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SUMMARY 

Thymidme phosphorylase (thymldlne orthophosphate deoxyrlbosyltransferase, 
EC 2_ 4 2 4) has been approximately 5oo-fold purified from adult rabbit liver and the 
kmetics of the conversion of thymine to thymldine, with deoxyribose-I-phosphate as 
deoxyrlbosyl donor, are presented The reaction is sublect to inhibition by high concen- 
trations of thymine and this inhibition is modified by urea or low pH The inhibition 
persists when the reaction is carried out in o 5 M NaC1 The effects of both thymine and 
urea are immediately reversible, and the Inhibition by thymine is non-competitive 
with respect to deoxyribose-I-phosphate 

INTRODUCTION 

Thymldlne phosphorylase (thymldme :orthophosphate deoxyrlbosyltransferase, 
EC 2 4 2 4) catalyzes the reversible conversion of thymine to thymldlne when de- 
oxynbose-I-phosphate is the deoxyribosyl donor 1 Associated with this phosphorylase 
activity is a transferase function which uses a pyrlmidme deoxynbonucleoslde as the 
deoxyribosyl donor 2 These reactions are shown below 

"Phosphorylase" 

synthetic 
thymine + deoxyrlbose-I-phosphate w- " thymldme + morgamc phosphate (I) 

degradatlve 

'" Trans[erase" 

synthetic 
thymine + pyrlmzdlne deoxyrlbonucleomde ~ ~" thymldme + pyrlmldme base (2) 

degradatlve 

Neither the relative importance of these reactions, nor their mechanistic relationship 
is known 

Recent studies of the enzyme from Tetrahymena pyr,form~s3, 4 and human 
leucocytes 5 have demonstrated complex kinetics for these reactions Various substrates 
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and products of the reactions act as mhlbltors, and certain of these inhibitions are 
modified if the reactions are carried out in the presence of urea or low pH (pH 5-5) 
(ref 3)- This paper describes the characteristics of the synthetic phosphorylase reaction 
(Reaction I) as catalyzed by enzyme partially purified from rabbit liver Inhibition by 
thymine has been observed, and it is modified by urea and pH. Furthermore, sensitivity 
to thymine is apparently stabilized in the presence of 0-5 M NaC1. The characteristics 
of the rabbit liver enzyme are similar to those of enzymes from other sources_ We have 
also found that thymldine phosphorylase is precipitated by Zn2+; the enzyme being 
recovered Intact from the precipitate by treatment with EDTA 

M A T E R I A L S  A N D  M E T H O D S  

Thymine, thymidme, (NH4)zSO4, sucrose, and urea were obtained from Mann 
Research Corp. 2-Deoxy-a-D-rlbose-I-phosphate, as the dacyclohexyl ammonium salt, 
was from the California Corp for Biochemical Research. Imldazole was a product of 
Eastman Organic Chemicals. Sephadex G-25 (coarse) and G-2oo were obtained from 
Pharmacla and DEAE-cellulose was from Schlelcher and Schuell Protamme sulfate 
was from Lilly, and [2-14C]thymme (20 #C/#mole) was from Schwarz BloResearch, Inc 

Enzyme assay 
We have used a spectrophotometric assay, which takes advantage of the differ- 

entlal absorption characteristics of thymine, and thymidine, in an alkaline medium 6 
The reaction was followed by observing the change m absorbance of the reaction 
samples with respect to time at 2 = 300 m# The enzymatic activity was proportional 
to A A 3oo mtt when A A 3o0 mtz = A (sample) - -  A tzero *1me) The thymidme formed was calcu- 
lated from the AA at 300 m# = --3 60, when one #mole of thymldme was formed 
The isosbestic point of the pyrimidine base and deoxyrlbonucleoslde spectra, 2 = 
279 m#, was also monitored to assure specificity to the assay. A similar assay has been 
previously used to quantltate the conversion of uracil to deoxyurldinO_ The accuracy 
of the spectrophotometric assay was vahdated by comparison with a radioactive assav 
Using !2J4C]thymine as a radioactive marker, incubation samples were obtained 
simultaneously for each assay. The samples for analysis of radioactivity were deproteln- 
ized by the addition of one-third volume of 4 M HC104, following addition of non- 
radioactive carrier thymine and thymldme After chilhng, the precipitate was removed 
by centrlfugation, and the supernatant was neutralized with 4 M KOH. The pre- 
cipitated KC104 was removed by centrlfugation, the supernatant was applied to 
Whatman No. I paper, and the chromatograms were developed by descent of the 
organic phase of equahbrated ethyl acetate-water-formic acl& (12:7.1, v/v/v) for 
8 h_ The chromatograms were air dried and the ultraviolet-absorbing spots were 
localized using an ultraviolet source (Mmerahght) The spots were cut out ; pyrlmadme 
was eluted from the paper with water, dried on copper planchets, and counted as 
described previously s. Excellent agreement was obtained between the spectrophoto- 
metric and radioactive assays. 

The standard reaction mixture contained o 0025 M thymine, o.oi M deoxyrlbose- 
1-phosphate; 0.05 M xmldazole, pH 6 5, and enzyme protein in a final volume of o I 
to 0. 4 ml The reactions were carried out at 37 ° in stoppered glass tubes containing air. 
Duplicate o Ol 5- to o o4-ml samples were withdrawn immediately following initiation 
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of the reaction and at various times thereafter, usually at 5 and IO mln The samples 
were plpet ted directly into enough o 3 M NaOH to give a final volume of I.o ml 
Spectrophotometric readings were taken at 2 = 279 m#  and 300 m/z, using matched 
silica cuvettes, with a light path of I cm, at room temperature,  in a Gllford Model 220 
spectrophotometer,  immediate ly  following completion of the lncubat lon  No changes 
in the readings were noted if the samples were allowed to s tand for several hours 
Sample size was adjusted, when possible, so tha t  the AAa00 m/z in the first Io rain of 
the reaction was at least lO% of the s tar t ing Aau o mu of the reaction sample 

Enzyme purification 
Llvel-s were obtained from New Zealand White  rabbits  (2-3 kg) killed by  air 

rejection Into the marginal  vein of the ear. The hvers were t r immed of excess fat and 
connective tissue, the gall bladders were removed, and the livers were stored a t - - IO  ° 
unt i l  use No loss of enzymatic  act ivi ty  was noted following 6 weeks storage at - - IO °, 
al though livers which had been stored for longer were discarded 

For each purification, 5 to I5 hvers were thawed and added to two volumes of 
o 05 M lmldazole, pH 6 5 ; o ooi M EDTA,  o 06 M sucrose The da ta  reported in this 
paper were obtained from 5 separate purifications_ Table I Illustrates the results of a 
typical  purification The livers were homogenized in a War lng  blendor for 3 rain at 4 °, 

T A B L E I  

P U R I F I C A T I O N  O F  T H Y M I D I N E  P H O S P H O R Y L A S E  

E n z v m a t m  a c t w l t y  xxas a n a l y z e d  b v  t h e  s p e c t r o p h o t o m e t r l c  m e t h o d  d e s c r i b e d  m ~,IETHODS 
T h e  r e a c t i o n  m i x t u r e s  c o n t a m e d  o o 5 M l m l d a z o l e ,  p H  6 5 ,  o oo25  M t h y m i n e ,  o o i  M d e o x y -  
n b o s e - I - p h o s p h a t e ,  a n d  e n z y m e  p r o t e m  

Fractzou I'olume P*otem E~zc3,me umts  Speczfic Yzeld Pur(fi-  
(ml)  conce~t~ahon actzv~ty (%)  cat,on 

(mg/ml)  total per ml (un~ts/mg) 

[ C r u d e  e x t r a c t  12oo  64 847  o 7 ° o O l i  i o o  - -  
I [  1 5 o o o  X f l s u p e r -  

n a t a n t  85o  33 053  o 77 o o23 77 2 i 
I I I  P r o t a m m e  s u l f a t e  

s u p e r n a t a n t  65 ° 27 (,03 o 93 o 034  71 2 6 
I V  2 5 - 5 o %  s a t u -  

r a t e d  p r e c i p i t a t e  142 29 552 3 9 o 13 65 I I  8 
V Z l n c  s u l f a t e  p r e -  

C lp l t a t e ,  d i a l y z e d  17 19 339  19 9 I 05 4 ° 95 5 
V I  S e p h a d e x  Cr-25 35 4 8 317  9 6 I 9 37 173 

v i i  D E A E - c e l l u l o s e  .5 i i  z98  59 6 5 4 3.5 491 

and the crude extract  was centrifuged for 3 ° n un  at 15 ooo × g in a refrigerated 
centrifuge The superna tan t  was decanted, brought  to a final concentrat ion of 5 g/1 
with respect to protamlne sulfate, and allowed to chill an an ice bath  for 30 m m  with 
constant  stirring The precipitate was removed by  centr ifugatlon and solid (NH4)~SO 4 
was added to o, 25/o of sa turat ion calculated at 4 ° (ref 9) After chilling for 60 mln in 
an ice bath,  the precipitate was sedlmented by  centr ifugatlon The superna tan t  was 
brought  to 50% sa tura t ion  with respect to (NH4)2SO4, allowed to chill in an ice ba th  
for 4 h, and the precipitate was recovered by  centr lfugatlon at 15 ooo × g for 3 ° mAn 
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The prec ip i ta te  was dissolved in a min imal  amoun t  of the homogenlzmg buffer;  the  
solutmn was made  o 03 M wi th  respect  to zinc sulfate (i  M), al lowed to chill in an ice 
b a t h  for I h, and  the p rec ip i t a te  was recovered following cent r l fugat lon  at  4 ° The 
p rec ip i t a te  was dissolved in o 05 M imidazole,  p H  6 5, 0-05 M E D T A ;  0.06 M sucrose 
and  d ia lyzed  overnight  a t  4 ° agamst  IOO volumes of the  same buffer, conta in ing o oo i  
M E D T A  The p rec ip i t a te  which formed dur ing the dialysis  was removed  b y  cen- 
t r i fugat ion,  and  the d la lysa te  was apphed  to a I o cm × 25 cm Sephadex  G-25 (coarse) 
column which had  previously  been equ ihbra t ed  wi th  o .o i  M imldazole,  p H  6 5, o oo i  M 
E D T A ;  and o 06 M sucrose. The act ive fract ions were e lu ted  using the same buffer_ 
E n z y m a t i c  ac t iv i ty  was found in the  imt la l  p ro te in -con ta inmg fract ions elut lng from 
the  column The pooled, act ive fract ions were briefly centr i fuged to remove the 
p rec ip i t a te  which formed dur ing  the fractionatxon step, and  were appl ied  to a 2 5 cm × 
IO cm DEAE-ce l lu lose  column which had  been equi l ib ra ted  with  the  same buffer used 
in the  Sephadex  G-25 s tep The column was washed with  5 ° m l  of the  s ta r t ing  buffer_ 
A br igh t  yel low band  formed in the  top  2 to 3 cm of the  column The DEAE-cel lu lose ,  
which conta ined  this mater ia l ,  was removed  from the top  of the  column and placed in 
conical  centr ifuge tubes  The mate r ia l  was suspended in a min imal  amoun t  of o 5 M 
NaC1, 0.05 M lmidazole,  p H  6 5, o oo i  M E D T A ,  o 06 M sucrose, and shaken briefly. 
The  DEAE-ce l lu lose  was sed lmented  b y  cent r i fugat lon ,  the  br igh t  yellow supe rna t an t  
was decan ted  and d ia lyzed  overnight  agains t  the  same buffer wi thout  NaC1 at  4 ° Bo th  
the  Sephadex  and the DEAE-cel lu lose  s teps were carr ied out  a t  toom tempera tu re .  
Recove ry  of act ive pro te in  fract ions from the DEAE-cel lu lose ,  b y  the  me thod  de- 
scribed, has the  advan t age  of y ie ld ing enzyme of high specific ac t iv i ty  in a r e l a t ive ly  
smal l  volume The r abb i t  l iver  enzyme,  like t hymid ine  phosphorylase  from o ther  
species2, 4, IS difficult to concent ra te  from di lute  solut ions The adsorp t ion  of the  enzyme 
upon  the DEAE-ce l lu lose  is h ighly  reproducible  and is s t r ic t ly  dependen t  upon the  
ionic s t rength  of the  solut ion appl ied  to the column Al though the  yellow color appears  
to be an excel lent  indica tor  for the  locahzat lon  of t hymld lne  phosphorylase  ac t iv i ty  
upon the  column, it  is p robab ly  not  associated with  the  phosphorylase  When  a sample  
from this f ract ion was passed th rough  a Sephadex  G-2oo column, there  is a peak  of 
ma te r i a l  absorbing at  ~ = 420 m/z which e lu ted  before the  peak  of enzymat ic  ac t iv i ty  

Prote in  was de te rmined  b y  the me thod  of LOWRY et allo using bovine a lbumm 
as the  pro te in  s tandard .  DEAE-ce l lu lose  was p repared  b y  the me thod  of PETERSON 
AND SOBER 11. E n z y m e  ac t iv i ty  is rou t ine ly  expressed as #moles  of t h y m l d m e  formed 
per  h per  mg protein,  based  upon the ini t ia l  ve loc i ty  of the  react ion observed 

RESULTS 

Character, stws of the enzyme and the reaction 
The react ion was l inear  for 20-30 m m  under  the  condit ions described_ At  higher  

concen t ra t ions  of thymine ,  In the  range of 5 to IO mM, the react ion was hnear  up  to I h. 
To ensure t ha t  only  ini t ial ,  l inear  veloci ty  rates  were obtained,  a t  least  two t ime points ,  
besides the  ini t ia l  t ime point ,  were always ana lyzed  F ig  I A  shows the results  of such 
an assay  Dupl ica te  o oI5-ml  samples  were taken  at  the  t imes indicated,  and  the  
absorbances  at  279 me, and  300 m #  were de te rmined  as descr ibed In METHODS The 
spec t ropho tomet r i c  assay consis tent ly  agreed to within lO% of the  convers ions  
ca lcula ted  b y  the rad ioac t ive  assay As expected,  the  spectrophotometrxc assay be- 
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F ig  I A  T ime course o f  the convers ion o f  t h y m i n e  to t h y m l d m e  The incuba t ion  m ]x tu re  con- 
t a m e d  o 05 M i m i d a z o ] e ,  p H  6 5,  o 0025  3/[ t h y m i n e ,  o o [  M d e o x y r x b o s e - i - p h o s p h a t e ,  a n d  e n z y m e  
p r o t e i n  (z inc  p r e c i p i t a t e )  in  a f ina l  v o l u m e  o f  o 3 m l  o o I 5 - m l  s a m p l e s  w e r e  w i t h d r a w n ,  in  d u -  
p h c a t e ,  a t  t h e  i n d i c a t e d  t i m e s ,  p i p e t t e d  d i r e c t l y  i n t o  o 3 M N a O H ,  a n d  t h e  a b s o r b a n c e  d e t e r -  
m i n e d  a t  279  m H a n d  30o  m H, as  d e s c r i b e d  in  METHODS (~k A) d e s c r i b e  t h e  r e a d i n g s  o b t a i n e d  
a t  279 m/z,  ( O - - Q )  t h e  r e a d m g s  a t  300  m/z N o t e  t h e  l a c k  o f  a b s o r b a n c e  c h a n g e  a t  279  mH, as  
c o m p a r e d  t o  t h e  d e c r e a s e  o b s e r v e d  a t  300  mt t  

Fig_ I B  D e p e n d e n c e  o f  t h e  t h y m a d i n e  p h o s p h o r y l a s e  r e a c t i o n  u p o n  t h e  a m o u n t  o f  e n z y m e  a d d e d  
E n z y m e  f r o m  t h e  z m c  p r e c i p i t a t e  w a s  u s e d  f o r  t h e s e  d e t e r m i n a t i o n s  L i n e a r  r e s u l t s  w e r e  o b t a i n e d  
a t  al l  l eve l s  o f  p u r i f i c a t i o n  F o r  t h e s e  d e t e r m i n a t i o n s  o 0025  M t h y m m e  a n d  o o I  M d e o x y r l b o s e -  
1 - p h o s p h a t e  w e r e  u s e d  

~o3 

comes less rehable at very  high or low concentrations of thymine,  where the ratio of 
A A/A (zero time) is less than 0.02. 

Fig IB  shows the proportionali ty of added protein to the reaction velocity 
observed All experiments reported in this paper were carried out within the linear 
range of protein concentration with respect to velocity 

The pH opt imum of the reaction is more complex_ There is an apparent  peak of 
activity in the range of pH  5 5, as shown in Fag 2. There is consistently a shoulder, or 
asymmetry,  to the curve in the region of pH  6 5 Identical  results have been described 
for thymldme phosphorylase from T pyrzforrms a and human  leucocytes s Exper iments  
elucidating the possible mechanism for this complex pH opt imum curve are described 
below_ 

o 
,-t- 

,9 

E 
5 6 7 

pH 

F i g  2 D e p e n d e n c e  o f  t h e  t h y m l d l n e  p h o s p h o r y l a s e  r e a c t i o n  u p o n  p H  T h e  b u f f e r  m i x t u r e  c o n -  
s l s t e d  o f  I M T r i s ,  I M a m l d a z o l e ;  I M s u e c l n a t e ,  a d l u s t e d  t o  t h e  d e s i r e d  p H  b y  t h e  a d d l t ] o n  o f  
IO M HC1 o r  IO M N a O H  T h e  f ina l  c o n c e n t r a t i o n  o f  e a c h  bu f fe r ,  In t h e  r e a c t i o n  m i x t u r e ,  w a s  
o 05 M, a n d  t h e  p H  o f  e a c h  t u b e  w a s  c h e c k e d  f o l l o w i n g  i n c u b a t i o n  o o025  M t h y m i n e  a n d  o o i  M 
d e o x y r i b o s e - I - p h o s p h a t e  w e r e  u s e d  a n d  t h e  e n z y m e  w a s  f r o m  t h e  D E A E - c e l ] u l o s e  f r a c t i o n  
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i I/~ 2 

0 2 4 6 B IO 12 14 0 2 4 6 8 I0 
Deoxyrlbose-I-P Concn (mM) Thymine Concn (mM) 

Fig 3 Subs t ra te  concentrat ion versus  velocity curve for deoxyrlbose- i -phosphate ,  in the thyme- 
dine phosphorylase  reaction with a thymine  concentrat ion of 2 5 IO-a M The observed K m  for 
deoxyr lbose- I -phosphate  is 7 IO-a M Enzyme was f rom the DEAE-cellulose fraction 

Fig 4 A Velocity versus  subs t ra te  concentrat ion curve for thymine  in the thymldme  phosphory-  
lase reaction at  a deoxyr lbose- I -phosphate  concentrat ion of o oi M and o 05 M lmldazole, pH 6 5 
Enzyme  was f rom the Sephadex G-25 fraction Adequate  absorbance changes were obtained f rom 
the samples at  very low thymine  concentrat ions by  using larger sample volumes (o 04 ml) and 
incubat ion t imes of 2 5 and 5 min 

Fig 4 B A reciprocal of the velocity versus  subs t ra te  concentrat ion plot of the da ta  presented in 
Fig 4 A Here, the linear por t ion of the curve can be extrapolated to the abscissa and an apparen t  
K (  for thymine  of 2 5 IO-3 M is obtained All of the experimental  points  obtained at low thymine  
concentrat ions are not  plotted on this graph 

Kmetws of the reactwn 
H y p e r b o h c  kinet ics  are ob ta ined  for deoxyr lbose - I -phospha te  wi th  a t h y m i n e  

concent ra t ion  of 2 - 5  IO -a M (Fig 3) The appa ren t  Km for d e o x y n b o s e - I - p h o s p h a t e  
is 7 lO-4 M Fig  4 A shows excess subs t r a t e  inhibi t ion b y  high concentra t ions  of the  
p y r i m i d m e  base, t hymine  Maximal  ac t iv i ty  was found at  a t hymine  concent ra t ion  of 
2-5 '  lO -3 M The lnh lb lhon  was also observed if uraci l  was subs t i tu ted  for thymine_ 
A plot  of the d a t a  on reciprocal  coordinates  yields a line which is again typ ica l  of excess 
subs t r a t e  inhibi t ion We are a t t e m p t i n g  to fur ther  character ize  the  reac t ion  at  ve ry  
low concent ra t ions  of t hymine  using bo th  spec t rophotomet r ic  and rad ioac t ive  assays 
Fig_ 4 B shows the d a t a  presented  in Fig. 4 A p lo t t ed  as the reciprocal  of the  veloci ty  
versus subs t ra te  concent ra t ion  Here,  the  expected  h n e a n t y  of the  plot  a t  high t h y m i n e  
concent ra t ions  is observed,  and  an appa ren t  Ks' = 2 - 5  IO -a M is ca lcula ted  for thy-  
mine 12. All  of the t hymine  concent ra t ion  curves were carr ied out  in o .oi  M deoxyr ibose-  
1-phosphate  

Modifications of the substrate mh,  b~twns 
Urea  has been found to s t imula te  the  syn the t ic  thymld ine  phosphory lase  

r eachon  at  all concentra t ions  of t hymine  when assayed at  p H  6 5- The s t imula t ion  is 

Bzoeh~m B w p h y s  A c t a ,  159 (1968) 38-49 



44 

15 

o~ 
F 

10 

,P 

~- o5 

G. M LYON, JR. 

Ure0 ConcnlM) 

5 

~3 
,P ~2 
#_ 

o P I/[~ x 10-3 

Thymme Concn (raM) 

Fig 5 Effect of urea on thymldme phosphorylase activity at  an lmtlal thymine concentration of 
5 IO a M The incubations were carried out in the mdlcated concentrations of urea and the ac- 
t ivi ty was determined spectrophotometrmally, as described m the text  The reactmns were init iated 
by the addition of enzyme protem, and were incubated for io mm at 37 ~ Zinc-precipitated 
enzyme was used 

Fig 6 Velocity versus substrate concentratmn curve for thymine m the thymldme phosphorylase 
reaction m the presence of 2 M urea, at  a deoxynbose-i-phosphate concentration of o oi M 
Enzyme protem was from the Sephadex G-25 fraetmn The /t',n for thvmme was calculated to be 
o 002 M 

m a x i m a l  a t  a f ina l  c o n c e n t r a t i o n  of 2 M urea ,  a n d  t h e r e  is i n h i b i t i o n  of e n z y m a t i c  

a c t i v i t y  a t  h i g h e r  c o n c e n t r a t i o n s  of u r e a  F i g  5 shows  t h e  effect  of d i f f e ren t  concen -  

t r a t i o n s  of u r e a  f o u n d  w i t h  a n  l n m a l  c o n c e n t r a t i o n  of 5 '  lO-8 M t h y n n n e .  T h e r e  is 

p r o g r e s s i v e  i n a c t i v a t i o n  of t h e  e n z y m e  in  t h e  p r e s e n c e  of 2 M urea ,  a l t h o u g h  t h e  ap -  

p a r e n t  ha l f - l i fe  of t h e  e n z y m e  is a p p r o x i m a t e l y  2 - 3  h a t  37 ° (G LYON, u n p u b l i s h e d  

o b s e r v a t i o n ) .  ZIMMERMAN 2, s t u d y i n g  t h e  effect  of u r e a  u p o n  t h e  c o n v e r s i o n  of t h y m -  

ld lne  to  t h y m m e  b y  e n z y m e  f r o m  h u m a n  sp leen ,  also f o u n d  r e a c t i v a t i o n  of t h e  e n z y m e  

in urea_ 
As  m T .  p y r , f o r m * s  a u r e a  a f fec ts  t h e  t h y m m e - l n d u c e d  s u b s t r a t e  i n h i b i t i o n  of 

r a b b i t  h v e r  e n z y m e  (Fig  6). I n  t h e  p r e s e n c e  of 2 M u r e a  t h e r e  is a n  a p p a r e n t  c o n v e r s i o n  

of t h e  r e a c t i o n  k i n e t i c s  to  t h e  h y p e r b o l i c  fo rm.  E s s e n t i a l l y  n o r m a l  k i n e t i c s  a re  o b s e r v e d  

o v e r  t h e  r a n g e  of t h y m i n e  c o n c e n t r a t i o n s  w h i c h  p r o d u c e  m a r k e d  s u b s t r a t e  m h l b i t l o n  

m t h e  a b s e n c e  of u r e a  W e  are  c u r r e n t l y  i n v e s t l g a t m g  t h e  p o s s l b i h t y  t h a t  t h e r e  m a y  

b e  s u b s t r a t e  i n h i b i t i o n  a t  v e r y  h i g h  c o n c e n t r a t i o n s  of t h y m i n e  (o 02 M) e v e n  in  t h e  
p r e s e n c e  of u r e a  B e c a u s e  of t h e  d i f f i cu l ty  of m a k i n g  s p e c t r o p h o t o m e t r l c  d e t e r m i n a t i o n s  

a t  t h e s e  h i g h  leve ls  of t h y m i n e  s u b s t r a t e  i n h i b i t i o n  c a n n o t  as y e t  b e  r u l e d  o u t  A l t h o u g h  
t h e  n o n - h n e a r l t y  of t h e  LINEWEAVER--BURK la p lo t  m a k e s  a de f in i t e  a s s i g n m e n t  of K m  

for  t h y m i n e  diff icul t ,  u n d e r  s t a n d a r d  c o n d i t i o n s  t h e  K m  can  b e  e s t i m a t e d  to  b e  b e t w e e n  

I - lO -3 a n d  3" lO-8 M t h y m i n e  T h i s  is n o t  s i g n i f i c a n t l y  d i f f e r en t  f r o m  t h e  K m  o b t a i n e d  

e i t h e r  in  t h e  p r e s e n c e  of u r e a  (2- IO 3 M) or  a t  p H  5-5 (2 3" IO-a M)_ The re fo re ,  c h a n g e s  

in t h e  v e l o c i t y  of t h e  r e a c t i o n  o b s e r v e d  a t  d i f f e ren t  p H  v a l u e s  a n d  u n d e r  t h e  v a r i o u s  

c o n d i t i o n s  a re  n o t  d u e  to  a l t e r a t i o n  in t h e  a f f in i ty  of e n z y m e  for  s u b s t r a t e  b u t  m o s t  

h k e l y  a re  t h e  r e s u l t  of n l od l f i c a t l ons  of t h e  m h l b l t o r y  p r o p e r t i e s  of t h y m i n e  

W e  n e x t  e x a m i n e d  t h e  effect  of NaC1 u p o n  t h e  e n z y m e  a c t i v i t y  W e  h a d  n o t e d  

t h a t  in t h e  p r e s e n c e  of 0-5 M NaC1 t h e r e  was  s t i m u l a t i o n  of e n z y m a t i c  a c t i v i t y  a t  
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F i g  7 A E f f e c t  o f  o o 5 M NaC1 u p o n  t h e  p H  o p t i m u m  c u r v e  T h e  a s s a y s  w e r e  i d e n t i c a l  t o  t h o s e  
d e s c r i b e d  in  t h e  l e g e n d  o f  F i g  2, e x c e p t  t h a t  NaC1 w a s  a d d e d  t o  e a c h  r e a c t i o n  I m x t u r e  t o  a 
f i n a l  c o n c e n t r a t i o n  o f  o 5 M T h e  d a s h e d  h n e  r e p r e s e n t s  t h e  a c t l w t l e s  f o u n d  w h e n  t h e  r e a c t i o n s  
a r e  c a r r i e d  o u t  in  t h e  a b s e n c e  o f  NaC1 T h e  s a m e  e n z y m e  f r a c t i o n  w a s  u s e d  f o r  t h e  e x p e r i m e n t s  
r e p r e s e n t e d  in  F i g  4 as  we l l  as  f o r  F i g s  7 A a n d  7 B, a n d  m a i n t a i n e d  c o n s t a n t  a c t i v i t y  o v e r  t h e  
p e r i o d  r e q u i r e d  f o r  c o m p l e t i o n  o f  t h e  s t u d i e s  

F i g  7 B E f f e c t  o f  2 M u r e a  u p o n  t h e  p H  o p t i m u m  c u r v e  T h e  a s s a y s  w e r e  i d e n t i c a l  t o  t h o s e  
d e s c r i b e d  m t h e  l e g e n d  o f  F i g  2, e x c e p t  t h a t  u r e a  w a s  a d d e d  t o  e a c h  r e a c t i o n  m i x t u r e  t o  a f ina l  
c o n c e n t r a t i o n  o f  2 M A g a i n ,  t h e  s a m e  e n z y m e  f r a c t i o n  a n d  a s s a y  c o n d ~ t l o n s  w e r e  e m p l o y e d ,  a n d  
t h e  d a s h e d  l ine  r e p r e s e n t s  e n z y m a t i c  a c t i v i t y  o b s e r v e d  u n d e r  s t a n d a r d  c o n d i t i o n s  T h y m i n e  c o n -  
c e n t r a t i o n  w a s  o oo25  M a n d  d e o x y r ~ b o s e - i - p h o s p h a t e  w a s  o o i  M f o r  ni l  o f  t h e  p H  o p t i m u m  
s t u d i e s  

pH 6 5 and Inhibition at pH 5-5 when compared to reactions carried out under the 
s tandard conditions (see METHODS) Fig 7 A shows the pH curve obtained in the 
presence of 0-5 M NaC1 In the presence of NaC1 the pH optimum is shifted up to 6 5 

A similar analysis of enzyme act ivi ty as a function of pH was carried out in the 
presence of 2 M urea, as shown in Fig 7 B There is stimulation of enzyme act ivi ty over 

T A B L E  I I  

E F F E C T  O F  O 5 M NaG1 ON S U B S T R A T E  I N H I B I T I O N  

T h e  r e a c t i o n  m i x t u r e s  c o n t a i n e d  o o 5 M xmldazo le ,  p H  6 5 ,  o o i  M d e o x y r l b o s e - i - p h o s p h a t e ,  
a n d  t h y m i n e  a t  t h e  c o n c e n t r a t i o n  i n d i c a t e d  T h e  c o n c e n t r a t i o n  o f  NaC1 is i n d i c a t e d  a n d  e n z y m e  
w a s  f r o m  t h e  S e p h a d e x  G - 2 5  f r a c t i o n  

.4 ss~v condzt~ons t~moles Percent 
thymzd~ne ~zh~bztzon 
formed 
per h per mg 
prote~n 

T h y m i n e ,  o oo25  M i 82 - -  

T h y m i n e ,  o 008  M i 04  43 
T h y m i n e ,  o 0025  M + o 5 M NaC1 2 28 
T h y m i n e ,  o oo8  M - -  o_ 5 M NaC1 I 51 34 
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the p H  range observed,  when compared  to the  normal  assay,  except  in the  region of 
p H  less than  5 5. A b road  p H  op t imum peak  between p H  6-5 and 6 8 is seen, and, 
again, the curve has become essent ial ly  symmet r i ca l  

The effect of o 5 M NaCI upon the subs t ra te  mhlb l t lon  was examined  Table I I  
presents  d a t a  indica t ing  tha t ,  in the  presence of NaC1, subs t ra te  mhlb l t lon  is observed,  
and, a l though there is s t imulat ion,  the  re la t ive  amoun t  of subs t r a t e  inhibi t ion is 
essent ial ly  unchanged Table  I I I  shows exper iments  examining  the effect of p H  5 5 
upon the subs t ra te  inhibi t ion At  p H  5 5 there  is re la t ive ly  l i t t le  subs t ra te  inhibi t ion,  
when compared  to the  mhlb l t lon  seen at  p H  6 5 Other  studies have shown tha t  in the  
presence of o 5 M NaC1 there  is subs t ra te  inhibi t ion a t  p H  5 5 to app rox ima te ly  the  
same degree as seen at  p H  6 5 Thus, the  complex p H  op t imum curves observed under  
s t andard  assay condit ions m a y  be due to t rans i t ion  of enzyme from a subs t ra te -  
inhibi ted  to a non-subs t ra te - lnh ib l ted  form at lower p H  

T A B L E  I I I  

EFFECT OF p H  5 5 ON THE SUBSTRATE INHIBITION 

T h e  r e a c t i o n  m i x t u r e s  c o n t a m e d  o 05 M e a c h  o f  Tr l s  l m l d a z o l e - s u c c l n a t e ,  a d j u s t e d  t o  p H  6 5 
o r  5 5 ,  d e o x y r l b o s e - i - p h o s p h a t e ,  o o i  M,  e n z y m e  p r o t e m  f r o m  t h e  z inc  p r e c z p ~ t a t l o n  f r a c t i o n ,  
a n d  t h y m m e  a t  t h e  c o n c e n t r a t i o n  i n d i c a t e d  

Assay conditions izmoIes Percent 
thyrmd~ne znh~b~tton 
formed 
per h per mg 
prote~n 

T h y m m e ,  o 0025  M, p H  6 5 i 18 
T h y m i n e ,  o 0o6  M, p H  6 5 o 53 55 
T h y m i n e ,  o 0025  M, p H  5 5 I 71 
T h y m i n e ,  o 006  M, p H  5 5 i 55 9 

Exper imen t s  designed to demons t r a t e  physical  a l te ra t ion  of the  enzyme under  
condit ions of high ionic s t rength  or urea  have  not  been successful. When  ident ica l  
samples  of enzyme were passed th rough  the same Sephadex G-2oo column which had  
previous ly  been equi l ibra ted  with  homogenizing buffer, con ta inmg o 5 M NaC1, 2 M 
urea, or no addit ions,  no significant a l tera t ions  in the  elutlon pa t t e rns  of the  enzymat ic  
ac t iv i ty  were no ted  Because of the  reac t iva t ion  of the  enzyme b y  urea, prolonged 
cen tnfuga t lons  or elutlons are not  feasible Current ly,  we are a t t e mp t ing  to t ake  
advan tage  of the  absence of subs t ra te  inhibi t ion at  low p H  and, using sucrose dens i ty  
grad ien t  centr lfugatlons,  to demons t ra te  possible a l tera t ions  in the  sed imenta t ion  
character is t ics  of the  enzyme at  different p H  

The effects of bo th  urea  and thymine  appear  to be immedia t e ly  reversible.  If  
enzyme prote in  was p remcuba ted  for IO man at  37 ° in 2.0 M urea  or 6- IO -a M thymine ,  
in the absence of deoxyr lbose- I -phospha te ,  subsequent  enzyme ac t iv i ty  was dependent  
upon the final concentra t ion of urea  or t hymine  present  in the  complete  react ion 
mixture ,  when assayed immedia t e ly  following complet ion of the  prelncubat lons.  Thus,  
enzyme which was p re lncuba ted  in 6-IO a M thymme,  then assayed ui 2 5 IO-a M 
t hymine  or 6 IO -a M thymine ,  was inhibi ted  only at  6- IO -a M thymme_ Similarly,  
enzyme premncubated in 2 M urea  was inhib i ted  b y  thymine  when the concentra t ion 
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of urea  was d i lu ted  to o. 5 M for the  assay Pre incuba t lon  at  37 ° for IO min d id  not  a l ter  
the  ac t iv i ty  of the  enzyme,  even in the  presence of 2 M urea.  Also, enzyme inhibi t ion  
b y  t h y m i n e  does not  appear  to be dependen t  on the concent ra t ion  of deoxynbose -z -  
phospha te  in the  reac t ion  mixture ,  as shown b y  the d a t a  presented  In Fig  8 Thus,  
the  excess subs t r a t e  inhib i t ion  b y  t hymine  appea i  s to be non-compet i t ive  wi th  respect  
to  deoxyr ibose - I -phospha t e  

[/v 

• Thymine25 mM 
mThyrnme 5 mM 
re, Thymine 75 rnM 

I/[s] x I0 "~ 

Fig 8 Inhibition of the thymldme phosphorylase rea.ctlon by thymine at varying concentrations 
of deoxyrlbose-i-phosphate Enzyme was from the Sephadex G-25 fraction, and the assays were 
carrmd out m o o 5 M lmldazole, pH 6 5, at different concentrations of thymme Thymine concen- 
tration was o 0025 M (O--O), o 005 M (m--m) and o oo75 M (A &) The data suggest that  the 
inhibition by thymine is non-competitive with respect to deoxyrlbose-I-phosphate 

DISCUSSION 

The d a t a  p resen ted  in this  paper  suggest  t ha t  the  enzymat ic  character is t ics  of 
the  syn the t ic  t h y m i d m e  phosphory lase  react ion (React ion I),  ca ta lyzed  b y  r abb i t  hver  
enzyme,  are essent ial ly  the same as those descr ibed in T. pyrt formm ~ The finding t ha t  
the  enzyme is p rec ip i t a t ed  b y  Zn 2+, and  is recovered a ppa re n t l y  In tac t  following 
t r e a t m e n t  wi th  EDTA,  provides  a me thod  of obta in ing  high yields of the  enzyme 
from re la t ive ly  d i lu te  solutions.  

These inves t iga t ions  fur ther  indicate  t ha t  the  complex p H  o p t i m u m  curves, 
which are character is t ic  of t hymld ine  phosphorylase  from r abb i t  liver, as well as 
enzyme from T pymformis 3 and h u m a n  leucocytes  5, can be resolved into two com- 
ponents  b y  add i t ion  of e i ther  NaC1 (final concentra t ion,  0-5 M) or urea  (final concen- 
t ra t ion ,  2 M) to the  react ion mix tu re  In  the  presence of NaC1 there  is subs t ra te  inhi- 
b i t ion b y  t hymine  th roughout  the  p H  range observed,  whereas in the  presence of urea,  
no subs t r a t e  inhibi t ion  is observed.  I t  IS suggested t ha t  the  p H  op t imum curve o b t a m e d  
under  s t a n d a r d  assay  condit ions,  t ha t  is, in the  absence of NaC1 and urea,  is a composite.  
The shoulder  of ac t iv i ty  m the  range of p H  6.5 m a y  be the  t rue  p H  op t imum,  and the  
rise in ac t iv i ty  at  lower p H  m a y  be due to escape of the  enzyme from subs t ra te  inhi-  
bi t ion,  the  curve assuming the configurat ion of the  enzyme 's  p H  versus ac t iv i ty  curve 
when s tud ied  in the  presence of urea. Al though  p r e h m m a r y  a t t e m p t s  to demons t r a t e  
s t ruc tu ra l  a l te ra t ions  in the  enzyme under  these different condit ions have  not  been 
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successful, a more cri t ical  analysis  of the  physical  character is t ics  under  these mod i fy ing  
condi t ions  has been imt l a t ed  

Analys is  of the kmet lc  d a t a  b y  the Hill  equat ion 14 reveals t ha t  for t h y m i n e  
concentra t ions  of less than  2-5 lO -3 M the slope IS 1.22 In the  region corresponding 
to 2-5 i o  3 M thymine  there  is a break  in the  curve and at  higher  concentra t ions  of 
t hymine  the line has a negat ive  slope equal  to - -1 .o4  When  carr ied out  in the  presence 
of 2 M urea,  the  slope of the  curve at  low levels of t hymine  is equal  to 1.14 and at  
2 5 ' IO-a M thymine ,  there  is also a b reak  in the  curve and a posi t ive slope of less than  
un i ty  IS found. The finding of a Hill  coefficient of less than  one has previous ly  been 
repor ted  15 In  the  case of t hymid lne  phosphory lase  i t  m a y  suggest  t ha t  urea only 
pa r t i a l ly  modifies the  subs t ra te  inhibi t ion and the  resul tan t  slope is due to both  
ca ta ly t i c  (positive) and  Inhib i tory  (negative) functions being observed These findings 
suggest t ha t  bo th  the  ca ta ly t i c  and the inh ib i to ry  functions occur at  single d is t rac t  
loci Whe the r  or not  there  are separa te  sites cannot  be defini tely de te rmined  The 
finding tha t  urea and low p H  affect the subs t ra te  inhibi t ion wi thout  apprec iab ly  
a l t enng  the Km for t hymine  m a y  suggest separa te  sites for these phenomena.  

The funct ional  mgnlficance of these findings cannot  be assessed unt i l  the kmet lc  
proper t ies  of the react ion are fully unders tood  Pre l iminary  exper iments  do suggest,  
however,  t ha t  when excess subs t ra te  inhibi t ion IS modified, there  is a concomi tan t  
inhibi t ion of the  t ransferase react ion (React ion 2) ZIMMERMAN 2 has repor ted  t ha t  In 
the  presence of 2 M urea there  is s lgmficant  Inhibi t ion of t ransferase  ac t iv i ty ,  wi th  
re la t ive ly  less inhibi t ion  of degrada t ive  phosphorylase  ac t iv i ty  (Reaction I). Con- 
celvably,  the  inhibi t ions m a y  function to control  the  ra te  of ac t iv i ty  of the  phosphoryl -  
ase and t ransferase reactions,  depending upon the amounts  of subs t ra tes  and  produc ts  
which are avai lable  to the  enzyme. Control  of enzymat ic  ac t iv i ty  b y  the re la t ive  
concentra t ions  of the  subs t ra tes  and products  of a react ion m a y  be an i m p o r t a n t  
in t racel lu lar  r egu la to ry  mechanism 1~ Expe r imen ta l  a t t e m p t s  to fur ther  document  
the  enzymat ic  and regula tory  character is t ics  of t h y m i d m e  phosphorylase  are cur ren t ly  
in progress in this  l abo ra to ry  
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