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PROBING THE THYMIDYLATE SYNTHASE ACTIVE SITE 
WITH BISUBSTRATE ANALOG INHIBITORS 

Said M.M. Bayomi, Diana I .  Brixner,  Hassan Eisa and Ar thu r  D. Broom* 

U n i v e r s i t y  o f  Utah, S a l t  Lake City, Utah 84112 

Takamori Ueda and Yung-Chi Cheng 

Department o f  Pharmacology, School o f  Medicine 
U n i v e r s i t y  o f  North Carol ina,  Chapel H i l l ,  NC 27514 

Department o f  Medicinal  Chemistry, Col lege o f  Pharmacy 

Abst rac t .  E a r l i e r  repo r t s  on 

a b i subs t ra te  analog conta in ing  an 8-deaza-Ni8-propargy1-5,6,7,8-tetra- 
hydro fo la te  moiety coupled through a methylene l i nkage  t o  2’-deoxyuridy- 
l a t e .  

e enhancement o f  f o l a t e  analog b ind ing  t o  
thymidy la te  synthase (TS) by N Ill- propargy la t ‘  n prompted the  syn thes is  o f  

I n t r o d u c t i o n  

c e l l u l a r  b iochemistry as t h e  c a t a l y s t  f o r  t h e  conversion o f  2 ’ -deoxyur i  - 
d y l a t e  (dUMP) t o  2’-deoxythymidylate (dTMP). Since t h i s  r e a c t i o n  i s  t he  
so le  de novo source o f  dTMP, and s ince  dTMP i s  c r i t i c a l l y  r e q u i r e d  f o r  
t h e  maintenance o f  c e l l  v i a b i l i t y  i n  a p r o l i f e r a t i n g  c e l l  popu la t i on , l  TS 
i s  considered an important t a r g e t  o f  p o t e n t i a l  ant i tumor 
antimetabol i t e s . 2  

u r i d y l a t e  (fdUMP), an anabol ic product o f  5 - f l u o r o u r a c i l  (FUra) .2 A1 - 
though FdUMP i s  a po ten t  i n h i b i t o r  o f  TS, and has been inva luab le  i n  
e l u c i d a t i n g  t h e  molecular mechanism o f  dUMP methylat ion,  i t  i s  b u t  one o f  
several products der ived  from 5 - f l u o r o u r a c i l .  Thus, i n  a d d i t i o n  t o  i t s  
r o l e  i n  TS i n h i b i t i o n ,  FUra-derived products a re  incorpora ted  i n t o  RNA,3 
i n t o  5 - f l u o r o u r i d y l  diphospho sugars4 and i n t o  DNA.5*6 Very recen t l y ,  i t  

was repor ted  t h a t  FdUMP i n h i b i t s  t he  i nco rpo ra t i on  o f  dTMP i n t o  DNA i n  a 
manner more important t o  c e l l  growth than simple i n h i b i t i o n  o f  dTMP 
synthesis.  

Thymidylate synthase (TS, E.C. 2.1.1.45) serves a unique r o l e  i n  

The pro to type o f  these antimetabol i t e s  has been 2’-deoxy-5-f luoro- 
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104 BAYOMI ET AL 

The use o f  FdUMP as a probe by a number of i n v e s t i g a t o r s  has p a r -  
t i a l l y  de f ined t h e  te rna ry  complex among enzyme, subs t ra te  and co fac to r  
as i l l u s t r a t e d  i n  1; these s tud ies  have been thoroughly reviewed.8-12 It 
i s  c l e a r  from examination o f  1 t h a t  .a compound such as 2 should r e t a i n  
exce l l en t  enzyme b ind ing  p roper t i es  w h i l e  a f fo rd ing  an e n t i r e l y  new l e v e l  
o f  s p e c i f i c i t y  f o r  TS; t h a t  expectat ion was r e a l i z e d  w i t h  t h e  syn thes is  
o f  2a and some r e l a t e d   compound^.^^-^^ 

H 

9.,$.".- c0,- 

Studies d i rec ted  toward the  development o f  f o l a t e  analog TS i n h i b i -  
t o r s  culminated i n  the  discovery by Jones and h i s  col leagues t h a t  NIO- 
propargyl-5,8-dideazafolate i s  an e x t r a o r d i n a r i l y  po ten t  i n h i b i t o r  o f  t he  
enzyme.9, l5 It  has subsequently been demonstrated t h a t  NlO-propargyla- 
t i o n  enhances t h e  TS i n h i b i t o r y  a c t i v i t y  o f  f o l a t e  and i t s  8-deaza ana- 

log ,  although n e i t h e r  d e r i v a t i v e  approaches 5,8-dideaza-lO-propargylfo- 
l a t e  i n  a f f i n i t y .16917  

Enhancement of f o l a t e  analog b ind ing  by N lO-propargy la t ion  and the  
po ten t  ( K i  = 0.058 pM) and spec i f i c  i n h i b i t i o n  o f  TS by b i subs t ra te  ana- 
log 2a13 suggested t h a t  t h e  synthesis o f  2b might enhance a f f i n i t y  and 
prov ide  add i t i ona l  in fo rmat ion  about the  TS a c t i v e  s i t e .  The synthesis,  
cha rac te r i za t i on  and eva lua t ion  of 2b form the  bas is  o f  t h i s  r e p o r t .  
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THYMIDYLATE SYNTHASE ACTIVE SITE 105 

2a R - H  

2b R - CH,EZCH 

Resu l ts  and Discussion 

sor  t o  20, have been d e s ~ r i b e d . l ~ ~ l ~ - ~ ~  Each has su f fe red  from one o r  
more d i f f i c u l t  steps and poor t o  modest y i e l d s .  
h igher  y i e l d  procedure has now been devised (Scheme 1). 
carbomethoxy-2 ,4,8- tri c h l  o ropy r i  do[ 3,2-d] p y r i  m i  d i  ne (3) 
azide gave the  2,4-bis-azido d e r i v a t i v e  4 i n  82% y i e l d .  
hydrogen over pal ladium on charcoal a t  42 p s i  gave simultaneous reduc t i on  
o f  both azide func t ions  t o  amines and hydrogenolysis o f  t he  8 -ch lo ro  sub- 
s t  i tuen t  t o  p rov ide  6-carbomethoxy-2,4-di ami nopyr ido [ 3,2-d] p y r i m i d i  ne 
( 5 ) ,  which was converted t o  the  known hydroxymethyl d e r i v a t i v e  6 us ing  
LiBH4. The p rev ious l y  repor ted  procedure13 was used t o  o b t a i n  b isub-  
s t r a t e  analog 2a as i t s  f u l l y  p ro tec ted  d e r i v a t i v e  7a. 

A l k y l a t i o n  o f  7a t o  g i ve  the  Nl0-propargyl  d e r i v a t i v e  proved t o  be a 
d e l i c a t e  reac t i on .  
vents such as DMF, DMAC, o r  DMSO l e d  t o  many products. Re f lux ing  i n  EtOH 
w i t h  1.1 equ iva len ts  o f  propargyl  bromide and base, w i t h  o r  w i thou t  K I  as 
a c a t a l y s t ,  would on l y  proceed t o  about 50% completion. 
EtOH, w i t h  a l a r g e  excess o f  propargyl  bromide (2.5 equiv.),  t h e  r e a c t i o n  
was found t o  proceed f u r t h e r  be fore  o the r  products appeared, making i t  
poss ib le  t o  i s o l a t e  compound 7b by s i l i c a  ge l  chromatography i n  42% y i e l d  
based on unrecovered 7a. 

Several approaches t o  the  synthesis o f  8-deazafolate, a key precur -  

A s imp ler  and much 
Treatment o f  6- 

w i  t h  sod i um 
Treatment w i t h  

General a1 k y l a t i o n  procedures i n  a p r o t i c  p o l a r  so l  - 

I n  r e f l u x i n g  
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Scheme I 

BAYOMI ET AL. 
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7_a R - H  
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THYMIDYLATE SYNTHASE ACTIVE SITE 107 

Assignment of the site o f  alkylation as NIO in this complex molecule 
was made using FAB mass spectrometry. A molecular ion (MHt) was evident 
at 1161 together with the expected complex of C1-containing ions. Frag- 
ment ions gave unequivocal proof of the position of the propargyl group. 
Two strong fragment ions were observed at 787 and 373 (Figure 1). 
Examination of the FAB mass spectrum of the fully protected unsubstituted 
multisubstrate analog 7a also shows a strong fragment ion at 787 
corresponding to cleavage between folate C6 and C9. Hence, the propargyl 
group is attached to the e-aminobenzoylglutamic acid portion of the 
molecule with substitution at the amine being the only logical 
assignment. 
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108 BAYOMI ET AL. 

The NMR spectrum o f  f u l l y  pro tec ted  7b was taken i n  (CD3)zSO. As 
expected from e a r l i e r  s tud ies  on t h e  existence o f  two d ias te reo -  
isomers a t  deazafolate C6 gave r i s e  t o  subs tan t i a l  nonequivalence i n  the  
spectrum. 
t o  5, many assignments were made poss ib le  on l y  by t h e  a p p l i c a t i o n  o f  2D 
COSY techniques. Thus, i t  was poss ib le  t o  assign t h e  glutamate s igna ls  
as (CHa, 4.46; (CH~)B, 2.0; (CH2)7, 2.4 beginning with t h e  g l u  NH s igna l  
a t  8.25. S i m i l a r l y ,  beginning w i t h  the  nonoverlapped nuc leo t i de  1 ’ -H ,  
t he  app l i ca t i on  o f  COSY c l e a r l y  demonstrated t h a t  t he  2 ’ 4  s igna ls  occur- 
red i n  a complex se t  o f  s igna ls  a t  2.356, t he  3’-H a t  5.2, 4 ’ 4  a t  4.3 
and the  5’-proton s igna ls  a t  about 4.0. The propargyl  CH and CH2 s igna ls  
were t e n t a t i v e l y  assigned as a t  3.1 and 4.06, respec t ive ly ,  on t h e  bas is  
of a weak cross-peak i n  the  COSY spectrum and by comparison w i t h  8-deaza- 
10-propargyl fo late.17 

The p ro tec t i ng  groups on 7b were removed by sequent ia l  t reatment 
w i t h  a f r e s h l y  prepared Zn/Cu couple and w i t h  e thano l i c  sodium hydroxide. 
A f t e r  p u r i f i c a t i o n  on DEAE Sephadex, i n h i b i t o r  2b was i s o l a t e d  i n  56% 
y i e l d .  FAB mass spectrometry a f fo rded t h e  appropr ia te  molecular ion,  MHf 
803. 

The NMR spectrum o f  2b i n  D20 showed t h e  expected complexi ty a r i s i n g  

Because o f  major over lap  a t  200 o r  270 MHz i n  t h e  reg ion  o f  6 1  

from t h e  presence o f  two diastereoisomers. One fea tu re  o f  t h e  spectrum 
was, however, remarkable. I n  the  case o f  2a, t h e  separa t ion  o f  t h e  two 
pyr im id ine  6-H s igna ls  was 0.06 ppm a t  270 MHz.13 
separat ion was 0.25 ppm a t  200 MHz, o r  50 Hz. Examination o f  t he  CPK 
s p a c e - f i l l i n g  models revea ls  t h a t  several conformers s t a b i l i z e d  by hydro- 
phobic s tack ing  i n te rac t i onse2  may e x i s t  f o r  each diastereoisomer.  
was o f  i n t e r e s t ,  there fore ,  t o  examine t h e  spectrum i n  t h e  presence o f  a 
denatur ing solvent such as (CD3)zSO. Most o f  t he  i d e n t i f i e d  p ro ton  s i g -  
na l s  were deshielded i n  (CD3)2SO/D20(3:1) r e l a t i v e  t o  D20, as expected on 
the  bas is  o f  destacking and loss  o f  an i so t rop i c  s h i e l d i n g  i n  t h e  denatur-  
i n g  solvent;  t h e  ~6 values ranged from 0.1 t o  0.3 ppm. However, t h e  
pyr im id ine  H-6 s lgna ls  showed a remarkable u p f i e l d  s h i f t  (86 0.30 and 
0.45), a c t u a l l y  s h i f t i n g  from the  low f i e l d  s ide  o f  t h e  downf ie ld  benzene 
aromatic s igna l  t o  between t h e  two se ts  o f  benzene s igna ls .  Since i t  i s  
d i f f i c u l t  t o  imagine a mechanism for t h e  establ ishment o f  a s p e c i f i c  
a n i s o t r o p i c a l l y  sh ie ld ing  conformation i n  a denatur ing solvent,  i t  seems 
l i k e l y  t h a t  i n  the  stacked aqueous s o l u t i o n  conformation, py r im id ine  H-6 
i s  constrained i n  t h e  desh ie ld ing  reg ion  o f  some f u n c t i o n a l  group, prob- 
ab l y  a carbonyl .  
model conformations, bu t  must await  d e t a i l e d  nuc lear  Overhauser enhance- 
ment s tud ies  f o r  conf i rmat ion.  

In Zb, however, t h e  

I t 

Such an i n t e r p r e t a t i o n  i s  cons i s ten t  w i t h  molecular 
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THYMIDYLATE SYNTHASE ACTIVE SITE 109 

Compounds 2a and 2b were evaluated i n  p a r a l l e l  as i n h i b i t o r s  o f  TS 
obtained from human leukemia c e l l s ;  t he  r e s u l t s  are i l l u s t r a t e d  i n  Table 
1. 

5,lO-CHp-HqPteGlu as va r iab le  substrate; the  presence o f  the  propargyl  
group seemed marg ina l l y  t o  enhance the  a f f i n i t y .  Both compounds c l e a r l y  
a c t  as b i subs t ra te  analogs. When 5,lO-methylenetetrahydropteroyl penta- 
glutamate was the  va r iab le  substrate,  t he  k i n e t i c s  changed t o  noncompeti- 
t i v e ,  i n d i c a t i n g  t h a t  the  pentaglutamate a l t e r s  the  b ind ing  behavior o f  
t he  b i subs t ra te  analogs. 

The h igh  a f f i n i t y  f o r  and compet i t i ve  nature o f  t h e  i n h i b i t i o n  o f  TS 
observed f o r  2a and 2b suggest t h a t  these compounds fit we l l  i n t o  bo th  
nuc leo t ide  and f o l a t e  b ind ing  s i t es .  
compounds makes i t  l i k e l y ,  although by no means ce r ta in ,  t h a t  t h e  enzyme- 
i n h i b i t o r  complex resembles the  normal reac t i on  te rna ry  complex. The 
b i o l o g i c a l  data f o r  the  mu l t i subs t ra te  analogs may be compared t o  those 
o f  8-deazafol a te  and NlO-propargyl  -8-deazafolate as TS i n h i b i t o r s .  l7 
the case o f  t he  f o l a t e  analogs, p ropargy la t ion  a t  t h e  N-10 p o s i t i o n  l e d  
t o  roughly a 20 - fo ld  increase i n  a c t i v i t y .  
ponding mu l t i subs t ra te  analogs, p ropargy la t ion  l e d  t o  l i t t l e  increase I n  
a c t i v i t y .  
t h i s  context ,  suggests t h a t  there  i s  n e i t h e r  a "hydrophobic pocket"  nor  a 
s t e r i c  c o n s t r a i n t  i n  the  NlO-region o f  t h e  f o l a t e  b ind ing  s i t e .  
eva lua t ion  o f  t h i s  suggestion must await  more d e t a i l e d  cys ta l l og raph ic  
s tud ies  o f  t he  type  very r e c e n t l y  repor ted  by Stroud and h i s  
COI 1 eagues .23 

Both compounds i n h i b i t e d  the  enzyme compe t i t i ve l y  w i t h  e i t h e r  dUMP o r  

The preordained geometry o f  these 

I n  

When comparing the  cor res-  

The r e l a t i v e l y  small impact o f  NlO-propargylat ion,  viewed i n  

Fur ther  

Experimental : Chemistry 

NMR spectrometer i n  (CD3)2SO o r  D20. Me l t i ng  p o i n t s  were determined on a 
Thomas-Hoover me l t i ng  p o i n t  apparatus and were no t  corrected. Mass spec- 
t r a  were taken on a Varian 112s o r  LKB-GCMS 9000s spectrometer. UV spec- 
t r a  were taken on a Beckman DU-8 spectrometer. 
performed by MicAnal Laboratories, Tucson, Arizona. A l l  t h i n - l a y e r  
chromatography was done on precoated TLC sheets, s i l i c a  ge l  60 F254, 
l a y e r  th ickness 0.2 m. 

The l H  NMR spectra were recorded on an IBM FT-200 o r  a JEOL FX 270 

Elemental ana lys is  was 

6-Carbomethoxy-2,4-di azido-8-chl  oropyrido[3,2-d]pyrimidine (4) 
C-Carbomethoxy-2,4,8- t r i c h l  oropyr ido[  3,P-dIpyr imidi  ne9 (3) (5.87 g , 

20 mnol) was added t o  100 mL o f  d ry  EtOH. To t h i s  mix tu re  was added 3.12 
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110 BAYOMI ET AL. 

g (48 mmol) o f  NaN3 and the  reac t i on  was s t i r r e d  a t  ambient temperature 
f o r  2 hours. 
f i l t e r e d  and r i nsed  w i t h  c o l d  water. The crude product was s t i r r e d  i n  50 
mL EtOH, f i l t e r e d  and d r i e d  t o  y i e l d  4.9 g (82%) o f  (4). 
(6:4) showed t h e  product t o  be pure: mp 15O-15l0C; mass spectrum, m/e 305 

l), 331 nm (11,000), 316 nm (12,300), 307 nm (13,000), 258 nm (16,500), 
(pH 7) 294 nm (7,400), 247 nm (9,200); (pH 11) 289 nm (8,800), 258 nm 
(8,300); anal. (CqHgClNg02) C, H, N. Calc. 35.36, 1.31, 41.24. Obs. 

35.59, 1.25, 40.07. 

Then 200 mL o f  c o l d  H20 were added. The p r e c i p i t a t e  was 

TLC, Hex/EtOAc 

(M'); 'H NMR, (CDC13) 64.06 (~,3,0CH3), 8.6 (s,l,C-7H; UVy max (Emax) (PH 

6-Carbomethoxy-2,4-di ami nopyrido [ 3,2-d] py r im id i  ne (5) 
Compound 4 (6.0 gm) was d isso lved i n  200 mL DMF. To t h i s  s o l u t i o n  3 

g NaOAc and 2 g pal ladium on ac t i va ted  charcoal (10%) were added. 
reac t i on  mix tu re  was shaken on a Parr  hydrogenator a t  42 p s i  a t  room 
temperature f o r  48 hours. 
c e l i t e .  The c e l i t e  was r i nsed  w i t h  DMF ( 2  x 50 mL). The washings were 
combined w i t h  the  f i l t r a t e  and a l l  so lvent  was removed. The s o l i d  was 
washed w i t h  c o l d  water, f i l t e r e d  and dr ied :  4.2 g ( q u a n t i t a t i v e ) .  Re- 

c r y s t a l l i z a t i o n  from MeOH/H20 (8:2) gave l i g h t  brown c r y s t a l s :  mp 240- 
242OC w i t h  decomposition; mass spectrum, m/e 219 (bit); l H  NMR, 63.90 
(s,3,0CH3), 6.72 (s,2,2-NH2), 7.63 and 8.13 (d each 2,C-7 and C-8 Hs), 

(19,400); (pH 7) 345 nm (9,800), 302 nm (9,900), 260 nm (16,200); (pH 11) 
340 nm (6,800). 292 nm (9,000), 254 nm (14,000); anal .  (CgHgN502 * H20) 
C, H, N. Calc. 47.36, 4.41, 30.72. Obs. 47.42, 3.99, 30.59. 

The 

The c a t a l y s t  was removed by f i l t r a t i o n  through 

7.74 (~,2,4-NH2); UVy max (emax) (PH l), 318 nm (13,700), 258 nm 

2,4-Di ami no-6- (hydroxymethyl ) p y r i  do[ 3,2-d]pyr imidi  ne (6) 
Compound 5 (4.2 g, 19 mmol) was added t o  200 mL d r y  THF. 

t u r e  was cooled i n  an i c e  water ba th  and 1.23 g (57 mmol) o f  l i t h i u m  
borohydride were added. 
t h e  reac t i on  mix tu re  was s t i r r e d  a t  ambient temperature f o r  24 hours. 
Methanol was added (50 mL) and a f t e r  20 minutes a l l  so lvents  were r e -  
moved. The s o l i d  was taken up i n  500 mL H20 and t h e  pH was adjusted t o  7 
w i t h  1N HC1. The s o l u t i o n  was b o i l e d  u n t i l  c l e a r  and then f i l t e r e d .  The 
f i l t r a t e  was concentrated t o  50 mL and al lowed t o  coo l  t o  room tempera- 
tu re .  Y i e l d  
2.98 g (79%). 

This  mix- 

The i c e  ba th  was removed a f t e r  30 minutes and 

A f t e r  r e f r i g e r a t i o n  the  s o l i d  was f i l t e r e d  and a i r  d r i ed .  
It was i d e n t i c a l  t o  a p rev ious l y  prepared  ample.^ 
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Die thy l  N10-propargyl-N-[4-[[[2-amino-3,4,5,6,7,8-hexahydro-4-oxo-5- 
[2’-deoxy-3’ - 0 - a c e t y l u r i d i n - 5 - y l  )methyl )]pyrid0[3,2-d]pyrimidin-6-y1] 
methyl lamino]benzoyl] -L-glutamate 5 ’ -  (b i  s - t r i c h l o r e t h y l  phosphate) (7b). 

added t o  3 mL of EtOH. To t h i s  s o l u t i o n  was added 2.5 mL ( l a r g e  excess) 
o f  propargyl  bromide 80 w t %  i n  to luene. The s o l u t i o n  was r e f l u x e d  f o r  2 
hours. TLC, CH3CN/HzO ( 9 : l )  showed the  reac t i on  t o  be about 80% com- 
p l e t e .  The reac t i on  was stopped a t  t h i s  p o i n t  t o  prevent fo rmat ion  o f  
add i t i ona l  products. The so lvents  were removed i n  vacuo. Water was 
added and t h e  pH brought t o  7 w i t h  5% NaHC03. The suspension was ex- 
t r a c t e d  w i t h  CHC13 (3 x 10 mL, d r i e d  over Na2~04 and t h e  so lvent  was 
evaporated. 
t i v a t e d  (6% H20 s i l i c a  ge l  (60-200 mesh) column packed i n  CHC13/MeOH 

(96:4) con ta in ing  2% t r ie thy lamine.  E l u t i o n  with t h e  same so lven t  system 
y i e l d e d  62 mg (62% based on 60 mg recovered s t a r t i n g  ma te r ia l ) :  mp 132OC; 
FAB mass spectrum gave 1161 (MHt) w i t h  fragment ions  a t  787 and 373; lH 
NMR, 6 11.2 (2s,1,3-NH), 8.25 (2d, l ,g lu NH), 7.7 (s , l , thymidy ly l  C-6 H), 
7.7 and 6.65 (d and 2d,4,C&), 6.5 (br,2-NHp), 5.85 (q, l , l ’ -H),  5.2 
(m,1,3’-H), 4.8 (m,4,CC13CH2 x 2), 4.0 (m,4,COOCH2CH3 x 2), 2.35 
(br,6,2’-H,C-8 H2,CH2COOEt), 2.1 (d,3,3’-COCH3) 2.0 (br,3,C-7 H and 

(16,700); (pH 7) 307 nm (13,600); (pH 12) 305 nm (14,700); anal .  

(C43C16H51N8011jP) C, H, N. Calc. 44.48, 4.40, 9.65. Obs. 44.42, 4.42, 
9.28. 

0.2 g (0.17 mmol) o f  7a, synthesized as p rev ious l y  d e ~ c r i b e d , ~  was 

The compound was d isso lved i n  CHC13 and app l ied  t o  a deac- 

CHCHz), 1.6 (br,I,C-7 H), 1.1 (m,6,CH2CH3; UVy max (Emax) (PH 1) 306 nm 

NIO- propargyl  -N- [ 4- [ [ [ 2 - ami no-3,4,5,6,7,8- hexahydro-4-0x0- 5- [ 2’ - 
deoxyur i  d i n - 5 - y l  )methyl ] p y r  i do [ 3,2 -d]  p y r i  m i  d i  n -6 -y l  ]methyl ] ami no] 
benzoy l l -L -g lu tamic  ac id  5’-monophosphate (2b) 

About 50 mg Zn/Cu couple were added. The m ix tu re  was s t i r r e d  a t  55OC f o r  
20 minutes. 
TLC i n  isopropanol/NH40H/H20 (7:1:2) revealed a major spot a t  R f  0.2 w i t h  
minor i m p u r i t i e s  (poss ib le  p a r t i a l  cleavage o f  3 ’ -ace ty l  group). The 
s o l u t i o n  was cooled and f i l t e r e d .  H2S was bubbled through a f t e r  d i l u t i o n  
w i t h  10-15 mL H20. 
f i l t r a t i o n .  N i t rogen was bubbled t o  removed H2S and so lvent  was removed 
i n  vacuo. The green res idue was t rans fe r red  t o  a small  f l a s k  us ing  2 mL 
EtOH and 1 mL 1N NaOH. The s o l u t i o n  was s t i r r e d  f o r  48 hours. The r e -  
a c t i o n  appeared complete i n  the  7:1:2 TLC system. 
5 w i t h  1N HC1 and d i l u t e d  t o  100 mL. 

Compound 12 (0.1 g, 0.09 mmol) was d isso lved i n  3 mL o f  d r y  DMF. 

TLC, CH3CN/H20 (9: l )  showed absence o f  s t a r t i n g  m a t e r i a l .  

Add i t i ona l  p r e c i p i t a t e d  s u l f i d e s  were removed by 

The pH was ad jus ted  t o  
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The s o l u t i o n  was app l ied  t o  a DEAE Sephadex 25 (HC05) column (0.9 x 
10 cm). The column was washed w i t h  100 mL o f  water fo l lowed by a l i n e a r  
g rad ien t  (300 mL/300 mL) o f  0.1 M TEAB/0.8 M TEAB (pH 8) .  Chromatograph- 
i c a l l y  pure f rac t i ons  were combined and evaporated t o  dryness. The s o l i d  
was coevaporated w i t h  E t O H  (3 x 10 mL). 
i n  1 mL EtOH and t rans fe r red  w i t h  E t O H  t o  a t e s t  tube con ta in ing  10 mL 
d r y  acetone (3 x 10 mL) and d r i e d  over n i t rogen.  Y ie ld :  38 mg (56%); l H  
NMR (D20/(CD3)2SO) 6 7.7 and 6.75 (q and t,4,CeH), 7.47 and 7.35 (s  each, 
1,6-H), 6.09 (m,l,l’-H), 4.34 (s,l,CHzCCH); FAB mass spectrum, MHt 803; 

303 nm (23,300). 

The res idue was then suspended 

UVy max (Emax) (pH 1) 303 nm (19,200), (pH 7) 305 nm (27,500); (PH 12) 

B i o l  og i ca l  Eva1 u a t i o n  
Chemicals. [5-3H]dUMP ( 2 2  Ci/mnol) and dUMP were obtained from 

Moravek Biochemicals, Inc., Brea, CA, and Sigma Chemical Company, St.  
Louis, Mo, respec t i ve l y .  HqPteGlu and HqPteGlug were prepared by t h e  
chemical synthesis as d e ~ c r i b e d . ~ ~ , ~ ~  P u r i t y  o f  t h e  b i s u b s t r a t e  analogs 
was es tab l i shed by HPLC and t h e i r  concentrat ions were determined spectro- 
photomet r ica l l y .  
h igher.  

TS was p u r i f i e d  approximately 1350- fo ld  
t o  a s p e c i f i c  a c t i v i t y  of 17.4 units/mg o f  p r o t e i n  by procedures d e s c r i -  
bed previously26 from human leukemic c e l l s  (obtained by leukophoresis)  o f  
an untreated p a t i e n t .  These c e l l s  were provided by Nor th  Caro l ina  Memor- 
i a l  Hosp i ta l .  The enzyme assay was performed by t h e  t r i t i u m  re lease  pro-  
cedure o f  RobertsZ7 as repor ted  by Do ln ick  and Cheng,26 except t h a t  t he  
concent ra t ion  o f  t he  substrate,  dUMP, 5,1O-CH2-H4PteGlu o r  5,lO-CHz- 
HqPteGlug was changed as i nd i ca ted  (Table 1). One u n i t  o f  enzyme a c t i v -  
i t y  was de f ined as t h e  conversion o f  1 nmole o f  subs t ra te  (dUMP) per  min- 
ute.  The r e a c t i o n  was s t a r t e d  by t h e  a d d i t i o n  o f  t h e  enzyme and t h e  i n -  
cubat ion  t ime was e i t h e r  45 o r  60 minutes. A l l  assays were conducted i n  
d u p l i c a t e  o r  t r i p l i c a t e  and repeated a t  l e a s t  once w i t h  s i m i l a r  r e s u l t s .  
K i  determinat ions were performed by assaying t h e  enzyme a t  va ry ing  l e v e l s  
o f  dUMP, 5,10-CH2-H4PteGlu o r  5,10-CH2-HqPteGlug i n  t h e  presence of sev- 
e r a l  f i x e d  concentrat ions of each b i subs t ra te  analog. K i  values f o r  com- 
p e t i t i v e  i n h i b i t o r s  were determined from both  s lope and i n t e r c e p t  
r e p l o t s .  

A l l  o ther  chemicals used were o f  reagent grade o r  

Enzyme P u r i f i c a t i o n  Assays. 
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