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It was found that 0.073 M saline afforded optimal extraction 
of hepatic and splenic iron, superior to isotonic saline or other 
molarities between 0.014 to 0.145. The recoveries of exogenous 
iron in the 2-5-jtg range were 82-104% for tissues and 84-114% 
for excreta (12 determinations for each tissue and excreta). The 
precision of atomic absorption determination indicated a 2% 
coefficient of variation for urine and 10% for liver homogenates. 
In 36 separate bioassays with DFB at a dose of 250 mg/kg, the 
mean decrease ± SE in liver iron was 23.8 ± 4.7% and the increase 
in urinary iron was 270 ± 14%. 

The following compounds failed to exhibit iron chelating ac­
tivity when tested in the above screen: 2,2'-dihydroxy-5,5'-di-
methylbiphenyl (7),22'23 2,6-bis(2-hydroxy-5-methylphenyl)-4-
methylphenol (8),22,23 2-[(o-hydroxybenzyl)amino]phenol (9),23 

2-[[(o-hydroxyphenyl)imino]methyl]phenol (10),2C 2-(o-hydroxy-
anilino)-A2-penten-4-one (ll),24 2-[[(o-carboxyphenyl)imino]-
methyl]pyridine (12),25 2-[[(o-carboxyphenyl)amino]methylj-
pyridine (13), iVJV'-bis(2,3-dihydroxybenzoyl)-l,4-diaminobutane 
(14), N,iV'-bis[4-(2,3-dihydroxybenzamido)butyl]-2,3-dihydroxy-
terephthalic acid diamide (15), (o-aminobenzal)acethydrazide (16), 
(o-aminobenzal)benzhydrazide (17), 2-[[(o-hydroxyphenyl)imi-
no]methyl]-8-acetoxyquinoline (18), 2-[[(o-hydroxyphenyl)imi-
no]methyl]pyridine (19), 2-[[(o-hydroxyphenyl)amino]methyl]-
pyridine (20), 2-[(o-hydroxybenzyl)imino]pyridine (21), 2-[(o-
hydroxybenzyl)amino]pyridine (22), 2-(8-quinolylamino)-A2-
penten-4-one (23),26 8-[(a-pyridylmethylene)amino]quinoline 
(24).27 

(22) Cram, D. J.; Kaneda, T.; Helgeson, R. C; Lein, G. M. J. Am. 
Chem. Soc. 1979, 101, 6752. 

(23) Bowden, K.; Reece, C. H. J. Chem. Soc. 1950, 2249. 
(24) Suida, W. J. Prakt. Chem. 1911, 83, 241. 
(25) Capitan, F.; Capitan-Vallvey, L. F.; Vilchez, J. L. J. Inorg. 

Nucl. Chem. 1981, 43, 683. 
(26) Lions, F.; Martin, K. V. J. Am. Chem. Soc. 1958, 80, 3858. 
(27) Dwyer, F. P.; Gill, N. C; Gyarfas, E. C.; Lions, F. J. Am. Chem. 

Soc. 1953, 75, 3834. 

Thymidylate synthetase, the key enzyme in the sole de 
novo pathway for thymidylate synthesis, is recognized as 
a clinically effective target enzyme for the control of 
neoplastic cell proliferation.1'2 The active form of the drug, 

(1) Danenberg, P. V. Biochim. Biophys. Acta 1977, 47, 73. 
(2) Friedkin, M. Adv. Enzymol. Relat. Areas Mol. Biol. 1973, 38, 
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5-fluorouracil, in the chemotherapeutic control of certain 
forms of cancer at the enzymatic level has been shown to 
be 5-fluoro-2'-deoxyuridylic acid (FdUMP), which acts as 
a powerful inhibitor of the enzyme. The enzyme catalyzes 
the conversion of dUMP and d T M P in the presence of the 
cofactor 5,10-methylene tetrahydrofolate (Scheme I). 

The generally accepted mechanism of action of the en­
zyme involves the initial formation of a reversible binary 
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C-4- and C-5-substituted analogues of dUMP were examined as inhibitors of thymidylate synthetase and as to­
pographical probes of its active site by electron spin resonance (ESR). The C-5-substituted spin-labeled analogues 
pDUAP (2) and a pDUTT (3) as well as the unlabeled AAdUMP (1) were competitive inhibitors with Kfs of 9.2, 
89, and 7.9 ^M, respectively. The C-4-spin-labeled pls4dU (4) displayed no inhibition activity. Scatchard plots as 
determined by ESR gave similar association constants for 2 (KM0C = 1.9 X 105 M_1) and for 3 (Kas90C = 2.4 X 106 

M"1). Both of these values are similar to the Kamoc of FdUMP indicating that the bulky substituent in position 5 
does not interfere with the formation of the binary complex. The enzyme-C-5-spin-labeled nucleotide complexes 
indicate the presence of similarly immobilized spin labels by ESR, whereas no binding and immobilization were 
noticed with the C-4-spin-labeled nucleotide. A model for the active-site geometry of the enzyme was derived which 
suggests that the C-5 substituents point toward the opening of the binding cavity whose depth is at least 12 A. Also, 
the approximate 10-fold increased inhibitory activity of 2 as compared to that of 3 may be attributed to the significant 
electron withdrawing properties of the C-5 substituent in 2. Finally, the set of probes used for the binding and 
inhibition of thymidylate synthetase gives direct experimental evidence that an electron-withdrawing C-5 substituent 
primarily affects the formation of the ternary complex and will not substantially influence the stability of the binary 
complex. 
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complex between the enzyme and the substrate3"6 (Scheme 
I). Subsequent reaction with the cofactor results in the 
formation of the enzyme-substrate-cofactor ternary com­
plex as a transient intermediate in the enzymatic reaction. 
Mechanism studies with the purified enzyme from Lac­
tobacillus casei support the view that this ternary complex 
is formed by the interaction of the thiol group of an ac­
tive-site cysteine with carbon 6 and the cofactor with 
carbon 5 of the pyrimidine ring.3-7 Mechanism-based 
inhibitors undergo a similar sequence of reactions resulting 
in the formation of analogues binary and ternary com­
plexes. 

Most of the binding studies with the enzyme have been 
performed on the ternary complex formed,8-10 although the 
enzymatic reaction has been shown to proceed through an 
ordered binding sequence of nucleotide binding to the 
enzyme first followed by the cofactor.11 More recently, 
Lewis et al.12,13 reported observing the formation of the 
binary complex between the enzyme and FdUMP using 
light spectroscopic methods and 19F NMR. 

Since it has been established that large substituents in 
the 5-position of the pyrimidine ring do not interfere with 
the active site binding14 and that electron-withdrawing 
substituents at this position enhance binding,1'15,16 spin-
labeled analogues of dUMP substituted at C-5, pDUAP 
(2) and pDUTT (3), as well as the C-4 analogue pls4dU (4) 
were examined as in vitro inhibitors of thymidylate 
synthetase and as probes to monitor the binding of the 

(3) Santi, D. V.; McHenry, C. S. Proc. Natl. Acad. Sci. U.S.A. 
1972, 69, 1855. 

(4) Danenberg, P. V.; Langebach, R. J.; Heidelberger, C. Bio­
chemistry 1974, 13, 926. 

(5) Byrd, A.; Dawson, W. H.; Ellis, P. D.; Dunlap, R. B. J. Am. 
Chem. Soc. 1978, 100, 7478. 

(6) Bellisario, R. L.; Maley, G. F.; Galivan, J. H.; Maley, F. Proc. 
Natl. Acad. Sci. U.S.A. 1976, 73, 1848. 

(7) Maley, G. F.; Bellisario, R. L.; Guarino, D. U.; Maley, F. J. 
Biol. Chem. 1979, 254, 1288. 

(8) Donate, H., Jr.; Aull, J. L.; Lyon, J. A.; Reinsch, J. W.; Dunlap, 
R. B. J. Biol. Chem. 1976, 251, 1303. 

(9) Sharma, R. K.; Kisliuk, R. L. Biochem. Biophys. Res. Com-
mun. 1975, 64, 648. 

(10) Galivan, J. H.; Maley, G. F.; Maley, F. Biochemistry 1975,14, 
3338. 

(11) Daron, H.; Aull, J. L. J. Biol. Chem. 1978, 253, 940. 
(12) Lewis, C. A., Jr.; Hopper, W. E., Jr.; Wheeler, M. R.; Dunlap, 

R. B. J. Biol. Chem. 1981, 256, 7347. 
(13) Lewis, C. A., Jr.; Ellis, P. D.; Dunlap, R. B. Biochemistry, 1980, 

19, 116. 
(14) DeClerq, E.; Balzarini, J.; Descamps, J.; Bigge, C. F.; Chang, 

C. T.-C; Kalaritis, P.; Mertes, M. P. Biochem. Pharmacol. 
1981, 30, 495. 

(15) Santi, D. V. J. Med. Chem. 1980, 23, 103. 
(16) Wataya, Y.; Santi, D. V.; Hansch, C. J. J. Med. Chem. 1977, 

20, 1469. 
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Figure 1. Double-reciprocal plot of the inhibition of thymidylate 
synthetase in the presence of AA-dUMP (1), with dUMP as the 
variable substrate: (•) no inhibitor, (A) 1.2 X 10-5 M inhibitor, 
(•) 2.5 X 10~5 M inhibitor. The reaction mixtures contained 100 
mM /3-mercaptoethanol, 15 mM HCHO, 25 mM Mg2+, 35 mM 
Tris buffer, pH 7.4, 0.7 mM EDTA, and 0.6 unit of enzyme. 
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nucleotides to the enzyme by means of electron spin res­
onance (ESR) spectroscopy. In addition, a precursor of 
2, AA-dUMP (1), was also examined as an inhibitor. The 
results of the inhibition and binding studies are correlated 
to the structure of these analogues and to the mechanism 
of action of the enzyme. On the basis of ESR binding 
studies, the mode of binding of nucleotides to the enzyme 
to form the binary complex is proposed. The spin-labeled 
analogues and ESR spectroscopy are shown to present a 
potential means of probing the size and topography of the 
active site and for use in further mechanistic studies. 

Results 
Chemistry. Compound 1 was synthesized on the basis 

of the procedure employed by Langer et al.17 for the syn­
thesis of the corresponding triphosphate (Scheme II). 
Purification of this monophosphate differs from that of 
other monophosphates in that at the pH of the solvent 
used for elution of the nucleotides from the DEAE-Seph-
adex column (NH4HC03), the amine group is positively 
charged, and hence it elutes well before other mono­
phosphates typically do and the nucleotide exhibits a blue 
fluorescence during paper chromatography. Conversion 
of 1 to the spin-labeled form of 2 required that 1 has Na+ 

as its cation rather than NH4
+ since the latter interferes 

with the spin-labeling reaction. A Na+-Dowex column was 

(17) Langer, P. R.; Waldrop, A. A.; Ward, D. C. Proc. Natl. Acad. 
Sci. U.S.A. 1981, 78, 6633. 
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1 / [dUMP] (mM) 

Figure 2. Double-reciprocal plot of the inhibition of thymidylate 
synthetase in the presence of the C-5-substituted spin-labeled 
analogues, with dUMP as the variable substrate: (•) no inhibitor, 
(O) 3.1 X 10"5 M pDUTT (3), (A) 1.8 X 10"5 M pDUAP (2), (•) 
2.6 x 10"6 M (2). The reaction mixtures contained 100 mM 
0-mercaptoethanol, 15 mM HCHO, 25 mM Mg2+, 35 mM Tris 
buffer, pH 7.4, 0.7 mM EDTA, and 0.6 unit of enzyme. 

employed for this conversion. Compound 3 was synthes­
ized from deoxyuridine by a combination of published 
procedures.19"22 
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Inhibition Studies. Three spin-labeled analogues of 
dUMP were examined as possible inhibitors of thymidylate 
synthetase activity in vitro. The enzymatic activity was 
monitored by the spectrophotometric assay of Wahba and 
Friedkin.23 The Km value for the substrate dUMP toward 
this enzyme preparation was 1.9 X 10"5 M at 25 °C. In the 
presence of the cofactor, analogues 1 and 2 were good 
competitive inhibitors of the enzyme. By use of double-
reciprocal plots (Figures 1 and 2), the inhibition constants 
(Kj) were calculated to be 7.9 and 9.2 uM, respectively, for 
compounds 1 and 2. 

Analogue 3 was a very weak inhibitor of the enzymatic 
activity with a Kx value of 89 MM (Figure 2). The KJKm 
ratio of 5 indicated that this analogue had a much lower 

(18) Toppin, C. R.; Thomas, I. E.; Bobst, E. V.; Bobst, A. M. Int. 
J. Macromol. 1983, 5, 33. 

(19) Scheit, K. H. Chem. Ber. 1968, 101, 1141. 
(20) Verheyden, J. P. H.; Wagner, D.; Moffatt, J. G. J. Org. Chem. 

1971, 36, 250. 
(21) Van Boom, J. H.; Crea, R.; Luyten, W. C; Vink, A. B. Tetra­

hedron Lett. 1975, 31, 2779. 
(22) Warwick, P. E.; Hakam, A.; Bobst, E. V.; Bobst, A. M. Proc. 

Natl. Acad. Sci. U.S.A. 1980, 77, 4574. 
(23) Wahba, A. J.; Friedkin, M. J. Biol. Chem. 1961, 237, 3794. 

Figure 3. ESR titration of pDUAP (2) with thymidylate 
synthetase in 50 mM Tris buffer, pH 7.4,15 mM DTT, and 2 mM 
EDTA: (a) free ESR spectrum of 2 (6.6 /uM), (b) 6.6 nM 2 plus 
9.9 MM enzyme, (c) high-gain spectrum of b, measured at 10 times 
the receiver gain and 2 times the modulation amplitude of the 
normal three-line spectrum. The immobilized nitroxide peaks 
are indicated by arrows and the distance between these two 
hyperfine extrema was 60 ± 0.5 G: (d) high-gain spectrum of 6.6 
nU 2 plus 9.9 MM enzyme plus 90 uM FdUMP, (e) Scatchard plot 
of the binding of 2 (3.7-37 MM) to the enzyme (5.6 MM). Typical 
instrumental parameters were 13.3-mW microwave power, 9.42-
GHz frequency, 1.0-5.0-G modulation amplitude, 3360-G applied 
field, and 100-G scan range. 

affinity for the enzyme in the presence of the cofactor than 
the substrate, and hence, 3 competed only weakly for the 
active site of the enzyme in the presence of the substrate. 

The C-4-substituted analogue 4 exerted no effect on the 
activity of the enzyme. Since the spin-labeled substituents 
are identical in both 3 and 4 except for the position of the 
substitution, and spin label itself was not inherently re­
sponsible for the lack of inhibitory activity of this deriv­
ative. However, this substitution at C-4 did result in the 
loss of the N-3 proton, which is believed to be essential for 
the binding of dUMP and its analogues to the enzyme.1616 

An unfavorable geometry of the molecule due to the 

file:///t-i-0
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presence of the substi tuent at C-4 could also play a role 
in the absence of inhibition observed with the analogue. 

ESR Binding Studies . The spin-labeled analogues 
were used as probes to monitor the binary complex for­
mation between the enzyme and nucleotide by means of 
ESR spectroscopy. Purified, DTT-activated enzyme 
formed such a bound complex with 2 as evidenced by the 
decrease in the narrow line, free spectral amplitude upon 
binding (Figure 3b), which was also accompanied by a line 
shape change. In order to observe the bound species, a 
"high-gain" spectrum was recorded at 10-fold the receiver 
gain. The high-gain spectrum of 2 and thymidylate 
synthetase (Figure 3c) showed the presence of the strongly 
immobilized nitroxide spectral peaks at both high and low 
fields (indicated by arrows). The separation between these 
two hyperfine extrema, 2 7 ^ = 60 ± 0.5 G, is related to the 
tumbling rate of the spin-label ring moiety.24 The spe­
cificity of binding of 2 to the active site of the enzyme was 
established by the addition of a large excess of F d U M P , 
which resulted in the disappearance of the bound spectral 
component (Figure 3d) and a simultaneous reversal to the 
free-label spectrum. It has been established by other in­
vestigators that F d U M P binds to the same site on the 
enzyme as the normal substrate, dUMP.1 , 2 Hence, it can 
be concluded that the competitive inhibitor 2 also binds 
to the active site of the enzyme. 

A Scatchard20 plot of the binding of 2 to thymidylate 
synthetase is presented in Figure 3e. The amount of bound 
and free species was calculated from the center field (h0) 
peak heights after correcting for some loss of ESR signal 
that was not due to binding. This correction factor was 
determined by carrying out the titrations in the presence 
of a very large molar excess of the competitor, FdUMP. 
The h0 peak height observed was correlated directly to the 
amount of the free analogue in the reaction mixture with 
h0 measured in the absence of the enzyme corresponding 
to the total free state of the spin analogue. An association 
constant of 1.9 X 105 M~' for the binding of 2 to the enzyme 
was obtained with a binding site stoichiometry of 0.75, 
indicating the availability of one binding site for the binary 
complex formation with 2. 

The weak inhibitor 3 was also found to bind to the 
enzyme in a manner similar to tha t observed with com­
pound 2. Decrease in the free spectral component accom­
panied by line shape change was observed in the presence 
of the enzyme (Figure 4b). The high-gain spectrum of 3 
and the enzyme (Figure 4c) showed the strongly immo­
bilized spectral peaks with a 2 T n value of 61 ± 0.5 G, 
indicating a slightly stronger binding interaction than that 
observed with the enzyme and compound 2, attributable 
to the slightly shorter length and different dihedral angles 
of the substituent at C-5. Addition of a large excess of the 
competitor, FdUMP, resulted in the abolishment of the 
bound component demonstrating the specificity of binding 
(Figure 4d). A Scatchard plot of the binding of 3 to the 
enzyme, presented in Figure 4e, gave an association con­
stant for this binding of 2.4 X 106 M ! for a single binding 
site. 

The noninhibitor, compound 4, did not bind to the en­
zyme under conditions similar to those employed in the 
other binding experiments (results not shown). This es­
tablished the binding of nucleotide analogues to the en­
zyme to be discriminatory, with the noninhibitors pro­
hibited from forming the binary complex, the first step in 
the enzymatic mechanism. 

Figure 4. ESR titration of pDUTT (3) with thymidylate 
synthetase in 50 mM Tris buffer, pH 7.4,15 mM DTT, and 2 mM 
EDTA: (a) free spectrum of 3 (5.7 nM), (b) 5.7 MM 3 plus 9.9 nM 
enzyme, (c) high-gain spectrum of b. The hyperfine separation 
was 61 ± 0.5 G, (d) high-gain spectrum of 5.7 MM 3 plus 9.9 MM 
enzyme plus 90 nM FdUMP, (e) Scatchard plot of the binding 
of 3 (3.2-32 tiM) to the enzyme (5.6 MM). 

Table I. Summary of Inhibition and ESR Binding Studies with 
Thymidylate Synthetase 

compd 

AA-dUMP (1) 
pDUAP (2) 
pDUTT (3) 
pls4dU (4) 

inhibition: 
Kb M 

7.9 X lO"* 
9.2 X 10"6 

8.9 X 10"5 

" • £ 1 8 8 0 0 

M"1 

1.9 X 105 

2.4 X 105 

ESR 

2T, 

60 ± 0.5 G 
61 ± 0.5 G 

(24) Berliner, I,. J. Methods Enzymol. 1978, 49G. 418. 
(25) Scatchard, G. Ann. N.Y. Acad. Sci. 1949, 57, 660. 

The results of the inhibition and ESR binding studies 
are summarized in Table I. 

Discuss ion 
The C-5-substituted analogues of dUMP, 1, 2, and 3, 

competitively inhibited the activity of thymidylate 
synthetase from Lactobacillus casei to varying degrees 
(Table I), while the C-4-spin-labeled analogue 3 did not 
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Figure 5. Proposed model of the binding mode of inhibitors to 
the active site of thymidylate synthetase with pDUAP (2) used 
as a specific example: dRP = 2'-deoxyribose 5'-monophosphate. 

inhibit the enzyme. The analogues containing good elec­
tron-withdrawing substituents at C-5, compounds 1 and 
2, were about 10 times more active in the inhibition re­
action than 3. Mechanism studies indicate that a nu-
cleophilic attack at position 6 of dUMP or its analogues 
by the thiol group of the active-site cysteine of the enzyme 
renders the 5-position susceptible to attack (Scheme I), 
ultimately resulting in the formation of the ternary com­
plex.1"3 Furthermore, it has been established that ana­
logues with electron-withdrawing substituents at C-5 have 
greater affinity for the enzyme in the presence of the co-
factor than for the enzyme alone.15'16 The better inhibition 
observed with the spin-labeled analogue 2 than with 3 may 
be attributed to the electron-withdrawing properties of the 
C-5 substituent of the former. The absence, in 4, of the 
N-3 proton, which is known to affect binding,15'16 and/or 
its geometry could account for its lack of inhibition. 

ESR titrations of the C-5-spin-labeled anlogues with the 
enzyme and the resulting Scatchard plots indicate similar 
binding constants for the formation of the reversible binary 
complex for both compounds 2 and 3 (Table I). These 
association constants are similar to the K^oc reported12 

CKassoc = 2.4 X 105 M"1) for the binary complex formation 
between the potent inhibitor FdUMP and the enzyme, 
indicating that these C-5 analogues bind to the active site 
of the enzyme in a similar manner. The presence of the 
bulky spin-label substituents does not seem to affect the 
formation of the binary complex. Furthermore, the C-4-
spin-labeled analogue 4 did not bind to the enzyme, and 
hence no binary complex was formed with this analogue. 
These results suggest a model for the active-site binding 
of the C-5-substituted analogues where the substituents 
are pointed toward the opening of the active site (Figure 
5). From the calculated values,26 it can be surmised that 
the depth of the active site crevice is at least 12 A. The 
"dip-stick" method can thus be used to determine the 
active site size by using spin probes of varying tether 
lengths, as has been done with other enzymes27'28 and in 
the case of double-stranded DNA using spin-labeled nu­
cleotides.26 

Several studies have indicated one binding site per en­
zyme for dUMP and FdUMP in phosphate buffers,29'32 

(26) Bobst, A. M; Kao, S. C; Toppin, C. R.; Ireland, J. C; Thomas, 
I. E. J. Mol. Biol. 1984, 173, 63. 

(27) Rakhit, G.; Chignell, C. F. Biochim. Biophys. Acta 1979, 580, 
108. 

(28) Cheng, S.-Y.; Rakhit, G.; Erard, F.; Robbins, J.; Chignell, C. 
F. J.Biol. Chem. 1981, 256, 831. 

while studies carried out in Tris buffers indicated two 
binding sites for FdUMP.29,33 This anomaly has been 
attributed to the effects of the different ions present in 
these buffers by these investigators. In addition, se­
quencing studies indicate two identical subunits.34 A 
sequential model of interaction of the subunits has been 
proposed32 to account for this apparent discrepancy, where 
the second binding site remains unavailable for binding 
until the first site has been completely filled with both the 
nucleotide and the cofactor. The experimental value of 
one binding site for the binary complex obtained with the 
C-5-spin-labeled analogues in Tris buffer would seem to 
indicate that the interaction of these analogues with the 
enzyme also follows a similar sequential model with only 
one site being initially available for the binary complex 
formation. 

This set of spin-labeled dUMP analogues thus enables 
the influence of the structural features of the analogues 
to be evaluated at the different steps of the enzymatic 
mechanism. The importance of the N-3 proton in binding 
is confirmed by the studies with analogue 4. The ESR 
binding and inhibition studies with the C-5 analogues give 
direct evidence that the effect of the electron-withdrawing 
substituents on binding is minimal for the binary complex 
formation, but is instead exerted during the formation of 
the ternary complex. 

Conclusions 
We have established the binding of spin-labeled ana­

logues to the active site of the enzyme and the potential 
for using spin-labeled analogues and ESR spectroscopy to 
investigate the depth and topography of the active site. 
These studies have shown the active site to be at least 12 
A in depth. Similar association constants for the substrates 
in the binary complex indicate similar binding modes. The 
differential affinity of the analogues for the enzyme in the 
ternary complex is attributed to the varying electron-
withdrawing abilities of the substituents. 

Experimental Section 
All UV measurements were obtained with a Gilford 250 

scanning spectrometer equipped with an automatic cuvette 
changer. All ESR spectra were obtained with a Varian E-104 
Century Series spectrometer that was interfaced with an Apple 
11+ microcomputer, and XH NMR spectra were obtained with a 
Nicolet NTC 300 FT instrument. Purity of the spin-labeled 
nucleotides were ascertained with a Bioanalytical HPLC system 
using a ix Bondapak C18 column. Preparative paper chroma­
tography on the nucleotides was done by using an absolute eth-
anol-1 M ammonium acetate (7:3, v/v) solvent system. The 
synthesized nucleotides were purified with DEAE-Sephadex 
columns using a linear gradient of 0.05-0.4 M ammonium bi­
carbonate. The extinction coefficients of the spin-labeled nu­
cleoside monophosphates were determined by phosphate analy­
sis.35 The purified enzyme was activated prior to ESR studies 
by preincubating the enzyme in 100 mM Tris buffer, pH 7.4, with 
30 mM DTT for 30 min at room temperature. 

5-(3-Aminoallyl)-2'-deoxyuridine 5'-Monophosphate (AA-
dUMP) (1). The method by Langer et al.17 for the synthesis of 
the corresponding triphosphate was used. Thirty-six milligrams 
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(0.1 mmol) of dUMP and 160 mg (0.5 mmol) of mercuric acetate 
in 10 mL of 0.1 M sodium acetate buffer, pH 6.0, were stirred 
for 4 h at 50 °C. After cooling and addition of 39 mg (9 mmol) 
of LiCl, the solution was extracted several times with ethyl acetate, 
and the Hg-dUMP was precipitated with cold 95% ethanol. This 
was then dissolved in 5 mL of 0.1 M sodium acetate, pH 5.0, and 
0.6 mL of fresh allylamine (0.6 mmol) and 68 mg (2 nucleotide 
equivalents) of potassium tetrachloropalladate(n) were added and 
allowed to react for 20 h. After removal of the excess metal ions 
with a Dowex (Na+ form) column, the products were resolved with 
a DEAE-Sephadex column. Further purification was obtained 
by paper chromatography {R{ 0.216). The yield was 35%. UV 
(pH 7.0): Xmax 288 nm (t 7000); \max 240 nm U 10500); Xmin 264 
nm (e 5100). JH NMR (D20): 6 8.0 (s, C6-H), 2.2 (m, C2'-H), 3.6 
(d, CH2 allylamine), 4.0 (s, C5'-H), 4.2 (s, C4'-H), 4.5 (s, C3'-H), 
6.2 (m, Cl'-H), 6.4 (m, vinyl H). 

5-[3-[[(2,2,5,5-Tetramethyl-l-oxy-3-pyrrolinyl)carbonyl]-
amino]allyl]-2'-deoxyuridine 5-Monophosphate (pDUAP) 
(2). Compound 1 was converted to the Na+ form by ion exchange 
on a Dowex column. Seven milligrams (0.012 mmol) of 1 in 1 mL 
of 0.1 M sodium borate buffer, pH 9.35, was reacted with 35 mg 
(0.125 mmol) of 3-carboxy-2,2,5,5-tetramethylpyrrolinyl-l-oxy-
iV-hydroxysuccinimide ester dissolved in a minimum amount of 
iV,iV-dimethylformamide. The reaction products were resolved 
on a DEAE-Sephadex column and 2 was collected. Further pu­
rification was obtained by means of HPLC (yield 60%). Chro­
matography of pDUAP on Whatmann No. 1 gave a Rf 0.76 with 
EtOH-1 M AcONH4 (7:3, v/v). Bacterial alkaline phosphatase 
digestion of pDUAP gave DUAP with a fy0.24 on silica gel (10% 
MeOH-CHClg). UV (pH 7.0): XmM 240 nm U 14100); Xmal 290 
nm (t 8000); X ^ 270 nm U 6300). !H NMR (D20): 5 7.7 (s, C6-H), 
1.3,1.4 (s, CH3 pyrroline), 2.2 (m, C2'-H), 5.9 (s, Cl'-H), 6.2 (m, 
vinyl protons allylamine), 3.6 (CH2 allylamine). Other sugar 
protons were as expected between S 3.9 and 4.2. 

4-[[[iV-(2,2,6,6-Tetramethyl-l-oxy-4-piperidyl)carbamo-
yl]methyl]thio]-2'-deoxyuridine 5'-Monophosphate (pls4dU) 
(4). 4-Thio-dU was synthesized from dU according to published 
procedures19,20 and was then phosphorylated to the mono­
phosphate by the method of Van Boom et al.21 The spin label 
was introduced by the reaction of 4-S-dUMP with a 5-fold molar 
excess of a-iodoacetamido tempo,22 and compound 4 was isolated 
by paper chromatography, followed by DEAE-Sephadex column 
chromatography (yield 25%); pls*dU is the dehydroxy analogue 
of pis4 U, which was previously described.38 UV (pH 7.0): Xmax 

(36) Toppin, C. R.; Thomas, I. E.; Bobst, A. M. Helv. Chim. Acta 
1983, 66, 1966. 

303 nm (t 11700). XH NMR (D20): d 8.1 (d, C6-H), 6.55 (d, C5-H) 
6.05 (m, Cl'-H), 2.2 (m, C2'-H), 3.7-4.4 (m, sugar protons), 1.8 
(d, CH2 piperidine), 1.2, 1.3 (s, CH3 piperidine). 

Other Compounds. pDUTT (3) was synthesized according 
to published procedures.18 

Purification of Enzyme. Crude thymidylate synthetase from 
Lactobacillus casei (New England Enzyme Center) was purified 
according to the procedure of Beaudette et al.30 Dilute enzyme 
solutions were concentrated with an Amicon Ultrafiltration Cell, 
Model 12, with Diaflo ultrafilters. Protein concentrations were 
determined by the Lowry method37 and by the UV method using 
a molar extinction coefficient31 of 1.08 X 10~5 M"1 cm"1. Native 
polyacrylamide gels (7%) showed a single protein band for the 
purified enzyme. 

Enzyme Assay. The enzymatic activity was determined by 
the spectrophotometric method of Wahba and Friedkin23 at 25 
°C. The assay mixture contained 100 mM /3-mercaptoethanol, 
15 mM HCHO, 25 mM Mg2+, 35 mM Tris buffer, pH 7.4, 0.7 mM 
EDTA, varying amounts of dUMP and inhibitors, and 0.6 unit 
of enzyme in a total volume of 1.0 mL. The reaction was initiated 
by the addition of the enzyme to the reaction mixture. 

ESR Binding Studies. The reaction mixture contained 50 
mM Tris buffer, pH 7.4, 2 mM EDTA, 15 mM DTT, 6.6 nM 
pDUAP or 5.7 uM pDUTT, and 125 ng (9.9 juM) of the activated 
enzyme in a total volume of 180 ph. ESR spectra were recorded 
before and after the addition of the enzyme at normal gain set­
tings, and immobilized nitroxide spectra were recorded at 10 times 
higher gain and twice the modulation amplitude. The height of 
the center peak (h^ of the ESR spectrum at normal gain settings 
was utilized as a direct measure of the concentration of the un­
bound, free analogue in the reaction mixture. Competition ex­
periments were performed by adding 20-fold molar excess of 
FdUMP to the reaction mixtures containing the bound species. 

For the Scatchard plot, the reaction mixture contained 50 mM 
Tris buffer, pH 7.4, 2 mM EDTA, 15 mM DTT, 5.6 MM activated 
enzyme, and 2 in a concentration range of 3.7-37 MM or analogue 
3 in a concentration range of 3.2-32 ^M in a total volume of 215 
ML. Control experiments to determine the nonspecific loss of signal 
were performed in the presence of 20-fold molar excess of FdUMP 
in the same reaction mixtures. 
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