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SUMMARY

Kituetic studies of the effects of 3-mcrcapto-2’-deoxyuridine (MUd1I) amid some of its
derivatives on the thymidilse kirsase atsd thvmidylate synthetase of Eselierie/ija coli B are

presented. It is-as found that MUdR and its S-methyl derivative are phosphorylated by
thymidine kinase, ishile other derivatives, including the disulfide, are msot. Its crude extracts
of E. coil B, thymidylate synthetase was inhibited by MUdR (but miot the S-methyl deriva-

tive) in the presence of ATP only. MUdR 5’-momiophiosphatc (MUdRP) was prepared by
enzymatic phosphorylation of MUdR and found to be a potent inhibitor of purified E. coil

B thymidylate synthetase (K1 = 4.0 X 10� M; Ki/Krn = 0.0083), competitive with the

substrate, dcoxyuridylate. The “anomalous” stromig bindiisg of MUdRP to this enzyme is

discussed.
The results of these studies arc comisistemut withi the hypothesis that the mode of action of

MUdR involves the metabolic activatiots of the analogue via J)hosphorylatioli by thymidine
kinase and subsequent inhibition of thymidylate symithetase by the active form, MUdRP,

resulting in the imihibition of DNA synthesis.

INTRODUCTION

3-Mercapto-2’-deoxyuridine (see l-’ig. 1),

a structural analogue of thiymidine, is-as
recently svmithcsized by enzymatic (1) and
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chemical (2) methods. Prclimimsar�- results of
studies involving various systemus in vitro2

and in viva3 [imicludimig recemst climuical studies
(3)] indicate that MUdR4 is ami effective

amititumor agent. Its free base, 5-mcrcap-
touracil (4, 5), and some of its derivatives
is-crc previously foumsd to potetstiate, in
several experimnemital neoplasms, the anti-

2 In Ehrlich a.scites carcinoma and Leukemia

L1210 cell (Illttires (A. Bloch, personal comnmnumu-

cation).

Agaimist Leukemia L1210 in BI)F, mice (J. L.

Ambrims and 11. L. Babbitt, 1)ersolsal conimunica-

tion).
� The abbreviations used are: MUdR, 5-mer-

capto-2’-deoxvuridi ne; �iIe�\1Ud It, 5-methyl flier-

captodeoxyuri di tie; MUdRP, 5-mercaptodeoxy-
uridvlate; MUdII -1)8 and MUdRP-DS, (lislilfide
forms of MUdIt amid MUdItP; Tdlt, thvnmidine.
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Fiu. 1. 5-Mercaptodeox�juridm uc and some of its

derivat imes

a. 5-Mercapto-2’-deoxvuridine (11, 1t� = H);

5-niethylniercapto-2’-deoxyuridimie (11, = CH3

1t� = 11); 5-ethylmercapto-2’-deoxyuridine (Rm =

C112C113 , It2 = Ii); S-acetyl-5-mercapto-2’-

deoxvuridine (H1 = COC1I3 , 11� = H); 5-mer-
capto-2’-deoxyuridine 5’-phosphate (H� H,
H2 = P03113).

b. 5-Mercapto-2’-deoxyuridine disulfide [R3

1-(2-deoxyribosyl)]; 5-mercapto-2’-deoxyuridylate
disulfide [113 = 1- (5-phospho-2-deoxyribosyl)].

tumor activities of 5-fluorouracil, 5-fluoro-

deoxyuridine, amid antifolic agents (6, 7).
Inhibition analysis studies iii various micro-

biological assay systems (1) imidicated that
MUdit acts as an antimetabolite of the

biosynthesis of the thymine moiety of DNA,

amid that its primary site of action appears

to be the thymidylate synthietase reactiomi

of the biosynthetic pathivay. This amid other

observations suggested that metabolic acti-
vation of MUdR may occur, involvitig

phosphorylation by TdR kimiase. The study
presented here is-as uiidertakcmi to demon-

strate the biological activities of MUdR
amsd its derivatives in cell-free systems and,

specifically, to determine in a quantitative

manmicr the effects of these compounds omi
the TdR kinase amid th�-midvlate synthetase

of Esc/,ei-ichia eoli B.

Materials

�\mATERIALS AND METHODS

Tris (enzyme grade, three times recrys-

tallized) , ammomiium sulfate, and strepto-

myciti sulfate ivere purchased from Nutri-

tio mutl Biochemicals Corporation , and tetra-
hydrofolic acid, from Gemieral Biochemicals.

Dithiothreitol, TdR, ATP, and 2-mercapto-

ethamiol is-crc obtained from Calbiochem.

2-’4C-TdR (specific activity, 30 mCi/mmole
amid 39.2 mCi/mmole) amid G-’4C-orotic acid
(specific activity, 6.2 mCi/nimolc) is-crc pur-

chased from New- England Nuclear Cor-

poration ; 8-m4C-ATP (specific activity, 0.83
mCi1/nimolc), from Schivarz BioRescarch;
amid -y-32P-ATP (specific activity, 3.2 Ci/
mmole) from Amershuam/Scarle . All otiser

chemicals is-crc Fisher Scientific Company
reagemit grade products. Boviiie serum al-

bumin amid frozemi E. coli B cells (Kormiberg

type, late log phase) ivere obtained from
Armour Pharmaceutical Company, Chicago,
amid Graimi Processing Corporation, Musca-
tine, Iowa, respectively. Solutions is-crc made

with deionized, distilled is-ater.

Prepam-ation of TdR Kinase

TdR kinase (ATP: th’s-midimie 3’-phospho-

transferase, EC 2.7.1.21) is-as partially puri-

fied from E. coli B extracts by the method

of Okazaki arid Kornberg (8); fraction V
is-as used throughout this study. Prepara-

tiomus is-crc routinely obtained with specific

activities of 0.4-0.9 umut/mg of protein (1

unit is defined as the amount catalyzing the

phosphorylation of 1 pmolc of TdR per

mimiute at 37#{176}).Protein was determined by

the modified Folin procedure of Lowry et al.

(9), using bovine serum albumin as standard.

A ssay of TdR Kinase

Method A (for potential sUbstrate activity).

This assay is based on the method of

Okazaki amid Kornberg (8), which follows

the conversiomi of 8-14C-ATP to S-14C-ADP

in the presence of a phosphate acceptor by
measuring the radioactivity of ATP amid

ADP after their elcctrophoretic separation.
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The incubation mixture contained, unless

othersvise stated, the following constituents:
7.5 pmoles of Tris-HC1 buffer, pH 7.4; 120
mpmoles of 8-’4C-ATP (specific activity,

0.83 mCi/mmole) ; 120 mpmoles of MgCl2
TdR or other nucleosides in varying

amounts; 30 pg of bovine serum albumin;
enzyme (2.1 pg of protein) ; amid 5 % ethanol
in a total volume of 0.1 ml. When i\IUdR

(a or �3) ss’as assayed, 100 mpmoles of dithio-

threitol were included in order to keep
MUdR in its reduced state (10, 1 1) . After
incubation at 37#{176}for 30 mimi, the reaction
was terminated by cooling to 0#{176},folloived by

the addition of 5 pl of 0.03 i� disodium
EDTA containing about 0.1 ii carrier ATP
and ADP. Aliquots (in parallel) iverc spotted
on Whatman No. 3MM paper strips and
subjected to electrophoresis at a potential
gradient of 20 V/cm, using a 0.05 it sodium
EDTA-H3B03 electrolyte, pH 5. 1 [relative
mobilities: 1.00 (ATP), 0.78 (ADP), 0.57

(thymidylate), 0.35 (AMP), and -0.05

(TdR)]. Radioactivity of ATP amid ADP
was counted on a Nuclear-Chicago 4ir

scanner. The extent of conversion is-as ex-
pressed as nanomoles of ADP formed during

30 mm under the conditions of the assay.
Values for ADP is-crc obtained as per-
cemitages of the total counts (ATP + ADP)
after subtracting the corresponding value
of a “blank” (3-4 % of total counts) from
is-hich the phosphate acceptor is-as omitted.

Method B (for kinetics of phosphorylation of
effective substrates). This assay measures

directly the transfer of the -y-phiosphatc of

“y-32P-ATP to the various nucleoside accep-
tors. The incubation mixture contained the

following: 7.3 pmoles of Tris-HC1 buffer,
pH 7.6; 120 mpmoles of -y-32P-ATP (specific
activity, 0.2-0.4 mCi/mmole); 200 mp-
moles of MgC12; 500 mpmolcs of dithio-

threitol; TdR, MUdR, or MeMUdR in
varying amounts; 30 pg of bovine serum

albumin; and enzyme (2 pg of protein) in a
total volume of 0.1 ml. After 30 miii of
irscubation at 37#{176},the reaction is-as termi-
nated by cooling below 0#{176},followed by the

addition of 10 pl of a solution of EDTA
(0.1 ii) and dithiothreitol (1.0 ii). The
radioactive materials is-crc separated by
horizontal chromatography (12) on What-

man No. 4 paper, using a 1-butanol-acetone---

acetic acid-S % ammotrium acetate (7:�:3:5
by volume) solvent mixture containing 0.02
ii dithiothrcitol. The distributiomi of radio-
activity on the paper strips is-as counted as
described above for method A, arid the
extent of phosphorylation of the nucleosides
is-as calculated as a percentage of the counts
under the monophosphate spot relative to
the total counts on each strip arid expressed
as nanomoles per 30 mm.

Method C (inhibitory activity test) . This
assay measures the effects of various nucleo-
side analogues on the conversion of ‘4C-TdR
to ‘4C-thymidylate iii the presence of an

internal radioactivity standard (‘4C-orotate).
The enzyme (0.05 pg of protein) ivas in-
cubated for 30 mm at 37#{176}in a total volume
of 0.1 ml of the reaction mixture, which
contained the folloiving: Tris-HCI, 7.5
pmoles, pH 7.5; ATP, 600 mpmoles; I\IgCl2,
600 mpmoles; ‘4C-TdR (specific activity, 30
mCi/mmole), 4-32 mpmoles; ‘4C-orotic acid
(specific activity, 6.2 mCi/mmole) , 2.2-18

mpmoles; bovine serum albumin, 30 pg;
ethamiol, 3 % (v/v) ; imihibitors; arsd dithio-

threitol, 100 mpmoles, when indicated. The
reaction was terminated by immersing the
tubes ims a boiling water bath for 2.5 mm.
Carrier thymidylate and orotate is-crc added
and, after centrifugation, aliquots of the
supernatant solution is-crc applied in parallel
on Whatman No. 3MM paper strips and

subjected to clectrophoresis for 4 hr at a
potential gradient of 19 V/cm, using sodium

citrate electrolyte, 0.03 ii, pH 4.5 [relative

mobilitics: 1.00 (orotatc), 0.78 (thymidy-

late), amid -0.05 (TdR)]. Portions of the

paper strips bearing the orotate and thy-

midylate spots (detected under ultraviolet
light) is-crc counted for radioactivity imi a

manner similar to method A. The ratio of

the radioactivitics of the internal standard

(‘4C-orotic acid) arid the substrate (‘4C-
TdR) in the radioactive stock solution is-as

separately determined. The radioactivity of

the product was expressed as a percentage

of ‘4C-TdR phosphorylated, ivhich could be

calculated directly from the ratio of the

radioactivities of the i4C4luyfl�idyla�e spot

and the ‘4C-orotate spot on each individual

paper strip, atid themi comiverted to nano-

moles.
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Pre/)arat iOn of T/� yin idylate Syn th etase

The effects of itiluibitors 01’ thvmidylate

synthctasc ivere examined both in crude amid
iii �)Itrtially purified preparatiomss of the
erszyme from E. coli B cells. The crude

preparation ivas obtaimieci as the 105,000 X
1/ sispermiatant fraction of somiicated cells. A
100-fold purificatiomi is-as achieved by a

procedure adopted from Wahba amid l”riedkin
(13) amid Fricdkimi et al. (14), imivolving

streptomycimi sulfate treatment , DEAE-

cellulose column cluromat ography , and
(NH4) 250, fractionatiomi (45-85 % satura-

tion), yielding a specific activity of 1.9
units/mg of protein.

A ssay of Thyiti idylate Syiithetase

liar the study of miucleosides in the crude

system, the spectropluotometm’ic method of

Wahba and Fricdkiri (15) was employed,

using a Gilford model 2000 recording spectro-

l)hotometer thsermostatetl at 30#{176}.The irscu-
bation mixture contained 33 pnsoles of Tris-

HC1 buffer, P11 7.4; 100 pnio]es of 2-mercap-
toethamiol; 0.7 pmole of sodium EDTA;
0.13 pnsolc of di,L-tetrahvdrofolate, 12
pmiiolcs of formaldehyde; 20 pmolcs of MgC12;

amid 0.2 ml of crude E. coli B extract in a
total of 1.0 ml, includimig imihibitors in vary-

imig amounts. The mixture is-as incubated

for 12 mimi at 30#{176}in the presence amid absence

of 5 X 10� M ATP; then the reactiomi is-as

started by time addition of dcoxyuridvlate

(2.3 X 10� M or 2.3 X 10� M). The rates

were calculated from the initial linear
portions of the recorded curves and is-crc

corrected by subtracting the rate of a

“blank reactiomi” from wlmicls deoxyuridylatc
is_its omitted. Imihibitions were expressed as

percentages calculated from time mates of

the reaction imi the presemsce amid absence of

the inhibitors.

For time study of MUdHP in the purified

thyniidylate synthetase system, essentially

the same assay procedure as above ivas

employed, except that the reaction mixture

contaimsed deoxyuridylate in varying amounts
(20, 30, 50, and 200 mpnioles). MUdRP in

varying amoumits (0.1, 0.23, amid 0.75 rnp-
mole), and 22.3 pg of purified enzyme prep-
aration. The reactioms mixture was incubated

for 10 mimi prior to time addition of deoxy-

uridylate amid MUdl1�P, umiless otherwise

indicated ; the latter is-as introduced in its
disulfide form, is-hich, hioisever, ivas reduced

instantaneously to the tlmiol by the large
excess of mercaptoethammol present in the
medium (see belois) . Time rates is-crc cx-
pressed as micromoics of thymidylate formed

per hour per milligram of protein at 30#{176}.The
data represent average values of 5-10

separate determinatiomis.

Enzymatic Preparation of #{244}-Mercapto-2’-

deoxyuri(line 5’ -P/iosp/t ate

Emizymatic phos�)horylatiomI of MUdR
was carried �illmt at 37#{176}for 12 hr under an

atmosphere of N2 in a solutiomi comitainimig
15 pmoles of 1\IUdR (3.9 nig), 15 pmoles of
NaOH, 13 pmolcs of dithiotimreitol, 12
pmO]es of ATP, 12 pmoles of MgC12 , 300

pmolcs of Tris-HC1 (pH 7.4), 36 pmoles of

creatinc phosphate, 0.3 mg of bovine serum

albumin, 0.2 nig of creatimie kimiase (specific

activity, 20 units/mg), and 0.6 mg of

partially purified E. coli B TdR kinase

(fraction IV; specific activity, 0.13 unit/mg;

sec above) in a total volume of 1.5 ml.
101 lowing i micubatiomi, time proteimis is-crc

precipitated by heat demiat.uratioti amid

separated by centmifugatioms. After air oxida-

tiomi (10, 11) of the 5-mercaptopyrimidines
to the disulfide forni (1 day), the solution

ivas applied to Whatmami No. 3MM paper
amid! subjected to electropimoresis at a potcns-

tial gradiemit of 20 V/cm in 0.05 M sodium
citrate buffer, pH 4.5 [relative mobilities:

2.53 (ATP), 2.01 (MUdRP-DS), 1.00

(AMP), amid -0.13 (MUdR-DS)]. The

MUdRP-DS bands is-crc cluted is-ith distilled

is-ater, concetitrated umider vacuum, amid

further purified by sequential paper chro-

matography imi two solvent systems (16):

1-butanol-NH4OH-H20, 86:4:10 (by vol-

U me), amid! 1 -butamiol-formic acid-H20,

77:10:13 (by volume). MUdRP-DS is-as

eluted with 1120, evaporated to dryness

under vacuum, amid taken up in distilled

H20. The ultraviolet spectra of this solution

showed the same Xfl3ax at diffcremit pH values

as those J)reviously reported (10) for

MUdR-DS flhidl also shoived the chmaracteris-

tic change to the spectra of the reduced
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mercapto forni Omi the additiorm of dithiio-

tiircitol (10).
Since the observed! � of the 5-niercapto-

l)Yrimidimie derivatives imi the 33o-335 I�J.L

region was foumid to be a property of the

thiiolate li)tl (12, 13) , this absorption band!

was used for time determitsation of the pha

value of tlse sulfimydryl grou�� of \lUdlliP

as previ�unsl� described imi time case of

1\IUdR (10) . The spectropimotomet.ric titra-
tiomi curve siu)wmi imi 1’ig. 2 gives a pl’,, (1)f

5.34 (± 0.02).

The comicemitration of the stock solution of

MUdRP used iii time assays was estimated omi

the basis of the absorbaisce iii the presemice
of 10� ii dithiothmreitol at pH 7.3 �

5 x 10� �r’cni’).

RESULTS

Jim/i lb ition of TI, yin idylate Syntli eta.se in

Extracts of E. coli B Cells

The crude cell free system used in this

study is of imiterest because it simulates time
conditions (relative emmzvme concemitrations,

etc.) prcsemst in time imitact cell amid! permits

the study d)f the mode of actioti of miucleosidle

analogues directly iii time form in is-hichm these

amitimetabolites are applied to the living

organisms. The TdR kinase present its the

crude preparatiomi may convert the miucleo-

side analogues to the corresponding 5’-

phosphates, I)rOvi(led that ATP is made

available. [A similar type of amialysis was

employed by Hartnsanni arid Heidelberger

(17), usimig Ehrlich ascites carcinoma cell

extracts.] The results are summarized iii

Table 1. It is showmi timat, in the presence of

ATP, MUCIR at 10� M comicenstration caused
76 % inhibitiomi of thmymid late synthetase iii

the case of a 25-fold excess of the substrate
(deoxyurid�-late). The inhibition was re-

versed proportiomsahly by a 10-fold imicrease
(250-fold excess) of the concentration of

deoxyuridylate, imidicatinig a conipetitive

relationship between substrate and itihibi-

tor. Complete imihibition of thymidylate s�-ms-
thetase is-as achieved! at MUdR concentra-

tions correspomiding to onse-fourth of that of
the substrate. MeMUdR is-as at least thmree
orders of magnitude less inhibitory than
MUdR. In the absence of ATP, none of time

ph

F’m( � . 2 . Spc(Irophoto?ilclric t i/rut ion c ii nc (�f 5

iiicrcaptmleoxij iIri(l!/late

The absorbamice s’�il ties at :335 mmm� of 10’ it

NIUdItP iii 0.1 ii El Y1’Asolmmtioiis (containing l0� it

(Ii I lIi()t lirei I ol ) \vem( (l(�t � I Le(l at 25#{176}i ii a. 13cc k-

nian 1)1T SI)e(trOl)hotOmmIPlPr 1111(1 i�P 1)101te(l

against the (-orrespomidilig p11 values (lt�uuionieter

N126) ; beh)\% l)11 3, (lillite 11(1 solutiomms s�ere (‘113-

1)l�ye(l. �Flie i nset slu)%vs (lPl)PIi(lPIl((! I ill 1)1 1 of the
logaritimni of the 1�(ti() of the amiionic (.1) 101(1 the

undissociated (11.1 ) species of I’iII�llt P ; I he poi iii s

is’ere obt ai Ile(l fmonm the (‘Xl)eri mnent al (fat a, 10(1 1 he

solid line m-epreseimls a theoretical line correspond-

ing to time ionization of au acid (Il_I) with a P1’� �f

5.34 (K�1 = IW][.L]/IIIAI).

Compoutids exhibited significant inhsibitory
activity at the comseenstrations employed.

Substrate P1’O/)CIties of ill dli and Its
Dem-ivat ives in time I’d!? K in use 1?eaetw ii

In order to determine whether �sll (lit
amid! a series of its derivatives may serve as

phosj)hate acceptors iii tue TdIt kinase

system, the nieth 0(1 of Oka zaki amid Kormi-

berg (8) ivas employed to follow the conm-
version of m4(�_\]’l) to m4(1_��I)I) (method A).

This niethod permits comsvemsiem,t screeniimg of

a variety of nucleoside analogues for their’

potemitial substm’ate activity by a umuiform
procedlure. The results given ins Table 2 siuow

that MUdIt amid MeMI dli promote time
dephosphorylation of ATP by Tdli kinase

of E. coli B amid timus appear to serve as
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TABLE 1

Inhibition of thymidylate syntheta.se in crude extracts of E. coli B

The effects of various concentrations of MUdR and MeMTJdR on the methylation of deoxyuridylate
in crude extracts of E. coli B were measured in the presence and absence of ATP at the indicated sub-
strate concentrations by following the absorbance change at 340 mgi. For further details of the assay
conditions, see MATEitmAns AND METHODS.

Inhibition of reaction at
TL-lDDa ATP, 5 X various inhibitor concentrationsb

10� H

MUdR 2.5 X 10� - 2 0 0
2.5X105 + 100 97 76

2.5X104 - 0 0 0
2.5X104 + 100 67 22

MeMUdR 2.5 X 10�
2.5 X 10�

2.5 X 10�

2.5 X 10-i

0 0 0

+ 31 11 0
- 0 0 0

+ 0 0 0

a UdRP = deoxyuridylate.

The inhibitions were calculated from the reaction rates obtained in the presence and absence of the

inhibitors, corrected by the corresponding “blank” reactions measured in the absence of deoxyuridy-

TABLE 2

Utilization of S-mercapto-2’-deoxyuridine and congeners as substrates of E. coli B thymidine kinase

The various analogues (NdR) were tested at the indicated concentrations as phosphate acceptors in

the purified TdR kinase system, by assaying the formation of 8-”C-ADP in the reaction NdR + 8-’4C-

ATP -� NdR 5’-phosphate + 8�14C�ADP. For detailed conditions, see MATERIALS AND METHODS (method
A).

NdR added -

ADP formed (37#{176})

MUdR a-MUdR” MeMUdR a-MeMUdR” AcMUdR�’ MUdR-DS

mpnz ales m�imoles/3O mm

10 1.4 0.2 2.5 0.0 0.0 0.0

50 3.9 0.0 7.5 0.0 0.0 0.1

500 15.1 0.0 16.3 0.0 0.0 0.0

a The a-anomer of the corresponding nucheoside.

� S-Acetyl -5-mercmipt ()deoxyuridimle.

phosphate acceptors. None of time other
compoumsds tested, i.e., S-acetyl-5-mcrcapto-
deoxyuridimse, MUdR-DS, and tue a-

anomers of MUdR and MeMUdif, shois-ed

any activity as phosphate acceptors at

concentrations up to 5 X 10� �m.
The two compounds which sisowed activ-

ity in the above assay system were then

compared with time natural simbstratc by
studying the kinetics of the direct tranmsfer
of the -y-phosphmate group of ‘y-32P-ATP to

the respective nucleosides (method B). The

results represented in the Limieweaver-Burk

plots in Fig. 3 indicate that MUdR and

�\ieMUdR are indeed utilized as substrates

by TdR kinase, although they are bound less
strongly to the enzyme thami the natural
substrate. The numerical values of the ap-
parent Michaclis constants, given in the
legend of Fig. 3, are valid omily for the sub-
optimal ATP concentration (18) used, ois’ing
to the nature of this assay.
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MUdR and Its Derivatives as Inhibitors of
TdR Kinase

The inhibitory effects of MUdR amid its

derivatives on the phosphorylation of TdR
by purified E. coli B TdR kinase, deter-
mined by method C, are represented graphi-

cally in Fig. 4. The results show that MUdR
is a competitive inhibitor of thymidine

kinase, with an apparent K2 of 1.6 (± 0.7)

X 10� �r (K2/K� = 80). Similarly, the
S-alkyl derivatives MeMUdR arid 5-ethyl-

mercaptodeoxyuridine showed competitive
inhibition of this enzyme, is-ithi apparent K1

values of 3.2 (± 0.9) X 10� ii (K i/Km =
160) and 3.5 (± 0.8) X 10� ii (K1/K,,,
= 175), respectively. The a-anomers of

MUdR and MeMUdR showed no imuhibitory
activity.

L,mM’

FIG. 3. Phosphorylation of thymidine, 5-mercap-

todeoxyuridine, and 5-melhylmercaptodeoxyuridine

by B. coli B thyrnidine kina.se

The reciprocal plots represent the comicemitra-

tion dependence of the phosphate transfer cata-
lyzed by purified B. coli B TdR kimiase from -y-

“P-ATP to various phosphate acceptors. S = TdR
(J), MUdit (s), MeMUdR (0); v = mianomoles of

32� transferred in 30 mm at 37#{176}.For details of as-

say conditions, see MATERIALS AND METHODS

(method B). The apparent Km values calculated

from the slopes are 1.6 X 10� M, 9.4 X 10� M,

and 4.5 X 10� M for Td1�, MUdR, amid MeMUdR,

FIG. 4. Reciprocat plots of inhibition of B. coli

B th ijmidine kinase by 5-mercaptodeoxynridine

The phosphorylationi of 2-’4C-TdR by purified

E. to/i B TdR kinimLse was measured in the absence

of i’tiUdFt (�) and in the presemmee of 4 X 10� M

(0) or 102 ii (D) NIUdR; v = miamiomoles of timymimi-

dylate fornied in 30 mimi at 37#{176}.Other commditionis
were the same as described imm MATEIt�ALS AND

METHODS (method B).

Linear double-reciprocal plots could not

be obtained in thie cases of S-acetyl-5-

mcrcaptodeoxyuridine amid MUdR-DS.
These compounds irreversibly inmactivated
thymidine kinasc; the former, by acetyla-
tion of the essential sulfhydryl group(s) of
the enzyme (19), arid time latter, presumably
by a thiol-disulfide exchmanige reactiots. De-
tailed studies of the effects of thmese deriva-
tives will be reported.

Inhibition of Thyinidylate Synthetase by

M L#{237}dRP

The kinetics of the inhmibition of purified

E. coli B thymidylate synithetase by the
5’-monophosphatc of MUdR prepared enzy-

matically (see MATERIALS AND METHODS) is
represented graphically in Fig. 5. It is

shown that MUdRP is a potent inhibitor of
thymidylate synthetasc, arid that the in-
hibition is strictly competitive is-ith respect
to the substrate, deoxyuridylate. Essenitiahly
time same results is-crc obtained is-hethmer tIme
inhibitor is-as present imi the reaction mixture
during a 10-mini preliminary incubation
period or added together with the substrate.
An apparent K2 value of 4.0 (± 0.2) X 10�
M is-as obtained for MUdRP from the imiter-
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0

MUdItP has h)e(’lt prepared re(’euttly by (hem-

ical svimtlmesis (20). The aimalvticah sample yielded

a K value of 3.4 X 10� in.
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[ud RP]

FId;. 5. R(’riprocal plots of inhil)ilion of E. coli B

t/i!/1mi i(I!/l01C S//flthet(I/ie 1)1/ 5-mereaptodeoxyuridytote

Pum’ified L. (Oh B 1hvniidyl at (� svnt lid ase ‘WaS

assayed sped rophotomnetmically ut the presence

and absence of MUd UP by following the chamige iii

opt fl-al demmsi I y at 340 01.t, corresponding to I lie

conversion of niethvleuiet et ralmvdrofolate to di-

hvdrofohate (15). MUdUP levels were: X , none;

0, 1(U� in; E, 2.5 X 10� it; �, 7.5 X 10� in;
UdHP = deOXyuri(lylate; r = nmicronm’toles of thy-
midylate formed per hour per niilligramn of protein

at 30#{176}.Other conditions of time assay were time same

mIS described ifl MATEtItALS ANI) ME’I’HoDS.

cepts of the Limiesveaver-Burk plots in Fig.

5 (K1/K,, = 0.0085).� In contrast, time miomi-
phmosphorylated miucleoside, MUdR, pro-

duced only 16 % imshiibitiomi evemi at the high-

est applicable comicentratioms (2 X 10� M,

its the iresence of a substrate concemitration

of 2 X 10� � tints showing approximately
three orders of mnigmiitude lower activity
thmami tue correspondlinig 5’-phosphate.

1)1 SCUSSION

Since the inhibition of TdIt kimiase by

MUdR is of a relatively lois- magnitude, it is

unlikely that this effect bears a causal

relatiomiship to the cytotoxicity of the
analogue. Moreover, the comicenitrationis of

:\I Udli mequired for hialf-niaxinial grow-tim

imshibition iveme foumid to be 2 )( 108 in

ann! 6 X lO-� it iti K (‘Oh6 timid! Lactobacillus

leieim utah /1 ii ( 1 ) , m’espectivehy, i.e. , niuch
lower thamm time K1 value of \IUdR for

Td!li kimsase. In cotitrtist, time K1 value of

MUdRP for timvmidvlate svntimeta.se is
virtually identical ivith the concentrations
of 1\IU!lt re(lltire(l for imsimibitiomi of timese
bacterial systems. ‘i’hierefore, time mode of

ItCt1t)tI of \1I.d!R in the cell appears to in-

volve nietabolic activation by TdR kiniase
and inihibitiomi of thlynisidlvlate svmsthetase by
the pltosplmorylated mtmsalogue, \II..TdII�tP, as

illustrated by the schmenie shiowmi mi I’ig. 6.

It is of iarticuham interest that MUdR-DS
is miot I)iuosPimo1�latedl by TdR kinase. It has

beemi denionistrated i)�.eviousl� that \1Ud1�l

umidergoes vemy rapidi, trace nietal-catalyzed

autoxidatiomi iii mseutral (or alkaline) solu-

tions (11) to i\IUdlR-1)S, which, however,
shows the san’se grow-th-itihibitory activity
as MUdR in the microbiological test systems
(1). It is clear that redluctiomi of the disulfide

forn’s prior to PhiosPhom�Ylation is a prcmeq-

uisite for time imihibitomy activity at time
thlyn’iidlvlate 5 vmitimetase site. Since alkvl

tlsiois (imicludimig glutatiiionie7) readily ieduce
MUCIR-DS to MTJdH (10), ami oxidation-

reductiomi cycle may operate imi the cell,
medliated by glutathionc reductase ammd

depemidemit omi time availability of NADPH.
Evidemicc has becmi obtained conicernimig the

existemice of a similar mechanism for time
imitracellular reductiomi of the disuifide of 2-
mercaptopyridinie (21).

Time very stromig bimidimsg of MUdRP to

thymidylate synitimetase appears to be
anomalous in comparisomi with other kniowmm
deoxyuridylatc analogues. 1mm decreasing
order of binding ability, the followimig rela-

tionship imas been observed (17, 22-27) with

various substituents: F >� Cl > Br > I > H
> CH3 (van der Waals’ radii, 1.35, 1.80,
1.95, 2.15, 1.20, and 2.0 A. respectively;

approximate PI�a values of the correspond-
ing miucleosides, 7.8, 8.1, 8.1, S.25, 9.35, and

9.8). Thus, atm imiverse relationship is up-

paremit between the strength of binding anmd

6 A. Bl och, personal comnntmmcation.

� T. I. Kalman and T. .J. Bardos, umipublished

observations.



(de novo)

UdRP

CH2FH4

z $ thyrnidylate synthetase

MUdRP TdRP � 0 DNA-thymine

ADP ADP

thymidine kinase

ATP ATP

MUdR TdR

FIG. 6. Hypothetical mode of action of 5-mercaptodeoxyuridine

UdRP, deoxyuridylate; TdRP, thymidyl ate; CHFH4 , 5, 10-methylenetetrahydrofolate; Fli,
diimydrofolate.

8 The pK0 (NH-3) of MeMUdR is 9.0 (T. I.

Kalman, unpublished observations) -

� T. I. Kalman, K. Baranski and T. J. Bardos,

unpublished observations.

FIG. 7. Postulated Diode of ion �c binding of

_‘lI 11 (1RP an (I 5-fl uorodeO.17j uridylate to thym i(lylate

syntheta.s-c

dUP, deoxvribose 5-phosphate; X”, cat ionic

bindimsg site of the emmzynmc.

MODE OF ACTION OF 5-MERCAPTODEOXYURIDINE 629

the size of the 5-substituemit, as well as time

PKa of the N-H proton at position 3 of the
ring. It has beemi suggested (28) that the
stromsg binding of 5-fluorodeoxyuridylate to

the emizyme may be due to the acidic proton
at N-3 of the pyrimidine ring. By amialogy,
MUdRP should have very little or rio in-
hibitory activity, sinmce the P1�a for time
ionization of the N-3 huydrogemm of the 5-

mercaptopyrimidincs is 10.5-10.6 (10), anmd

the ionic radius of S is 2.19 A (time van der
Waais’ radius of S is 1.85 A); despite this
fact, MUdRP is a close secomsd to 5-fluoro-
deoxyuridylate in its strength of bimmdimmg to

thymidylate symithetase. How-ever, simice the

sulfhydryl group of MUdHP is essetstially

iotmizedl at physiological 1)H (pK,1 5.34, Fig.
2), it appears tiuat the ‘‘anomalous” higis

activity of this analogue may be due to a

significammt commtributiomm of time mmegative

charge on the S amiiomm to the bimmdimsg. This
comsclusiomi is supported by tin’ observatiomi
that the S-methyl amsalogue, MeMUdIR,8

did riot shoiv signmificamit imihibitioti of thy-

midylate synthetase imi time cell extract amid
demonstrated very low cvtotoxicityt ims the
same microbiological systems ims which

MUdR showed high activity. Time similar
substrate activities of MeMUdH arid MUdR

in tise TdR kimmase system rule out the pos-

sibility that tue immactivity of MeMUdR may

be due to a lack of phosphorylatiomm.
The exceptiomsal behmavior of MUdHP can

be explained if we assume that there is an
appropriately positionmed catiomiic binding
site omm the enszyme that cans imiteract either
with the thiolate amiionm of MUdRP on� ivith

the iotsized species of 5-fluorodeoxyuridylate,
as illustrated ims Fig. 7. Timis would satis-
factorily accoumst for the strong, competi-

tively reversible bimidimig of both substrate
analogues. It is iniportant to msote, however,
that there is a sigmmificammt differemice betis-eeni
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time niodes of immteractiomi of \IUdRP amid 5-
fluomodeoxyuridvlate �vitim timymidylate symm-

timetase. It imas beets reported by several

itsvestigators that. j)reliniinlary imiciibatiomm of

thmvmidylate symithetase with 5-fluorodeoxy-
uridviate markedly decreases time K value
of the inhibitor ams(l results in a change to
mioncompetitive or mixed kimmetics (23-25.
27, 29). Iii contrast, prior imicubatiomi of the

cmmzvme with MUdHP dud riot affect tue
strictly competitive kimmetics of tue itsimibitioms

1)rodttce(I by time latter compound. Timis
difleiemmce in the behavior of the twit jrimi-

dine nucleotide analogues may he due to time

opj)osite l)olamizatioms of time :5,6-double bomid
by time respective 5-substitut’mit.s. Thit’ fluoro
substituemit activates time 6-position of the

imym’itiiidimie rimig (30) to attack by a nucleo-

phuihic group on the emmzymiie (31). possibly
l(’adlitmg ta mm pseudo-irreversibl(’ emmzyme-

itmhmibitor complex. 1mmcontrast, time mmegativ(’
charge of time ionized thiol group of \l UdlRP
increases the electron demtsitv itt time pym.imi-

dine mimig, miiakitig time latter utimeactis-e

t.owar(l mmcleopimilic attack.

F itt-timer studies witim these ati(1 reiate(l

ammalogues may be helpful hi time elucidlatiomm
of time tiature of time active site of thmynii(lylate

symithetase.
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