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TABLE I 
FUUR CONVEKSION TO FUDRP BY THYMIDINE KIN.\sE." IWIBITION BY 

0 
I I  

R2 

Concn.. 70 
Compd. R1 Rz R3 R4 Y m .If inhib. 

I1 CHs OH OH H 0 0 . 1  85 i 7 b  
0.04 68 =k 10" 

I11 H OH OH H 0 0 . 2  53 iz Sb 
11- CH3 H OH H 0 3 64 
v CHa OH H H 0 3 84 

1 16 
\'I CH3 OH OH H CH2 2 44 
T'II CH3 OH C2HsOOCO H 0 3 O d  

1;III" CH3 OH CeHsOOCO H 0 3 O d  

IX CH3 OH CHJNHCO H 0 :3 O d  

s CH3 OH C6Hj(CH?)2NHCO H 0 3 O d  

XI1 EtOCH? OH OH I1 0 3 'Id 
XIS- CH3 OH OH n-CjH1I 0 3 7 0 d  
XI11 4Thiothymidine 3 7 4 d  
xv 5,6-Dihydrothymidine 1 0 

The thymidine kinase assay %-as performed with 0.1 m M  FUDR ( I )  as described in the Experimental Section. The technical 
I_ Average and deviation in four deter- assistance of Gail Westley is acknowledged. 

minations. See ref. 18. For preparation see ref. 23. 
* Average and deviation in six determinations. 

(c) The nieasurement of 2'-deoxy-5-fluorouridine 
(FUDR) conversion to  2'-deoxy-j-fluorouridylate 
(FUDRP) was investigated by the ability of the gen- 
erated FUDRP to inhibit thyniidylate synthetase (see 
Chart I) .  FUDRP has preriou.;ly been observed to bind 

CHART I 
FUDR FUDRP 

(thymidine kinase) 

ATP ADP 

(thymidylate synthetase) 

FUDRP 
blocks 

to thyniidylate synthetase 1000 times stronger than the 
substrate, d U X P 4 ;  therefore, the assay has a built-in 
magnification of lOOO-fold, giving a sensitivity ap- 
proaching that of a radioactive assay5 but not requir- 
ing the separation of subitrate from product before 
assay. 

Although activity could be detected by either method 
b or e, the assays were still erratic. It was reasoned 
that the niajor difficulties were due to the further en- 
zymatic conversion of FUDRP or d U N P  to the tri- 
phosphate level and to  the phosphorolytic cleavage of 
the nucleoside, nucleotide, and nucleoside triphosphate 
to the respective pyrimidines. Since fluoride ion is 
known to inhibit all of these side reactions, the possible 
inhibitory effect of fluoride on thymidine kinase and 
thymidylate synthetase was examined and found to be 
absent at  the concentration (5  mM) used to inhibit 
these side reactions. I n  the presence of 5 m J l  fluoride, 

assay c became readily duplicable and the yield of 
FUDRP, as expected, was greatly increased. Further- 
more, duplicable rezults could be obtained with an 
enzyme solution prepared by a simple three-step purifi- 
cation procedure. I n  addition, the thymidylate syn- 
thetase fraction was readily separated from the thymi- 
dine kinase fraction and could be used for the second 
step of the assay. The thymidine kinase was then 
shown to be linear over a period of at  least 40 min., that 
iq,  the amount of FUDRP solution necessary for 50% 
inhibition of thymidylate Synthetase was inversely 
proportional to the incubation time of the thymidine 
kinase reaction. 

Since both thymidine and FUDR are substrates 
for the thymidine kinase, thymidine should act as a 
conipetitive substrate of FUDR. When equal con- 
centrations of thymidine and FUDR were incubated 
with thymidine kinase, only about one-fifth as much 
FUDRP was formed, that is, five times as much of the 
FUDRP solution was then needed to give 50% in- 
hibition of the thymidylate synthetase reaction (Table 
I). Since deoxythymidine monophosphate (dTfiIP) 
is bound to the thymidylate synthetase about as effec- 
tively as dCMP8 and sirice FUDRP binds 1000-fold 
better than dUMP,4 the dTMP generated by the 
thymidine kinase does not interfere with the deter- 
mination of the FUDRP concentration. Therefore 
thymidine has the over-all effect of inhibiting the 
formation of FUDRP from FUDR catalyzed by thynii- 
dine kinase. 

2'-Deoxyuridine (111), a known substrate for thymi- 
dine k i n a ~ e , ~  was also a conipetitive substrate (Table I), 
showing 53y0 inhibition of FUDRP formation a t  a 
concentration of 0.2 mM: in contrast, thymidine I1 

(8 )  R. L. Rlakely, J .  Bid.  Chem., 238, 2113 (1963). 



showed CjS~, iriliibitioii at 0.O-k i i i  li Tliu-. tlicl ortl(1i 
of biridiiig to thyinidiiie kiiiahe i i  tliyiiiitliiie > l~‘Iyl)R > 
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It is clear that both the 3’- niid 3’-hydroxyls of 
thyniidiiie contribute t’o binding to thymidine kinase. 
Since a hydrogen atom is smaller than it hydroxyl 
group, there could not have been any steric effects oil 

binding. The situation with the c*yclopenta,ne analog 
TI is less clear since the niethylerie group is larger than 
the furanose oxygen. Therefore, such :L structural 
change leading to x 120-fold decrease in binding could 
be due to  eit’her a steric interaction of the methylene 
group with the enzyme that decreases binding, or the 
furanose oxygen is one of the binding points of thymi- 
dine to  the enzyme, or both. 

The fact that the 5’-hydroxyl of t’hymidine (11) con- 
tributes to binding to  thymidine kinase is somewhat 
surprising. The 5’-hydroxyl is t.he position on thc 
substrate where transfer of phosphwt,e froin ATP occurs. 

(9) Synthesized by the  method of A. AI. Michelson and A. R. Todd, J .  
Chem. Soc., 816 (1955), as modified by J. P. Horwitz, J. Chua, and >I. Noel. 
J. 070. Chem., 29, 2007 (1964), for introduction of the  3’-iodo group. 

(10) Synthesiaed b y  the  method of J. P.  Borwita, ,J. A .  Ijrbsnski, and J .  
Chua, ibid.. 27, 3300 (1962). 

I I  I 

OH OH 
VII, R=C,Hs 

I‘III, R = CBH, 
IX, R = CH3 
X, R=CeHsCHzCH* 

To devise mi unequivocal experiment that can dis- 
tiiiguish 1~etw:ec~ii H and 0 bonding of the 5’-liydroxyl 
to thymidine is difficult. Replacement of the hydroxyl 
hydrogen by a cbnrbon might lead to a bulk intolerance 
to cxoniplexing with the enzynie which could also be niis- 
takcnly iiiter1)retcd to iiiean that :I binding 1)oiiit (thc 
hydroxyl Iiylrogeii) had been lost. I>or examp le: 
four coiiil)ou~itls (I-II-X), that’ were iiiatlc for :I diff cr- 
eiit 1)url)ose clisciisd helow, failed to inhibit tliyiiiidiiie 
kiiinse :it :I poiic*eiitr:ition of 3 1iiJ1.~“’ The f:ic.t that, 
cveii ,-)’-deoxytliyiiiicliiie (T) gives 84CG iiihibitioii a t  3 
i i i M  shows tl int  the aizynie does not h a w  :i hulk toler- 
: inw for thc. rthtively large carbaniat e a r i d  c~ar1)onatc 
groups of I71I-- S. c s l w  YII-X should have 1)ceii at 
:t< effect i1.c. :i- .i’-cleoxyt,hymidiiie (I-). There 
thew cx1)eriineiits wriiiot be used as evidericc <lither i o  
3ul)port or to refute llie concept, that t h c  liytlrogeii of 
tlie .i’-liytlroyil of tliymidinc is ii b i n t l i i i g  Iioiiit to the 
c’llzylllt’. 

Compounds j7IJ--X were actudly synthcsizetl i o  
tleteriiiiric if the eiizyiiie did have a hulk tolerniicc for 
the caurhoiinte ant1 c*:irbaniate groups at the .5‘-position 
of thyinitline (IT). If such h:td heen the raw, this ilosi- 

1111 H. P.. Baker, Cn,,crr (’lit~mutheraplj K e p t . ,  4 ,  1 (I!E!j). 
(12)  B. I<. Baker, Presented t o  tlie Scientific Section of tl ie .\merican 

113) R. R.  Raker and €1 
(1.4) H. K. Baktsr. 11. Y. Santi, P.  I .  .\lmanla, and !\’. (7 .  \Verklieis?r, 

i lR) H.  R .  Raker. \Y, \\’, I,??, \Y. .I. Skinner, .I. P. Martinez, ani1 1,:. Tonr .  

116) 17. Ilennis ani1 S .  0 .  Kaplan, J .  B i d .  Che~n.,  236, 810 IICWI). 
( 1 i j  .‘.. I). \\-iner and (;. IY. Schwert, ihid. ,  234, 1155 (1969). 

Pharmaceutical .\sauciation, Las Vegas, i i e v . ,  March 1962, Preprint C-I. 
Shapiro, J .  .>led. Chem.. 6,  664 (19fi3). 

> h i d . ,  7 ,  2 1  (1964). 

ibid.,  2,  633 (1960!. 

S, and X were employed for enzyme assay that 
ombustion analyses and moved as single spots on 

t .1.c.  al ien run in the standard manner; these samples showed some inhitii- 
tion of thymidine kinase a t  3 m.W. Since the  compounds were made froin 
tliymiiline, it was possible that the amount of inhibition observed was actu- 
ally due to  undetected thymidine. That  such was the case was determined 
hy the quantitative t.1.c. proredure described in the Experimental Section. 
Xhen (quantitated in this way, !>sing 3 :  1 benzene-methanol, 1’11. IX,  and X 
lied 2-5% thymidine present which accounted for the inhibition observed a t  
:i m31. Two other compounds. VI11 and XIV, prepared from thymidine, had 
less than 0.40,L thymidin? present. Similarly. using 4: 1 CHtl3-~thanol ,  

hymidine.” fXI1Ij”” contained less than 0.4% thymidine; SI1  ( =  
using ,5:3 CHCli-ethanol, contained less than  0.8<7, of 2’-1Ieuxyuri- 

;ox. 1). V, Pragg, I. \Vempen, I. L. D o ~ r r .  I , ,  (‘lieung, J. E. 
lrnoff,  .L .Rendich, and (;. I3. Urown .J. . I  in. ( ‘ h r m .  ,S’vc., 81, 
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tion would have been a prime area on the inhibitor to 
make further structural changes in the search for pos- 
sible, active-site-directed, irreversible inhibitors.2 

Few other enzymes utilizing nucleosides or nucleo- 
tides have been studied from the standpoint of the 
mode of binding of the sugar moiety. For example, 
Schaeff er and his c o - m ~ r k e r s ~ ~  have studied the mode of 
binding of the sugar moiety of adenosine to adenosine 
deaminase. They observedlYC that 9-hydroxyethyl- 
adenine was bound to adenosine deaminase somewhat 
better than the substrate, adenosine, but that 9-cyclo- 
pentyladeni~ie’~~ was bound less effectively. These 
results could mean that all of the binding of the ribosyl 
moiety of tlie adenosine is due to the 2’-hydroxyl group. 
Baker and Tanna20 observed that when the 2’-hydroxyl 
group of adenylic acid was absent, as in 2’-deoxy- 
adenylic acid, the latter was complexed to succino- 
adenylate kinosynthetase one sixth as effectively as 
adenylic acid; further removal of the 3‘-hydroxyl and 
furanose oxygen led to little change in inhibitory proper- 
ties. Thus the mode of binding of the (deoxy)ribosyl 
moiety of nucleosides and nucleotides has so far varied 
considerably from enzyme to enzyme. The niode of 
binding of inhibitors to additional enzymes utilizing 
nucleosides or nucleotides as substrates will have to be 
studied befcire it can be stated that definitive classes of 
binding exist. 

The third type of study involved the bulk tolerance 
by thymidine kinase to substituents on the 5-position 
of the pyrimidine ring. Okazaki and I<ornbergs have 
reported that 2‘-deoxyuridines with a 5-niethy1, 5 -  
fluoro, 5-chloro, 5-bromo, or 5-iodo group are still 
substrates. We therefore investigated whether or not 
S-ethoxyniethyl-2’-deoxyuridine (XII) could inhibit 

0 

O‘iN!J 

OH 
I11 

OH 
X I , R = H  

XII, R = C2Hs 

the conversion of FUDR to FUDRP by thymidine 
kinase. Compound XII, readily prepared by hydroxy- 
methylation of 2’-deoxyuridine (111) to XI followed by 
acid-catalyzed etherification,21 showed only about 20% 
inhibit’ion of the enzyme reaction at a concentration of 
3 niJi,18 about a 600-fold loss in binding. Thus, there 
is probably not sufficient bulk tolerance a t  the 5-posi- 
tion of the pyrimidine to  warrant consideration of 
compounds of type XI1 with larger ether groups, as 
active-site-directed, irreversible inhibitors. 

(19) (a) H .  J. Schaeffer, S. Marsthe, and V. Mks, J .  Pliarm. Sci., 53, 1368 
(1564); (b) R .  H .  Shah, H. J. Schaeffer, and D. H. Murray, ibid., 64, 15 
(1965); (c)  H.  J. Schaeffer and P. S. Bhargava, Biochemistry, 4,  71 (1965), 
and references therein. 

(20) B. R.  Baker and P. I f .  Tanna, J. Pharm. Sci., 54, 845 (1965); paper 
XIX of this series. 

(21) Although XI1 ( =  XIXc)  had not heretofore been synthesized, 5- 
ethoxymethyluridine (XIXb) .  5-ethoxymethyluracil (XIXa) ,  and other 5- 
alkoxymethyluracils have presumably been synthesized by R .  E. Cline, R.  
R l .  Fink, and K .  Fink, J .  Am. Chem. Soc., 81, 2521 (19551, by acid-catalyzed 
etherification of the corresponding hydroxymethylpyrimidines, XVIIb and 
XVIIa:  other than mobility on paper chromatography, the compounds 
were not further characterized. 

The lack of bulk tolerance a t  the 5-position was also 
indicated by the lack of inhibition of the enzyme by 5,6- 
dihydrothyniidine at  a concentration of 1 mJ1. I n  
dihydrothyniidine, the 5-methyl group is out of plane 
with the pyrimidine and thus might be less tolerated 
by the enzyme. Of course, it is also possible that the 
pseudo-aromatic pyrimidine system of thymidine is 
necessary for good binding. If the pseudo-aromatic 
system with a 5,6 double bond were the main mode of 
binding of the pyrimidine ring system, such as in a 
charge-transfer complex, then “4-thiothymidine” 
(XIII)18” ought to inhibit thymidine kinase conversion 
of FUDR to FUDRP in the same order as thymidine. 
I n  fact, XI11 at  a concentration of 3 nd118 showed 74y0 

XI11 XIV 

inhibition of the enzyme, thus being complexed to tlie 
enzyme about one-seventieth as well as thymidine. 
This result would indicate that the 4-oxo group of 
thymidine is hydrogen bonded to the enzyme, since the 
thione group forms hydrogen bonds poorly. Further- 
more, this result with XI11 indicates that the 3-hydro- 
gen contributes weakly, if at  all, to binding to the en- 
zyme, since the thione a t  the 4-position makes the 3-H 
more acidic and therefore more capable of bonding to 
some anionic site on the However, it is also 
possible that the 3-NH does contribute to binding, 
but that the loss of 4-oxo binding is more deleterious 
than the increased 3-TTH binding. 

Further evidence that the 3-SH probably does not 
coniplex with a cationic site on the enzyme can be 
gleaned by again comparing the binding of FUDR and 
2’-deoxyuridine, but with the additional considera- 
tion of the relative pKa values or the 3-SH group. The 
3-SH for FUDR has pKa = 7.66, and 2’-deoxyuridine 
has pKa = 9.3**”; thus FUDR is 35% ionized at  the pH 
7.4 used in the aqsays, whereas 2’-deoxyuridine is only 
1.2y0 ionized. Therefore, the 3-SH group does not 
bond with a cationic site on the enzyme, or else FUDR 
should have been complexed far stronger than twofold 
greater than 2’-deoxyuridine as previously observed 
with the 1000-fold greater binding of FUDRP than 
dUMP to thyniidylate synthetase.4,22b However, if 
the 3-XH group is hydrogen bonded to  the enzyme, 
then a similar strength of 3-SH binding of FUDR and 
2’-deoxyuridine niight be possible. depending upon the 
group on the enzyme that is the electron donor for this 
presumed hydrogen bond. That there is little differ- 
ence in binding between FUDR and 2’-deoxyuridine 
can also be rationalized on the basis that the 3-NH is 
not a binding point. 

Since it appeared possible that the 3-H may not have 
been binding to the enzyme, thymidine was converted 
to its 3-n-amyl derivative XIT’. At a concentration of 3 

( 2 2 )  (a) I. \\ empen, R Duschinsky, L Kaplan, and J. J .  Pox, tbzd , 8S, 
(b) B R. Baker, Cancer Chemotherapy Rept., 4,  1 (1955). 4755 (1961); 
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thymidine were purchased from Nutritional Biochemicals Co. : 
ATP, 2-deoxycytidine triphosphate (dCTP),  and dG?\IP6 were 
purchased from Sigma Chemical Co.; Escherichia coli B and 
tetrahydrofolate ( FAHI) were purchased from General Bio- 
chemicals. Professor Arthur Kornberg graciously sent LIS 0.3 ml. 
of his fraction I V  of thymidine kinase5 having 12 units/ml., used 
for the early work on spectrophotometric assays. Buffer A was 
0.05 M Tris hydrochloride, pH 7.4. Buffer B was the same as A, 
but with the addition of 10 mM of mercaptoethanol and 1 m J l  
Tersene. Biiffer C was 0.05 JI gl>-cylglyciiie, pH 7.0." 

Isolation of Thymidine Kinase.-A suspension of 40 g. of 
E. coli B cells in 40 ml. of buffer B was passed through a French 
pressure cell (ilmerican Instrument Co.) a t  4000-6000 p.s.i. 
and the exudate was caught in a beaker immersed in an ice bath; 
the pressure cell had been precooled overnight at, 5".  The exu- 
date was passed once more through the pressure cell and was 
caught in the small head of a Waring Blendor, cooled in an ice 
bath. After the addition of 80 nil. of buffer B and 1 drop of 
GE-60 antifoam, the mixture was blended a t  high speed for 30 sec. 
Cell walls were removed by centrifugation a t  5000 r.p.m. (Spinco 
Rotor 21) a t  3" for 45 min. The sitpernat,ant (117 ml.) wa;. 
placed in an ice bath and 7.7 ml. of -5% streptomycin sulfate was 
added with magnetic stirring. After 10 min., 10 g. of analytical 
grade Celite (Johns-Manville Co.) was added, and stirring was 
continued for an additional 10 mill. The precipitated nucleic 
acid was removed by filtration through a Celite pad on a SO-mm. 
Buchner funnel into an ice-cooled receiver, and the cake was 
washed with 2,5 ml. of buffer B. To the clear, mobile filtrate 
(114 ml.) was added portionwise with magnetic stirring 25.9 g. 
of (NH,),SO, (45";;: of saturation). After 10 min., -5 g. of Celite 
was added, and the mixture was stirred in the ice bath an addi- 
tional 10 min. The mixtiire was filtered through a Celite pad on a 
65-ml. Buchner funnel into an ice-cooled receiver. The filtrate 
(103 ml.) was brought to 90% of saturation with 34.9 g. of (NH4)z- 
SO4, and this fraction containing thymidylate synthetase was 
isolated as previously described.3' The filter cake of the 0-45% 
(NH,)?SO, fraction was immediately suspended in 35 ml. of 
ice-cold buffer A and kept at 5' until it could be further pro- 
cessed. The lumps were dispersed, and the mixture was mag- 
lietically stirred for .5 min. in an ice bath. The Celite was re- 
moved by filtration and the filtrate was caught in an ice-cooled 
receiver; total voliime, 32 ml. Even fresh preparations needed 
dCTP as an a ~ t i v a t o r . ~  For reasons unknown a TU" treated 
crude extract of subsequent fract,ions5 failed to show any thymi- 
dine kinase activity even with dCTP present. 

Assay of Thymidine Kinase.-Assay mix A4 was composed of 
10 nil. of 0.72 Jf buffer A, 2 nil. of 0.275 -TI MgCL, and 0.08 
J I  lIIiClr, 35 ml. of 31 m M  LiF, and 10 ml. of 2.1 mM FUL)R. 
This solution could be stored indefinitely a t  room temperatiire. 
Assay mix B was prepared on the day to be used as follows: 0.86 
ml. of assay mix A, 0.13 nil. of bovine serum albumin (14 mg./nil., 
stored a t  5'),  0.15 ml. of 57 mLEl ATP (can be stored 5 daj-s a t  
-15'), and 0.10 ml. of 9.3 m M  dCTP (can be stored 5 days at 
- 1.5'); total volume, 1.76 ml. Inhibitors were dissolved ill 
water to give a 5.4 mM solrition or multiple thereof; thus 0.10 
ml. of 5.4 mM inhibitor solution would give a 1 mlll solution of 
inhibitor in the inciibatioii mixtiire. The iiicitbation was per- 
formed as follows: iii a series of five 12-ml., heavy-walled ceiitri- 
fuge tubes were placed 0.30 ml. of assay mix B, 0.22 ml. of water 
plus inhibitor solution, and 20 p l .  of enzyme preparation; total 
volume, 0.54 ml. The following soltitions were incubated 20 
min. a t  37": ( a )  control with no inhibitor; ( h )  qtandard of 0.2 
m.M 2'-deoxyiiridiiie (111) or 0.04 mM or 0.1 mdl  thymidine (11); 
(c), (d) ,  and (e)  three inhibitors or mi ithibitor a t  three con- 
centrations or combinations thereof. The incnbatioii concen- 
trations were 0.03 Jl Trio buffer, 2.6 m J l  lIgC12, 0.6 m X  JIiiClz, 
3 mJ1 LiF, 0.1 m31 FUIIlt ,  0.67 mg./ml. of bovine serum albu- 
min, 2.7 m X  ATP, and 1.7 mM dCTP.j After the 20-min. 
incubation period, the tubes were immediately placed in a boiling- 
water bath for 5 miii. Then 3.63 ml. of buffer B was added, and 
the mixture was centrifuged in a clinical centrifuge for 2 min. a t  
highest speed. The supernatant solution was removed with an 
eye-dropper and stored at  5" until ready for assay of the FUDRP 
content. The thymidj-late synthetase from E. coli B (45-90y0 
saturated (SH4)2S04 fraction) wa sayed with 214 pJ1  dl-FAH4 
and 80 p M  d U l I P  as previoiisly described3f by noting the optical 
density chaiige/miii. at 338 nip; this w n i  i tsidly aboiit 0.006 0 . 1 ) .  
unit/min. when 20U pl. of enzyme preparatjoii was used in 3.1 
ml. of total soliit ion. The amoiltit, of diluted iiiritbtition soliitioii 
(a) tiecessary to give 50';; inhibition vias determined by using 

varying amounts that would give 30-705 inhibition. X plot of 
V0/V1 against volume of dilute incubation solution gave the 
volume for 50% inhibition by extrapolating the point of V0/V1 = 
2 to the volume axis; Vo = velocity without inhibitor and 81 = 
velocity with FUDRP solution added. Between 0.1 and 0.2 
ml. of incubation solution should be necessary for 50% inhibition. 
ITith more active enzyme preparations, less enzyme was used; 
with less active enzyme preparations, the time of incubation 
could be increased to 40 min. or more enzyme used. Similarly, 
the volumes of soliit,ion of b-e were determined that wodd give 
50% inhibition of thymidylate synthetase. The larger the vol- 
ume necessary to give 50r;l inhibition of thymidylate synthetase, 
the more effective was the block of the enzymic conversion of 
FUI)I< to FUDRP. The per cent inhibition of thymidine kinase 
is readily calculated from the expression 

where T'*, = volume of dihited soliit,ion of the cuiitrol iiicrtbation 
necehhary to give 5 0 5  inhibition of thymidylate synthetase and 
T', = voliime of dilute incubation mixtlire b-d to give 504;c iii- 

hibition of thymidylate synthetase. Since 0.1 ml. of dilute 
iiicubation solution can give 5Uyc inhibition of thymidylate syii- 
thetase in  the presence of 80 pill d U N P  and since only 1/1000 
as much FUDRP as d U N P  will give 50% i~ihibit ion,~ i t  can be 
calculated that the cuvette concentration of FUDRP %-as 0.080 
pJP. It can then be back-calculated that the total FUDRP gen- 
erated in the incubation mixture was 10 @moles in 20 min. or 
30 pmoles in 60 min. The Okazaki-Kornberg radioactive assay5 
uses 1 hr. t o  generate 21 pmoles of FUDRP or 26 pmoles of 
d T l I P ;  thus this spectrophot,ometric assay is as sensitive as the 
radioactive assay in the normal operating range, although about 
eight time> as much solution is used in our assay. I t  can also be 
back-calculated that our enzyme preparation contained 1.5 
enzyme units/ml. where one unit is defined as the amount catalyz- 
ing the conversion of 1 pmole of FUDR to FUDRP in 60 min. 
under the assay conditions; yield, 1.2 units/g. of wet E.  c02i B. 
Okazaki and Kornberg5 report a yield of 3 units/g. of wet E. coli 
cells after (NH4)ZSOd precipitation (fraction I T )  where their 
units are corrected for the slower rate of FUDR reaction com- 
pared to  thymidine as substrate. 

Experimental Section 
Melting poiiits were determined in capillary tubes oii a RIel- 

Temp block; those below 230" are corrected. Infrared spectra 
were determined in Xujol mull with a Perkin-Elmer 137B spec- 
trophotometer. Ultraviolet spectra were determined with a 
Perkin-Elmer 202 spectrophotometer in 1 0 5  alcohol unless other- 
wise indicated. Thin layer chromatograms were run on Brink- 
mann silica gel HF26, with 3: 1 benzene-methanol, unless other- 
wise indicated; spots were detected by visual examination under 
ultraviolet light. 
5'-O-Carbethoxythymidine (VII).-To a magnetically stirred 

solution of 969 my. (4  mmoles) of thymidine (11) in 15 nil. of 
reagent pyridine, cooled in ice, was added dropwise during 10 
min. 548 nig. (5 mnioles) of ethl-1 chloroforrnate. After being 
stirred a t  ambient temperature for 4 more hr., the mixture was 
spin evaporated in vacuo and the residue crystallized from 20 nil. 
of water a t  0". The crude produrt (440 mg.) was collected on a 
filter, washed with cold water, dried, and leached with two 15- 
nil. port,ions of boiling benzene; yield 411 mg., m.p. 155- 
157". Revrystallizat'ion from ethyl acetate gave 227 mg. (18(:$) 
of analytical sample as white crl-stals: m.p. 159-161°; A,,, (pH 
1, 7, 13) 2668 mp; X ,,,: Lx 2.93, 3.14 (OH, XH),  5.70 (ester C=O), 
5.S.j-6.10 (Liracil), 7.7c5-8.00 (e.3ter C-0-C), 9.33, 9.65 p (COH). 

Anal. Calcd. for C13H18?-?O:: C, 49.i; H, 5.77;  S, 8.91. 
Found: C, 49.9; H,  5.97: S, 8.87. 

T.1.c. in  the usual fashion showed only a single spot. Quan- 
titative t.1.c.. described below showed 2-5y0 thymidine. 

Quantitative T.1.c. for Determination of Thymidine Content.- 
A 10-~1. aliqiiot of a t,hymidine solution (207 pg./ml.) was spotted 
on a t.1.c. plate. After development with 3:  1 benzene-methanol, 
a single spot was detected under ultraviolet light. Thus, thymi- 
diiie i l  detectable iiiider these coiiditioiis it1 :rnioitiit~ as rniall as 
2.07 pg. 

A 10-pl. aliquot of :t soliition of the ":iiialytically pure" 5-0-  
carbethoxyt,h?-niidiiie (VII) (20 mg./nil.) and 25- and IO-p1. 



itliqiiots of it solution of TI1 containing 4 nig./iiil. were iiidi- 
vidually spotted 011 a t.1.c. plate. After developmelit, a i p o ~  
correspondiug to  1 he thymidine wah detected i n  the case of tho 
first and second samples, but iiot the third saniple. Since thr, 
third sample (40 pg.) showed iio thymidine, aiid siiii'e 2 pg. of 
thymidine is detectable, S'II coiitaiiird les;. than 3';  tliyrnidiiic,. 
The second sample (100 pg.) showed thymidine; i hii* there TWS 

greater than 2 pg. of thymidilie present, or greater t l im i  '7' L .  For. 
the resiilts of similar quantitative deterr t i i~~at i i~~is  x e ,  referrlice I i. 
3'-0-Acetyl-5'-O-carbethoxythymidine. A.--A solutioii iif 

62 nig. (0.2 mmole) of VI1 in 3 nil. of reagent pyridine and 0.1 1n1. 
(1 mmole) of acetic. anhydride was left at rooiii teniperature, 
protected from moisture, for 20 hr. The ~.cilutiiiii IV:E p(iure11 
into 15 g. of ire m-ater, then extracted x i th  CHCI., (five 1.5-1111. 
portioris). The coiiibined, dried e 
i n  w c u o .  Recrystallization from t 
white c,rystals, m.p. 145-~147", whi 
hat1 A,,,;,. (pH I!  7 ,  13) 268 nip; X,, 
(2-01, 2.K3 (sli) (acetate C=O), 5.00, 6. LO i u r : i d j ,  i , ! l2-  S.06 i.r 
(wrbonate and acetate C-0-C). 

.Incr2. Calctl. for CljH20S208: C', >().ti; H, 3.66; S,  7.S6. 
Foulid: C, 50.6; H, 5.88; S, i .96.  

B.-To a inagiletically stirred .?elution of 168 mg. (O.ti7 niniole) 
of 3'-0-a~etylthymidine2~ in 3 ml. of pyridine rooled i n  ice :inti 
protected from moisture m-as added, iii oiie portion, 14s m y .  i 1 .4 
nimoles) of et hy1 chloroformate. After being stirred at  arnhieiit 
temperature for 24 hr., the mixture n-as processed : i s  i n  h: yield 
82 nig. ( 3 4 5 ) ,  m.p. 14&11io; identical with preparation h t)asetl 
011 mixtiire rneltiiig point, tirid voniparative iiifrnred spectr:i. 

5 ' - 0 - (  N-Methylcarbamoy1)thy X).-A S O ~ U ~ i O l l  of 12 
nig. (0.33 niniole) of VIII*3 in 7 n aqueous n~etIi~-laniine 
was allowed to  st,and for 15 hr., 1 evaporated ,in uacico. 
The residue was triturated with 15 riil. of ether t o  remove phenol; 
yield 52 mg., 11i.p. 220-225". R e a  
ethanol gave 62 rng. (62'1) of whi 
homogeneous o n  t.l.c.'* 

Found: C ,  18.1; H, 5.67; S, 13.8. 
5'-O-(N-Phenethylcarbamoyl)thymidine (X) was prepared in  

the s:me fashion frorn VI11 with phenethylaniine in rnethnriol; 
white cryhtals from ahsolut,e ethanol, m.p. li9-180', honiogeneouv 
on  t.l.c,18 and had h,,,,s (pH 1, 7 ;  l :<) 269 nip: A ,,,:, ?.<)ti, ;2.1,? 
(OH, TH) ,  5,!l2, 6.0.5, 6 . 5 i  (amide, iirncil), '3.33, 9.till i.r ( W H  I. 

.4nttl. Clalcd. for Ci9H23N306: C: S . 0 ;  H, 3.95; S. 1O.i. 
Folllld: c:, H, 5.86; S,  10.6. 
5'-O-(N,N-Dimethylcarbamoyl)thymidine wis prepared froiii 

VI11 and 20'';; ethanolic dirnethylarnine aa described for the 
preparation of IX.  Recrystallization from :rhsolute ethanol 
gave a 66!;1 yield of the analytical sample as white crystals: 
1n.p. 158", resolidified, then remelted a t  1iO-180'; A,,,:,, (pH 1, i ,  
13) 260 nip; A,,,, 3.00, 3.13 (OH, S H ) ,  5.81-6.01) (:imide, mi- 
d ) ,  9.65 p (COH). 

i l d .  Cdcd. for CiaHi9?;306: C ' ,  H,  ti.11 : S, 13.4. 
l?oiiiirl: (.', 49 , i ;  H, 6.17; X, l:;.l.j. 

- 4 n ~ I .  Calcd. for Ci~HiiSzO6: C' 


