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Abstract - The effects of ¢is and trans Pt(11)diammine dichloride on the colony forming abi-
lity of HeLa cells have been measured. Higher doses of trans Pt(I1diummine dichloride than
the ¢fs isomer had to be administered to cells 1o produce equal effects on cell survival. Deter-
mination of the amount of drug bound to cellular macromolecules showed that more of
the trans compound was hound to DNA than ¢is when cell survival was reduced by the
sume amount, suggesting there was a real difference in the mechanisms of action of the two
isomers. The levels of reaction of ¢is and prans Pt{Il)diammine dichloride at known toxic
concentrations with DNA. RNA and protein supported the hypothesis that DNA is the pri-
mary target of the platinum(11) compounds. The ability of equal doses of cis and trans PyIl-
diammine dichloride to form DNA interstrand cross-links diftered less when isolated DNA
was used than when whole cells were wreated with these agents, The difference in cross-link-
ing ability of the two compounds in whole cells could explain the difference in toxicity
between the ¢is and rrans isomers. The importance of DNA interstrand cross-linking as a
cytoloxic event in its own right, and as a possible indicator of other cytotoxic lesions is dis-
cussed.

Cis AND trans Pt(II)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.** Cis Pt(II)diammine dichloride is a potentially useful antitumour
agent having been found to be effective against certain animal tumours including sar-
coma 180 and leukaemia L1210,° the ADJ/PC6A plasma cell tumour’ and virus-in-
duced reticulum cell sarcoma® 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 L1210'? and with isophosphamide and ICRF 159 against leuk-
aemia L1210."* By contrast the trans 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 c¢is and trans platinum(IT) compounds. Previous investigations
had indicated the possible importance of interactions with DNA leading to an inhibi-
tion in the ratc 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 effects of ¢is and rrans Pt{Iidiammine dichloride
on the survival of HeLa cells {as measured by colony-forming ability} with their abi-
lity to bind to cellular macromolecules and to form DNA interstrand cross-links. An
assessment has been made of the importance of DNA interstrand 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 greater toxic action
of ¢is Pt{ll)diammine dichloride is due to its superior ability to its trans isomer to
produce cross-links in cellular DNA. However, calculation of the proportion of plati-
num reactions producing DNA cross-links indicates it is mitially at least. a rare event
and therefore possibly of little importance in determining the toxic cffects of
platinum(Il} compounds.

MATERIALS AND METHODS

Inorganic platinum compounds
Cis and trans Pt(IDdiammine dichloride were provided by Professor M. L. Tobe.

Cells

Hela cells were maintained in stirred suspension culture in Eagle’s medium
{(MEM, Cat. No. F14, Grand Island Biological Co., New York, U.S.A.) supplemented
with 7% foetal calf serum (Flow Laboratories Ltd., Irvine, Scotland) and containing
2 x 10° 1U/L. benzyl-penicillin and 0-2 g/1. streptomycin sulphate B.P. {Glaxo Labor-
atories, Greenford, Middlesex. England). Under these conditions Hela cells grew
exponentially up to a concentration of at least 10° cells/ml with a doubling time of
approximately 24 hr, Monolayer cultures of the cells on glass or plastic were main-
tained in Eagle’s medium (MEM. Cat. No. F11, Grand Island Biological Co.. New
York, U.S.A) supplemented with 137, foctal calf serum with the same concentrations
of antibiotics as used in F14 medium.

Determination of cell survival following treatment with platinum drugs

Cells were treated in suspension at an approximate concentration of 25 x 10°
cells/ml with platinum compound dissolved either in dimethyl sulphoxide (the final
concentration of solvent being not greater than 1 per cent and the solution being
made up and added to the cells immediately) or in sterile O-t M, pH 7-2 phosphate
buffer (the final concentration of buffer being not greater than 5 per cent of the cul-
ture medium). After the desired treatment time {usually 2 hr) the cells were collected
by centrifugation and rcsuspended in an equal volume ol 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 | ml of the final cell suspension was plated into a 50 mm
Petri dish (Nunclon, Sterilin Ltd.} containing 3 ml Fi1 medium. Plates were main-
tained in an atmosphere of 5%, CO,: 959, awir at 37 for 6 days. The medium was
then replaced with 6 ml of fresh Fil 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 colonics were fixed with methanol and stained with a dilute
aqueous solution of methylene blue before counting.
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Binding of platinum compounds to cell constituents

Mass stirred suspension cultures were grown for this purpose and in a typical ex-
periment aliquots containing 5 x 107 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 of nucleic 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/107 cells). An equal volume of a solution of
phenol (phenol:water:8-hydroxyquinoline = 500 g:55 mi: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 rev/min centrifugation in (i)
was suspended by vigorous shaking with a solution of 6% (w/v) p-aminosalicylate
(sodium salt) (1 ml/107 cells). An equal volume of phenol was added and the solution
shaken again. It was then centrifuged at 3000 rev/min 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/1-5%,
(w/v) sodium chloride buffer. Solution was effected by incubation at 4" for 8 hr, This
solution was warmed to 377 and treated with ribonuclease (20 gl 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.

(iil) Cytoplusmic protein. The phenol layer obtained from the 3000 rev/min centri-
fugation in (i) was washed with 0-5 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) Nuclear protein. This was extracted from the phenol layer obtained from the
20 min. 3000 rev/min centrifugation in (ii) exactly as described in (iii).

DNA whose ultimate fate was analysis by caesium chloride density centrifugation
was obtained by the following procedure which was also based on the phenol method
of Kirby and Cook.'* 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) sec-butanol (1 ml/107 cells) by vigorous shaking.



1348 J. M. Pascok and J. ). RoBERTS

An equal volume ol phenol solution (as described in (i) above) was added and the
mixture shaken again. After centrifugation at 3000 rev/min 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-ethoxyethanol, and the precipitate
was washed twice with 759, ethanol. It was then dissolved in the appropriate buffer.

Assay of platinum bound to cellular macromolecules

Pure, dried cellular constituents, prepared as described, were dissolved to give
solutions of 1 mg/ml. DNA and RNA were dissolved in 1 N HCI. and samples werc
heated for 1 hr at 100- to cflect solution. The purity of nucleic acid solutions was
checked by comparing their concentrations calculated from optical density readings
at 260 nm (assuming an extinction coeflicient of 20.000 at this wavelength) with those
calculated on a weight basis. Proteins were dissolved in 5 N HCI by heating to 16(f
for 1 hr, and their concentrations were calculated on a weight basis only. 10, 20 or
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.

Determination of DN A cross-linking

(i) In vitro.. Cells were grown in the presence of a mixture of [*H]thymidine 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 mg/ml. 2 ml
of this solution were used per treatment. Platinum compounds were either dissolved
in 01 M pH 7-2 phosphate buffer or in dimethyl sulphoxide, the concentration of
which did not exceed 5 per cent. and werc added immediately. After the requircd
time, treatment was stopped by precipitating the DNA with 2 vol of 2-ethoxyethanol.
The precipitate was washed once with 75%, ethanol and then dissolved in 0-6 ml
0-1 M, pH 12-5 phosphate buffer. and 0-5 ml of this solution was subjected to alkaline
caesium chloride density gradient centrifugation as previously described.'®

(i) In vivo. Cellular DNA was labelled by growing HeLa cells in the presence of
[*H]thymidine and 5'-bromodeoxyuridine as previously described.!*'* Trcatment
(usually of 107 cells) was carried out at a concentration of 6 x 10° cells/ml. Reagents
were made up in dimethyl sulphoxide and added to the cells immediately. The sol-
vent concentration did not exceed 3 per cent. Trcatment was stopped by harvesting
the cells by centrifugation and washing them in ice-cold saline. Cell pellets were
stored at —20° prior to isolation of DNA by the method described. The DNA was
dissolved in 0-6 ml, -1 M, pH 12-5 phosphate buffer and 0-5 ml of this solution was
subjected to alkaline cacsium chloride density gradicnt as previously described.'®

Assuyv of radioactivity

Ten ml Triton-X scintillation fluid (70 g PPO, 3-5 ¢ POPOP. 4 I. Triton-X and 6 L
toluene) was added to each sample and radioactivity assayed using a Packard liquid
scintillation spectrometer. model 3375.
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RESULTS

Effects on cell survival. The effects of a 2 hr treatment with either cis or trans Py(II)
diammine dichloride on HeLa cell survival are shown in Fig. 1. Characterization
of the curves according to the notation of Alper et al.!” gave the results in Table
1. Dy is the “quasi-threshold™ or intercept dose and D, the dose increment required
10 bring about an average of 1 lethal event per cell once the exponential portion of
the curve has been reached.
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Fi1G. 1. Survival curves for treatment of HeLa cells in suspension culture with either cis Pi(II)diammine
dichloride (A). or trans Pt{II)diammine dichloride (), for 2 hr at 37 .

TaBLE 1.
DQ (M) Dy (kM)
Compound {shoulder width) (slope of curve)
cis P{IN(NH}).Cl, | 3
trans PYI)(NH;).Cl, 50 55

Calculation of the ratios of the D, values for cis and trans Pt(II)diammine dichlor-
ide show that. on a dosc basis, the cis isomer is 18-5 times more toxic than the trans
compound towards HeLa cells,

These results are consistent with the biological properties of ¢is and trans Pl
diammine dichloride which have been observed in the wide variety of other svstems
investigated,! -’

Binding to cellulur macromolecules. Determination of the amount of cis and trans
Pt(IT)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 uM
where cell killing was observed with the cis isomer only (trans Pt(Il)diammine dich-
loride having no effect on cell survival), approximately twice as much of the trans
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FiG. 2. Extents of binding of (a) ¢is Pi{Ihdiammine dichloride and (b) trany Py(11)diammine dichloride
to RNA (0). DNA (@\. cvtoplasmic protein (A) and nuclear protein (I) following treatment of HeLa cells
in suspension culture for 2 hr at 37 .
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FiG. 3. Extents of binding of c¢is PylIl)diammine dichloride (0. A) and trans Pyllidiammine dichloride
(®@. A) to RNA (0. @) and DNA (A. A) following treatment of Hela cells in suspension culture for
2hrat 37.
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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 uM, and trans 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(IT)diammine dichloride there was more binding to RNA than to either DNA or
protein over the entire dose range studied.
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FiG. 4. Relationship between the survival of HeLa cells and the extents of the binding of c¢is Pt(II)diam-

mine dichloride (A) and rrans PyIl)diammine dichloride (A) to their DNA. The levels of DNA platination

resulting from treatment with particular concentrations of ¢is or rrans Pt{II)diammine 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. 1.

These results show that the lack of effect of trans 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 celis, but most probably enters by pas-
sive diffusion.

Relationship between macromolecular binding and cell survival. Differences in con-
centration of ¢is and trans Pt(II)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!®) merely reflect differences in the relative
gase 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 trans 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 lines proposed by Alper et al..'” except that B (signifying
binding) was substituted for D (signifying dose). The binding cocflicients so obtained
are presented in Table 2. By is the shoulder width of the curve and B, the slope.
Curves similar to those in Fig. 4 were constructed to relate the extents of reaction
with RNA and protein to cell survival. The By, and B, values for RNA and protein
are likewise given in Table 2.

Taniy 2

Binding to macromolecules
B, tpmoles g) B, (umoles gi
(shoulder width} tstope of curse)
DNA RNA Protein DNA RNA Protein

cis PUIT)(NH;),Cl, 0045 0-200 0002 (+)225 0-030 0-00675

trans PHID(NH;),Cl 0170 0300 135 (650

In Table 3 the approximate molecular weights of DNA, RNA and protein are
noted together with the binding coeflicients measured for ¢is and trans PyIldiam-
mine dichloride. By taking the molecular weights of these macromolecules into
account it is possible to calculate the number of platinum molecules bo.ind o cach
when the surviving fraction is reduced from f to (-37 f. i.c. when there has iseen au
average of one lethal event per cell. There are many more platinum molecules boui
per DNA molecule than per RNA or protein molecule because the molecular weight
of DNA is much greater than that of RNA or protein. These results agree »with the
idea that DNA is probably thc most important targe! for the platinum dri.gs.

The DNA By, values for cis and trans P(II)diammine dichloride car: similarly be
used to enable calculation of the number of platinum moiccules bouna to cach DNA
molecule belore cell survival is affected. Thus it is found that approximately 43 ¢is
Pt(II)diamminc dichloride molecules and 170 rrans Pt(IDdiammine dichloride mole-
cules are bound to each DNA molecule of 10° mol. wt before a measurable reduction
in cell survival is observed.

The difference in the DNA B, and By, values lor ¢is and trans Pt(1I)diammine dich-
loride suggests that therc is very probably a real difference in the reactions of these
two compounds with DNA and justifies more detailed studics on the nature of the
platinum -DNA interaction.

TanrLi: 3.
cis PUTINNH ;). C1, trans PUIDINH 0.C1.
No. Pt mol. bound Na. Pt mo) bound
when surviving when surviving
Appron. Bq fraction reduced B., friction reduced
Molecule maol. wt {pmoles‘g) from fto0-37f (moles g) Homy o Ty
DNA 1w 0-0225 22 P11 DNA mol. -] 25 125 Pt DNA mol.
mRNA 4 x 10" 1 Pt 8§ mRNA mol. 23 PLmRNA mol.
rRNA 051 % 10" 0030 1 Pt 30 rRNA mol. 0630 I P12 rRNA mol.
(RNA 25 x 10? 1 Pt 1500 tRNA mol. 1 P70 IRNA mol.

Protein 1~ 107 000675 1 PU 1500 protein mol.
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DN A cross-linking. 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 intra-strand cross-links in DNA 192"
The observation that the Walker carcinoma with acquired resistance to melphalan
was also resistant to cis Pt(I1)/diammine dichloride*! suggested that DNA cross-link-
ing could also contribute significantly to the cytotoxic propertics of the inorganic
platinum compounds. We¢ have previously demonstrated that cis Pt{H)diammine
dichloride is able to form interstrand cross-links in the DNA of cultured HeLa cells'?
and now wish to sec whether the different cytotoxic properties of ¢is and trans Pt(11}
diamminc dichloride are attributable to a variation in their abilities to cross-link
DNA.
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Fii. 5. Proportion of isolated HeLa cell DNA cross-linked by cis P{11)diammine dichloride (A) and trans
Pt{Idiammine dichloride (O} following treatment in neutral phosphate buffer for 2hrat 37,

In the first instance therefore we examined the abilities of c¢is and trans PyIl)diam-
mine dichloride to form interstrand cross-links in isolated DNA. It can be seen from
Fig. 5 that low doses of ¢is and trans Pt(II)diammine dichloride are capable of cross-
linking isolated DNA over the dose range studied (2- 10 zM). and that the cis isomer
is between 15 and 2 times as effective as the trans compound under the conditions
employed. This difference is not great enough to account for the 5-3-fold difference
in DNA B, values and 4-5-fold difference in DNA B, values obsetved for cis and
trans P(IT)diammine dichloride (sec Fig. 4). Tt would thus appear that the ability to
cross-link isolated DNA is not directly related to the cytotoxic properties of the pla-
tinum{ 11} compounds.

Secondly we extended our previous studies concerning the ability of ¢is Pt{I1)diam-
mine dichloride to cross-link cellular DNA!? to include the trans isomer. In Fig. 6
the amount of cross-linked DNA is plotted against the concentration of cis or trans
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 10-fold



1354 J. M. Pascor and 1. J. ROBERTS

80
60}
cis
0
@
x
£
2
g 40—
<
z
o
b
20+
/A
A trans
1 1 1 | J

500 1000 1500 2000 2500 3000
Concn. of agent, uM

Fi. 6. Proportion of DNA cross-linked by c¢is Pyll)diammine dichloride (A) and trans Pylhdiammine
dichloride (A) following treatment of HeLu 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 casc of isolated DNA.
Thus it can be seen from Table 4 that whereas 10 per cent cross-linking was observed
on treatment of isolated DNA with either 0-5 uM c¢is Pt(ll)diammine dichloride or
1-0 uM trans Pt(Il)diammine dichloride, HeLa cells had to be treated with 300 and
1900 times these doses respectively to produce the same amount of cross-linking in
cellular DNA.

DISCUSSION

Mucromolecular targets of the platinum compounds. 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 AV cells® and phytohae-
magglutinin stimulated human lymphocytes®* it has been shown that whilst RNA
and protein synthesis were barely affected by treatment with low doses of antitumour

TaBLl 4.
Concen required to Conen required to
produce 10°, DNA produce 10°, DNA
cross-linking cross-linking
Compound in vitro (uM) in rivo (pM)
cis P{ITNH;),Cl, 05 150

trans PYII){NH;),Cl, 1-0 1900
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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-
dence supporting the view that they owe their cytotoxic properties to their ability
to react directly with DNAZ?#) in this respect.?> 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 in vitro®®
and that millimolar concentrations of Pt{(En)Br, were required to inhibit leucine
aminopeptidase in ritro®”’ 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.

Qur 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 malfunction. Furthermore the levels of
reaction of ¢is and trans Pt{II)diammine dichloride with protein would be too low
to produce ennzyme inhibition unless considerable specificity of attack occurred.

Cell survival and DN A binding. The existence of shoulders on the plots of log. cell
survival against DNA binding for cis and trans Pt(Il)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 could imply the exist-
ence 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
lesions*" in mammalian cells, and studies on Escherichia coli indicated that mutation
in specific genes, which are known to be involved in DNA repair processes, greatly
modified the response to these agents.®! 1t 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 present investigation to cover this field, the alteration of the outcome of plati-
num-inflicted damage by 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 penetration 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 trans 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 ¢is and trans Py(IT)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.

DN A cross-linking. Band sedimentation through alkaline sodium chloride showed
that both ¢is and trans Py(Il)diammine dichloride were able to cross-link isolated
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bacteriophage T7 DNA.' In agreement with these results renaturation studies have
established that both isomers are able to cross-ink isolated mammaliun coll DNA*
Usce of alkaline sucrose gradient centrifugation and hydroxyapatite column chromat-
ography revealed that trans P{(Ihdiammine dichloride was slightly less cffective than
its ciy isomer in forming interstrand DNA cross-links.+

Our findings that low doscs of both ¢is and trans PiIhdiammince dichloride are
capable of cross-linking isolated HeLa cell DNA are in agreement with the above
observations. It is possible that the difference in cross-linking ability of the iwo
isomers is either larger or smaller than examination of Fig. 3 would imply, because
treatment with equal concentritions of ¢is or trans Pudhdivmming dichioride may
not necessarily give rise to equal binding to DNA. 1t is of interest in this context
that it has been suggested the incflectivencss of solutions of frans Pihidiammine
dichloride made up in phosphate buffer to inactivate bacteriophage could be attribu-
table to a greater tendency for it to aggregate than to react with nucleophilic centres.!
Measurement of the extents of reaction of cis and rrans Ptilhdiammine dichloride
with isolated DNA would clarify this point and cstablish whether or not the diffierent
toxic propertics of these compounds were related to their ability to cross-link DNA
in vitro.

That the larger difference in abilitics of cis and rrans Pilhidiammine dichloride
to cross-link cellular DNA was great enough to account for their observed variance
in toxicity towards HeLa cells indicates that cultured mammalian cells are poten-
tially more valuable as a tool for clucidating mechanisms of antitumour drug action
than entirely in vitro systems. It is possible that the different ratios of ¢is:trans cross-
linking ability in vitro and in rivo may be duce to the conformation and reactivity of
DNA within the cell nucleus being altered by association with histone und other pro-
teins. The fact that very much higher concentrations of ¢is and trans Pulhdiammine
dichloride are required to produce the same amount of cross-linking in rivoas in ritro
is also notable. The data in Table 4 showing that for the cis isomer 300 times the
in vitro dose. and for the trans compound 1900 times the i ritro dose, must be given
to produce the same extent of cross-linking in viva. is to be compared with the corre-
sponding results for platinum{1V) compounds.** and chlorambucili which have been
found to cross-link relatively more efficiently in rivo compared to in ritro than the
platinum{I) compounds. Thus only cight times the in ritro dose of chlorumbucil and
812 times the in ritro dosc of the platinum(IV) compounds need be administered
to whole cells to produce the same fevel of DNA interstrand cross-linking therein,

From the DNA binding data and the in riro cross-linking studies it is possible to
calculate the number of interactions with DNA required to produce an interstrand
cross-link. In the case of ¢is Pi{IDdiammine dichloride the results of such a calcula-
tion show that about 1 in 400 reactions results in a DNA intersteand cross-link after
a 2 hr treatment. For the rrans isomer this figure is 1 in 4000, However it must be
remembcred that every platinum(ll) molecule is theoretically capable of forming a
cross-link if given sufficient time because the aquo species is at least as reactive as
the chloro species. Therefore cross-linking could ultimately be a more {requent event
than these calculations imply. perhaps even approaching the frequencs of one in

* H. C. Harder. personal communication.

+ M. Shimizu and B. Roscnberg. personal communication,
1 1 1. Roberts, unpublished results,
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eight reactions calculated for mustard gas.'**'® It is noteworthy that the number of
DNA interstrand cross-links which must be introduced into HeLa cells by the two
inorganic platinum(Il) compounds considcred here, to reduce the surviving fraction
from f'to 0-37 fis at least of the same order. Thus 350 cross-links must be introduced
into every HeLa cell by ¢is Pt(Ihdiammine dichloride and 200 by its trans isomer.
Therefore. DNA interstrand cross-linking. if not itself the most important cytotoxic
event appears to run approximately in parallel to the major cytotoxic lesion. This
could well be another type ol cross-link --perhaps a DNA intrastrand cross-link, as
proposed in the case of bacteriophages.! or one between DNA and protein.
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