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SUMMARY 

I The reversible inhibition of malate dehydrogenase (L-malate NAD ~ oxldo- 
reductase, EC 1 1 ~ 37) by the tetrabromoplatinate(II) and tetrachloroplatinate(II) 
ions have been studied through a pH range 6 5-8 5 The equlhbrmm dlssoclaUon con- 
stants for both of those ions at low concentrations (1- 4 moles of ions per mole of 
enzyme) were calculated over the given pH range 

2 The relative rates of inhibition by these ions were studied at higher concen- 
trations (ioo moles of ions per mole of enzyme) 

3 It  was shown that the inhibition decreased for both ions with increasing pH 
in the equfllbrmm and rate experiments 

4 Several possible mechanisms of inhibition based on these findings have been 
proposed The first is based upon the fact that the enzyme becomes more negative 
with Increasing pH, and the repulsive effect with a negative inhibitor 1on increases 
Secondly, the tetrabromoplatmate inhibits the enzyme at a rate of 6-8 times that of 
the tetrachloroplatmate This parallels previous evidence 2a which showed that 
bromide hgands are more labile than chloride ligands in platmum(II) complexes by 
about the same factor Thus, it has been postulated that the Inhibition takes place 
by a replacement of the hahde hgand by a nucleophillc group on the enzsme This 
group may be less accessable as the pH increases causing a reduction in the inhibition 

INTRODUCTION 

SIEGEL 1 has reported that lnorgamc anions, such as citrate, inhibit malate 
dehydrogenase by reversibly dissociating the enzyme mto its subunlts Both SIEGEL 1 
and SILVERSTEIN AND SULEBELE ~,2s studied the inhibition of malate dehydrogenase 
by p-hydroxymercunbenzoate (PHMB) They reported that Inhibition took place 
because a complex was formed between PHMB and free sulphydryl 

Relatively high concentrations of heavy metal salts of mercury, lead, and silver 
are known to inhibit enzymes This was previously shown by OLSSON a with the mhlbl- 

Abbre~lat lon PHMB, p-hydroxymercur lbenzoa te  
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tlon of amylase with a saturated solution of AgC1, and MYRBACK 4 with the mhlbltlon 
of fl-fructofuranosldase by Ag + Myrback also suggested that the inhibition was 
effected by complexlng a hlstldyl residue with the Ag + Few enzymes have been 
~tudled at low heavy metal 1on concentrations, and no general theory has been 
proposed concerning their mechanisms of Inhibition 5 

Recently ROSENBERG et al 6 reported that some platinum complexes inhibited 
the growth of tumors and sarcomas in rats GUTHRIE et al 7 then studied the inhibition 
of leuclne amino peptldase with K~PtBr 4 and proposed a mechanism for the Inhibition 

The present study deals with the inhibition of malate dehydrogenate with low 
concentrations of K2PtC1 a and RbzPtBr a at pH value~ between 6 0-8 5 Possible 
mechanisms of Inhibition are also proposed 

MATERIALS AND METHODS 

Materials 

Pig heart malate dehydrogenase (Lot No 59 B 626o) was purchased from the 
Sigma Chemical Co and was further purified on carboxymethyl cellulose 8 and re- 
clystalhzed from (NHa)2SO 4 NAD + (Lot No I28B-734o ) and NADH (Lot No 69B- 
630o) were purchased from the Sigma Chemical Co The carboxymethyl cellulose, 
oxalacetate and L-malate were also purchased from the Sigma Chemical Co Platinum 
complexes were prepared from metallic platinum obtained from J Bishop and Co, 
Malvern, Pa All other chemicals were of reagent grade 

Detcrrmnatzon of the p u m y  of the enzyme 
The enzyme purity was determined by three different methods All three showed 

essentially a homogeneous material 
(a) Ultracentrlfugatlon was carried out in a Beckman-Splnco Model E Ultra- 

centrifuge using Schheren optics, and only a single peak was observed at 59 780 rev / 
mm The enzyme concentration was 7 rag/m1, and the solvent was o 15 M KC1 

(b) Cellulose acetate electrophoresls was run in a temperature cooled (25 °) 
system using a Research Specialties power supply and Sepraphore I I I  cellulose poly- 
acetate strips from the Gelman Instrument Co The electrophoresls was run in several 
buffers from pH 6- 9 and m every instance only a single moving band was observed 

(c) Disc gel electrophoresis was run at pH 8 5 on a polyacrylamlde gel using a 
Canalco Analytical Disc Gel apparatus The gel was developed using a phenozlne 
methosulfate-mtroblue tetrazohum stain for enzyme activity and an Amldo black 
for protein concentration The enzyme and protein gels showed a major band and a 
very faint minor band The latter may be a multiple form of the malate dehydrogenase 

Molectdar we,ght determznat, o~ 
Ultracentrlfugal analyses for molecular weight determination were also carried 

out in a Beckman-Splnco Model E Ultracentrifuge The method of YPHANTIS ~ was 
used, and a partial specific volume of o 74 s,l° was used in the calculation A value of 
63 ooo was obtained, and this value was used In the experimental studies This value 
compares favorably with those obtamed bv various workers (68 000-70 ooo (ref I I ) ,  
62 ooo (ref I2), 66 ooo (ref 8)) 
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Determznatwn of protezn content 
D u n n g  the purification of tile enzyme the measured absorption of hght at 

wavelengths ot 280 nm and  260 n m  as described by  WARBURG AND CHRISTI XN 1~ wa~ 
used to evaluate  the protein concentra t ion For the b inding  studle~ the protein 
concentra t ion wa~ determined using the method of LOWRY et al 14 

Enzyme assay 
The enzyme ~ as assayed in a Hitachi  Model i39 spectrophotometer  whmh wa~ 

tempera ture  controlled at 25 ~ The cuvettes had a i - em pa th  length and  contained 
3 ml of assay solution The absorbance increase or decrease was recorded at 34 ° n m ,  
depending on whether  the oxa lace ta te -NAD + or m a l a t e - N A D H  assa) system, respec- 
tively, was used The absorbance wa~ converted to/zM from the known molar extinc- 
t ion coefficient of N A D H  (eM 6 22 I03 at 340 nm) The oxalacetate assav was run  at 
pH 7 o in a o I M phosphate buffer whAle the inmate  assay was run  at pH 9 5 in a 
o I M glyclne buffer 

Platznum preparatwn 
Rub id ium te t rabromopla t lna te ( I I )  (Rb2PtBr4) and potassium tetrachloro- 

p la tmate( I I )  (K2PtC14) were prepared and  analyzed as described prewously15, ~8 

Determination of optimum enzyme, pyre&he nucleot,de and substrate concentratwns 
Enzyme The enzyme was di luted to various concentrat ions in o I M phosphate 

at pH 7 o, and a 5- or IO-/d aliquot was added to the 3-ml assay sample The enzyme 
concentra t ion which gave the op t imum change m absorbance/mm using either the 
oxalacetate or malate  system was determined to be I 5 × Io-8 M 

Pyr~d~ne nucleotzde Using the above enzyme concentra t ion the amoun t  of 
NAD + or N A D H  was varied and it was observed tha t  a concentra t ion of 2 lO -4 M 
yielded m a x i m u m  act iv i ty  over the t ime period studied (usually no more than  3 ram) 
Thl~ concentra t ion  was comparable to the I 7 lO-4 M NAD ~ used in the studies of 
(~rRIMM AND DOHERTY 17 

Substrate The enzyme act iv i ty  was studied as a funct ion of both oxalacetate 
and malate  concentra t ion The ac t iv i ty  increased with increasing malate  concentra-  
t ion and  reached a m a x i m u m  at lust  below o oI M This concentra t ion was used in all 
future  malate  assays The act ivi ty  using oxalacetate as a substrate  reached a maxi-  
m u m  near  I io  -4 M and  then decreased with further  increase in substrate  suggesting 
inhibi tory  effects ~s Therefore, the concentrat ion of oxalacetate used m these assays 
x~a~ i lO -4 M The influence of both the pyrldlne nucleotldes and substrates  on the 
ac t iv i ty  of the enzyme has been previously discussed 1~ 

Eqmhbr~um stztd~e~ 
Reachon  mixtures  were prepared by  dissolving 3 I m g  of K2PtC14 or 5 3 mg of 

Rb2PtBr  4 H20 in a known volume of distilled water (from 12 5 to IOO ml) depend- 
ing on the amoun t  of complex to be used in the exper iment  5 #1 of this solution were 
then plpet ted into either o 25 ml or o 50 ml of I 5 IO-~ M mala te  dehydrogenase at 
the desired pH The salt concentra t ion for most  of the exper iments  was o I M phos- 
phate,  however, m prehmlnary  experiments  the salt concentra t ion  was v a n e d  from 
o oI M to o 2 M These experiments  were performed to observe the effect of phosphate 
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on the equlhbrlum This enzyme had been premcubated in a constant temperature 
bath of 25 ± o I ° for at least 30 mln From the amount of complex and enzyme the 
molar ratxo was calculated and values ranging from o 5 to 4 o Pt complex malate 
dehydrogenase were used in these experiments I f  the ratios were lower the difference 
between the activity of the non-inhibited system and the inhibited system would not 
be sufficient to give accurate results I f  the ratios were higher the remaining activity 
of the inhibited system would be neghgible 

The enzyme-platinum system was allowed to incubate at 25 ° in the water bath 
At various times 5-#1 or IO-#1 ahquots were removed for assay using either malate or 
oxalacetate as the substrate Eqmhbrmm was assumed when the activity of the 
enzyme-platinum system did not change after a given time period Equlhbrmm was 
usually attained within 24 h A control enzyme test without added inhibitor was 
always run along with the other samples It  was assumed that the equilibrium was 
based on the dissociation of the I I complex, 

E1 .~ E + I (i) 

where E is the concentration of uncomplexed enzyme, E I  is the concentration of 
enzyme-platinum complex and I is the concentration of uncomplexed platinum 
From this equation the inhibition equlhbrmm constant KI  can be defined as 

[El [I] 
/~ - ( 2 )  

[ ~ I ]  

If  one assumes that [ E l i  is inactive then each of the concentrations can be 
evaluated from the activity data and Eqns 3-5 

a2 
EE l  = - -  cE  (s)  

a u  

a u I a i  
[El i  CE (4) 

au  

mR X ai  a u - - a i  ) 
[ I ]  = - cL (5) 

au  aU 

Where a v  and ai are the activities of the uninhibited enzyme (control) and the 
remaining free enzyme in the enzyme-platinum complex system, respectively, CE is 

concentration of enzyme and mR is the mole ratio, platinum complex malate de- 
hydrogenase 

To determine whether the equilibrium had in any way been shifted during the 
1- 3 mm of the assay determination, uninhibited enzyme was added to assay samples 
which contained inhibitor io - Iooo  times the normal concentration described above 
The activity of the enzyme was not reduced at all suggesting that since inhibition 
was neghgible over this time period and that the reaction was far to the left (enzyme- 
complex) then dissociation of this complex during the assay would be negligible 

K ,  net ,  c s tudies  

In order to study the rate of inhibition of malate dehydrogenase by the platinum 
complexes a high molar ratio of IOO moles of complex per mole of malate dehydro- 
genase had to be employed These ratios were prepared by first dissolving 3 I mg of 
K2PtC14 or 5 3 mg of Rb2PtBr * H~O in i ml of distilled water which yielded 7 5 mM 
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solut ions Then 5/zl of one of  the  above  aqueous solut ions was added  to o 25 ml of 
enzyme,  I 5 IO-6 M, to give a solut ion which was 15o IO -6 M in p l a t i num complex 
(IOO moles of  complex  per  mole of enzyme) Then 5-/.1 ahquots  of the  complex-enzyme 
solut ion were r emoved  at  selected t ime Intervals  and  assayed for ma la te  dehvdro-  
genase ac t i v i t y  The ra te  of decrease was recorded,  and  complete  inhibi t ion was 
usual ly  reached wi thin  an hour,  however,  this  depended  upon the na tu re  of the 
complex  

bcd2mentatwn rate of platznnm cn~Vme comple~ 
The s°20,w value  of the  comple te ly  inh ib i ted  enzyme ( io  moles PtC14 a- per  mole 

enzyme) was eva lua ted  using the t r anspo r t  me thod  as descr ibed b y  SCHACHMAN 19 
The measuremen t  of the  Schheren pa t t e rn  was made  in the  Spinco Model E 

Ul t racen t r i fuge  on a solution, 7 mg/ml  In enzyme and  115 pg /ml  in K2PtC1 a, buffered 
to p H  7 wi th  o io  M phosphate ,  ~h lch  had  been equi l ib ra ted  for 24 h at  20 ° 

RESULTS 

Eqmhbr,um studzes 
The lnItml l inear  por t ion  of the  AA vs t ime curve wa~ used to calcula te  the  

a c t i v i t y  of  a given sample  Since the p l a t i num complexes in our exper iments  slgnifi- 

i 

012 ~ o ~  I 

010 /J" 
E 008 • 
? ./ oJ 

o04 / ~ ° ~  

J 
20 40  60 8 0  100 120 140 160 

Time (see) 

B ig  I The tune  dependence rate ot convers ion o f  ma]a te  to oxa]acetate  b y  un inh ib i t ed  (Q) mala te  
d e h ~ d r o g e n a s e  a n d  b y  K 2 P t ( l  4 i n h i b i t e d  ( i , )  m a t a t e  d e h y d r o g e n a s e  "Ihe  e x p e r i m e n t a l  c o n -  
d i t l o n s  u e r e ,  i 5 IO-6 M m a l a t e  d e h y d r o g e n a s e ,  i 5 i o  8 M PtC14 z ( p r e ~ m u s l y  i n c u b a t e d  ~ i t h  
m a l a t e  d e h y d r o g e n a s e  f o r  24 h b e f o r e  a d d i t i o n  t o  s u b s t r a t e  m ~ x t u r e ) ,  o o I  M m a l a t e ,  2 lO -4 M 
N A D  +, o i M g l y c m e  E a c h  s y s t e m  ( b o t h  u n m h i b t t e d  a n d  i n h i b i t e d )  w a s  r u n  a t  25 ° a n d  p H  7 o 

can t lv  inh ib i ted  the  enzyme It was necessary to use re la t ive ly  high enzyme concent ra-  
t ions Fo r  the  non lnh lb l t ed  enzyme the curves dev ia t ed  from l inear l ty  between 45 and  
60 sec, while the  inh ib i ted  enzyme ma in t a ined  hnea r l t y  between I and  3 mln depend-  
lng on the concent ra t ion  of inh ib i tor  (Fig I) 

The d a t a  for the  Inhibi t ion of  the  enzyme b y  KePtC14 at  low molar  ra t ios  is 
summar ized  in Tables  I and  I I  The d a t a  is p resented  for a concent ra t ion  of  o I M 
phosphate ,  a l though concent ra t ions  for the  range of o o i - o  20 M phospha te  y ie lded  
the same results  In  Table  I L-malate  was used as the  subs t ra te  while in Table  I I  the  
d a t a  was ob ta ined  b y  using oxa lace ta te  as the  subs t ra te  

lhochzm Bmphys Acta, 25o  (3971 ) 280 -2c )0  
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T A B L E  I 

I N H I B I T I O N  O F  M ~ L A T E  D E H Y D R O G E N A S E ,  A T  p H  7 o A N D  2 5  ° ,  AS  ~ F U N C T I O N  O F  K2PtCl  ~ C O N C E N -  

T R A T I O N  

T h e  m e a s u r e m e n t s  w e r e  m a d e  af ter  24- a n d  48-h  i n c u b a t i o n  p e r i o d s  T h e  a s s a v s  ~ e r e  run  in a 
o I M g lvc lne  buf fered  s o l u t i o n  at  p H  9 5 w~th o o i  M m a l a t e  as t h e  s u b s t r a t e  a n d  2 i o  -a M N A D ~  
as t h e  p r o t o n  a c c e p t o r  

Ratzo 
K 2 P t C l a / m a l a t e  dehydrogenase 

Actzvz ty  ( p 3 I  m1-1 mzn  -1) × ±o 4 K l  ( 3 I )  / xo 7 

24 h 48 h 24 h 48 h 

o o 148 =c 3* 147 4- 5 
0 5 I iO  4- 6 lO6 4- IO 1 ° 4  4- 3 3  '~9 4- 4 ° 
I O  8 7 4 -  5 8 2 4 -  3 I 2 7 ~ 2  4 1 1 1 4 - 1 2  
1 5  0 0 4 -  3 6 3 4 -  5 I I 0  ± I I I O 5  4- I I 
2 0  51 ± 2 45 4- 2 I i O  4 - 0 6  8 9 : k o  4 

I I 9  4- 2 I** 9 8 4 - 1 8  

* A v e r a g e  de~ l a t m n  o f  a t  l eas t  4 s a m p l e s  
** A v e r a g e  d e v l a t m n  o f  the  errors  

The quoted results are the average of  data obtained from four separate experi- 
ments  The data in Table I Indicate that  there IS a significant decrease m the act iv i ty  
of the e n z y m e  over the range of  K2PtC1 * concentrations studies It is also observed 
that  there was less than a lO% decrease m the act iv i ty  between 24 and 48 h The K1 
is calculated for both the 24 and 48 h experiments and is also tabulated m Table I 
The variation of  K1 over a 4-fold concentration range from o 5 to 2 o mole ratio of 
complex malate  dehydrogenase is very small,  and the averages for both t imes are 
calculated The difference between the average K I  of  II  9 10-7 M for 24 h and 9 8 io  7 
M for 48 h is about 18% This difference m a y  be caused by  errors obtained in enzyme 
assays at low complex concentrations An error of  lO% in the act iv i ty  resulted in a 
5o% error in the KI at o 5 mole  ratio and about a 3o% error in the K1 at I o mole 
ratio It would have been desirable to s tudy  the inhibit ion at higher mole ratios, 
however,  prehmlnary studies mdJcated that  equlhbrmm enzyme  activit ies  were so 
low as to make accurate calculations for equlhbrlum constants nnpossible for mole 

"1 A B L E  I I  

I N H I B I T I O N  O F  M A L A T E  D E H Y D R O G E N A S E ,  A T  p H  7 o ~ N D  2 5  ° ,  ~S  A F U N C T I O N  O F  K2PtC1 t C O N C E N -  

T R A T I O N  

q h e  m e a s u r e m e n t s  w e r e  m a d e  af ter  a 24-h i n c u b a t i o n  p e r i o d  Fhe a s s a y s  w e r e  run in a o I M 
p h o s p h a t e  buf fered  s o l u t i o n  at  p H  7 o w i t h  i i o  ~' M o x a l a c e t a t e  as t h e  s u b s t r a t e  a n d  2 lO .4 M 
N A D H  as the  p r o t o n  d o n a t o r  

Ratzo K2PtClJmalate  dehydrogenase Actzvtty ([l]~1 m1-1 i'~,n -1) / i o  a Ik 1 (~[) X I0  7 

o o 259 ± 2" 
0 5  19o ± IO I I  2 4- 3 ° 
I O  I 5 I ~  5 1 3 o ± 1 - /  
I 5 122 2_ 6 1 3 5  4- I 6 
2 0  95 i 5 1 1 6 4 - O l  

I 2 3  4- I 5 " *  

_ n 

* A v e r a g e  d e v i a t i o n  f rom at  l eas t  four  e x p e r i m e n t s  
** Ax erage  de~ l a t ion  o f  t h e  errors  

Bzochzm Bzophys Acta, 25o (1971 ) 286 296 
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T A B L E  I I I  

THE EFFECT OF p H  ON THE INHIBITION BY K2PtC14 

T h e  d i s s o c i a t i o n  c o n s t a n t  (/xi) x~as c a l c u l a t e d  as  a f u n c t i o n  o f  t h e  m o l e  r a t i o  K 2 P t ( 1  ~ l n a l a t e  
d e h y d r o g e n a s e  T h e  m o l e  r a t i o  ~ a r i e d  f r o m  o 5 to  4 o as I n d i c a t e d  in t h e  t a b l e  b e lo w  T h e  m e a s u r e -  
m e n t s  w e r e  m a d e  a f t e r  a 24-tl i n c u b a t i o n  p e r i o d  a t  25 ° T h e  a s s a y  s y s t e m  c o n t a i n e d ,  o i lXl 
g l , ,c ine ,  o o i  lX[ m a l a t e  a n d  2 io  4 lXl N A D  + b u f f e r e d  a t  p H  9 5 

p H  l ( l  (31 )  \ i o  7 at gzoen mole rat io ,  K 2 P t C l , / m a l a t e  dehvdrog*nase 

o 5 z o ~ 5 2 o .~ o .4v ,~ag,  

6 5  7 7  8 5  6 8  5 9  7 2 
7 ° lO 4 12 7 i i  6 I i  o i i  9 
8 0  2 3  32 3 ° 2 8  29  28  

8 3 3 b 43 31 23 31 3~ 

ra t ios  grea te r  t han  2 The results  in Table  I I  using the oxa lace ta te  as subs t r a t e  com- 
pare  qui te  f avorab ly  wi th  the  resul ts  in Table  I There  ~ a s  a 4-fold var ia t ion  in 
K2PtC1 a concent ra t ions  and  the lnhlbl t ion  was significant and  measurab le  over  this  
range The ca lcu la ted  K1 was cons tan t  ~ i t h l n  exper imen ta l  error  over  this  range,  and  
the  va lue  of  12 3 lO-7 M for 24 h incuba t ion  compared  f avorab ly  wi th  the  I i  9 lO-7 
M using ma la t e  as the  subs t r a t e  Smce the  Kz values  for bo th  the  ma la t e  and  oxal-  
ace ta te  sys tems are s imilar  i t  is p robab le  t h a t  the  p l a t i num complex inhibi ts  the  
enzyme by  a s imilar  mechan i sm in bo th  cases Consequently,  ma la te  was emplo~ ed 
as the  subs t r a t e  in all  fur ther  exper iments  

The inhib i t ion  was then  s tud ied  as a funct ion of  H ~ concent ra t ion  in the  p H  
range 6 5-8 3 The results  for K2PtC14 are given in Table  I I I  and  for Rb2P tBr  4 are 
given in Table  IV Outs ide of  this  p H  range rap id  dena tu ra t ion  of  the  enzyme occurred 
Fo r  example ,  even at  p H  6 5 there  ~ a s  be tween a 15 and  o/ decrease m 20/o the  ini t ia l  
m a x i m u m  veloc i ty  (without  addi t ion  of  inhibi tor)  af ter  24-h equlhbra t lon ,  and  at  p H  
8 3 the  ini t ia l  m a x i m u m  veloci ty  d ropped  between 1/2 and  2/3 the  original  a c t i v i t y  
af ter  24-h equlhbra t ion  The results  for any  given p H  are consis tent  wi th in  experi-  
men ta l  error  The average of those values,  using different  concent ra t ions  of  p l a t i n u m  
complex,  are given in the  las t  column The error  in any  given/x 'z  value  is of a s imilar  
order  to the  values  of  KI given in Tables  I and  I I  

F r o m  bo th  Tables  I I I  and  IV It can be observed t ha t  an increase in p H  in- 

T A B L E  IX" 

T t t E  EFFECT OF p H  oN THE INHIBITION BY R b 2 P t B r  4 

T h e  d i s soc i a t i on  c o n s t a n t  (A i )  w a s  c a l c u l a t e d  as a f u n c t i o n  o f  t h e  m o l e  r a t io .  R b 2 P t B r  4 m a l a t e  
d e h y d r o g e n a s e  T h i s  m o l e  r a t i o  ~ a r l e d  f r o m  o 5 to  4 o T h e  c o n d i t i o n s  fo r  I n h i b i t i o n  a n d  a s s a v  
a r e  g i v e n  in T a b l e  I I I  

p H  14r (~l f)  ±o 7 at g~ven mole ratio,  R b 2 P t B r 4 / m a l a t e  dehyd~ogenase 

o 5 z o z 5 2 o 4 o - lwrage  

6 5 0 o  0 7 5 2  5 0  5 7  
7 ° I I  I 1 2 2  9 5  l O 9  
8 o 16 7 I O 4  17 9 13 5 I 4  7 1525 

t~zoch~rn B z o p h y s  Ac ta ,  250 (1971) 2 8 6 - 2 9 6  
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Fig 2 The tame dependence rate of inhibit ion of Inalate dehydrogenase by  a high concentrat ion 
of K,PtCI l a t  s e v e r a l p H ' s  p H  6 o  ( × ) ,  p H  6 5  (©), p H  7 °  (O), p H  7 3 (El) and p H  8 o  ( I )  
The exper imental  condit ions were, i 5 IO-n ]XI Inalate dehydrogenase,  I 5 lO-4 M K2PtClt, 
2 IO -4 M NAD +, o oI M malate, o i M glyclne at  25 ° 

Fag 3 The tame dependence rate  of inhibition of malate dehydrogenase bv  a high concentrat ion 
o f R b , P t B r  4 at  s e v e r a l p H ' s ,  p H  7 °  (©), p H  7 3  (O), p H  8 o  (D)  and p H  8 5  (m) The experi- 
menta l  conditions were, I 5 I ° -e  M Inalate dehydrogenase,  I 5 IO-4 M Rb2PtBr  a, 2 io - i  M 
NAD +, o oi M malate, o oI M glycme at  25 ° 

creases the K1 and thus reduces the binding of the complex to the enzyme This effect 
appears to be shghtly more pronounced with K2PtC1 a than with RbzPtBr 4 The 
PtCl**--enzyme complex is slightly more stable than the PtBr42--enzyme complex 
at any given pH 

The apparent fluctuation in Ks is a function of K2PtC14 concentration at pH 8 3 
and may be due in part to the fact that only 33-5o% of the uninhibited enzyme re- 
mained active at that pH, resulting m relatwely large experimental errors 

The rates of inhibition by Rb,PtBr  4 and K2PtC14 were studied separately in the 
presence of excess complex in order to determine if the kinetics of the inhibition reac- 
tions exhibited the usual characteristics for platmum(II) subshtutlon reactions an 
aqueous solution In these studies high concentration of platinum complex malate 
dehydrogenase (IOO i mole ratio) were added an order to study the rate of inhibition 
over a short period of time The results are shown in Figs 2 and 3 In Fig 2 the 
percent of remaining activity of malate dehydrogenase was plotted against time for 
mhlbihon by K2PtC14 at different pH's  In Fig 3 Rb2PtBr4 was the inhibitor From 
the curves in both figures it as observed that an increase In pH decreases the rate of 
inhibition of the platinum complex towards the enzyme I t  was also possible to study 
the inhibitory effects at lower (pH 6 o) and higher (pH 8 5) pH's as the denaturation 
of the enzyme was neghglble over the time period studied at the given pH of the 
experiment It  was not possible to study the kinetics above pH 8 o for the KzPtC] 4 
as the rate of inhibition was too slow, and below pH 7 o for Rb2PtBr 4 as the inhibition 
of the enzyme was too rapid 

The initial rates of reactivation were constant for both K2PtC14 and Rb2PtBr 4 
during the loss of the first 50% of enzyme activity The initial slopes of each of these 
lines were measured and the data is reported in Table V 

The s°20,w of the K2PtC14 inhibited enzyme was found to be 4 I which was 
identical with that of the uninhibited enzyme 
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F A B L E  V 

R A 1 E  O F  I N I T I & L  I N H I B I T I O N  O1, M A L A T E  D E H - ~ D R O G E N  k b E  B ~  N 2 I ' t ( l  4 ~ N I )  R b 2 P t B r  4 a T  V a ~ R I O I I %  

p H ' s  

T h e  m e t a l  c o m p l e x e s  ar~ l o o - / o h l  m o l e / m o l e  HI exc(~q Ol th~ c n z  3 m e  c o n c e n t r a t i o n  

Pt comple~ Rate o[ z~mctmatzon at pH*  
6 0  6 ~  7 ° 7 ~  8 0  8 5 

K o P t (  14 5 o ~ ~ 2 8 I 5 o 5 -_'o 5 
R b , P t B r  a ) 3  ° 3 ° 17 8 0 4 2 3 2 

* E x p r e a s e d  as  t h e  l n l t t a l  ~lope ( %  r e m a i n i n g  a c t l v l t y / t t m t  m r a m )  f r o m  l, lg~ i a n d  2 

D I S C U S S I O N  

The d a t a  presented  in this  paper  shows t ha t  two square p l ana r  complexes  of  
p la t inum,  wi th  hal ide Ions as hgands,  are inhibxtors of  ma la t e  dehydrogenase  Since 
at  low or modera t e  concent ra t ions  of p l a t i n u m  complex the ex ten t  of  Inhibi t ion did 
not  change dur ing  the  assay  procedure  it was possible to de te rmine  the amoun t  of  
inhibi t ion  by  first ex te rna l ly  inhibi t ing  the  enzyme and then adding  i t  to the  sub- 
s t ra te  mix tu re  

The v a h d l t y  of represent ing K1 as a t rue equlhbr lum constant ,  as defined m 
Eqn  I, depends  solely on whe ther  equi l ibr ium had  been reached dur ing the t ime 
a l lo t t ed  Our  s tudies  showed tha t  there  was a slow decrease in ac t iv i ty  up unt i l  24 h 
of  equi l ibra t ion  Between 24 and 48 h there was only  a small  fur ther  decrease in 
ac t i v i t y  Even  if  it  were to be assumed tha t  equ lhbr lum had  not  been reached af ter  
24 h the  approach  to equi l ibr ium mus t  be e x t l e m e l y  slow and the ca lcula ted  K1 
would stil l  be a good measure  of  the  Inhib i tory  proper t ies  of the  enzyme under  the  
condi t ions  s tudied  Comparison of  the  values i i  9 lO-7 M for the  K1 of  K~PtC14 at  
p H  7 o or IO 9 I° -7  M for the  K I  of Rb2P tBr  4 at  the  same p H  with  the  var ious  values  
of Km using ma la t e  as a subs t ra te  (8 IO 4- 0 io  -4 M (ref 8), 5 i o - 4 - i o  lO .4 M (ref 
I7), 3 IO-4-4 lO-4 M (ref 20) or using oxa lace ta te  as a subs t ra te  (2 IO-5-5 IO -5 M 
(ref 2I), 3 IO-~-5 IO -5 M (ref 8 ) ) s h o w s  the p l a t m u m  hal ide complexes to be 
significant lnhlbl tors  

Both  PtCI42- and PtBr42-  undergo aqua t lon  reactxonb in aqueous solution 
accordlng to the  following equat ion  

P t X ~  a-  + H a O  ~- P t X a ( H , O  ) -  ¢- X -  (6) 

At  25 ° the  half-l ine for aqua t ion  of PtC142- is 4 6 h (ref 25) and  the PtBr42- has 
been shown to aqua te  more rap id ly  15 Consequently,  bo th  hal ide complexes were m 
essential  equi l ibr ium with  thew aquo forms at  the  t ime t ha t  the  first inhibi t ion  meas-  
u remen t  was per formed  af ter  24 h th roughou t  the  employed  p H  range The ca lcu la ted  
inhibi t ion  equi l ibr ium cons tan ts  (KI) refer to  the  t o t a l  p l a t i num concent ra t ions  In 
pa r t i cu la r  solut ions The t e t r ahahde  ions and /o r  the i r  aquo forms could be the  ac tua l  
react ive  species in solut ion 

The fact  t ha t  the  inhibi t ion  using ei ther  ma la te  or oxa lace ta te  as the  subs t r a t e  
in our s tudies  y ie lded  s imilar  values  for KI  suggests  t ha t  inhibi t ion is not  affected 
b y  the subs t r a t e  which is used in these exper iments  Also, i t  is imphed  t ha t  the  de- 
ac t iva t ion  mechanism IS s imilar  for bo th  subs t ra tes  The main  reason for using ma la t e  
as the  subs t r a t e  in most  of  our  exper iments  was because the  enzyme ac t iv i ty  is qui te  
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sensitive to oxalacetate concentration as shown b3 SIEGEL AND ENGLARI) TM Fhe~e 
workers demonstrated, and u e ~erlfied in prehmlnary experiments, that at high 
concentrations of malate the activity is independent of malate concentration ~hile 
the oxalacetate-actlvity cur,,e passes through a maximum The fact that the variation 
of phosphate Ion from o oI M to o 20 M did not effect the equihbrlum suggests that 
the buffer salt did not interfere with tile platinum-enzyme complex 

The sedimentation rate constants (s°z0,~v of 4 I) for both the inhibited and un- 
inhibited enzyme were identical within experimental error These observations mdl- 
cate that enzyme dissociation IS not nlvolved during inhibition by the platlnnrn 
complex SIEGEL 1 reported anions such as citrate Inhibited malate deh 3 drogenase by 
dissociation of the subunlts while the heavy metal cation PHMB also inhibited malate 
dehydrogenase but not through dissociation He suggested that the probable mechan- 
ism of mhlbltlon was through complexatlon of the free sulphydryl groupb, however, 
complete lnhlbJtlon did not occur until 12 equivalents of PHMB per mole of inalate 
dehydrogenase were added 

The effect of the pH on the inhibition suggests several possible mechanisms 
First of all, the increase in pH from 6 5 to 8 3 decreases the binding of the platinuni 
to the enzyme, and also increases the negative charge on the enzyme for uhlch the 
isoeleetric pH is between 6 1-6 4 (ref 22) Because the platinum complexes are 
negatively charged, this suggests that electrostatic effects may influence the bindmg 
of the platinum compound to the enz 3 me 

Previous experiments by TEGGINS and co-workers ~6,zz sho~ed that bromide 
hgands are more labile than chloride hgands in substitution reactions of platlnum(II) 
complexes For example, amine molecules can displace a bromide hgand from a 
platmnum(II) complex in aqueous solution approximately seven times faster than a 
chloride hgand would be displaced under comparable circumstances It  1~ lnterebting 
to note that the data m Table V does show that the rate of inhibition of the enz3 me 
by PtBr4Z- is indeed about 6-8 tlmea faster than the rate of inhibition by PtCI~ ~ 
under similar conditions Consequently, it is possible that the rate-determinlng step 
In the enzyme inhibition reaction could involve displacement of a halide hgand in the 
metal complex by a nucleophlhc group on the enzyme Such a reaction would result 
In the formation of a platinum enzyme covalent bond which could easily inhibit the 
enzyme activity The group may become less accessable with increasing pH leading 
to a reductlon in Inhibition This could be due to a conformational change Although 
the described study gives no indication of the nature of the binding group, DICKENSON 
et al 24 found that PtC142- binds selectivel 3 to sulfur In methionme side chains in six 
crystalline proteins 

In conclusion, It has been observed that both PtC142- and PtBr42- are significant 
inhlbltors for malate dehydrogenase In both instances binding constants increase 
with increasing acidity In the pH range 8 5 6 Indirect evidence suggests that enzyme 
inhibition could result from the displacement of a halide hgand in the metal complex 
by a nucleophlhc group on the enzyme with the formation of an inert platinum- 
enzyme bond 
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