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Interactions of Platinum Complexes with the Essential and 
Nonessential Sulfhydryl Groups of Thymidylate Synthetase? 

John L. Aull,* Allison C. Rice,’ and Laura A. Tebbetts 

ABSTRACT: Thymidylate synthetase (methylenetetrahydro- 
fo1ate:deoxyuridylate C-methyltransferase) from Lactoba- 
cillus casei was progressively inactivated when incubated at  
25 OC, pH 6.8, in  the presence of trans-Pt(NH3)zCIz. The 
inhibition appeared to be irreversible, and the rate of activity 
loss was dependent on the inhibitor concentration. The corre- 
sponding cis isomer was incapable of inhibiting the enzyme 
under the same conditions. The presence of 2-mercaptoethanol 
protected the enzyme from inhibition, but did not reactivate 
enzyme preparations which had been inhibited prior to the 
addition of the thiol. The interactions of cis- and trans- 
Pt(NH3)2C12 with the enzyme’s sulfhydryl (-SH) groups were 
inferred from the results of spectrophotometric titrations of 
the enzyme with 5,5’-dithiobis(2-nitrobenzoic acid) and p- 

T h y  mid ylate synthetase catalyzes the reductive methylation 
of 2’-deoxyuridylate by (+)-5, IO-methylenetetrahydrofolate 
to form 2’-deoxythymidylate and 7,8-dihydrofolate (Huen- 

~~ 
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hydroxymercuribenzoate. The results suggested that the cis 
isomer reacted with an average of 1.3 of the enzyme’s 4 -SH 
groups and that these were not essential for catalysis. The trans 
isomer reacted with a total of approximately 2.5 -SH groups, 
1.2 of which are essential for catalysis. Neither the trans isomer 
nor a combination of both isomers was able to react with 1.2 
of the 4 -SH groups. Further evidence that the Pt complexes 
are interacting with enzyme’s -SH groups was obtained by 
reversibly blocking the -SH groups of thymidylate synthetase, 
and demonstrating the resistance of these preparations to in- 
hibition by the trans Pt complex. Possible explanations for the 
preferential inhibition of thymidylate synthetase by only one 
of the two geometric isomers of Pt(NH3)2C12 are consid- 
ered. 

nekens, 1968; Blakely, 1969) as shown in eq 1. 

dUMP + (+)-5,lO-CH2H4-foIate - dTMP 
+ dihydrofolate’ ( 1  ) 

’ Abbreviations used are: 5,10-CH2H4-folate, 5,10-methylenete- 
trahydrofolate; FdUMP, 5-fluoro-2’-deoxyuridylate; pHMB, p-hydrox- 
yrnercuribenzoate; DTNB, 5,5’-dithiobis(2-nitrobenzoic acid); H,-folate. 
5,6,7,8-tetrahydrofolate; NaDodS04, sodium dodecyl sulfate. 
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This reaction is of special interest because the compound 5 -  
fluorouracil ultimately exerts its antitumor properties by in- 
hibiting thymidylate synthetase, and depleting the cells' supply 
of the thymidylate required for DNA synthesis (Friedkin, 
1973). 

Lactobacillus casei thymidylate synthetase has a molecular 
weight of 70 000 (Dunlap et al., 1971) and consists of two 
subunits having the same N terminus and molecular weight 
(Loeble and Dunlap, 1972). Recent results have strongly in- 
dicated that the apparently identical subunits of thymidylate 
synthetase do not interact symmetrically to form two equiva- 
lent active sites. Circular dichroic spectral measurements have 
indicated that 1 mol of dUMP was bound per mol of enzyme 
in the absence of folates (Leary et al., 1975). Galivan et al. 
(1976) have recently used equilibrium dialysis to show that 
single site binding was exhibited by dUMP, dTMP, (+)- 
5,10-CH2H4-folate, and several other folates under a variety 
of conditions. On the other hand, these studies indicated ap- 
proximately two nonequivalent binding sites for FdUMP. 
Fluorescence and circular dichroic spectral measurements 
(Donato et al., 1976a) as well as gel electrophoresis studies 
( A d  et al., 1974) have shown that thymidylate synthetase has 
two nonequivalent binding sites for both FdUMP and (+)- 
5 ,  I O-CHzH4-folate when all three components are present in 
the reaction mixtures. 

Investigations of the role of the sulfhydryl groups of thym- 
idylate synthetase in accomplishing catalysis have also yielded 
results which are inconsistent with the two active site hy- 
pothesis. It has been reported that 1 mol of enzyme is com- 
pletely inactivated by either 1 mol of pHMB (Dunlap et a]., 
1971), DTNB, or iodoacetamide (Leary et a]., 1975). 

Rosenberg et al. (1969) have shown that certain Pt-amine 
complexes exhibit antitumor activity, and it appears that the 
major effect of these compounds on tumor cells is to inhibit 
DNA synthesis by cross-linking the complementary strands 
of nucleic acids (Roberts and Pascoe, 1972). Other researchers 
have reported that the cis and trans isomers of Pt(NH3)2C12 
are inhibitors of enzymes (Melius et al., 1972), particularly 
those containing reactive sulfhydryl groups (Friedman and 
Teggins, 1974). It was these observations which prompted the 
present investigation into the interactions of Pt complexes with 
the sulfhydryl groups of thymidylate synthetase. 

Experimental Procedures 

Materials 
Thymidylate synthetase from amethopterin-resistant 

Lactobacillus casei (Dunlap et al., 1971) was purified in the 
presence of 10 mM 2-mercaptoethanol by a procedure in- 
volving ammonium sulfate fractionation of cell-free extracts 
of sonicated cells, followed by successive chromatography on 
carboxymethyl-Sephadex and hydroxylapatite (Lyon et al., 
1976). Enzyme preparations which were homogeneous, as 
evidenced by analytical polyacrylamide gel electrophoresis, 
had specific activities ranging from 2.7 to 3.9 units/mg when 
assayed spectrophotometrically in the presence of 25 mM 2- 
mercaptoethanol (Dunlap et al., 1971). One unit of thymi- 
dylate synthetase is defined as that amount of enzyme cata- 
lyzing the formation of 1 pmol of thymidylate per min. The 
present study utilized pure thymidylate synthetase which had 
been activated by dialysis at 5 OC for 12 to 24 h against 0.1 M 
potassium phosphate buffer, pH 6.8, containing 25 mM 2- 
mercaptoethanol. Mercaptoethanol-free enzyme solutions were 
subsequently prepared for use in the experiments described 
herein. 

ci~-F't(NH&C12 was prepared and analyzed by the method 
of Ramberg (191 3) as modified by Reishus and Martin (1 96 1). 
tran.s-Pt(NH3)2C12 was prepared and analyzed by the method 
of Drew (1932) as modified by Bauer (1953). 

Hrfolate was prepared by the catalytic hydrogenation of 
folic acid in acetic acid (Hatefi et al., 1960) and was stored at 
-50 OC as a lyophilized powder under argon in sealed serum 
bottles. Stock solutions of (&)-5,lO-CH2H4-folate were pre- 
pared by dissolving Hrfolate in a solution consisting of 0.05 
M sodium bicarbonate, 0.07 M formaldehyde, and 0.25 M 
2-mercaptoethanol (Dunlap et al., 1971). 

Other chemicals were obtained as follows: folic acid, dUMP, 
urea, DTNB, pHMB, and NaDodS04 (Sigma Chemical Co.); 
Sephadex G- 100 and G-25 and carboxymethyl (C5O)-Se- 
phadex (Pharmacia Fine Chemicals); hydroxylapatite (Bio- 
Rad Laboratories). 

Methods 
Enzyme Preparations and Assays. Mercaptoethanol-free 

solutions of thymidylate synthetase were prepared by diluting 
enzyme stock solutions which contained mercaptoethanol and 
0.1 M phosphate, with cold distilled water to give a final 
phosphate concentration of 0.05 M. The diluted solution was 
applied to a small carboxymethyl-Sephadex column (ap- 
proximately 1 ml of swollen gel per 5 mg of protein applied) 
equilibrated in 0.05 M potassium phosphate buffer, pH 6.8. 
The column was then washed with ten times the column vol- 
ume of cold equilibration buffer, which had been previously 
deoxygenated by boiling and bubbling with argon. The protein 
was eluted from the column with cold, deoxygenated 0.1 M 
potassium phosphate buffer, pH 6.8, which contained 0.5 M 
KC1. The thiol-free enzyme solutions were stored under argon 
at 5 OC in screw-capped tubes. These solutions were diluted 
with the elution buffer to give the desired enzyme concentra- 
tion. 

Thymidylate synthetase was assayed spectrophotometrically 
(Wahba and Friedkin, 1962) at 25 "C, as previously described 
(Dunlap et al., 197 1). Unless otherwise stated, the assays were 
performed in the presence of 25 mM 2-mercaptoethanol. En- 
zyme concentrations were established by using extinction 
coefficients at 278 nm of 105 000 M-' or 1.55 ml mg-' (Lyon 
et al., 1976), or by the method of Lowry (Lowry et al., 1951) 
using pure thymidylate synthetase as a standard. All spectral 
measurements were made on a Gilford Model 250 spectro- 
photometer equipped with an automatic cuvette changer, re- 
corder, and wavelength scanner. 

Measurement of Inhibition of Thymidylate Synthetase by 
Pt Complexes. Mercaptoethanol-free solutions of the enzyme 
in 0.1 M potassium phosphate buffer (pH 6.8)-0.5 M KCl 
were prepared as described. Stock solutions of the Pt complexes 
ranging in concentration from 1 to 8 mM were prepared by 
dissolving the crystalline solids in 0.08 M sodium pyrophos- 
phate buffer, pH 8.8. Dissolution was accomplished by heating 
the suspensions to 60 O C  with vigorous shaking for about 10 
min. The resulting solutions were stored at 5 O C  in the dark for 
no longer than 5 days prior to use. Typically, the inhibition 
reactions were begun by adding the appropriate volume ( 5 -  100 
PI) of an inhibitor stock solution to an aliquot of enzyme (1-5 
ml) solution to give the desired concentration of inhibitor and 
enzyme. In experiments where the inhibitor concentration was 
the variable, the concentrations of all other components of the 
reaction mixtures were kept constant by adding appropriate 
volumes of 0.01 M sodium pyrophosphate buffer, pH 8.8, to 
the samples. The inhibition reaction mixtures were incubated 
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INHIBITION T l M E I m i n l  

I - I G L R ~ :  I: Inhibition of thymidylate synthetase by trans-Pt(NHj)pZlz. 
En7yme concentration: 2.0 X M. Inhibitor concentrations: 1.90 X 

IO-'  M ( 0 ) .  Inhibition carried out at 25 O C  in 0.1 M potassium phosphate, 
10-" (0) ,3 .81 X lO-'(O). 5.22X lo- ' (A).6.96X 1.04X 

pH 6.X. 

a t  25 O C  and aliquots were withdrawn for assay and/or sulf- 
hydryl group titration after various inhibition times. 

Titration of the Sulfhydryl Groups of Thymidylate Syn- 
thetase. The DTNB titrations were carried out essentially by 
the method previously described (Ellman, 1959). Typically, 
25 M I  of a 0.01 M DTNB solution was added to a cuvette con- 
taining 0.5 ml of an enzyme solution in 0.1 M potassium 
phosphate buffer, pH 6.8. The color was developed for 10 min 
and read a t  41 2 nm against an enzyme solution containing no 
DTNB. A reagent blank was subtracted from the apparent 
absorbance to give the net absorbance. A molar absorptivity 
value of 13 600 M-' cm-I (Ellman, 1959) was used for cal- 
culation of the sulfhydryl content of the enzyme solution in the 
absence of denaturing reagents. The sulfhydryl content of the 
enzyme solution was determined in the presence of 5 M urea 
by the addition of 240 mg of solid urea to each of the three 
cuvettes containing the sample, enzyme blank, and reagent 
blank, respectively. The net absorbance at 41 2 nm was deter- 
mined, and the volume of each cuvette was measured for use 
in recalculating the enzyme concentration in the sample. A 
molar absorptivity of 13 600 M-' cm-I was determined for 
nitromercaptobenzoate in 0.1 M potassium phosphate (pH 
6.111-5 M urea, using a standard solution of 2-mercaptoethanol. 
In  the absence of urea, the standard 2-mercaptoethanol solu- 
tion gave a molar absorptivity value of 13 200 M-'  cm-I, 
which is in close agreement with the published value of 13 600 
M-l cm-I. 

Titrations with pHMB were performed in 0.1 M phosphate 
buffer, pH 6.8, as described (Stadtman, 1957) using a molar 
absorptivity of 7300 M-' cm-' a t  250 nm. 

The separation of thymidylate synthetase from excess re- 
agents in the various reaction mixtures was accomplished by 
gel filtration a t  5 O C  on columns of Sephadex (3-25 equili- 
brated with 0.1 M phosphate buffet, pH 6.8. 

Electrophoretic Techniques. Electrophoresis was performed 
at 5-8 "C on 7.5% polyacrylamide essentially as described 
(Ornstein, 1964; Davis, 1964). No stacking gels were used. 
Gels were stained for protein using Coomassie brilliant blue 
(Chrambach et al.. 1967). 

Results and Discussion 
Inhibition of Thymidylate Synthetase by trans- 

Pt(NH3)?CI?.  The progressive inhibition of thymidylate 
synthetase observed when the enzyme was incubated in the 
presence of various concentrations of truns-Pt(NH3)2C12 is 

2.01 
I 

0 100 200 300 
INHIBITION TIMElmin) 

FIGURE 2: Inhibition of ris-Pt(NHj)2Clz-pretreated thymidylate syn- 
thetase by truns-Pt(NH,)zClz. The enzyme was preincubated with the 
cis Pt complex prior toaddition of the trans Pt complex. (See text for de- 
tails.) Enzyme concentration: 2.0 X M. truns-Pt(NH3)fJl con- 
centraiions:9.52 X ~ O + ( A ) ,  1.90X 1 0 P ( ( 0 ) ,  3.81 x 10-4(0).5.22 x 

( W ) ,  1.04 X IO-' M (0 ) .  Inhibition carried out 
at 25 "C in 0.1 M potassium phosphate, pH 6.8. 

( A ) ,  6.96 X 

shown in Figure 1 .  The same inhibition rates were observed 
whether the enzyme assays were performed in the presence or 
absence of 25 mM 2-mercaptoethanol. However, the inclusion 
of 25 m M  2-mercaptoethanol in the inhibition reaction mix- 
tures completely prevented the inhibition of the enzyme. 
Therefore, mercaptoethanol can apparently prevent the in- 
teraction between the enzyme and Pt complex, but cannot 
readily reverse the inhibition process once it has occurred. The 
inhibition experiments were carried out under pseudo-first- 
order conditions to facilitate kinetic analyses; however, the 
curved semilogarithmic plots indicate that the kinetics are 
complex. The fact that the rate of inhibition was not propor- 
tional to the inhibitor concentration further substantiates that 
the inhibition is not a simple, first-order process. 

Treatment of thymidylate synthetase with up to a 530-fold 
molar excess of cis-Pt(NH3)zClz for periods as long as 24 h 
did not result in inhibition of enzyme activity. However, en- 
zyme preparations which were first pretreated with the cis- 
Pt(NH3)lCIZ and subsequently inhibited with the trans- 
Pt(NH,)2C12 showed inhibition patterns (Figure 2) which were 
markedly different from those shown in Figure 1. The data 
summarized in Figure 2 are taken from a typical experiment 
which involved preincubation of the enzyme for 5 h in the 
presence of a 500-fold molar excess of cis-Pt(NHi)zClr, 
followed by the addition of various amounts of trans-Pt- 
(NH3)2C12 to aliquots of the pretreated enzyme preparation 
to initiate the inhibition process. A comparison between Fig- 
ures 1 and 2 indicates that, although the cis Pt complex is not 
an inhibitor of thymidylate synthetase, it does interact with 
the enzyme in such a way as to render it more susceptible to 
inhibition by the trans Pt complex. At any given inhibitor 
concentration, enzyme preparations which had been pretreated 
with the cis Pt complex were inhibited a t  a faster rate than 
those which had not been pretreated. 

Interaction of Pt  Complexes with Thymidylate Synthetase 
Sulfhydryl Groups. Attempts to use amino acid analysis to 
identify the amino acid residues in thymidylate synthetase 
which were interacting with the Pt complexes failed, appar- 
ently because of the instability of the enzyme-Pt derivatives. 
The interaction of the Pt complexes with cysteine residues was 
thus inferred indirectly by determining the concentration of 
free sulfhydryl (-SH) groups in enzyme solutions both before 
and after treatment with Pt complexes. The concentration of 
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TABLE I :  D T N B  and p H M B  Titrations of Thymidylate Synthetase 
before and after Treatment with Cis and Trans isomers of 
PtlNH?)7CI,.' 

Sp. [-SH] M/[Enz]  M [-SH] M/[Enz]  M 
Act. (DTNB) (PHMB) 

(units/ + 4 M  -Na- + 2 %  
Sample mg) '  - Urea Urea DodSOa NaDodS04 

Native enzyme 3.90 1.0 3.7 4.0 3.9 
cis-Pt(NH&- 3.95 1.0 2.4 3.2 2.7 

trans- Pt ("3) 2- 0 0 1.2 1.2 1.5 
C12 treated 

Cl2 treated 

(I The enzyme was incubated at 25 'C  in the presence of 7.3 X 
M Pt complex for 6 h and then isolated by gel filtration on Sephadex 
(3-25 prior to titration. The final enzyme concentrations ranged from 
7.3 X to 8.7 X 1W6 M. 

-SH groups was determined by spectrophotometric titrations 
with DTNB and pHMB both in the presence and absence of 
denaturing reagents, as described. The data shown in Table 
I represent the average of three separate experiments, all of 
which yielded values within 5% of those given in the table. 
Specific activities of the native and Pt-treated enzyme samples 
were measured before gel filtration and shown to be unchanged 
after gel filtration on Sephadex G-25, indicating that only the 
trans Pt complex inhibits, and that the inhibition process is not 
readily reversible. DTNB titrations performed in the presence 
of excess Pt complex (before gel filtration) gave essentially the 
same results as those shown in Table I, indicating that the Pt 
complexes do not interfere with the results of the titration by 
interacting with the DTNB. The DTNB titrations performed 
in the absence of urea indicate that native thymidylate syn- 
thetase contains one exposed -SH group per enzyme dimer, 
which is in agreement with previous reports (Leary et al., 
1975). In the presence of 4 M urea, approximately 3 (2.7) 
additional -SH groups are capable of reacting with DTNB. 
The cis isomer of the two Pt complexes used in these studies 
interacts with the enzyme in such a way as to prevent the 
DTNB reaction with 1.3 of the enzyme's 3.7 -SH groups. The 
-SH groups blocked by the cis Pt complex are apparently not 
essential for enzyme activity, and do not correspond to the 
exposed -SH groups which react with DTNB in the absence 
of denaturing agents. The trans isomer prevents the DTNB 
reaction with approximately 2.5 -SH groups, one of which 
corresponds to the exposed -SH group that reacts with DTNB 
in the absence of denaturant. The inhibition of activity by the 
trans isomer suggests that at least one of the -SH groups 
blocked by this reagent is essential for catalysis. The results 
obtained using pHMB as the -SH group titrant were similar 
to those obtained with DTNB, except that about 4 -SH groups 
are exposed to pHMB both in the presence and absence of 
denaturing agent (Table I). The cis Pt complex blocked the 
pHMB titration of 0.8-1.2 -SH groups, and the trans Pt 
complex blocked 2.4-2.8 -SH groups. 

When the enzyme was treated either sequentially or si- 
multaneously, with both of the Pt complexes, the -SH group 
titrations indicated that 1.2-1.5 -SH groups were not blocked 
by either of the two compounds. 

Correlation between the Loss of Titratable -SH Groups and 
the Inhibition of Thymidylate Synthetase. In these experi- 
ments, both the time-dependent loss of activity and the loss of 
titratable -SH groups was followed when solutions of thymi- 
dylate synthetase were incubated in the presence of the Pt 

INCUBATION TIMElmin) 

FIGURE 3: Correlation between the progressive inhibition of thymidylate 
synthetase by trans-Pt(NH3)zClr and the blocking of -SH groups as ev- 
idenced by DTNB titrations performed in the presence of 4 M urea. En- 
zymeconcentration, 1.13 X 
M. Percent inhibition after various incubation times (0 ) .  Sulfhydryl 
groups blocked by the inhibitor, expressed as percentages of the total 
number of -SH groups (2.5) blocked after prolonged incubation times (B, 
A) (two independent titrations). 

M; inhibitor concentration, 7.3 X 

00- 1 0 0  200 
INCUBATION TIME(minJ 

FIGURE 4: Correlation between the progressive inhibition of cis- 
Pt(NH3)1CI2-pretreated thymidylate synthetase by trans-Pt(NH3)2Clz 
and the blocking of -SH groups as evidenced by DTNB titrations in the 
presence of 4 M urea. Enzyme samples were preincubated for 160 min with 
7.3 X M ris-Pt(NH3)2C12 prior to addition of the trans Pt inhibitor. 
Enzyme concentration, 1.03 X 
M. Percent inhibition after various incubation times (0 ) .  Sulfhydryl 
groups blocked by the inhibitor expressed as percentages of the total 
number of additional -SH groups (1.3) blocked after prolonged incubation 
times with the trans Pt complex (B, A) (two independent titrations). 

M; inhibitor concentration, 7.3 X 

complexes. Results obtained using trans-Pt(NH3)zClz are 
summarized in Figure 3. Under the conditions employed in the 
experiments (see figure legend), this inhibitor gave 100% in- 
hibition in less than 200 min and blocked the titration of a total 
of 2.5 -SH groups per enzyme molecule (expressed as 100% 
in Figure 1) within 140 min. An additional 1.2 -SH groups 
were not blocked even after a 12-h inhibition time. There was 
little correlation between activity loss and loss of titratable -SH 
groups, indicating that at least some of the -SH groups blocked 
by the trans Pt complex are not essential for catalysis. 

In similar experiments cis-Pt(NH3)2C12 (7.3 X M) 
was shown to rapidly block the titration of approximately 1.4 
-SH groups per enzyme molecule within 15 min, without re- 
sulting in inhibition of activity. Approximately 2.3 -SH groups 
were not blocked by this compound. However, when enzyme 
samples which had been previously exposed to the cis Pt 
complex were subsequently treated with the trans Pt complex, 
both inhibition and further loss of titrable -SH groups resulted 
(Figure 4). Addition of the trans Pt complex to enzyme samples 
which had been pretreated with the cis isomer resulted in  
complete inhibition and the loss of an additional 1.3 titratable 
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TABLE 11: Protection of Thymidylate Synthetase from trans- 
Pt(SH3)2C12 Inhibition by Reversibly Blocking the Enzyme’s -SH 
Groups with DTNB and P H M B . ~  

Sp Act. (units/mg) Sp Act. (units/mg) + Mercaptoethanol - Mercaptoethanol 
Before After Before After 

Adding Pt Adding Pt Adding Pt Adding Pt 
Sample Complex Complex Complex Complex 

Untreated enzyme 3.40 0 1.20 0 
pH MB-treated 2.75 2.12 0 0 

DTN B-treated 2.14 2.23 0 0 
enzyme 

enzyme 

Enzyme samples were treated with an excess of DTNB or pHMB 
and the resulting modified enzyme was isolated by gel filtration on 
Sephadex G-25 and assayed in the presence and absence of 0.1 M 
2-mercaptoethanol. Subsequently, the samples were incubated for 
4 h in the presence of 1.1 X M inhibitor and assayed again, with 
and without mercaptoethanol. Protein concentrations were determined 
by the Lowry method using pure thymidylate synthetase as a stan- 
dard. 

-SH groups within 200 min. Approximately 1.1 -SH groups 
were not blocked by either of the two Pt complexes. 

In these experiments (Figure 4), the correlation between 
activity loss and loss of -SH groups is quite good and suggests 
that the 1.3 -SH groups affected by the trans isomer are at or 
near the active site of the enzyme. 

Protection of Thymidylate Synthetase from Inhibition by 
Reoersibly Blocking -SH Groups. Previous studies have shown 
that thymidylate synthetase is completely inactivated by both 
DTNB and pHMB, but regains full activity when assayed in 
the presence of 0.1 M 2-mercaptoethanol (Dunlap et al., 1971; 
Leary et al., 1975). These studies have also shown that the 
activity of the purified enzyme is increased by a factor of about 
3 when mercaptoethanol is included in the assay mix. 

If the inhibition of thymidylate synthetase by the trans Pt 
complex is a result of interactions between the inhibitor and 
the enzyme’s -SH groups, then reversibly blocking these 
groups should afford protection to the enzyme from inhibition. 
The results shown in Table I1 indicate that the DTNB- and 
pHMB-treated enzyme samples are resistant to inhibition by 
the trans Pt complex. Although we were never able to fully 
reactivate the DTNB- or pHMB-treated enzyme preparations, 
they were nevertheless not as susceptible to inhibition by the 
Pt complex as the untreated enzyme. Neither of the treated 
enzyme preparations was active when assayed in the absence 
of mercaptoethanol, which indicated that the essential -SH 
groups were blocked by the sulfhydryl reagents. It is note- 
worthy that DTNB, which reacted with 1.0-1.3 of the en- 
zyme’s -SH groups, afforded protection from inhibition which 
was a t  least equal to that afforded by pHMB, which reacted 
with approximately 4 -SH groups. 

Structural Changes of Thymidylate Synthetase Resulting 
from Treatment with Pt Complexes. Enzyme samples which 
had been incubated in the presence of 5.0 X M cis- and f 
or trans-Pt(NH3)2CIz for time periods ranging from 4 to 24 
h were subjected to gel filtration on Sephadex G-100 and 
polyacrylamide gel electrophoresis. When compared with 
native enzyme samples, no dissociation into subunits or ag- 
glomeration was in evidence for any of the Pt-treated samples. 
However, samples which were treated with trans-l’t(NH3)2C12 
and subjected to electrophoresis showed a somewhat diffuse 
single band, rather than a single sharp band which is normally 
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observed. This observation may be indicative of partial un- 
folding of the polypeptide chains; however, the position of this 
band with respect to the dye front was essentially the same as 
the native enzyme. 

Conclusions 
In this study, trans-Pt(NH3)pJ2 was shown to inhibit pu- 

rified thymidylate synthetase from amethopterin-resistant 
Lactobacillus casei, whereas the cis isomer of the same Pt 
complex was not an inhibitor when tested under the same 
conditions. However, a synergistic effect on the rate of inhi- 
bition by the trans Pt complex was observed when the enzyme 
samples were preincubated with the noninhibitory cis Pt 
complex prior to the addition of the trans inhibitor. Both iso- 
mers of the Pt complex interact with the enzyme to block the 
titration of -SH groups with DTNB and pHMB; however, the 
trans isomer blocks an average of 2.5 of the enzyme’s 4 -SH 
groups, whereas the cis isomer blocks only 1.3. An average of 
1.2 -SH groups were unaffected by either the trans isomer, or 
by a combination of both isomers. The results suggest that both 
isomers interact with the same nonessential -SH groups, but 
that only the trans isomer interacts with additional -SH groups 
which are essential for enzyme activity. So far as we know, the 
Pt complexes are unique in that the cis isomer interacts only 
with nonessential -SH groups of thymidylate synthetase and 
the trans isomer interacts with all but 1.2 of the enzyme’s 4 
-SH groups. 

The mode of interaction between the Pt complexes and the 
-SH groups of thymidylate synthetase has not yet been de- 
termined, but a logical explanation would appear to be the 
displacement of one or both of the halide ligands by sulfur 
atoms of the enzyme’s cysteine side chains. The apparently 
different specificities shown by the two Pt complexes in in- 
teracting with the enzyme’s -SH groups is difficult to visualize. 
Square planar Pt complexes containing trans CI ligands are 
kinetically more reactive in chloride displacement reactions 
than the corresponding cis isomers. It follows that the reaction 
of the enzyme’s -SH groups with the trans isomer would be 
kinetically more favorable than with the cis cisomer. However, 
this reasoning alone does not explain the rapid disappearance 
of 1.3 titratable -SH groups when the enzyme was treated with 
the cis Pt complex. A second possibility is that the dipole mo- 
ment of the cis isomer may result in its exclusion from certain 
apolar regions of the enzyme which are accessible to the trans 
isomer alone. However, this does account for the fact that at 
least one of the enzyme’s -SH groups is blocked by both the 
cis and the trans Pt complexes. 

Another possibility is that two -SH groups, in a single en- 
zyme molecule, are capable of forming a bidentate complex 
between the enzyme and the trans Pt complex, but not with the 
cis isomer. This situation could exist if the two -SH groups 
were far enough apart to bridge the trans complex and displace 
both CI ligands, and yet too far apart to displace both CI li- 
gands in the cis complex. 

I t  should be pointed out that we have purposely not ex- 
pressed the [-SH]M/[enzyme]M ratios as whole numbers in 
these studies. A growing body of evidence obtained in our 
laboratories, as well as those of other researchers (Donato et 
al., 1976a,b), suggests that, in the absence of denaturing 
agents, the -SH groups of thymidylate synthetase do not react 
with all sulfhydryl group reagents in a completely independent 
manner. This suggests that the reaction of some of the -SH 
groups may affect the ability of the other -SH groups to react 
when the enzyme is in its native conformation. 

It should also be emphasized that the present studies do not 
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preclude the possible interaction of Pt complexes with amino 
acid side chains other than cysteine. We are currently in the 
process of determining the actual stoichiometry of binding 
between thymidylate synthetase and several Pt-amine com- 
plexes. 
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