1 binding to DNA. It is of intcrcsl in this contest 
that it has hcen suggested the inctfccrivcncss of solutions of t~rls Ptl lI)diamminc 
dichloride made up in phosphulc hufycr to inacti\:atc b~~otcriophq~ could IX attribu- 
table to a greater tendency for it to aggregate than to react 11 ith nuclcophilic ccntres.’ 
Measurement of the cxtcnts of reaction of c*i.s mri frm1,~ I’tilIldi;immi~~c dichloride 
with isolated DNA would clarify this point and cstnblish wh~~l~cr or not the dit%crent 
toxic properties of these compounds wcrc rclatcd to their ahilit! to cross-link DNA 
it2 i’iffY3. 

That the larger diflisrencc in abilities of r+s mJ rrms Pti I I )di;~mminc dichloride 
to cross-link cellular DNA was great enough to account for their obscrvcd vari;lncc 
in toxicity towards HeLa cells indicates that cultured ll~:tt~~~l~iili:t~l cells :lrc potcn- 
tially more valuable as a tool for elucidating mcchiinisms of anti tumour drug action 
than entirely it7 z*ifro systems. I1 is possible that the dilliircnt ratios of c.i.s: ~rtn~s cross- 
linking ability in ritnt and irt rircj may hc due to the conform~ttion ;tnd I-cacti\+> 01 
DNA within the cell nucleus being altered by association with histonc and other pro- 
teins. The fact that very much higher concentrations ol‘c*i:, and IWIS I’(( II~dinmminc 
dichloride arc rcyuircd to product lhc 5;tmc amount of cross-linking i\l rircr as irl 171r’o 

is also notable. The data in Table -l showing that for rho r,is isomer ,300 times 111~ 
it1 vitro dose. and for the fruns compound IWO times the irl ritr*o &w. must hc given 
to produce the same extent of cross-linking irr ric.0. is to IX compi\r4 with lhc corrc- 
sponding results for platinum( IV) compounds.“’ and chloramhucil~: \vhich hnvc been 
found to cross-fink rclntively more ctlicicntly irr 1.i1.0 compurcd to ir7 rifrc~ than the 

platinum compounds. Thus oni> tight times the itr ri~rw ctosc of chl~~l.;~mbucil ;~ntl 
X-I 2 times the h rvitro dose of the platinum(IV) compc~untls need IX :4ministcrcd 
to whole ceils to ptoducc the S;IIW Icv~l of DNA intcrstrand crc~s+linkin~ thcrcin. 

From the DNA binding data and the itr rirc> cross-linking slurlics it ih possihlc to 

calculate the number of intcrxtions with DNA rcquircd to prodiicc mi in tcrslrand 
cross-link. In the case of (*is Pt( 1I)diamminc dichloride the results of such ;I c;~lcula- 
tion show that about I in 400 reactions results in :I DNA intcrztrnncl cross-link al‘tc~ 

a 2 hr treatment. For the IIWS isomer this figure is I in GO(N). Ho\vc~r it musl hc 

rcmembcred that cvcry pl~tti~i~~~i~( I I I molcculc is thcorcticall! GIIWI~IC 01’ forming ;i 
cross-link if given sutiicient time hcatusc tllc xiuct spccics is :~t lust as rcacli\c iIs 
the chloro species. Therefore cross-lilikill~ could ultimittcl~ IX iI mctrc fr~clucn t bunt 
than these calculations imply. perhaps cvcn appro;~ohin g lhc frcc~ucnc~ (4’ one in 

* I-I. C‘. Harder. pcrswx~l ~olilliltlllic:iti~~li. 
f M. Shimiztl and B. Roscnhcrg. pwscm~i ~c~rnrnui~i~ali~~i~, 

: J. J. Roberts. ~tnp~~hii~~~~li rcsullr. 
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eight reactions calculated for mustard gas.’ ‘.I ’ It is noteworthy that the number of 
DNA interstrand cross-links which must he introduced into HeLa cells by the two 
inorganic platinum( II) compounds considered here. to reduce the surviving fraction 
from,f’to 0.37,J’is at least of the same order. Thus 350 cross-links must be introduced 
into cvcry HcLa cell by c-is Pt(ll)diamminc dichloride and 100 by its rrans isomer. 
Thcreforc. DNA intcrstrund cross-linking. if not itself the most important cytotoxic 
event appears to run approsimatcly in parallcl to the major cytotoxic lesion. This 
could well hc another tyl>c of cross-link ---perhaps a DNA intrastrand cross-link. as 
proposd in the c;isc of bo~t~riopliug~s. or one betwen DNA and protein. 

.~l~~~rro~~l~~r/~~~~~~~~~~~~r Thix \\orh wi\s supported l3y.a grant from Rustenburg Platinum Mines Ltd. WC wish 
~1 Ihank Pcrhin Elmer Ibr ths provision of tochmcnl Ihcililies. and Mr. J. Woodward for skilled assistance 
in Ihc plalinum dctcriiiinali~,l~s. WC xrc gratcrul 10 Prol’cssor M. L. Tobc for providing the platinum com- 
pOlllldS. 
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