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Abstract-The role of the phosphate moiety of dUMP, and some analogues, in their interaction with 
mammalian thymidylate synthase, has been investigated. Substrate and inhibitor activities, and the pH- 
dependence of these activities, of dUMP and 5-FdUMP, as well as analogues with modified phosphate 
groups, were compared. The methyl ester of dUMP was neither a substrate nor an inhibitor. By contrast, 
the methyl ester of 5-FdUMP was a slow-binding inhibitor of the enzyme from L1210, Ehrlich ascites 
carcinoma and CCRF-CEM cells, with Ki values in the micromolar range. Both S-FdUrd and the newly 
synthesixed S’-me~ylphosphonate of 5-FdUrd were also slow-binding inhibitors of the Ehrlich carcinoma 
enzyme, but with Ir-, values in the miliimolar range. The interaction of dUMP, 5-FdUMP, and the 
methyl ester of the latter decreased with increase in pH, whereas that of the 5’-methyl-phosphonate of 
5-FdUrd remained unchanged. The results are discussed in relation to the role of the phosphate hydroxyls 
of dUMP in binding to the enzyme. 5-FdUMP and its analogues exhibited differing interactions with 
two binding sites on the enzyme molecule, consistent with cooperativity of binding. A convenient 
procedure is described for the synthesis of S-fluoro-2’-deoxyuridine-5’.methylphosphonate, applicable 
also to the preparation of other 5’-methylphosphonate analogues. 

Thymidylate synthase (dTMP synthase, EC 2.1.1.45) 
catalyzes the reductive methylation of dUMP to 
dTMP, as follows: 

dUMP + N5+10-CH2-H4 folate-+ 
dTMP + H2 folate 

It was initially shown some years ago that the phos- 
phate moiety of the substrate, dUMP, as well as 
of nucleotide analogue inhibitors, is essential for 
activity [l]. None the less, despite the multitude of 
studies on the mechanism of action of this enzyme 
system, dictated to a considerable extent by the 
desire to develop effective inhibitors for use in 
chemotherapy [l-3], only limited attention has been 
directed to the precise role of the 5’-phosphate group 
of substrate or inhibitors, or of the phosphate-bind- 
ing region of the enzyme dUMP-binding site [4-Q]. 

There is now compelling evidence that an arginyl 
residue is an essential component of the active site 
of bacterial thymidylate synthase [7, lo], and that 
binding of the substrate dUMP is bolstered by elec- 
trostatic interaction between this arginyl residue and 
the anionic phosphate moiety. If this were indeed 
the case, one would anticipate that dissociation of 
the phosphate secondary hydroxyl (pK - 6.3) of the 
substrate or an inhibitor analogue wouId be 
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accompanied by at least a moderate effect on the 
reaction in the pH range 5.5-9.5 (where enzyme 
activity may be readily followed), depending on 
whether the monoanion or dianion is involved in 
such binding. Biochemical [7] and physicochemical 
fll] findings have been interpreted in terms of dUMP 
binding predominantly as the dianion. 

The present investigation is devoted to an exam- 
ination of the role of the phosphate moiety of dUMP 
and its analogues in their interaction with mam- 
malian thymidylate synthase, by means of studies on 
the pH-dependence of activities of substrate and 
inhibitors, and of both of these with modified phos- 
phate groups. 

MATERIALS AND METHODS 

The methyl esters of dUMP and FdUMP were 
prepared as previously described [12]. (+),L-Tetra- 
hydrofolate was prepared according to Lorenson et 
al. [13), S-FdUMP was from Sigma (St. Louis, MO), 
and other reagents as previously described [14]. 

Analytical TLC made use of Merck (Darmstadt, 
F.R.G.) cellulose F and silica gel 60 254F plates with 
the following solvent systems (v/v): (A) chloroform- 
methanol 6:4; (B) chloroform-methanol 7:3; (C) 
CC14--acetone 7 : 3; (D) isopropanol-H,O-conc. 
NH40H (7: 2: 1); (E) ethanol-O.5 M ammonium 
acetate (5 : 2). 

UV absorption spectra were run on a Zeiss (Jena, 
G.D.R.) Specord instrument. ‘f-I NMR spectra were 
recorded on a Bruker 90 with DSS as internal stand- 
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elsewhere described [14. 181. An affinity chro- 

H matographic procedure [ 181 was employed to purify 
N 

,F 
CCRF-CEM thymidylate synthase with a specific 
activity of at least 0.7 ~~mol~min/rng protein. 

// 
0 9 Enzyme assyv. Enzyme activity was assayed as 

0 
X 

ti 

previously described [lS], all measurements being 
done in triplicate. Analogues of dUMP were added 
to the reaction mixture as neutral aqueous solutions. 

Kinetic studies. In order to identify the type of 

OH inhibition involved, the effect of a given dUMP 
analogue on the dependence of reaction rate on 

0 
I x=o-;-(y 

dUMP concentration, in the form of a Lineweaver- 

& 
Burk plot, was analyzed as elsewhere reported 11.51. 

Quantitative analyses of thymidylate synthase 

9 
inhibition by S-FdUMP (I) and its analogues (II, III) 

II X=0-P-0-CH, 
(Fig. I), leading to time-dependent inactivation of 

be 
the enzyme. were performed by following the 
decrease of enzyme activity over a given time interval 

CI during preincubation of the enzyme at 37” in the 
III X= 0-P-CH, 

be 
presence of 1.25 mM (?),L-N5.1m-methy1enetetra- 
hydrofolate, 3.2 PM dUMP (to prevent thermal inac- 

9 
tivation), and various concentrations of inhibitor 

IV X= CH$-Oe 
[ 191. Activity remaining after preincubation was 

00 
determined by addition of 2.5 /(M f5-‘HIdUMP and 
measurement of tritium release during 4 min incu- 

Fig. 1. S-FdUMP (I) and its analogues: j‘-methylphosphate bation. The slopes of semi-log plots of % remaining 
(II), S’-methyiphosphonate (III) and j’-methylenephos- activity vs preincubation time. expressing apparent 

phonate (IV) of 5-FdUrd. inactivation rate constants (k,,,), and corresponding 
inhibitor concentrations ([I]), were then replotted 

ard. 31P NMR spectra were run on a Jeol FX-QOQ at as double reciprocal plots. in accordance with the 
40 MHz with 85% H3POJ as external standard. relationship of Brouillette et al. [19]: 

Cell lines. Mouse Ehrlich ascites carcinoma, and 1 
leukemia L1210, cells were maintained, harvested --_ - 

and stored as previously described [ 151. Human leu- k aFP [ 

K, ISI Ki 1 1 

K,k, ‘Jg IIj+kZ. Ii 

kemia CCRF-CEM cells were maintained as de- where kz is the inactivation rate constant. The values 
scribed by Rode et al. [16], and harvested and stored of kz and Ki were determined from the plot intercept 
according to Rode et nl. [17]. and slope, respectively. 

Thy~~dyZate synthase. Electrophoretically homo- 5~-~ethy~ph~spho~ate~f S-~~uro-2’-deoxyurid~~e. 
geneous preparations of the enzyme from Ehrlich The procedure normally employed for converting a 
ascites carcinoma and L1210 cells were prepared as deoxynucleoside to a 5’-nucieotide analogue is based 
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Fig. 2. Synthesis of ~-fluor~-2’-deox~~uridine-5’-meth~llphos~h~n~t~. 
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Table 1. Thin-layer chromatography 

Compound 

R, values in solvent systems 

I%, C(S) % 

FdUrd (V) 0.79 0.52 0.04 0.51 0.68 
S’-0-TrFdUrd - 0.71 0.20 - - 
3’-0-Ac-S’-0-TrFdUrd (VI) 0.76 0.50 - 
3’-0-Ac-FdUrd (VII) 0.89 - - 0.73 0.79 
3’-0-Ac-FdUMP-CH, (VIII) 0.37 - - 0.41 0.56 
FdUMP-CH3 (III) 0.15 - - 0.31 0.49 

(c) cellulose F, (s) silicagel FzsJ 

on preparation of the 5’-0-trityl nucleoside, followed 
by acetylation of the 3’-OH, detritylation, and then 
phosphorylation [20]. We have now modified this 
procedure by preparation of the 3’-0-acetyl nucleo- 
side in a “one-pot” synthesis, which not only shortens 
the method, but leads to a Z-fold increase in yield 
of the 3’-0-acetyl derivative (62% as compared to 
33%). Details of this method, which should be of 
general applicability to the synthesis of 5’-nucleo- 
tides and analogues with modified phosphate groups, 
were as follows: 

One-~o~syn~~es~ of3~-O-ace~l-Z’-deoxy-5-~uoro- 
&dine (VII, Fig. 2). A solution of 2’-deoxy-S- 
fluorouridine (V, 0.32 g, 1.28 mmol) and triphenyl- 
chloromethane (TrCl, 0.42 g, 1.5 mmol) in 3.4 ml 
anhydrous pyridine was heated undkr reflux for 2 hr 
under strictly anhydrous conditions. At this point 
TLC (with solvents B and C, see Table 1) showed 
40% conversion to the 5’-trityl derivative. An 
additional portion of TrCl (0.42 g) was added and 
heating continued for 1 hr, leading to more than 90% 
conversion to the 5’-trityl analogue, and a small 
quantity of product which migrated with the solvent 
front on TLC (probably the 3’,5’-di-0-trityl deriva- 
tive). The reaction mixture was cooled to O”, followed 
by addition of acetic anhydride (3.5 ml, 37 mmol), 
and stirring overnight at room temperture, which 
led to 100% acetylation. The reaction mixture was 
rapidly added to a vigorously stirred mixture of ice 
and water (70 ml). The resulting precipitate was col- 
lected by filtration, washed with ice-cold water, dis- 
solved in 40 ml hot 40% acetic acid and heated under 
reflux for 10 min. The mixture was brought to room 
temperature, poured into a mixture of ice and water 
(35 ml), and the precipitated triphenylcarbinol 
removed by filtration. The filtrate was brought to 
dryness under reduced pressure and dried under 
vacuum over KOH to give 0.23 g (62% yield) of 
VII, suitable as such for conversion to a phosphate 
analogue. Crystallization of VII from methanol gave 
an analytical sample, m.p. 206”, as compared to 207” 
reported elsewhere [20]. 

Synthesis of S-fkoro-2’-deoxyuridine-5’-methyl- 
phosphonate (III). The acetylated nucleoside VII 
(53 mg, 0.18 mmol) and methylphosphonic acid 
(140mg, 1.56mmol) were dissolved in 3ml anhy- 
drous pyridine (distilled over CaH*) and brought to 
dryness under reduced pressure. This was repeated 
and the resulting residue dissolved in 6 ml anhydrous 
pyridine, to which was added 556mg (2.7 mmol) 
dicyclohexylcarbodiimide, followed by stirring under 
anhydrous conditions at room temp. for 5 days. 

At this point, TLC with solvents A-C demonstrated 
disappearance of the 3’-0-acetyl derivative VI. The 
reaction mixture was added to 12 ml ice water, stirred 
for 3 hr at room temp., filtered, and the precipitate 
washed with 1 ml iced water. The combined filtrates 
were extracted with 4 X 15 ml petroleum ether, and 
the aqueous layer brought to dryness under reduced 
pressure to yield a yellowish oil which was dissolved 
in 5 ml anhydrous methanol. The solution was satu- 
rated with ammonia at 0” and heated in a sealed tube 
for 16 hr at 50”, filtered, the filtrate concentrated to 
0.5 ml and deposited on a Whatman 3MM sheet, 
which was developed with solvent D. The main band 
(Rf = 0.68) was eluted with water, the eluate brought 
to dryness, dissolved in anhydrous methanol and 
precipitated with anhydrous ethyl ether. The product 
dried under vacuum over P205, was 36 mg (51% 
yield) of the ammo~um salt. U.V.: &,= (pH 2-S) 
270 nm; &in (pH 2-5) 235 nm; J,,,,, ( pH 13) 269 nm; 
&,, (PH 13) 249 nm; A,, (pH 2-9/A,, (pH 13) 
1.26; ‘P NMR: (ppm) (DzO) 6 27.193 

0 

(CH?- f -0-J. 

d- 

RESULTS 

Interaction of enzyme with 2’-deoxyuridine-5’- 
merhyl-phosphate 

The methyl ester of dUMP appeared to be com- 
pletely devoid of substrate or inhibitor activity with 
both mouse tumour thymidylate synthases employed 
in the present study, as previously reported for the 
bacterial enzyme 141. The analogue, at concen- 
trations of up to 2mM, did not perceptibly affect 
the Ehrlich carcinoma enzyme activity, measured as 
release of tritium from [5-3H]dUMP, even with the 
latter at a concentration as low as 3 PM (not shown). 
This result suggests that, if 2’-deoxyuridine-5’- 
methylphosphate possesses any substrate or inhibitor 
activity towards the enzyme, its K,,, or Ki values must 
be higher than 10 mM. 

Inhibition of enzyme by the 5‘-methylphospha~e (II) 
and 5’-methyfphosphonate of 5-FdUrd (III) 

Inhibition of the Ehrlich carcinoma enzyme by 
each of the analogues was examined by varying the 
dUMP concentration with different concentrations 
of inhibitor, added simultaneously to the reaction 
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Fig. 3. Inhibition of Ehrlich carcinoma (upper panels), L1210 (middle panels) and CCRF-CEM (bottom 
panels) thymidylate synthases by the methyl ester of 5-FdUMP: Left panels: Semi-log plots of % 
remaining enzyme activity vs time of preincubation, with inhibitor concentrations of: 0, 3.9@I; a, 
7.8 @4; A, 11.7 @H; A, 19.5 $4. Right panels: Double reciprocal piots of apparent inactivation rate 
constants of enzyme vs inhibitor concentration (open circles are for inactivation rates with O-1.5 min 
preincubation, and filled-in circles with 4-10 min preincubation). Note: In a duplicate series of experi- 
ments, the results were: Ehrlich carcinoma enzyme, KI = 3.0 ,&I, k; = 0.34 min-‘, K:’ = 6.1 @I, k’; = 
0.15 min-‘; L1210 enzyme: K[ = 7.7 fl, ki = 0.50 mm-‘, Kf’ = 5.4 @, kl = 0.15 min-I; CCRF-CEM 

enzyme, K: = 5.2 PM, ki = 0.20 min-‘, KY = 6.0 @I, ks = 0.07 mitt-‘. 
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Fig. 4. Inhibition of Ehrlich carcinoma thymidylate synthase by 5-FdUrd-5’-methvlphosphonate. 
Description of plots as in Fig. 3. Inhibitor concentrations (Ikft panel, from upper plot to lower), 6.68 mM, 
1.01 mM, 1.35 mM, 1.69 mM. Results of a duplicate experiment were: K: = 2.4 mM, k; = 0.87 min-‘, 

Kr = 1.8 mM, k; =-0.30 min-‘. 
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mixture. Both analogues exhibited competitive inhi- 
bition with respect to substrate, manifested by inter- 
section at the ordinate of Lineweaver-Burk plots. 
Apparent inhibition constants were 1.2 @4 and 
0.4mM for the methylphosphate and methylphos- 
phonate anaiogues, respectively (not shown). 

Both analogues also exhibited time-dependent 
inhibition of the enzyme, consistent with the behav- 
iour of each as a slow-binding inhibitor 1211. Fur- 
thermore, the time-dependent inactivation of the 
enzyme with each inhibitor was biphasic (Figs. 3 and 
4), suggesting different interactions of inhibitor with 
two binding sites on the thymidylate synthase mol- 
ecule. Consequently, inhibition constants and inac- 
tivation rate constants were calculated with the use 
of apparent inactivation rate constants during the 
initial (0.0-1.5 min) and later (4-10 min) periods of 
preincubation with a given inhibitor at various con- 
centrations. The corresponding inhibition constants 
and inactivation rate constants were then I(/ and 
k$ and KY and k$, respectively. 

60 

K,’ = 5.5 nM 
K;‘= 71 nM 

ki=0.16 min-1 
k;= 0.17 min.1 

Inhibition constants for inhibition of Ehrlich car- 
cinoma, L1210 and CCRF-CEM thymidylate 
synthases by 5-fluoro-2’-deoxyuridineJ’-methyl- 
phosphate (Fig. l-11) were all in the micromolar 
range and were not significantly dependent on pre- 
incubation time (Fig. 3). By contrast, the inactivation 
rate constants did distinctly decrease with pre- 
incubation time (Fig. 3). In~bition of the Ehrlich 
carcinoma cell enzyme by 5-fluoro-2’-deox~ridine- 
5’-methylphosphonate (III) (Fig. 1) was similar in all 
respects, with the exception that inhibition constants 
were in the millimolar range (Fig. 4). 

Inhibition by 5-FdUMP 

The dependences of inactivation of the Ehrlich 
carcinoma and CCRF-CEM enzymes on prein- 
cubation time were also biphasic, but the two pre- 
parations differed quantitatively in inhibition 
patterns. Whereas, with the mouse enzyme, the inhi- 
bition constant increased after 4 min preincubation 
by an order of magnitude, with the inactivation rate 
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Fig. 5. Inhibition of Ehriich carcinoma (upper panels) and CCRF-CEM (lower panels) thym~dyla?e 
synthases by 5-FdUMP. Description of plots as in Fig. 3. Inhibitor concentrations were (from upper 
plot to lower in left panels) 8.1. 16.3, 24.4 and 32.5 nM with the Ehrlich ascites enzyme. and 4.1, 8.1. 

16.3 and 24.4 nM with the CCRF-CEM enzyme. 



constant unchanged, for the human enzyme only the 
inactivation rate constant decreased with prein- 
cubation time (Fig. 5). 

tnhibition of Ehrlich carcinoma enzyme by 5-FdUrd 

The nucleoside itself was found to exhibit feeble, 
but time-dependent, inhibition of the enzyme. In 
the presence of 16 mM FdUrd in the preincubation 
mixture (see Materials and Methods), thymidylate 
synthase activity remaining after 2, 5 and 10min 
preincubation was 72%, 45% and 28%, respectively 
(not shown). These results permitted of a rough 
estimation of the Ki for the nucleoside, approxi- 
mately 30 mM. 

pi-dependence of ~nteractiun of dlJMP and its ana- 
Iogues with thymidyzate synfhase 

In order to gain some appreciation of the role of 
the phosphate group at the thymidylate synthase 
dUMP binding site(s), an examination was made of 

60 
75 

Fig. 6. pH-dependence of inhibition of Ehrlich carcinoma 
thymidylate synthase by 5-FdUMP (33 nM, upper plot), 
and its 5’-methylphosphate analogue (8 ,uM, middle plot), 
and its 5’-methylphosphonate analogue (3.6 mM, bottom 
plot). Experiments were as described in Materials and 
Methods, except that preincubation was in the presence of 
13 ,uM dUMP, and 50 FM [5-3H]dUMP was added to assay 

remaining activity. 

Table 2. pi-de~ndence of apparent K,, for dUMP with 
Ehrlich carcinoma thymidylate synthase 

PH 6.0 7.5 0 .5 
.- 

Km WI* 1.2 3.4 6.7 

* Mean values of two independent series of experiments, 
with differences from the means of less than 20%. 

the effect of the pH of the incubation medium on (i) 
the dependence of reaction rate on dUMP con- 
centration, (ii) the inactivation of the enzyme by 5- 
FdUMP, and its methylphosphate and methyl- 
phosphonate analogues, as a function of time of 
preincubation. From Table 2 and Fig. 6, it will be 
seen that the affinity of dUMP, and the inhibitory 
activity of S-FdLJMP and its 5’-methylphosphate, 
towards Ehrlich carcinoma thymidylate synthase 
decreased with an increase in pH and was appreciably 
lower at pH 7.5 than at pH 6.0. On the other hand, 
and in striking contrast, inhibition of the enzyme 
by the 5’-methylphosphonate analogue of S-FdUMP 
was unaltered when the pH was increased from 6.0 
to 7.5 (Fig. 6). 

Although replacement of the phosphate moiety of 
FdUMP by a methylphosphate group leads to an 
appreciable decrease in affinity for thymidylate syn- 
thase, with Ki increasing by a factor of lo3 (Figs 3 
and 5, cf. refs. 22 and 23), it does not abolish the 
ability of this analogue to exhibit slow binding to the 
enzyme. This is all the more interesting in that the 
methyl ester of dUMP exhibited no substrate or 
inhibitor properties (Results and cf. ref. 4). 

Relevant to the foregoing is the observation that 
esterification of the phosphate moiety of WdUMP 
with p-azidophenol (a group much bulkier, and with 
appreciably different electronic properties. than a 
methyl group) led to a decrease in affinity for bac- 
terial thy~dylate synthase (to Ki = 1 PM) [S], simi- 
lar to that observed here with the methylphosphate 
of .5-FdUMP (Fig. 3). 

On the other hand, replacement of the phosphate 
moiety of 5-FdUMP by methylphosphonate led to 
an even more striking decrease in affinity for thy- 
midylate synthase, by 9 factor of about 10h. None 
the less this analogue still exhibited slow binding to 
the enzyme (Figs 4 and 5). 

By contrast, the methylenephosphonate (or 6’- 
phosphonate) analogue of 5-FdUMP (see Fig. 1-W) 
was found to exhibit an affinity for bacterial and 
phage T2 thymidylate synthases 103-10s-f~ld higher 
[6] than that of our methylphosphonate analogue for 
the mammalian enzyme {Fig. 4). The 6’-phosphonate 
analogue is clearly isosteric with respect to S- 
FdUMP. Furthermore, in contrast to our methyl- 
phosphonate analogue, it possesses a secondary 
hydroxyl with pK, - 8 [24]. However, in the pres- 
ence of saturating concentrations of Mg2+, the pK, 
of the secondary hydroxyl is reduced to about 6.3 
[24], hence similar to that for the parent 5-FdUMP. 
The experiments of Montgomery et al. [6) were con- 
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ducted in the presence of a S-fold excess of Mg2+ at 
pH 7.4, so that their 6’-phosphonate analogue was 
in the dianionic form. It would have been of obvious 
interest to examine the behaviour of this analogue 
in the absence of Mg2+ so that at pH 7.4 it was 
predominantly {X30%) fn the monoanionic form. It 
would be equally pertinent to examine the substrate 
properties of the 6F-phosphonate anaio ue of dUMP 
both in presence and absence of M f +, and as a 
function of pH. The 6’-phosphonate of SFdUrd, like 
our 5’-methylphosphonate, exhibited time-depen- 
dent inhibition against all three enzymes. It was, 
however, only moderately cytotoxic towards H.Ep.- 
2 cells, pointing to the need for an examination 
of its behaviour towards the purified mammalian 
enzymes, the more so in that its inhibitory properties 
towards two bacterial and one phage enzyme 
appeared to vary by up to three orders of magnitude. 

The much feebler inhibitory properties of the 5’- 
methylphosphonate of 5-FdUrd as compared to the 
5’-methylphosphate (Fig 3 and 4) underlines the 
importance of the secondary hydroxyl. Moreover, 
comparison of the inhibitory properties of 5-FdUMP 
and its meth~lphospbonate congener with those of 
5-FdUrd shows that, while the replacement of one 
hydroxyl group increases Ki by a factor of about 106, 
removal of the phosphate moiety leads to a further 
increase in Ki of only 15-fold. It thus appears that 
the two hydroxyls of the phosphate moiety of 5- 
FdUMP are not of equal importance in binding to 
the enzyme. 

Inspection of the effects of pH on the properties 
of the substrate and inhibitors, while furnishing inter- 
esting new data, does not provide an unequivocal 
interpretation of the role of the phosphate group. 
The almost 6-fold increase in I& of dUMP with 
increase in pH, from 1.2@f at pH 6 to 6.7#vf at 
pH 9.5 (Table 2), may be attributed to dissociation 
of the phosphate secondary hydroxyl, so that the 
monoanion binds more strongly than the dianion. 
But two other interpretations are equally plausible, 
viz. involvement of dissociable histidine imidazole 
residues (pK - 5.6-7.0; cf. ref. 25), elsewhere pro- 
posed as essential for enzyme activity [26], and/or 
dissociation of the uracil N(3)-H of dUMP 
(pK - 9.5). 

The time-dependent inhibition of the enzyme by 
5-FdUMP (Fig. 6), which decreases with increase in 
pH from 6 to 7.8, is also consistent with involvement 
of the phosphate monoanion. But the analogous 
behaviour of the methyf ester of dUMP (Fig. 6), in 
which the phosphate secondary hydroxyl is blocked, 
invalidates such an interpretation, and is rather con- 
sistent with the methoxy oxygen acting as a weak 
acceptor in hydrogen bonding to some amino acid 
side chain of the enzyme. The decrease in inhibitory 
properties with increase in pH from 6 to 7.8 may 
then be accounted for on the assumption that the 
hydrogen donor is a histidine imidazole N-H. This 
would also explain why the methyl phosphonate 
shows no difference in time-dependent inhibition 
between pH 6 and 7.5. 

In retrospect, bearing in mind possibie steric 
effects of the methyl groups in the methylphosphate 
and methylphophonate congeners of SFdUMP, 
more suitable model compounds might be the cor- 

responding Auorophosphates, which have already 
been used to determine whether the mono- or di- 
anionic phosphate is involved in binding to other 
enzymes [27]. We are presently synthesizing the 5’- 
fluorophosphates of dUrd, dThd and 5-FdUrd for 
such an investigation. 

In was previously shown that the kinetics of thy- 
midylate synthase inhibition by dUMP congeners 
may be affected by interaction between two dUMP 
binding sites [15]. In keeping with this are the present 
findings on inhibition of the enzyme by 5-FdUMP 
and its analogues. The biphasic dependence of the 
rate of enzyme inactivation on time of interaction 
with the inhibitors (Figs. 3-5) is consistent with 
involvement of cooperative binding. The apparent 
cooperativity is negative and, in all but a single 
instance, results in slower inactivation of the second 
dUMP binding site, without affecting Kiu Only inhi- 
bition of the Ehrlich ascites carcinoma enzyme by 5- 
FdUMP exhibited a different pattern, with a change 
in the values of iCi between the two sites by an order 
of ma~itude, the value of k2 being unaffected (Fig. 
5). 
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