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Abstract

The developnient and current status of the relationships between the structure of platinum
based anti-cancer drugs and their botogical activities are reviewed. The early structure activity
relationships contributed to the development of many other active compounds and 1o the
development of the understanding of the mechanism ot activity of this class of drugs. However,
tiey may alse have contributed 1o the focusing on a group of compounds that has yet to
produce a major advance over cisplatin or carboplatin, The recent development of new highly
active platinum based drugs that do not it the structure--activity rudes indicates the need for
a reappraisid of these rules. Some new structure activity relationships are emerging bu we
conclude that in general it is unlikely that widely applicable rules will be sustained or be useful.

W also review the resulis of our recent work aimed at rutionally probing the relationships
between structure and activity. We describe studies amed 4t determining why cispiatin does
not bind o GpA sequences of duples DNA and determining whether the GG interstrand
adduct contributes to anti-cancer activity. Chiral probes of PUDNA interactions. cvtotoxiciiy
and other toxicitios are aiso deseribed. Stercosciective mieractions between 1Pt complexes and
I3NA are deseribed and the factors contributing 1o the stereoselectivity are discusyed. ¢ 1997
Elsevier Science 8.A

Kervords: Anti-cancer complexes:  Cisplating Drog desisn; Stracture- activity:
Structure toxiony

1. Introduction

The anti-cancer drug cisplatin {1, ¢is-|PUNH;LCLDY is one of the three most
extensively used anti-cancer drugs in the world {1} and its use is continuing to
ncredse with expenditure now appreaching US$500 million per vear [2]. It is an
extraordinarily cffective drug against some cancers, cilecting cures in 70-90% of
cases of testicular cancer. even when the disease has spread beyond the testes. It is
also highly effective against ovarian cancers and contributes to the treatment of
head and oeck cancer. bladder cancer and lvmphomas among others |1]. Regent
studies have shown that in combination with new drugs, cisplatin may be effective
against particularly refractive discuses including melanoma and breast cancer [1].

C\ / ;
Pt\
CI/ NH;3
{1
Rosenberg’s discovery of the anti-cancer action of cisplatin in the 1960s {3 5]
precipitated a widespread search for related complexes with similar or better activily,
This scarch has continued largely unabated since then, motivated in part by the desire

to find compounds that circumvent either or both of the natural resistance of many
tumeurs to cisplatin and the acquired resistance of other tumours that arises following
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initiaily successful treatment. An additonal motivation has been the desirability of
finding compounds that do not have the many toxie side effects that cisplatin exhibits.
Improved treatment regimes including extensive hydration have overcome the nephiro-
toxicity {renal damage} and the use of serotonin (3-hyroxytryptamine) receptor antag-
onists such as ondansetron has substantially reduced the debilitating nausea and
vomiting {6 9] that led some patients 1o refuse further treaiment. However. other
stde effects such us neurotoxicity remain serious probiems.

Somewhat disappointingly. the thousands of compounds estimated o have been
prepared and tested have led to few new drugs or fundamental advances. More than
2 compounds have entered clinical irals [1] but at present only onc other drug.
carboplatin {2, ¢is-]PUNH LOBCIDA]  CBCDA = |l -cyclobutanedicarboxvhic
acid ) s in widespread use. Carboplatin hus fewer and less severe side effects than
does cisplatin but both drugs probably produce the same active agent and DNA
adduct profile and are cross resistant. [n addition, the recent results that reveal that
carboplatin may be marginaliy less effeetive against testicular cancer  in regards to
long term cures  have the potential 1o lead to a decrease in ity use agalnst this
discase. Approximaltely 10 compounds are currently at various stages of clinical
testing and of these the orally active complex. IM216 (3), is particularly promising
because of the new treatment regimes that it potentiaily allows [ 1] IM206 has low
rephrotoxicity [10]. low neurotoxicity [11] and is not cross resistant with cisplatin
or carboplatin [12] but variability in dosage associated with oral adnministrution
may lmit its use [13]). Complexes of the cvclohexanc-1.2-diamine higand have also
shuwn particular promise in pre-cliical trials but wiraplatin was rapidiy withdrawn
from a phase 1 trmal beesuse 1t caused severe neuvrotoxicity |14, Another
cyclobexane-1.2-diamine contaming complex. oxaliplatin (4). has undergone phuse
[ triads | 13] and is reported o show some promise against colon cancer. but it tow
causes neurotoxicity at a severity level that might eventually limit is use [16].
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Thus. cisplatin remains the major front-line Pt containing drug with carboplatin
used primarily where there i3 a need to mimimise the toxic side effects. This might
be viewed as a somewhat disapponting resuit given that more than 3000 compounds
have been tested [1], but is not tofally unexpected because in general 4 new drug
only arises from every 10000 compounds. It is widely hoped that rational drug
design based on structural models of drug target interactions will reduce o 1000
the number of compounds that need to be tested to yield a new drug. However.,
bafore rational drug design can be pursued, 1 detailed knowiedge of the mechanism
of action of the drug is required. Equaliy. if one 1s to “design out™ toxic side ctfects.
i iy important 1o kinow what drugtarget interactions are responsible for the toxicnty.
In the case of PPt drugs it 1s generally accepted that the binding of the metal to DNA
ix responsible for the anti-cancer activity [17] but which of the PtDNA adducts
contribute to this activity has vet to be unequivocally established and little is known
about the Pi/biomolecule intersctions that are responsible for neurctoxicity for
example. The approach we have taken in recent years is 10 use the principles of
rational drug design to sclect compounds that can act ag probes of the mechanisms
of action and toxicity in order to contribute to the understanding of how activity
might be increased and toxicity decreased. The primary purpose of this review is 1o
summarise this work, however. as a prelude to this we consider it appropnate to
give a brief overview of the vast body of information that has been collected over
the last 25 vears on the activity of Pt complexes and which potentially constitutes
an ad hoc study of the relationship between structure and activity.

2. Structure—activity relationships

The great majority of the complexes tested have been structural analogues of
cisplatin, having o ¢y geomelry. twoe ammine or amine donor groups and two
antonice leaving groups, Recentiy. there has been a levelling off or perhaps even a
decrcase in the appearance of new compounds of this type. possibly because it is
beginning to appesr that substantial advances are uvnlikely Lo made with these
analogues, Also. 1t has become clear thut these “me too” analogues will face difficulty
in achieving widespread hicensing or use unless they offer a very substantial clinical
advantage. At the same time there has been an emergence of new structural types,
often with promising activity and a promising lack of cross resistance with asplatin.
fn thiy section we review the structure activity relationships that were developed
{rom the carly studies. then go on 1o cover the types of exception to this relationship
that have emerged in the intervening vears and discuss the possibility of new
structure activity relationships being developed.

2.8 Development of the fivrst structure activiey velationsiips
The first relationship between structure and activity emerged from the intial

studies by Rosenberg and colleagues who found that the ¢ 1somers of both
[PtINH),CL) and [PHONH;LCL) (5) interfered with the cell division in £ eofi but
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the equivalent treus isomers (6,7} were ineffective [18]. Soon after. Cleare and
Hoeschele reported on the activity of a large number of Pi{Il) complexes and a
smaller number of Pd(11} complexes {19.20]. They confirmed that comptexes with
the trans geometry were inactive and added other crtenia, stating (1} that a pair of
ois leaving groups wus necessury but not sufficient; (it} that the complex should be
uncharged; (1ii } that the leaving groups should be moderately strongly bound because
those with highly {abile leaving groups are toxic and those with tightly bound groups
were Jess active, though significantly the point was made that complexes with
dicarboxylate ligands such as malonate were active; and {1v) that higher activity is
found for those complexes where the amine groups have fewer alkyl substituents,
Pd complexes were also tested and found to be mactive as were those with non-
amine ligands such as pyridine or bipyridine. though the caveat was wisely added
that other results might be seen with different tumour types.

o) Cl
cz\| Py Cl\ /NH3 C!\ll/mm
o Tt\m-l Pt HaN ~
LN g
Cl HaN (o “l
{5) (8 )

Tobe and colleagues studied a sertes of P} and PL(IV) complexes with s
chloro and civ substituted amine ligands |21,22]. Large changes in activity and
toxicity were observed when only small changes in structure were made. For example,
in complexcs of the type (8), vn going from R =pentyl to R = hexyl the toxicity
decreased by a factor of more than 6 and the activity decreased by a factor of more
thun 5. The role of selubilty and lipophikcity was considered and it emerged tor
this scries of complexes. that cquul solubibty 1 water and hpids corrclated with
minimum toxicity and maxinmum therapeutic index but maximum activity was
observed with maximum solubility. A number of other factors were considered and
apart {from the confirmation of the inactivity of the mrens geometry in
bis(amineidichloroplatinum( 11 } complexes. the authors concluded that "no system-
atic pattern of structuare activity relationstups” was observed [21].

(@

Since then there has been little in the way of refinement or expansion of this set
of structure activity relationships. Studies on P1{IV) complexes reveal that these
are likely to be rapidly reduced in vivo [23 26] and are therefore a prodrug form
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of the active Pt{11} complexes. Additionally. 1t has been suggested that if 15 essential
for cach of the amine Ligands te carry at lecast one hvdrogen atom tor significant
activity to be observed, a refinement of {iv) ubove |27].

The original structure activity relationships remained valid untit relatively recently
because nearly all bis{amine)bis{anionoyplatinum (11°TV ) complexes. that have been
reported to be active. conform to the “rules™. Also. all of the compounds that have
entered chinical trials have conformed 1o the rules. These carly structure activity
relationships have served a purposc in that they probably facilitated the development
of muny active compounds and have helped in the development of an understanding
of the mechunisim of action of cisplatin and its analogues, but they may have also
tmited the focus to a set of analogues that have vet 1o vield a substantial improve-
ment in clinical efficacy. Indeed it now seems hikely that a quantum leap in the use
of Pt based anti-cancer agents s more hikely to emerge from compounds that deviate
from these structure activity relationships. Our reason for saving this is that in
recent yeurs o number of compounds have emerged that do not adhere to the
structurefactivity rules listed above and these compounds have activily profiles
ditferent to those of cisplatin and it close analogues,

The origingl structure activity studies concluded with the suggestion that the
copirical ruies were Cessentiad for the observance of anti-tumour activity™ [19.20].
This conciusion. that was probably intended 1o apply only to the classes of complexes
constdered. has sometimes bheen fnvoked more prescriptively. Clearly. 1t would be
wrong to expect that all Pteomplexes should adhere 1o g single set of structure activ-
ity rules any more than all sulphur contoning drugs would and this has been
confirmed by recent results that we now describe,

2.2 Rude brealors

Most of the structurc/uctivity vules listed above. or corollaries of them. have now
been broken. Specificallyv: (1) that rrans compounds are mactive: (1) that charged
compounds are inactive: {ili} that compiexes with Pt atoms having only one leaving
group are inactive: (1v) that only complexes with two annne Jigands. cach carrying
at least one H wom are activer and (v that Pd complexes are mactive. Each of these
will now be discussed in turn.

22040 Active frans compounds

At leust three groups have independently reported active frany compounds Farrcli
and colleagues have deseribed three elasses of complexes having the general form
[PLCLLL (v I L =-pyridine or thiazele {e.g (9103 (i) L=quinoline. L =
substituted sulphoxide (R'R'SO) feg. (110 and (6i) L - gquinoline, L'-=NH, (¢.g.
(123 [28 30]. Examples of cach of these groups have been shown to hine high in
vitro eytotoxicity {28 30| and some have modest but significant in vive activiey [ 31
One of the most remarkable resuoits to emerge 1s that replacement of a single NH,
of rrans-DDP by 4 gquinoline. to give [PUNH, Kquinoline}Cl,| (123, leads to a
dramatic incresse in activity and mdeed a PUTV Y vaniant of this complex (13) has
in vivo activity approaching that ol cisplatin [31]. It is well known that rany-DDP
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is more reactive than cisplatin and deactivating side reactions on route to the target
are likely to at least contribute Lo its lack of anti-cancer activity. Farrell has argued
that the activation of the rrany geometry can be effected by reducing the rate of
replacement of the chlore ligands [31]. This, he suggests. can be achieved by blocking
axial access to the Pt atom, inhibiting formation of the five coordinate intermediate
that leads to ligand substitution. [ndeed, the structure of the quinoline complex {12}
reveals a close contact between the H8 and Pt atoms of 2.77 A [32]. Substitution
studies confirm the slower reaction kinetics in the vase of the analogous quinoline
complex (14). however. similar reaction kinetics are observed for the isoquinoline
complex {33] where axial access to the Pt atom is less hindered. Taken with the high
m vitro activity of trans-[Pt{py);CL;). this suggests that differences in the bonding
of aromatic ligands are at least equally important.
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Kelland et al. have shown that a series of Pt{Il} and Pt{IV} complexes of the
types  frans-[PUNH;HRNHICL,]  and  trans, trans, rans-|Pt{NH )i RNH,}
(OH 3,Cl,] are highly active in vitro, those with R =cyclohexyt being as active as
cisplatin. Of these the PH{IV ) complexes where R =cyclohexyl (JM335 {153 cyclo-
heptyl and L-adamantyl were also active in vivo [34]. In these cases, the differences
n the bonding of the cyclohexylamine ligand compared to that of the ammine higand
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are unlikely to be significant and it may be that the steric bulk of the exclohexylamine
aroup plays a role in activating this compound. Indecd. we have found that in
energy minimised models of ¢yclohexylamine complexes the shortest Pt---H contacts
arc in the range 2.8 10 2.9 A More curicus though is the reported inactivity of the
closely related rrans-[PU{ RNH,LCL] including the complex with R = eyclohexyl [21).

o /NH3
HO—P{—0H
/

O/Nrb e

(15)

Colucctn et al. have reported an active frens complex with imnoether hgands,
trans-[PUUE-HING C{OMe}Met ,CLL) (163 [33,36] that is more active than its cix
analogue. The methyt groups of the hgands ic over the coordination plane potentially
restricting aceess 10 the Pt atom and reducing its reactivity bul interestingly. in the
rrans wsomer both methyl groups lie on the same side of the coordination plane but
m the ofy somer they lic one on cach side of the coordination plane [37]. Thaus,
there 18 not an obvious correlation between the hgands interfering with aceess o
the Pt atom and the activity of the complex.

\n/OCH3

222 Charged compotnds

Early studics found that charged compounds were less zetive and it was proposed
that neutrality was essential for high activity, This proposal accorded with the
hypothesis that platinum compounds were tuken up into cells by passive transport
through the hipophilic cell wall since this pathway is less available to charged
compounds. Also. charged compounds are generally climinated from the body more
rapidly. However, a small number of active charged complexes have now bheen
reported. These wclude the posittvely charged bisplatinum complexes discussed
below but  alse  include  negatively  charged complexes. For  example
[PPhMel[PiCly(caffemne)] has been found to be active in an ir vivo study of P38&
leukaemia in mice [38]. Also. Cleare and Hoeschle noted that [Pi{NH;)CI;]  was
& possibie exception to the requirement for neutrality but suggested that substitution
of one €1 by a water molecule resulting in a ncutral complex accounts for its
anomalous activity | 20f and the same argument would apply to the cafleine complex.
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Hollis and collcagues prepared and invesugated a series of 32 cationic complexes
af the type cis-| PUNHLIAMCH) T where Am was a pyridine, a pyrimidine, a
purine. a piperidine or a saturated amine {RNH,) hgand [39]. A number of the
complexes demonstrated acnivity similar to or higher than that of cisplatin in in vivo
murine tumour models with the most active being those where Am was, pyndine. a
4-substituted pyridine. eytosine or 2-deoxyguanosine. [n discussing the unexpectedly
high activity of these apparently monolunciional and charged agents the authors
commented that the possibility of loss of one of the ammine hpands to give bifunc-
tional agents necded to be considered especially since Lippert and colleagues had
previously reported the loss of ammonid frasny to 3-methyleytosine on heating in
agueous solution [43]. Since the amntine lost on heating was that rrans 1o chloride.
generating frans-[PUNHGHAmMICH X}, at that time assumed to be inactive. it was
concluded that this mechanism probably was probably not responsible Tor the anti-
tumour activity of the [PUNH L{AMCL] T complexes [39]. Hollis et al. later showed
that  [PUNH ) 4-Br-pyridine}Cl " also underwent hydrolyss vicldig
frans-] PUNH ) (3-Br-pyridine)Cly] snd reported that this commplex was inactive
against Sarcoma 180 10 mice [41]. Consequently. they concluded that monofunc-
tional adducts formed by these complexes were responsible lor the anti-cancer
activity. However, as described above. Farrell and colleagues have since demon-
strited that closely related frany complexes such as frans-[ PHNH ) (quinoline)(l,)
are highly cytotoxic [28 30] and, thus, 11 scems plausible that loss of an wmmine
resufting in active bifunctional agents may indeed contribute to the acuvity of
these compounds. [t appears [31] that selubiity may be an important factor in deter-
mming the activity  of  sans-[PUNHI(AMICE] complexes and  thus
trans-| PN 1 (4-Br-pyndiae)Cl] might be mnactive when lested itself but still be
produced in situ from [Pt{NH;},t4-Br-pyndine}Cl}' and be responsible for the
activity of this latter complex. Gean et al. have reported acuive cationic complexes
of the type [PHAM)LCI)' {where Am—NH, or Am,=ethane-1.2-diamine
and L =anthraquinene-Y-(CH,}, NH,. Y =NH or O [42]) and these are discussed
further below,

2.2.3. Complexes with monofunctional Pt atons

The positively charged bisplatinum complexes {17, 18} described by Farrell and
collexgues [43] aise break the rule that the Pt atoms should have two leaving groups.
However, it has (o be said that all of the compounds are potentally bifunctional in
the sense that there are two platinum atoms, cach of which can bind to DNA. The
high activity of some of these charged bisplatinum complexes raises the question of
how they enter the cell. They have a structural similarity to spermidine and spermine.
bath of which are charged at physiological pH and it s at least phrusible that the
bisplatinum complexes enter the cell by the spermidine’spermine pathways,

The apparent requirement for bitunctionality in Pt complexes remains 4n open
question. Only the compounds reported by Hollis ¢t al. seem 10 break this rule and
even there. there is room for doubt.
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2.2.4. Complexeswith non-amine neutral ligands

Cleare and Hoeschle noted a clear preference for amine ligands with higher activity
being associated with lower levels of alkyl substitution and they also reported the
low activity of complexes with pyridine like ligands [19,20G]. Subsequently, the
suggestion has been made that each of the N denor atoms should have at jeast one
H atom to fazcilitate hydrogen bonding to DNA [27]. However. a number of active
complexes with pyridine or imine like ligands have been reported. These include
some of the rruns compounds described above but also include a variety of complexes
with cfs geometries. For cxample a series of pyndyl- and quinoling-umines and
-imines have been described by Brunner et al.. some of which (e.g. 19, 20) show in
vitro activity comparable with that of cisplatin |44]. Deacon and colleagues have
desenibed an even more unusual series of complexes that are active against Pt
resistant and human wwmour cell lines [45]. Some of these {e.g. 21, 22} not only
have pyridine ligands but also have amide or ammne/amide ligands with no H{amine}
atoms. [t appears from recent results that these compounds may lose the bidentate
armide;amine on binding to nucleotides and hence act as agents for delivery of the
Pi{ pyridine}? ™ moiety [46]. Broomhead and Rendina have reported active bisplati-
num complexes where the linking ligands are 4.4'-dipyrazolyl ligands {23} [47.48]
and Reedijk et al. have recently described an active monomeric complex with a 2.2°-
bitmidazole ligand {24) [49].

O Qo

“H
o \P<
o et o’
(19) (20)

We have previously put {orward the hypothesis that the H{amine} atoms are not
essential for activity but rather it 15 their replacement with alkyl groups resulting in
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steric clashes with DNA that interferes with DNA binding and thus reduces anti-
cancer activity [5G]. The high activity of these complexes s in accord with this
hypothesis

2.2.5 Active palfadivnt complexes

A number of groups have reported moderately active Pd complexes but none has
yet proven sutliciently active to warrant chinical trials. A feature common to all
of these complexes 1s that only those with bidentate amine ligands were active.
the suggestion being that compleaes with monodentate ltgands somerised rapidly
to the  inactive  wany geometry  [S1). For example.  [Pdieny NO;)-].
[Pd{srams-dachit NO;3] [51] and [Pd{rrans-dachH{SCN 3] |32 were found moder-
ately active and more recently | Pd{trans-dach){ 3-methylorotatol] (253 huas been
found to have an i vivo activity similar to that of cisplatin [ 33]. In this case (oo,
aiy analogue with monedentate hgands, [Pd{ NH ) 3-methylorotate}). was found to
be imactive confirming that the potential for somertsation Imuts the activity of many
Pd complexes. 1t has long been assumied that the mactivity ol PA(IL} complexes is
related 1o their more rapid reaction kineties. when compared to Ptell ). leading to
deactivation by reaction with biochemicals other than DNA and to a lower stability
of the PA:DNA adducts. In this context, the lower substitution cates for SCN
compared with Cl might contribute to the stabilisation and  activity of
[Pditrans-dachi(SCN),] [34]. [n the case of the active |[Pd{enH{ NG, and
{Pdirrans-dach)(NO,)L] complexes, the stability might arise from the rapid loss of
the nitrato ligands and the formation of inert hiydroxo bridged complexes |51].
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(25)

2.3 Corollarivs of the sirucrure -activiey relutionships

Less attention has been paid to the corollary of the structure -activity relationship,
viz whether a complex that meets all of the criteria proposed by Cleare und Hoeschle
can be expected to be active  probably because inactive compounds are less
frequently reported on. That exceptions to the corollary of structure activity rules
have the potential to be informative 1s a paradigm of drug development, but almost
no attention has been paid 1o Pt complexes that have all the structural features
associated with high activity but arc uncxpectedly active and this is a point we
come back to fater in the review.

Braddock ¢r . found a number of bisanunedichloroplatinum (I} complexes that
were hundreds ol times fess active than cisplatin and other closely related complexes
[21]). For example. the compound of type (8) with R =octyl is nearly 20 times less
active than the compound with R = hexyl and when R =2-adamantanc the activity
drops a further factor of 4. Some of the complexes with branched aliphatic chains
were also found (o have low activity, It i possible that variations m lipophilicity
contribute to this variation in activity but it was noted that there was no obvious
correlation with solubility [21].

Cleare and Hoeschle noted that as substitution on the N{amine) atoms increased.
activity fended to decrease [2(1. Since then there has been frequent speculation as
to whether this loss of activity was due 1o the additional substituents resulting in a
lower solubility. mterfering with DNA binding or some other factors. A detailed
comparison of the behaviour of highly active and highly inactive complexes has the
potential to clarify those factors that are most important in determining the anti-
tumour activity of Pt{I[) complexcs.

2.4, New structure -activity relationships

A systematic analysis of the activities of the thousands of Pt complexes tested
might produce new structure activily relationships and new insights into the mecha-
nisms of action of Pt drugs. However, there are a number of complicating factors.
Most of the carly tests were carried out on mice implanted with animal tumours,
More recently. in vitro tests {on cultured cells) have come to dominate. Initially
mouse leukacmia cell hines such as L1214 and P388 were used but these have
increasingly been replaced by a variety of human tumour cell lines. This approach
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15 exemplificd by the US NCI change from animal based testing to testing against
a panel of 60 human tumour cell lines. The use of in vitro testing has allowed a lar
greater number of compounds to be fested and more tumour types Lo be investigated
allowing appropriate targets to identified. However, muny cell types are in use and
the activity of a given compound can vary dramatically against different cell lines
making the development of simple structuresactivity relationships more difficult.
However, some groups have undertaken systematic studies of a sertes of compounds
and some interesting results have emerged. We now discuss a sclection of these
results in order to highlight what we see as emerging points.

240 Variations in the amine ligand

Groups in the Iastitut fiir Pharmasie and the [nstitit fitr Anorganische Chemie
at the Universitiit Regensberg have studied an extraordinarily large series of com-
plexes in which the diamine hgand is denved from ethane-1.2-diamine. This s a
particularty valvable set of results becuuse most compounds have been tested in the
same systems: in vitro cultures of the breast cancer cell line MDA-MB 231 and
mmplants of the P388 leukaemia in mice.

For example. 30 compounds of types 26 and 27 were tested. The most active
compounds i the ir vive model were those with no substituents on the phenyl ring.
However, complexes with halo substituents were also found to be highly active with
orthe substitution beng more eflicacious than either ety or para substitution.
Higher activitics were obiuained by combining fluoro and chioro substituents.
[ncrcasing the length of the linker between the ethylene bridge and the phenyl group

activity but addition to N, incremsed activity. These variations indicate very subtle
dependency of detivity on structure and 1t is clear that for a greater understanding
to be developed. further imformation is required on celiular uptake. DNA binding
and IDNA repar as function of the structure of these complexes,

g $N NH R A
N NS
/ N P
“ <l CI/ \\c:
{28; (27}

242 Chiral compounds

Differenuial activity or toxicity arising trom the enantiomers of chiral compounds
can be particularly informative with respect 1o the mechanisms involved because the
differences are indicative of enantioselective interactions with chiral transport agents.
deuactivating agents or 1argets. A number of chiral Pt complexes have been reselved
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and tested sepurately. The earliest of these were the cyclohexane-[.2-diantine (28}
complexes reporied by Kidani and colleagues [ 55.56]. Modest differences n activity
were observed though it is now accepted that these were probubly not significant.
Significunt differences in terms of mutagenicity ol the same compounds have been
reported. Since then other groups have reported very substantial differences in the
mutagenicities of the R R, 5.5 and R § ssomers of {Pt{2.3-diaminobutane)(7l,] and
[Pt 1.2-diaminopropane)CT,] {37] us outhined below.

NH; Ci

Pi
RN
Nty ci
{28)

The Regensberg groups have also reported enantioselective difierences i activity
for complexes of a4 number of variants of the substituted ethane-1.2-diamine ligands
relerred 1o above. For imstance, the racentic stercolsomers (RR and 5.85) of
[Pt bist A-hydroxypheny] fethane-1.2-diamineyCL] and  [Ptdbistd-hydroxyphenyl)
cthane-1.2-diamine)Cl,] were more active than the seso isomer (R.5) and of these
the 8.8 enantiomers were the more active in terms of both i vitro activity tgainst
the breast cancer cell hne MDA-MBEB 231 and in vive activity against a nuinber of
leukaenuas implunted 1 mice | 58], The ligands in these compounds are thought o
mimic ocstrogen receptor binding compounds such as hexestrel and the differences
in activity may well reflect enantioselective mteractions between the complexes and
the oestrogen receptor |[39]. Confirmation of a correlation of this type would give
insight into the factors that can influence activity and aid i the development of
more active compounds,

243 Compoprds with hioactive carrier groups

The attachment of blogctive carrier groups represchts i rational approuach (o
developing Pt complexes with higher activity and-or lower toxicity. This approach
has been triaded by a number of groups but to date it has not yvielded sipniticant
clinical advances, For example. a number of groups have attached DNA intercalutors
with the expectation that this will mercase the localisation of the drug in the vicinity
ol its vlumate torget. Pasing attached doxorubic vig s amioe group o gnve (29)
160,611 and Denny and colleagues attached ambinoacridine and aendinecarbexamide
ta ethane-L2-dianune groups to give (300 and (31) [62.63]. A reselt common (o
these studies was improved activity against cisplatin resistant cells lines compared
to that of the parent compound but no improvement relative to the ligand alone.
Chibson and collvagues have tinvestigated o series of complexes with anthraquinone
intercalutors (32, 33) attached and have also reported promising activities [42].
Recently @ common structure activity relationship has emerged from studies on
substituted anthraguinones and acridines by the Gibson and Denny groups. respece-
tively. Both have compared the activity arnsing when the group that tethers the
intercalator 1o the Pt moiety 1s attached to the 1 or 4 position (31, 323 with that
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arising when it is attached to the 2 position {30, 33) and found that the former leads
to high activity and the latter to low activity with differences of up to an order of
magnitude [63.64]. This too is a relationship that deserves further attention.

o OH

Cl
NHy—Pt——CI
o]
NH,
OH
Me
{29)
0
= rlst—mzc Ha)s—NH "NH,
= H Pt
N
Ci Cl
(30)
S
P
N
0 N-——{CHy}3— NH NH;

} N/
CI/ \Cl

31)

A number of groups have used cuarrier groups that bind to other targets such as
cestrogen analoguces that bind to oestrogen receptors [59.65.66]. The logic behind
this approach 1s to target cells with high numbers of hormone receptors. a feature
of some breast and prostate cancers for example. Others have attached amine acids,
sugars and antitrypanosomatid drugs [67.68]. The results obtained are encournging
but insufficient to develop structure activity relationships. However, there is the
potential for variation in the structure of the carrier group to be correluted with
activity ol the complex as s shown by the work of the Regensberg groups. In
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addition to the possibility of new drugs arising in this way. valuable imsights into
factors determining aciivity can be expected.

2.4.4. The refurionship henween lpophilicit v and activity

Lipophilicity, commonly measured as solubility in or partitioning inte non-polar
sobvents such as octanol. can be an important determinant of activity because passive
uptake across the hpid bilaver makwig up the cell membranc. 1s factlitated by higher
lipophilicity. Braddock ¢t ab. [21] reported a correlation between hipophilicity and
toxicity with mimmal toxicity being associated with moderate water and octanol
solubility but activity wus associated with maximal water solubility. Lipophilicity
has also played a major role in the development of the new orally active PuIV)
complexes where high lipephilicity was considered to be important for optimising
uptake through the intestine. PU(IV) complexes were chosen because they offered
additional sites for altering lipophilicity and the effect of varying the axial carboxylate
groups and the equatorial amine group has been investigated. More than SO0
compounds were studied in the lead vp 1o the development of these compounds
[69]. Kellund ¢t al. reported o steady mercase in eytotoxicity with increasing length
of the aliphatic chain attached to the axial carboxylate groups. up o ¢, and a
fevelling off after this up to Cy, [73). Similarly, activity increased with the size of
the alicyetic ring attached 1o the equutorial amine up to eyelohexane but decreased
for larger rings. Increased intracellular accumulation was shown to be at least
purtially due 1o inercased cellular uptake [70]. Siddik and colleagues reported sinzilar
results on simiar compounds, observing that uptake correlated with partitioning
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to octanol but they also nofed that miracellular DNA hinding was & betier
predictor of activity than was cell uptake |71.72]. Whether the results on cellular
activity and uptake for the P({1V} complexes are biologically relevant 1s debatable
because they are belicved 1o be ruapidly reduced in viveo and thus lose the axial
ligands that appear to mediate m vitro uptake.

245 Bisplatimon compouids

Fareell and colleagues have now deseribed and investigated a series of bisplatinum
complexes [43.73.74]. More recently other workers have described similar bisplati-
num compounds but with linking groups other than simple alkanediamines [75]. A
aumber of these compounds have demonstrated high o vive activity and there s
good reason 1o hope that they reprosent o new class of plaunum drugs. Clearly,
there is the potential for structure activity refationships to be developed for this
new cluss. Some of these relationships such as those with reactivity and lipophilicity
might be eapected 1o correlate with those of cisplatin analogues but other quite
different factors should emerge. Most obvious of these are the relationship between
activity and the length and nature of the linking group. [ndeed Farrell and colleagues
have already reported o relationship between chain fength and activity i compounds
such as 34 and 35 (43.73]. In bisplatinum complexes such as 17 and 18, with
monofuactional P atoms. the activity has been found 1w depend on whether the
leaving group lies ois oF frany 1o the linking chain [74.76].

NH;—(CHy)n—NH; NH;3

"\ NI
CI/ \CI CI/ \

C
(34
NH,—(CHpin—NH; ol
\Pl/ Pi
/ \ Ci NH;,
{35)

25 Structwre toxicity velationships

There have been substantially fewer studies directed toward establishing systematic
relationships between structure and toxicity. This 1s perhaps surprising in that a
deerease in some of the still problematic woxicities would be of value in the clinc.
Most in vivo studies report toxicity values and structure texicity relationships have
been drawn but these toxicities usually relate to animal morbidity rather than specific
side-cflects relevant to clinical application. An interesting cnantioselective toxicity
hus emerged from preclinical studies leading to the development of DWA2114R (36)
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where it was found that the § enantiomer ( DWA21145} exhibited higher nephrotox-
icity in rats and this was associated with a five-fold higher concentration of platinum
in the kidneys [77]. The anti-tumour activities of the two enantiomers were similar
and therefore the R enantiomer was chosen for chimcal trials where it has been
found to have low nephrotoxieity [78].

0
NH;

N
0/ \N

{38

Another structure  toxicity relationship that has emerged is the. apparently general,
high neurotoxicity of complexes of the fraens-cyclohexane-1,2-diamine ligand. Thus,
tetraplatin was withdrawn from clinical trials [14] and significant neurotoxicity has
been reported in the clinical trals of oxabplatin [16]). Tt seems at least plausible
then. that compounds with lower neuratoxicity might be wdentified and be of clinical
vatue and indeed the new. orally administrable P 1V } complex. JM216, does exhibit
lower neurotoxicity in the rat 1], Further progress toward the goal of finding less
peuratoxie complexes is deseribed below:.

A significant reason for the lack of structure toxicrty studies 1s the lack of suitable
in vitro or ir vivo models for the vanous toxiciies or the didficulty in carrying out
such experiments. In the case of anti-tumour activity, there ure numerous cultures
ol human tumours available and tumoeuars can be readily implanied in redents and
these give data that is at least indicative of likely clinical utility. Recentily. models
that allow the measurement of neurotoxicity have become availuble and 1his has
allowed for the studies described above and below,

One other toxicity that has received some atiention 15 mutagenicity as this can be
readily measured by the Ames test. Mutagenicity can be indicative of carcinogenicity.,
& not unexpected problent with drugs that bind 1o DNA. Cisplatin has been found
to be highly mutagenie [79] and there is some evidence of increased numbers of
caneers appearing in cisplatin treated patients [80.81]. If carcinogenicity proves ta
be & problem 1t will be of unusual stgmiicance because of the frequency with which
cisplatin is used 1o treat young men for testicular cancer and the otherwise oxcellent
long-term prognosis these patients have,

Coluccie et al. have reported  that  among 4 series ol diam{nng
wedichteroplatnum({ Iy complexes. those with mondentate amines such as NI,
or x-methylbeneylomine were highly mulagenic but those with bidentate amines
such us ethane-1.2-diamine and A N-bis{v-methylbenzvi jethane-1 2-diamine were
substantially less mutagenic [821. [n an extension of this work Fanizzi et al. reported
4 variation i mutagenicity with chirality with the § forms of the complexes of
cyvclohexane-1.2-diamine. butane-2 3-diamine and propane-1.2-diamine being more
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mutagenic {37]. Similarly, Leopold ot ul. found that the trans{ +) isomers of
[Pt{dach)Cl;] and [Pi{dach)tSO,)] were substantially more mutagenic than the
trass{--) or ciy isomers [ 79]. They also [ound that these complexes were carcinogenic
in mouse models but the only clear structurc-acuvity relationships to emerge were
the high carcinogenicity of cisplaun. the low carcinogenicity of nany-DDP and the
infermediate carcinogenicity of the duch complexes [79]. 1t has been established that
the GpG adduct formed by cisplatin 13 both mutagenic and genotoxie [83] so the
possibiiity exists of establishing correlations between adduct levels and mutagenicity.

2.6, Suuvnary

[t 15 clear from the fercgoing that the relatienship between structure and activity
is extremely complex and it seems unlikely that any new widely applicable relation-
ships will emerge. This is not surprising when the many factors that can influence
activity are taken into account, Fornstance. reactions prior to cell uptake. the rate
and mechantsm of cell uptake. deactivation prior 1o DNA binding, the rate of DNA
binding. the adduct profile that resoits. und the repair and removal of the DNA
adducts all have the potential to profoundly influence the activity ol the complex,
Each of these aspects can adso difler substantialiy between one tumour type and
another and the response of dillerent tumours, even il all other Tactors remain the
samie. can be dramaticaily different. Therefore. simple unifying structure activity
rules, where they do emerge. are likely 1o be indicative of clusses ol compounds that
act by similar mechanisms, but. in the absenee of a knowledge of which of the
foregoing Lactars are critical. such relationships are of litde aid in moving rationally
toward an mmprovement in activita .

i the primary long term goal s 1o improve activity in presently resistant disease
then what 15 needed s a detailed knowledge of the role cach of these activity
determining fuctors plays and how they vary from one tumour to the next. For
instance. if it can be established that a pariicular tmour is insensitive to Pt drugs
because of reduced uptake. then a relatonship hetween structure and uptake can be
sought and vsed 1o rationally develop compounds that overcome the reduced uptake.

However, 1t 1s still generally true that compounds that adhere to (he structure ac-
tivity rules cun be expected to be active. It is likely that compounds that are active
but do not adhere to these rules operate by dillerent mechanisms, Thus, structure ac-
tivity relationships are potentially useful for categorising complexes into groups with
comnion mechanisms ol getion. Also, compounds that do adhere 10 & given set of
structure ‘activity rules but are inactive can be particulurly useful in the gaining of
an understanding of the factors that influence activaty as we discuss further below.

3. Designing and evaluating probes of the relationship between structure and activity
Rational design and development of drugs can only be based on a knowledge of

the drugtarget interaction. However. 1t has vet 1o be uncquivocally established
which of the Pt DNA adducts are responsible Tor cytotoxic activity and which are
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responsible for mutagenicity. The approach we have adopted in recent years has
been to use motecular modelling to investigate aspects of PL/DNA interactions and
to design new complexes 1o interact with DNA in a sequence specific or stercoselec-
uve way. We have then prepared these new complexes and undertaken extensive
investigations into their chemical, biochemicul and biological activities in order to
develop a detatled understanding of the relationship between their structures and
their biological activities. In the lollowing sections, three aspects of this work are
discussed in detail; (i) the reasons for the non-formation of the GpA adduct when
cisplatin binds 1o duplex DNA, (1) the role of interstrand adducts and (i1} chiral
Pt complexes as probes of neurotoxicity. mutagenicity and the cyviotoxic role of the
intrastrand GpG oand ApG adducts.

3.1 Modelling Pi:DNA interactions

We have previously reviewed the roie modelling has played in the study of PUIDNA
interactions |84]. Here we bricfly describe the features observed in our recently
refined models of the GpG ointrastrand sdduct and discuss how these featores
correlute with the structure activity relationships described above.

A myjor motivation behind the carly modelling studies was the lack of an experi-
mentally determined structure of a bifunctional Pr:duplex DNA adduct. This has
recently been remedied by Takuahara et al {835] and some unexpected leatures in this
structure have necessitated o revision ol the lorce fields used to genevate our earlier
molccular models. One of the most surprising features of this structure s the
geometry about the N7 atoms coordinated 1o the PYNH 3 moiety. Rather than
the Pt atoms causing gross distortion of the DNA structure, the geometrical demands
of the Pt atom are accommodated by it lving 1.2 and 08 A out of the 5 and ¥
guanine planes. respectively (Fig. 1{a)) [85]. The guanine planes are canted by 26
with respect to cach other, substuntially less than expected and less thun predicted
by muolecular mechanics models. Thus, a reappraisal of the foree field relating to
the Ptiguanine interactions was required. By o fortunate comncidence. we have just
completed the development of o molecular mechanies foree ficld for other highly
distorted Pt systems where the Pt lies similar distances out of the planes of aromatic
higands |86]. Transterral of this foree ficid (o that for PUDNA systems gencrated a
model that reproduced very well the features of the crystal structure in that the Pt
atom lies 1.04 and 0.78 A out of the planes of the guanine bases and these bases are

canted by 26.5 with respect to ene another {Fig. 1{b}} In previous models,
hydrogen bonds between the ammine ligands and (Y phosphate} and O6(guanine)
aloms were observed and 1 was postulated that it was these inteructions that led to
the requirement described above that there be wi least one hydrogen atom on euch
amine group. In the crvstal structure and our new model oeither hydrogen bond is
as evident (c.g. H--06 2.64 Ay, However. the DNA conformatton is unusual. being
A lorm on the 3" side of the GpG adduect and B form on the 37 side and in models
of B-DNA gencrated using this revised foree ficld the hwdrogen bond o the
O6{guanine) ulom is agam mn evidence (H--- 06 2.10 A),

[t appears from the crystal structure and these models that the hydrogen bonds
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Fig. 1. Gy Comral towr base pairs Trom e orvstadl structoee ol PasNti) g
(3-(CpUPBaL pOPTPGRGEpTpCPTROPC 13 S <RGPpGPAPGPAPCPO PAPGPAPGPG -3 [82].
(hy  Centrad four  base e Drom the moleculir miechamies ateedel o PunNELL
(5 dg TpUp TPpGnGH pTpCPTPI-Y. 3-d( APGRAPCE pAPGPAD-2),

are not important stabilising aspeets of the GpG intrastrand adduct and we have
argued previously that what is important s the avoidance of unfavourable clashes
with the DNA and in particular with the exoeyelic substituent in the 6-position of
purines [30.84.87]. Replacement ot g hydrogen atoms of the anvmne hgands with
methyl groups in the models described above results in contacts ux short ax 1.4 A
between the Himethyly and O6{guanine) atoms. Adsa, this view is consistent with
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the high activity of complexes with pyridine and related igands because these cannot
lorm hydrogen bonds but present no steric impediment o binding,

X2 Why deesn't eisplarin forme Gp A adducts wiren it binds 1o DN A?

As mentioned previeusly, when cisplating or [Pt{en{l,] binds to DNA it forms
two major bifunctional ntrastrand adducts: one with Gpi sequences that accounts
for 60% or more of the Pt bound to DNA and one with ApG scquences that
accounts Tor about 23% of the Pt [88 Y2|. Curiously. no measurable level of GpA
adducis i ebsenved, Chemically. the ApG and GpA seguences are identical in that
ciach presents the Pt oatem an N7(guunine) atom and an N7jadenine) aiom for
coordination. Indeed, when cisplatin s reacted with the trinucicotide ApGpaA. both
ApGoand GpA adducts are observed, Thus, the non-formation ot the Gpa adduets
whaen cisplatin s reacted with duplex DNA s evideniddy due o structural features
assochitted with duplex: DNAL Clearly, an understanding of how the structure of
DNA can lead 1o sequence selectivity i its interactions with cisplatin would be of
great vaiue in developing an voaderstanding of thie Factors that miediate Pt binding
to DNAL

Dewan noted some e ago that when a PUatom is bound 1o the N7{gunine
atom i an ApGpA sequence of dealised B conformation duplex DNAL that the
distance from the Pt to the N7tadenine) in the 37 direction is about 3 A and that to
the NT{adenine) m the 3 direction is about 5 A {93]. He proposed that the greater
distance 1 the latter case could explain the non-fornmtion of the GpA adduet,
Although thix dilfference might kead 1o a preference For the closure to an ApG adduct
over closure te o GpA adduct in ApGpA sequencees, it scems unhikely that the longer
distinee would completely preciude formation of GpA adducts in those cases where
cisplatin was bound o the guanine of & GpA sequence flanked on the S-side by a
base other than geanine or adenine, In addition. DNA s o highly flexible molecule
amd we have shown that the difference between these distances depends on the
conformation adopted by the IDNA [§7].

In order to (wrther mvestigate the reasons behind the non-formation of GpA
adducts on duplex IDNAL we generated moedels of both the ApG and GpA adducts
[87]. This mamediaiely demonstrates one of the advantages unique to computer
based modelling  the ability 1o gencrate structures of adduets that are not observed
experimentally, The medel of the ApG adduct formed on B lorm duplex DNA
(Fig 2 s <imtlar to that of the GpG adduct deseribed above. Hydrogen bonds
are abserved beiween the amnvine group on the 3 side of the adduct and o phosphate
group and between the ammine group on the 37 side and the exocyelic Q6 aiom of
the guanine. o the case of the GpA adduct tFig. 2{b . the Tormer hydrogen bond
is abserved but in the plice of the Taiter 15 a highly unfavourable interaction between
the ammine ligand on the 37 side and the exocvehie NH, group of the adenine. The
foss of the bydrogen bond will have contaibuted o few ki 1o the destabilisation of
the GpA adduct but more important we believe 13 the unfavourable interaction that
takes ity place. The model shown o Fig, 20h) is that observed following encrgy
minmisation and 11 can be seen that the ademine group has dlted 1o avold the
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b

Fig. 2. (2) Molecolar mechanies model of PUNT ) (3-d{GpATpG*pli-37. 3-diCpCpTpd3n,
by Medecular mechanics maedel of PN (-diGpGApA* pGH-37 54diCpTpdpdi-30)

interaction with the ammine group. Despite this the mieraction cannol he totally
avoided and remains unfavourable (1---H 2.60 A}, It needs to be kept in mind that
P1 binding to DNA is kinetically contrelled and therefore models of the finat adducts
do not relate directly to the factors that control binding. The geomeury of the
transition state 1s unknown but probably involves a five-coordinate ntermediate
and at least one longer Pt ligand bond length. On this basis. we produced models
of such intermediates in the formation of the ApG and GpA adducts [87]. What is
smmediately apparent from such models is that all inteructions observed in the
models of the end products are also observed m the infermediate bui becouse ol
the additional steric crowding arising from the five coordinate geometry, these closer
interactions  hecome  cven more signiticant. Thus, the unfavourable
11{NH,) - H{NH.} interactions shorten from ca. 2.60 Ao ca. 245 A [R7]. On this
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basis. we proposed that the non-formation of the GpA adduct was due to a steric
clash between one of the ammine ligands and the exocyelic NH; group of the adenimne.

At this point. one might reasonably ask  so what? A model is just that and s of
little use unless it can be tested. Fo us. the obvieus test was to use the model 10
design compounds that would avold the unlavourable nteraction with the NH,
aroup on the 37 side of the GpA adduct. or better sull. replace 1t with a Tavourabie
one such as a hydrogen bond. Three of the compounds designed or chosen on this
basis are represented by structures 37, 38 and 39, All three retain one amine group,
but in twe the olber amine group is replaced by a sulphoxide group and i the third
by an oxime group. Each of these groups containg an O atom that has the potential
1o hydrogen bond (o the NH; of the 3-adeonine in o GpA adduct, As an example.
the energy minimised model of [Pitense)Cly) (37 bound o a GpA sequence is
shown i Fig. 30 A range ol experiments were undertaken to establish how these
compounds bound o DNAL Unfortunately. the sulphoxide compounds bound
weuklve probably as @ conseguence of the rrans Tabihsmg elfect of the sulphoxide
group. and were not studied extensively. However, the ammcoxime compound,
[PrizamyboyClL L bound to [XINA as rapidly and 10 a greater extent than cisplatm [94].
The range mud amoeunts of adducts Tormed when it bound o caili~thvmus [DNA
were deternined by enzymatic digestion of the Pt otreated DNA followed by HPLC
analysis ot the products [917]. Fractions were collected from the HPLO column and
analysed Tor PUocontent using graphite furnace atomic absorption spectroscopy
(GEFFAAS) giving o prohile of the Pt containing adduets as shown in Fig. $1a), An
analogous profile far [PteniCly] s shown in Fig. dibhy [Puem)CL). like cisplatin.
forms about 60% GpG ntrastrand adduct. 25% ApG intrastrand adducts and the
reninder v made up of nterstrund, GpNpG and monolunctional adduct. in
comparison [PuéomboyCl] forms approximately three fold fewer GpG oand ApG
adducts and a0 muoch greater proportion of monofunctional adduets were observed.

g, 30 Maleeular mechames model of Pliensor {2 -HGpGPpA*pG-30 S-diCpTpCpl)- 3.
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Fig. 4. Adduct protike for the binding o 39 {0 and [PremiCL ob) te salimon-sperm BNAL

a somewhat unexpected result grven the similarity between the complexes.
Disappointingly, no GpA adducts were observed. A possible explanation for both
of these observations is that the oxime group stabilises one of the chioro groups,
either the freors chloro through o rrany effect, or the eiy chlore through a favourable
association with the hydroxyl group.

Since GpA adducts could not be observed directly we endeavoured to establish
whether [Ptiambo)Cl,| has an increased preference for binding 1o adenine rich
sequences. relative to cisplatin. This was done by measurmg mhbition of cutting of
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DNA by restriction enzymes. both on plasmid DNA and a synthetic oligonucleotide.
The Dra} restriction enzyme cuts at 5 AAAYTTT 3 scquences and thercfore, an
oligonucieotide (shown below) with such a sequence flanked by additional thymines
and adenines. to preciude effects of binding at adjucent guanines, was prepared with
radioactive ends. Cutting this sequence with the Dral restniction enzyme produces
two unegual strands and the vacut oligonucleotide and the two strands were casily
identifted uand gquantified using autoradiographed gel electrophoresis. Comparison
of the inhibition of cutting by equul concentrations of cisplatin and [Putambo}Cl,]
{Fig. 5) reveals that the latter complex 1s more effective {94]. A sinnilar resull was
oblained using plasmid DNA and 15 in contrast to cutting of 3 G-GATCC ¥
seguences i plasmid DNA by the BamHI restriction enzyme where cisplatin was
stibstantiidly more effective at inhibiting cutting.
CCTAGATTGGATGCGACTTGATTGCGUATTTAAATTAGTTCGGTTGCGTCAY
S TAACCTACGUTGAACTAACGUGTAAATTTAATCAAGCCAACGCAGTGATC?
One of our goals is o correlate interactions with DNA with cylotoxic activity
and for this reason 37, 38 and 39 were tested against human bladder cancer cells.
The results are shown in Table 1 and reveal that the three compounds are all
extraordinanly mactive. In the case of the sulphoxide complexes. this correlaies with
the poor binding o DNA, believed (o arise from trans effects. The resull for
[Pt{ambo)Cl,] is more surprising however. particularly laking into account the high
activity of other compounds with one sp* amine and one sp® amine such as the
pyridylamine complexes (20) [44]. However. it does correlate with the formution of
relatvely fewer GpG and ApG mitrastrand adducts than active compounds such as
cisplatin and [Pt{en)Cl,).
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A3 How anpartans ave interstrand GG adduicts?

The debate aver which of the bifunctionad adducts  Intrastrand or interstrand
arc responsible for the anti-cancer activity of cisplatin and 1ts analogues has gone
on stice the first studies into their mechanism of action and continues today. [n the
carly days, the interstrand adduocts were favoured, partly because they were readily
measured and partly because 1 is cusy to imagine how an adduct that linked the
two strands of duplex DDNA wonld interfere with replication. In the carly 1980s.
direct measurement of the adducts revealed that the mtrastrand addacts accounted
Tor 80 90% of the Pt bound to DNA and this led o a shift 1o the view that they
must be the eritical adducts. Sinee then, muany technigues have been applied o the
question providing evidence that 1y consistent with vne or the other set ol adducts
being responsible for the zctivity and an uncguivocal answer i still not available.

We began addressing this guestion by the compurmg the computer generited
models of the intrastrand GpG oand imersirand GG adducts shown in Fig, 1(b) and
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Fig. 6. respectively. Schemaltic views of these adducts are shown in Fig. 7. In the
case of the intrastrund GpG adduct, as described above, there are hydrogen bonds
between the amine ligands and O(phosphate} and Odguanine} atoms. Each of the
ammince Hgands 1s also wmvelved n a hydrogen bond i the interstrand adduct, in
this case both to Of phosphate) atoms, A view of the mnterstrand adduct, along the
major groove { Fig. 644} shows how the ammine hgands hie well out mto the major
groove making no other close contacts with the DNA In contrast, in the intrastrand
adduct. the ammine ligands. 0 particular the one that hes on the 3 side of the
adduet. lie close to the Aoor of the major groove. This dilference led us to the design
of a group of compounds in which the amine ligands are linked by two aliphatic
chains {Fig. 7). When these compoeunds are bound in an interstrand fashion. the
chains will lie in the major groove as shown in Fig. 8 and not mnterlere with binding.
but when bound intrastrand, one of the chains will come up against the loos of the
major groove and m particular can be expected 10 interact unfavourably with
the O6{ guamine) on the 3" side of the adduct. As a consequence, we anlicipated that
such compounds would form interstrand adducts at least as readity as cisplatin but
be relatively less inclined to form intrastrand adducts. Recently. we showed thai the
first compound m this series to be studied, [P1{hpipiCLT (hpip =homopiperazine =
i 4-diazacycloheptane). fullils these design goals. Meuasurements of cross-linking
showed that [PtihpipyCls) forms mitersirand adducts at approximately the same level
as cisplatin and DNA digestion HPLC analysis showed that it forms less than half
the number of GpG and ApG intrastrand adducts [95]. Measurement of activity
aganst two cancer celt lines, including human bladder cancer. revealed that
Pt hpip)Cly s approximately S8 times less active than csplatin meaning its activity
tvosimilar to that of trems-| PUNH LCL). Since {Ptehpip)Cl] forms interstrand
adducts on DPNA in the test tube ax readily as cisplatin. but is fnactive in vigro i is
unlikely that the interstrand adduets are responsible for the i vitre eytotoxic activity
of cisplatin. However, low activity might be due to any aumber of factors and these
need 1o be mvestigated before such a conclusion can be confirmed. For instance we
have ruled out inhibition of uptake because [Pt{hpip)Cl] is taken up by celis more
rapidly than cisplatin, and have ruled out more rapid repair of adducts formed by
[PrehpipdClLL) because 1t 1s no more active in repair deficient cell lines. Recent work
by Brabec {96] suggests that u different profile of adducts is formed when cisplatin
binds to supercoiled DNA and therefore 1t is necessary to establish whether the
adducts formed by cisplatin and [Pt{hpipiC];] on DNA in the cell diller in other
wiys from what we have observed i the test tube and experiments are underway
1o do this,

J4 How canwe probe the vole of the intrastrand addiers?

From the foregeing. and much other data. 1t seems that it 1s most likely to be the
intrastrand adducts that are responsible for the evtotoxic activity of cisplatin and
is anuloguies. We have therefore more recently turned our attention to testing this
hypothesis and contributing to the understanding of the structural factors that
mediate formation ol the intrastrand adduets. The basis behind the design of our
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Fig. & Views along 1) and into (b)Y the major groove of 4 malecular mechanics model of the intersirand
PUNEL G 13-d{GpGpGpGr? pCpCpCpC -3, 5-AdGpGpGpGH pCpCpCpC 13 1 adduct,
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13-t GpGpGPGH PP pCpCO)-37 3 -dEGpGpGPpGH PO pCpCpC i3 addact.

probes 15 the chirality of the intrastrand adducts and the potential For cnantioselective
mteraetion between chiral Pt compiexes and the GpG or ApG sequences as shown
m Fig. 9. As mentoned above, in both GpG and ApG intrastrand adducts therve
are potential hvdrogen bonds between the am{miine ligands and Of phosphatey and
O6¢guanine} atoms, Thus, o Kgand with anly one H{amine) atom on cach N atom
might have one enantiomer with both of the H atoms disposed appropriately for
lorming the hydrogen bonds and the other cnantiomer would have the H atoms
disposed incorrectly and, perhaps more importantly, have bulky substitucnts dis-
posed wward the hydrogen bond aeceptors. The lass of the hydrogen bond to the
Oiphosphate) would have o mor effect becituse the phosphate backbone can
readily reorient iself 1o avoid the clush with the substitucnt. However. the clash
with the O6{guanine) atom on the 3" side s more significant, because as we have
shown before, this tuteraction cannot be fully relieved and probably mediates bind-
ing. I this v the case then the enantiomer in Fig 9(a) should readily form the
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(b}

Fig, ¥, Schemabic dingrams of imtrasicand and intersirand adducts demonstraiing the logic behiad he
design of chiral Pt complexes.

intrastrand adducts, and if they are responsible for cytotoxic activity, have the
potential to be highly active. Conversely, the enantiomer in Fig. 9(b} should bind
less readily and be less active,

The figands in these compounds are necessarily bidentate to prevent rotation
about the Pt N bond relieving the unfaveurable interaction. 1t is possible 1o resolve
Pt complexes in which the only chiral centres are on the amine atoms but given that
the target comiplexes are neutral this is difficult and. in bielogical conditions, racemi-
sation 1s bkely. Therefore. the approach we have adopted is to use ligands with
chirul carbon centres in the backbone that should mpose the desired chirality at
the N atom. In our frst attempt al achieving this we used the hgand N A7
diethyl-2.4-pentanediamine (eap) to produce the two enantiomeric complexes shown
in structure 40. Our expectation, based in part on molecular mechanics caleulations.
was that the ethyl subststuents would adopt orientations frans to the methyl groups
of the ligand. However, the crystal structure of the Pt complex {Fig. H}} revealed
thut the diastereomer adopted had one of the ethyt substituents eis to the methyl
group [97]. NMR evidence showed that the desired configuration is also observed
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. 1

Fig. 100 Crystal siructure of [PUR, R-eapiCl.]

but that observed in the solid state predominates by a fuctor of 7:3 {97]. The driving
force behind the preference for this configuration appears to be a neutral or weakly
attractive interaction between the chloro ligands and adjacent H{amine) atoms. In
recent revisions of our foree field for modelling such Pt complexes we have included
a weak hydrogen bond between these atoms which results in better reproduction of
the structares of these conplexes and provides a rationale for the observed diastereo-
mer distribution. A small enantiosciective difference in oytotoxic activity was
observed {Table 2y but wus not considered to be sigmficant enough to warrant
further investigation.

(40)

Given the problems encountered with the cap ligand. we next turned to more
rigid chiral frameworks in the expectation that they would be more cffective at
imposing the desired chirality at the amine group. The first of these was
cyclohexane-1.2-diamine {duch). Pt{Il) and PU({IV) complexes of dach have been
extensively mvestigated in recent yeurs bevause of their high activity and lack of
cross resistance in cell lines resistant to cisplatin, The enantiomers of the unsubsii-
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Table 2
T vitre activities of compleses against thwe BLIY O blacdder caneer celi line

Complex FIa ITH Y

Cisplatin

[PiienC),) ;
[PUR. R-capiCly| i4
[PLES. S-capiCly] M

tuted dach complexes [Pt{R R-duch)Cl,] and [Pt{S.S-dach}Cl,] have been reported
as having different activities but as deseribed above the differences are medest and
cell line dependent [33] We bave added a varicty of substituents ai both N atoms
to produce & series of ligands and the cytotoxiaties of their Ptill) complexes (41)
are listed m Table 3. In some cases. substantial enantioselective differeaces are
observed und these accord with expectations based on the madel deseribed above,

(41

One means of achieving desired chirality at the amine groups is 1o use hgands
such as that represented by structure 42 with endocyclic amine  groups,
Unfortunately. Pt{1l) complexcs of both the mess and racemic forms of this ligand
have proven 1o be remarkably inuctive agatnst L1210 in cell culture {9%]. The ligand
ahaz (ahaz = 3-aminohexahydroazepine) is chival. has one endacylic amine group
and one cnantiomer has been reported as having activity comparable 1o or better
than that of csplatin. Therefore, we have investigated the P I complexes (43) of
the enantiomers of this hgand and modified forms of it in which a substituent is
placed on the primary amine in order (o produce the features outlined in Fig V.

Table 3
In vitro activities of compleaes of variunts of the dach ligand against the BL12 0 bladder cancer cell line

Complex Fooo twom
Cisplatin AL
[Pri& R-Chsnic i) 0y

[PUS S-ChunCly| [

[PUR. R-dimeihyichsniCl,) I.2

(RS S-dimiethylchxm€)) 24

[ B R R-diethylehxingc L) Bt

FPULS, S=diethslchranC L) BRI

FSRB sy fothers by MTE syt
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The R and § chantiomers of [Pt{ahaz)Cl] arc both highly active against the BL13
human bladder tumour cell line with the R coantiomer being more active
{7Cqy= 1.3 um) than cisplatin {(/Cs, = 1.9 pm) and the 5 enantiomer being less active
(1, =2.0 um). This is one of the higher levels of enantioselectivity observed and
therefore we have undertaken an investigation into what 1s responsible for it {991,
Uptake into the BLI3 cell is similar for the two enantiomers. Molecular modelling
studies suggest that the § enantiomer should bind more readily to DNA and this is
supported by gross DNA binding studies which show that binding takes place more
rapidly and 1o a greater extent for the S enantiomer than for the R. The difference
is small and the enantioselectivity runs contrary to that observed in the cytotoxicity
studies. The greatest difference in behaviour that we have observed is that the R
enantiomer forms more monofunctional adducts initially and 1akes longer to convert
these 1o bifunctional adducts, That this correfates with hgher activity is not what
might have been expected but is an observation that is clearly waorthy of investigation
in other compounds.

ol
N\

Cl Cl
{42)
cl b |I__.Cl Cl G Cl
Pt !
H Z H H, Pty
'--\_‘N/ J\N/ “‘N N/H
H I-I/
{43)

The complexes of variunts of the zhaz ligand with substituents on the primary
amine group (44-46) ave all less active than the parent complex. Thig is not surprising
stnce greater sterie bulk generally feads to & reduction in activity. however. what is
surprising is that the complex i which there are two methyl groups on what was
the primary amine is no less active than those with a single methyl group or an
cthyl group. In those cases where there is significant cnantiosclectivity, 1t 15 again
the R enanbiomer that s the more active. Studies mto the binding of these complexes
1o DNA are currenily underway.
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cl ., g Cl
HyC Lpy
7N N/H
H
(44}
i ol ot Cl
AR P Ipd
HyCHoC Pl H HiC. e “
~
/N/ e N N
H H3C
{45) {48)

250 The use of elived complexes o probe tovicine

For sometime 5t has been known that chiral platinum complexes exhibit greater
enantioselectivity in terms of mutagenicity than they do in terms of eviotoxicity and
that m some cases the less mutagenmic cnantiomer is the more active, This 15 an
exciting observation since 1 osuggests that different adducts or wirgets must be
respensible for mutagenicity and cvtotoxicity which in turn means it should be
possible 1o design compounds with low imutagenioity and high activity, In order to
do this 1t will be necessary to gather extensive infformation on the relationships
between the adducts fored by complexes and their mutagenicities. For instance, it
has recently been shown that the bifunctionad ApG adduct formed by cisplatin is
about five times more mutagenic thun the GpG adduet [100. 1], We too have
found cnantiosclectivity in studics ol the mutagenicity of the comphes of
cectohexane-1.2-diamine derivatives (413 deseribed above. For examiple. we found
that the § cnuntioner of [PV NV -dimethyvIchxmCL) s 15 dmes as mtagenic as
the R conantiomer.

More recently MeKeage et al. [102] have shown that the two enanttomers of dach
complexes have ditferent neurstoxiaties. Thus, in a rat medel. the R R countionier
induces signficant neurotoxicity after 8 weeks but the 8.5 enantiomer does not huve
measurable cifect until week 12, The ditference s modest but would be signilicant
il it translates 1o humans sinee the extent of tregtment regimes falls within these
times. Human trials have been carried out on oxaliplatin which is the 8 R enantiomer
and on tetraplatn (armaplating which is 4 rocentic mixture. [n both ¢ases neuratoxic-
ity has been a probiematic side effect and was Tound to be cumuiative with onset
afieir 8 weeks,

As mentioned gbove, enantiosclective toxicities for the enantiomers ol structure
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36 (DWA2T14R and DWAZI114S8) that emerged in preclinical studies were used o
seleet the R enantiomer for clintcal trials [78]. Thus. chiral compounds clearly have
the potential to act as probes of the stereosclective tactors that influence toxicity
and corrclations with drog:target interactions should reveal the blomolecules
involved n the induction of toxicity,

2.6, Stercoselective interaetions between Prcomplexes and DN A

One of the wteresting observations to emerge from our studies of the binding of
the complexes described above 10 DNA has been stereosclectivity in the adduct
profile. We believe that an understanding of the causes of this stereoselectivity and
its extent has the potentfal o shed light on the luactors thut influence Pi/DNA
interactions. Consequently we have curefully measured the degree of selectivity and
examined its origins using molecuiar modeiling technigues.

The complex [P hpipiCls] can bind to GpG sequences of DNA IR two ways: one
with the cthylene cham disposed toward the floor of the mujor groove and the other
with the propylene chain disposed toward the floor. Two isomers were observed in
the binding of [Pt hpip)Cli] te Gpi. to g svnthetic dinucleotide and to calf~thymus
DNA [103]. Using 11D and 20 NMR we dentified the isomers formed with GpG
as those corresponding 1o the two isomers expected from the interaction with duplex
DNA [104]. This identification was achieved using cross peaks between the two
H8(guanmne) atoms of the nucleotide and the ethylene or propylene chains of the
hpip lgand as mdicated in Fig. 11, HPLC analysis of the adducts formed with
duplex DNA showed that the isomer with the ethylene cham disposed toward the
Howr of the imajor groove predominated over the other isemer by a factor of 31,
Modecular modelling studies showed that this stereoselectivily was consistent with
the closer interactions that were observed in the case where the bulkier propylene
cham made contact with the floor of the major groove us shown in Fig, 12 [103].

Steveosclectivity hus also been observed m the DNA adduct profiles of the enanu-
amers of [Pi{abaz)Cls] 143), In this case too. each enantiomer can bind 1o GpG
sequences of DNA in two ways, one with the primary amine group iy to the 5
guamne of the GpG patr and the other with it ¢iv to the ¥ guanine, tor the R
enantiomer bound to salmon-sperm DNA the two isomers were observed n approxi-
mately equal amounts. accounting for 9% and 12% of the Pt bound to the DNA
[1G5]. in contrast the two isomers formied by the § enantiomer accounted lor 30%
and 7% of the DINA bound Pt. Thus, not only does the § enantiomer exhibit
substantial stereoselectivity in its inleractions with DNA but there are also substan-
tial differcnces between the behaviour of the two enantiomers. At this stage we have
not identified the isomers and work s ongoing to do this. However. the DNA
binding results are consistent with the molecular modeliing studies we have carried
oul. la these models { Fig. 13}, close and unfavourable contacts between the aliphatic
chains of the whaz ligand and the DDNA are observed tor both isomers formed by
the R enantiomer (Figs. 13(a} and (b)) but for only one isomer formed by the §
enantiomer { Fig. 13{e). In the other isomer Tormed by S enantiomer { Fig. 13(d))
the ahaz ligand “fis” the shape of the major groove and makes no unfavourabie
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Fig. 11, Close comtacts used w0 identify the isomers of [PEpiptGpGi| by NOLESY correlations.

close contacts. Clearly. 1t is lempting o suggest that 1t is this isomer that accounts
for 30% of the PuS-zhaz¥ ™ bound o [DNA. The remarkable difference in the
proportions of monofunctional and bifunctional adducts tormed by the two enant-
omers of [Pt{ahaz)Cl,] has been confirmed by measuring the proportions of mono-
functional adducts and their rates of closure to bifunctional adducts using
HC thiourea labelling [99].

Qur rationale for undertaking these studics was that if we could mnduce enantiosel-
ective interactions with DNA then we might cxpect to see corresponding enantioscl-
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Fig, 120 Views of the mwoleenlar mechanics models of the isomers of 1he intrastrand adduc.s Tormed
beraween Fuhpipy  and (3 0GpGpGpG e pGHpGpoGpe -3 L 3= pdpCpCplpUpOpdi -3,

ective diffcrences in cytotoxic activity, particularly i the differences related to the
putatively  crucial GpG o adducts. Having  clearly  achicved  this with  the
[Pt{ahax)Cl;) enantiomers. with the § enantiomer forming necarly twice as many
bifunctional adducts we were surprised to hind that where differences in i vitro
activity were observed. it was the K enantiomer that is the more active as deseribed
above [997. In most cell lines there is no significant difference but in the hunman
blidder cancer cell ine the R enantiomer reproducibly is the more active, There are
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{a) ih)

1w} : (e}

Fie 13, Viewx of thie molkeculsr mechanics models of the isomers of the intrasteand adducts Tormed
between Pliahay1? " and 1 5-d(GpGpGpG*pGHplplpti e S-diCpCpCpUpCpCUpCpC)-37),

many factors that might influence the rvelative activity of pairs of enantiomers
including cellular uptake and adduct repair. The former we have now ruled out [99]
and we plan to investigate the latter. However, iC s still surprising that we do not
see the DNA binding results reflected in the activities and this may cail for
reappratsal of the role of the GpG adducts or of the importance of the rate and
frequency at which they are formed.

The other rationale behind these studies was the design of pairs of cnantiomeric
compiexes with different potentials for forming the hvdrogen bonds with DNA that
we believed to be mmportant determinants of adduct formation. What is emerging
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Table 4
In vire ackivities of compleses of vanants of the abas ligand against bladder (8L 13 4 Jurg (PCY).
resistunt lung 1 PCY-CisR ) and prostate {130 145) concer cell dines
BLIA Py PL-CisR DL )42
rug Meun (., (um) Moan O, lpm) Muean 16, tnumid Maeun FO fpmy
istandard errord tstandard crravn {standard vreory tstandard errory
Crplatin 1.9{11.5) 144132 Tixh {.&insy
[PtiR-abanCl 1. 34,2 ST (IR e 200y
[PLS-ahazyl T, 2002 XU 13.3101.5) 3403
[PuR-micihasicl TR 1331 1.2 IRINIRY
[ PLA-menhaz T L7006} 13701 RESI R L7y
(P iR-ctahaz ) 1] AL R 24034 9500 %)
TPHS-cahanatl W2y RITET MRS 2302
{PHR-dinealian1g )] THI 133034 29 3 1.5) A0
{PaS-dimcahaCi HEZ(L ) T 2.0 INTI22 11 5{ikhy

from the stereoselective mterictions with DINA that we see for the [PUhmpiClLLy
and [Pt{ahaz}Cl,] complexes s that these hydrogen bonds are perhaps not as
mmportant as unlavourable hydrophobic interactions that occur when complexes
with bulky hgands bind to DNAL Al of which goes 10 show that serendipity stili
contribuies much to the study of Pt drugs  wihich is only appropriate given how
they began. Fable 4
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