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Both malate dehydrogenase and fumarase have been
found to be able to distinguish between the cis and
trans isomers of Pt{NH; ),Cl,. A mode is proposed
to account for this. Enzyme inhibition by PtCl*~
is also reported. The effect of aquation on the mecha-
nism of action of the platinum drugs is discussed.

Introduction

In 1965 Rosenberg, VanCamp and Krigas [1]
accidently discovered the ability of certain platinum
complexes to inhibit cell division in E. coli, although
cell growth in the form of out-sized filaments was
able to continue. Further studies and characteriza-
tion of the platinum complexes showed that they
were potent anti-tumor agents and could regress
Sarcoma 120 tumors and the L1210 leukemia in
mice [2, 3]. Since then clinical investigations have
taken cis-Pt(NH;3),Cl,, the most active of the com-
plexes, through several stages of clinical testing. It
is currently being used in trials on head and neck
cancers [4, 5], cancers of the urinary tract [6],
disseminated testicular cancer [7], ovarian cancer
[8] and various others, Its effectiveness is enhanced
in combination chemotherapy with other recognized
anti-tumor drugs such as adriamycin, vinolastin and
bleomycin [5, 8].

Whilst clinical testing continues there has been
considerable activity aimed at elucidating the mecha-
nism of action. The diverse types of cancer towards
which cis-Pt(NH3),Cl, is active suggests a very
general mechanism. Studies have been aimed at
elucidating changes in the platinum coordination
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sphere on aquation [9—11], interactions with DNA
[12—22] and protein [23, 34]. In our laborato-
ries we have paid particular attention to enzyme inhi-
bition studies. For example we examined the effect
of platinum complexes on malate dehydrogenase
[25—28] and leucineaminopeptidase [30, 31].
Studies involving yeast or liver alcohol dehydrogenase
with cis- and trans-Pt(NH;),Cl, show that the latter
exhibits the enzyme 3.5 times more than the former.
We have suggested why this may be so [31].

Our present study was undertaken to measure the
activities of the enzymes malate dehydrogenase
(EC 1.1.1.37) and fumarase (EC 4.2.1.2) in the
presence of PtCly?", cis- and trans-Pt(NH;),Cl,
and physiological saline solution, in an attempt to
correlate the anti-tumor activity and toxicity of these
species with their ability to inhibit these enzymes.

Experimental

Assay of Fumarase

Fumarase was assayed by a modification of the
method of Racker [32]. A substrate solution of 0.1
M phosphate buffer and 0.025 M L-malic acid was
adjusted to pH 7 + 0.1. Ten uL aliquots of enzyme
solution (approximately 0.5 uM) were mixed with 3
ml of the substrate solution in a 1 cm-path cuvette,
and the rate of formation of fumarate was measured
at 240 nm.

Assay of Malate Dehydrogenase

Malate  dehydrogenase was assayed under
conditions described by Friedman er al. [25]. The
substrate solution was 0.1 M L-malic acid, 0.1 M
glycine and 0.2 mM NAD’, adjusted to pH 9.5 +
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0.1 The enzyme concentration in all experiments
was approximately 0.5 uM.

All assays were done on a Gilford Model 250
recording spectrophotometer.

Protein concentrations were determined by the
Lowry method [33] and by the absorptivities of the
enzymies; 6.22 X 10> M~ cm™! at 340 mm for malate
dehydrogenase and 2.4 X 10> M ¢cm™ at 240 mm
for fumarase.

24 Hour Inhibition Studies

The concentrations (0.3 mM - 20 mM) of cis and
trans platinum complexes which were needed to inhi-
bit malate dehydrogenase and fumarase over a long
period of time were noted. Enzyme solutions were
prepared at pH 7 in phosphate buffer. Fumarase
studies were done in 0.1 M phosphate, but malate
dehydrogenase activity was better maintained in
0.2 M phosphate. Platinum complexes were prepared
by dissolving a few mg in a few ml of the appropriate
pH 7 phosphate buffer, with gentle heating to 70 °C.
These solutions were then diluted to give the desired
platinum protein ratio. All of the complexes were
sufficiently soluble in water for the purpose of this
study. The process of dissolving the platinum com-
plexes took a few minutes only, and 0.50 ml of each
diluted solution was immediately added to 0.50 ml
of the enzyme solution and the initial enzyme acti-
vity of the system was at once determined. In the
experiments involving the effects of chloride ions on
platinum inhibition, the platinum complexes were
dissolved in 0.2 M NaCl solution made up in phos-
phate buffer at pH 7, so that the incubated systems
were 0.1 M CI™.

The enzyme—platinum systems were then
incubated at 25 °C for 24 h. Appropriate blanks con-
taining the enzyme in phosphate and phosphate-
chloride buffer were always included. Assays were
made after 24 h, and in one experiment the activity
was measured after 48 h to ensure that no further
significant inhibition had occurred.

The molar ratio of platinum complex to protein
had been adjusted to give measurable inhibition, and
it was usually quite high, between 6 X 10 and 4 X
10%. The binding constants (Ke) were calculated as
previously described [25]. All experiments were run
in duplicate.

Kinetic Experiments

The inhibition of the enzymes by K,PtCls were
studied kinetically. The platinum complex solutions
were prepared as before but without heating and
0.5 ml was added rapidly to 0.5 ml of enzyme. The
concentrations of the K,PtCl,; were between 0.1
and 0.2 mM yielding ratios of platinum complex to
enzyme of 200:1 - 400:1. This mixture was assayed
as quickly as possible, within 40 s, and thereafter
at intervals of 250 to 500 s until enzyme activity was
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negligible or had levelled off. A blank containing
enzyme and buffer alone was always run, and this
was used as the reference in calculation of the per-
cent remaining activity. All experiments were run
in duplicate.

Preaquation Studies
All complexes were preaquated for 24 h before
addition to the enzymes.

Calculation of Kinetic Rate Constants

Kinetic data was recorded as activity remaining
(AA/m) after inhibition, at time t. To calculate
rate constants it was assumed that the enzyme inhibi-
tion was pseudo first order for the reaction,

k;
E+I— EI 4))

the rate equation is,

CEI—]"k EI] [1 2
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where k; is the second order rate constant.

However [I] in these experiments is several thous-
and times greater than the e, concentration, and so
may be considered effectively constant. This means
that the reaction is pseudo-first order, the rate
being dependent only on the concentration of free
enzyme, [E]. Separation of the variables and integra-
tion of the rate equation yields:

eo _
lnm—kl[l]t 3)

Since e, is proportional to the initial activity at t =
o, and e, — [EI] is the concentration of uninhibited
enzyme, which is proportional to the activity remain-
ing after the inhibition at time t, it can be written:

initial activity

———— =k [I]t )
remaining activity

the plot of In (initial activity/remaining activity)
versus time gave linear plots with a slope of k; [I].

Results

Inhibition of the enzymes by PtCl,~ was studied
kinetically (Fig. 1). It was found that inhibition by
the fresh complex solution occurred at a similar rate
in the presence or absence of exogenous CI™, but it
was considerably enhanced by preaquation of the
complex. The calculated rate constants are reported
in Table I, and it is observed that in all studies (fresh
and aquated PtCl,") fumarase and malate dehydro-
genase yield essentially the same value.
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TABLE 1. Rate constants for the Inhibition of Fumarase and Malate Dehydrogenase by K,PtCls. These values were computed

from the curves in Fig. 1.

Enzyme Environment of PtCly ky (s71)

Fumarase Fresh or 0.1 M CI™ 2.6
Aquated 4.8

Malate Dehydrogenase Fresh or 0.1 M CI™ 3.0
Aquated 5.5

TABLE 1. Binding Constants for the Inhibition of Fumarase and Malate Dehydrogenase by Cis- and Trans-Pt(NH3),Cl,; under
Various Conditions. Inhibition time was 24 h, and the aquation time (before mixing the complexes with the enzymes) was also

24 h.
Enzyme Pt(NH3),Cly Complex Ke, M1 Ke (aguated, M 1) Ke(in 0.1 MCOHM!
Fumarase Cis 3.1x10%" 5.8 x 10? 3.1x 10°

Trans 2.5 x 10° 9.4 x 10° 1.7x 10*
Malate Cis 2.8 x 102 2.2 x 107 1.8 x 10?
Dehydrogenase Trans 3.1 x 102 9.0 x 10 5.3 % 10°

*The average of duplicate experiments were all within 25% error, which was within 0.005 A units in the activity.
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Fig. 1. Inhibition of Fumarase and Malate Dehydrogenase by
High Concentrations of K,PtCls. Inhibition of fumarase;
—o—m (fresh —e—, 0.1 M CI~ —=-) and --o— (24 h aquated
complex). Inhibition of malate dehydrogenase; —o—o— (fresh
—0—,0.1 MClI” —o-) and —a~ (24 h aquated complex).

Fumarase is fairly strongly inhibited by both
the cis- and trans-Pt(NH3),Cl, in fresh solution,
with binding constants of the order of 3 X 10> M*,
while the aquated species are somewhat less inhibi-
tory being of the order of 5 to 10X 102 M (Table
II). In the presence of exogenous CI” the inhibition
by the cis- complex is not significantly changed while
the trans inhibition is enhanced by a factor of 7.
The data for the cis- and trans- complex inhibition
of malate dehydrogenase is also presented in Table II,
and it is similar to the results using fumarase except
that the binding constants are approximately an order
of magnitude less. One small difference is that the
trans-complex inhibition in the presence of chloride
ion shows a 17-fold enhancement compared with the
same experiments in the absence of chloride.

Discussion

The sensitivity of the two enzymes toward the
platinum complexes may be generally explained in
terms of the known essential side-chain groups and
their nucleophilicity and their affinity for platinum.
Fumarase has at its active site both an essential
methionine and histidine [34, 35], the —SCHj; of
methionine has a high affinity for platinum [36],
while histidine may have some affinity. Fumarase
has 12 thiol groups, but they all seem to be too
well buried in the hydrophobic regions of the mole-
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cule to be of importance except under perturbing
conditions. Thus, fumarase is probably inhibited
by platinum complexes largely by their complexa-
tion with the essential methionine and/or histidine.
The interaction of the complexes with mitochondrial-
malate dehydrogenase can be described by a different
mechanism. This enzyme has two essential thiol
groups, and its activity is very sensitive to sulfhydryl
modifiers. These thiols appear to be near the co-
enzyme binding sites [37]. There is also a histidine
side-chain which can be modified to produce an
inactivated enzyme, and that also appears to be
involved in the catalytic mechanism {38]. There is no
evidence of sensitivity to methionine reagents.

Thus, platinum complex inhibition of the two
enzymes is probably dominated by methionyl—plati-
num reactions in fumarase and cysteyl—platinum
interactions in malate dehydrogenase. We generally
find that fumarase is more strongly inhibited than
malate dehydrogenase by the individual complexes.
This is in compliance with earlier observations
concerning the greater stability of the methionyl
complexes of platinum [27].

The effect of aquation on the three complexes,
PtCly™, cis and trans-Pt(NH;),Cl, brings forth the fol-
lowing suggestion. The tetrahalo complex will aquate
to the diaquo species upon solvation of the com-
plex (egn. 5).

PtCls™ + 2H,0 == Pt(H,0),Cl, + 2CI~ 5)

The neutral complex now reacts rapidly with the
enzyme via displacement of the halide or water
groups. The cis- and frans-complexes will also aquate
more slowly, but in this case a positive mono or
diaquo complex is produced (eqn. 6).

+H,0

2 . tH20
Pt(NH,),Cl, == Pt(NH;),(H,0)CI' =—
Pt(NH,),(H,0),** )

The positive complexes are inactive towards the
enzymes, as had been previously shown for Pt(NHj3)s-
Cl" and Pt(NH;),** [26]. Thus, the most active
species will be the neutral forms of the molecules.
The effect of addition of CI™ on the kinetics of
inhibition by PtCl,~ is not significant due to the
thermodynamic favorability of chloride displacement
by the water. However, the CI” enhancement of
inhibition by the c¢is- and trans-Pt(NH,),Cl,
towards both enzymes as well as the differentiation
of inhibition between the two complexes can be
explained as follows. Both isomers initially bind
to the enzyme monofunctionally, with the more
halogenated species (more neutral species) producing
the more favorable protein—platinum complex
interaction. Therefore, binding should be increased
by exogenous chloride. The complex, now in contact
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with the protein, has a good chance of interacting bi-
functionally with a second, near-by nucleophile, to
yield a still more stable interaction and therefore an
increase in the inhibition. The trans isomer could be
sterically more favored by a specific, single binding
site. Or, and this seems more likely, the group on
the enzyme which binds the complex mono-functio-
nally, be it —SCHj, sulfhydryl or imidazole, is a rela-
tively soft ligand, and exerts a strong trans effect on
the remaining labile ligands — but only in the trans
isomer. In the cis isomer there is an amine, which
is unlikely to become reactive in the position trans
to this protein—platinum bond. In this way, the
trans complex may have a much greater tendency to
bind bi-functionally, and thus inhibit any enzyme
more strongly, than the cis one. It would be neces-
sary to extend enzyme inhibition studies to a wider
range of frans complexes to substantiate this idea.
This type of effect may also account for the strong
inhibitions observed with PtCl,*".

A model such as this seems preferable to the idea
that there is simply a specific binding site on the
enzyme that ‘fits’ the frans isomer better than the
cis. Several cases have now been reported where the
trans-isomer of Pt(NH;),Cl, is a stronger inhibitor
than the cis: the two in this study, yeast alcohol
dehydrogenase [31] (trans is 3.5 times better),
LDH {31], (trans is twenty timés better), and thymi-
dylate synthase [39]. Rather than postulate a stereo-
specific binding site on each of these enzymes, which
implies a series of coincidences in favor of the trans
isomer, it is suggested that an intrinsic property of
the trans complex itself is involved. This is then
possible in any enzyme that can bind platinum
through an activating group; the second, enhanced
reaction can occur with any convenient nucleophilic
group, and the resulting bi-functional binding should
restrict and inhibit the enzyme strongly.
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