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t he se  e n z y m e  s y s t e m s  b y  d i f f e ren t  a g e n t s  a c t i n g  o n  
c h r o m o s o m a l  func t i ons  could  be  v i sua l i zed  l'~. 

ZusammenJassung. I so l ie r tes  R a t t e n l e b e r c h r o m a t i n  
b a u t  die ends tXndige  P h o s p h a t - G r u p p e  v o n  (7 -~P)  A T P  
in seine P r o t e i n e  in F o r m  v o n  P h o s p h a t e s t e r  yon  Ser in  
u n d  T h r e o n i n  ein.  Der  E i n b a u  i s t  Mg ++ u n d  Mn ++ 
abh / ing ig  u n d  s t e ig t  In i t  E r h G h u n g  des p H  des  I n k u b a -  
t i o n s m e d i u m s  an.  P h o s p h a t  u n d  l ~ - r o p h o s p h a t  s t i m u -  
l ie ren  die P h o s p h o r y l i e r u n g ,  zykl i sches  A M P  h a t  k e i n e n  
Ef fek t .  Die s a u r e n  P r o t e i n e  w e r d e n  vie l  s tXrker  als  die 
H i s t o n e  phospho ry l i e r t .  Das  e i n g e b a u t e  P h o s p h a t  wi rd  

sehr  schnel l  f re igese tz t ,  e in  Prozess ,  de r  y o n  d e r  Anwesen-  
he f t  yon  d e p h o s p h o r y l i e r e n d e n  E n z y m e n  abh / ing t .  
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Effect of Methotrexate on DNA Synthes is  and Thymidine  Kinase Activity of Huma n  Lymphocytes  
St imulated with  Phytohaemagglut in in  

T h e  folic ac id  ana logue  M e t h o t r e x a t e  1 (4-amino-10-  
m e t h y l  p t e r o y l  g l u t a m i c  acid) is k n o w n  to  i n h i b i t  D N A  
syn thes i s  m a i n l y  b y  b l o c k i n g  t h e  conve r s ion  of deoxy-  
u r i d y l a t e  to  d e o x y t h y m i d y l a t e  ~-5. Also assoc ia ted  w i t h  
t h e  ac t ion  of M T X  are  a n u m b e r  of c h a n g e s  in  t h e  a c t i v -  
i t ies of t h e  e n z y m e s  of t h e  D N A  s y n t h e t i c  p a t h w a y .  
Howeve r ,  w i t h  t h e  excep t ion  of t h e  d i h y d r o f o l a t e  re- 
d u c t a s e  a c t i v i t y  w h i c h  is genera l ly  dec reased  a s h o r t  
t i m e  a f t e r  M T X  4-7, t h e  ac t iv i t i e s  of o t h e r  e n z y m e s  
e x h i b i t  a wide  r a n g e  of v a r i a b i l i t y  d e p e n d i n g  on  t i le  
e x p e r i m e n t a l  s y s t e m  employed .  I n  c u l t u r e s  of C h a n g  
h u m a n  l iver  cells EKER 8 ha s  found  a n  increase  of t h y -  
m i d i n e  k inase  a c t i v i t y  fol lowing t h e  a d d i t i o n  of M T X .  
On  t h e  c o n t r a r y  LABOW, MALEY a n d  MALEY 9 s h o w e d  
t h a t  in  r e g e n e r a t i n g  l ive r  M T X  c o m p l e t e l y  i n h i b i t s  t he  
s t i m u l a t i o n  of d e o x y c y t i d y l a t e  deaminase ,  t h y m i d i n e  
k inase  a n d  t h y m i d y l a t e  k inase  b u t  increases  t h e  a c t i v i t y  
of t h y m i d y l a t e  s y n t h e t a s e .  

I n  P H A  s t i m u l a t e d  h u m a n  l y m p h o c y t e s  M T X  has  b e e n  
used  as  a s y n c h r o n i z i n g  agen t .  I t  h a s  been  s h o w n  to  
r eve r s ib ly  b lock  cells in S phase  1°, b u t  t h e  b i ochem ica l  
e v e n t s  r e l a t ed  to  t h i s  b lock  are  s t i l l  unclear .  

I n  t h e  p r e s e n t  work  we s tud ied  t h e  ef fec t  of M T X  on  
t h e  i n c o r p o r a t i o n  of 3 H - t h y m i d i n e  i n t o  D N A  of s t i m u -  
l a t ed  h u m a n  Iymphocy t e s .  M T X  i n d u c e d  a n  increase  of  
i n c o r p o r a t i o n  of exogenous  t h y m i d i n e  i n to  DNA.  F o r  
t h i s  r ea son  in o rde r  to  a s say  t h e  rea l  D N A  s y n t h e t i c  
a c t i v i t y ,  3~p i n c o r p o r a t i o n  i n to  D N A  was  eva lua t ed .  W e  
also s t u d i e d  t h e  e f fec t  of  M T X  o n  t h y m i d i n e  k inase  
a c t i v i t y  to  ru le  o u t  t h e  poss ib i l i ty  t h a t  a n  increase  of  
t h e  t h y m i d i n e  p h o s p h o r y l a t i o n  could  be  r e l a t ed  to  t h e  
inc reased  t h y m i d i n e  i n c o r p o r a t i o n  i n to  DNA.  

Methods and material. H u m a n  b lood  was  d r a w n  f r o m  
h e a l t h y  v o l u n t e e r s  of b o t h  sexes, m i x e d  w i t h  h e p a r i n  
(20 un i t s ]ml )  a n d  4 vo l um es  of  b lood,  1 v o l u m e  of  

P l a s m a  gel (ROGER BELLO/< -- F r ance )  a n d  a l lowed to  
s e d i m e n t  a t  37 °C for 1-2  h. T h e  s u p e r n a t a n t  was  passed  
t h r o u g h  a n y l o n  wool c o l u m n  (Fi l t ra lon)  where  9 0 - 9 8 %  
of t h e  p a g o c y t i c  cells were  r e t a i n e d  n T h e  l y m p h o c y t e s  
were  co l lec ted  b y  cen t r i fuga t ion ,  r e s u s p e n d e d  (1.5 × 106 
ce l l s /m 3) in  TC 199 c o n t a i n i n g  20% of a u t o c h t h o n o u s  
p l a s m a  a n d  d i s t r i b u t e d  in 7 m l  a l i quo t s  i n to  glass screw- 
cap  f lasks  of 25 ml  t o t a l  c apac i t y .  P H A  (BURROUGHS, 
W~ELLCOME) was  a d d e d  to  a c o n c e n t r a t i o n  of  10 ~ l /ml  of 
c u l t u r e  a n d  M e t h o t r e x a t e  (Lederle) ,  un less  o the rwi se  
s t a t ed ,  to  a c o n c e n t r a t i o n  of 5 ~g /ml  of cu l tu re .  M T X ,  
w h e n  added ,  was  p r e s e n t  f rom t h e  i n i t i a t i o n  of t h e  cul- 
tures .  All  t h e  c u l t u r e s  were  h a r v e s t e d  48 h a f t e r  t he  
a d d i t i o n  of P H A .  

I n  o rde r  to  s t u d y  D N A  a n d  R N A  s y n t h e s i s  8 H - T d R  
(5 C i / m M ,  R a d i o c h e m i c a l  Cen t r e  - A m e r s h a m )  1 ~c /ml  
a n d  3~p as HaPO 4 (Sor in  - Saluggia)  5 ~c]ml  were a d d e d  
1 h a n d  3 h r e spec t ive ly  before  h a r v e s t i n g  t he  cu l tu res .  

1 The following abbreviations are used: MTX, methotrexate; PHA, 
phytohaemagglutinin; TdR, thymidine; dTTP, thymidine tri- 
phosphate. 
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Table I. Effects of MTX o11 the percent of cells in S phase, on the incorporation of 3H-TdR and a~p into DNA and on the incorporation 
of a2p into RNA 

Treatment Labelled cells 3H/p~g of DNA 8*P/[zg of DNA sePltzg of RNA 
(%) (count/min) (count/rain) (count/rain) 

Controls (PHA only) 

Methotrexate (MTX and PHA) 

30 1563/z 438- (8) b 119,8 4- 16 (6) 1851 -4- 285 (3) 

37 5009~ 1107 (6) 59.3-1- 7.5 (6) 1785 4- 74 (3) 
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T h e  m e t h o d  of SCOTT, FRACCASTORO a n d  TAFI "1~ was  
a d o p t e d  for  nucle ic  ac ids  e x t r a c t i o n s  a n d  t h e  a m o u n t s  
of D N A  a n d  R N A  were  d e t e r m i n e d  b y  UV-spec t ro -  
p h o t o m e t r y .  F o r  R N A  d e t e r m i n a t i o n  t h e  two-wave-  
l e n g t h  co r rec t ion  was  used  x3. T he  r a d i o a c t i v i t y  of t h e  
e x t r a c t s  was  d e t e r m i n e d  b y  m i x i n g  0.1 m l  a l iquo t s  w i t h  
10 m l  of t o l u e n e - a b s o l u t e  e t h a n o l  (4: 1) sc in t i l l a to r  con-  
t a i n i n g  4 g / 1 0 m n i f l u o r  (98% 2 ,5 -Dipheny loxazo l e  a n d  
2 %  p-bis-(o-methylstyryl)benzene) a n d  c o u n t i n g  in a 
Nuc l ea r  Chicago sc in t i l l a t i on  s p e c t r o m e t e r  mode l  M a r k  I, 
a t  a n  eff ic iency of 20%.  

S t a n d a r d  t e c h n i q u e  was  used  in  t h e  p r e p a r a t i o n  of  
a u t o r a d i o g r a p h i c  s m e a r s  14. L a b e l l i n g  v a l u e s  were  de- 
t e r m i n e d  on  a t  l e a s t  1000 ceils. 

F o r  t h e  d e t e r m i n a t i o n  of t h y m i d i n e  k inase  a c t i v i t y  
a b o u t  10 ~ cells were  h o m o g e n i z e d  a t  4 °C in 0.5 m l  of 
0.152kl KCI, 3 m3~ r 2 -Mercap toe thano l ,  10 m M  Tris-HCI 
(pH 7.5 a t  20°C) w i t h  a m o t o r  d r i v e n  a l l  glass h o m o g e -  
nizer .  T h e  h o m o g e n a t e  w as  cen t r i f uged  a t  30,000 × g for  
15 mil l  a t  4°C a n d  t h e  s u p e r n a t a n t  f r ac t i on  was  used 
as  t h e  source  of enzyme .  T h e  i n c u b a t i o n  m i x t u r e  con-  
t a ined ,  in  a f ina l  v o l u m e  of 0.3 m h  A T P  9 m3./, MgC12 
9 m M ,  N a F  5 m 3 I ,  Tris-HC1 ( pH  7.5 a t  20 °C) 100 raM,  
3 -phosphog lyce r a t e  7.5 raM, ~ H - T d R  2 ~zM (specific 
a c t i v i t y  0.5 C i / m M )  a n d  0.15 m l  of  enzyme .  A f t e r  
i n c u b a t i n g  for  15 m i n  a t  37°C, t h e  r e a c t i o n  was  te r -  
m i n a t e d  b y  i m m e r s i n g  t h e  t u b e s  in  bo i l ing  w a t e r  for  
2 min .  T h e  a m o u n t  of T d R  p h o s p h o r y l a t e d  was  de te r -  
m i n e d  b y  t h e  m e t h o d  of BREITMAN 15. T he  disks  were  
dr ied  a n d  c o u n t e d  in T o l u e n e - O m n i f l u o r  a t  a n  eff ic iency 
of 3%.  

Results. Morpholog ica l  o b s e r v a t i o n  of t he  cells a f t e r  
48 h of cu l tu re  did  no t  r evea l  a n y  d i f fe rence  b e t w e e n  
t he  con t ro l s  a n d  t h e  M T X  t r e a t e d  cu l tures ,  b o t h  showing  
b l a s t o i d  t r a n s f o r m a t i o n  to  t he  s ame  ex ten t .  

T a b l e  I shows t he  effects  of M T X  on severa l  p a r a m e t e r s  
of D N A  synthes i s .  T h e  resu l t s  show t h a t  t he  incorpora -  
t i on  of exogenous  t h y m i d i n e  i n to  D N A  is increased  more  
t h a n  3 t i m e s  a f t e r  M T X  t r e a t m e n t  w he r ea s  t h e  f r ac t i on  
of cells in  S phase ,  as r evea l ed  b y  a u t o r a d i o g r a p h y ,  was  
on ly  s l igh t ly  increased.  T he  resu l t s  also r evea led  a de- 
c reased  i n c o r p o r a t i o n  of-3zP in to  D N A  a n d  no  effect  on  
i t s  i n c o r p o r a t i o n  i n to  R N A .  T h e  s a m e  effec t  were ob-  
t a i n e d  (not  shown)  w i t h  doses of M T X  of 0.5 [xg a n d  
25 tzg/ml. 

T a b l e  I I  shows t he  effect  of M T X  on t h y m i d i n e  k inase  
ac t i v i t y .  As expec t ed  t he  l y m p h o c y t e s  s t i m u l a t e d  w i t h  
P H A  e x h i b i t  a m u c h  h i g h e r  a c t i v i t y  t h a n  t h e  n o n  
s t i m u l a t e d  l y m p h o c y t e s .  On  t he  o t h e r  h a n d  no  d i f fe rence  
in t he  ab i l i t y  to  p h o s p h o r y l a t e  t h y m i d i n e  is s h o w n  be- 
t w e e n  t h e  l y m p h o c y t e s  t r e a t e d  w i t h  P H A  a lone  a n d  
t h o s e  t r e a t e d  w i t h  P H A  a n d  M T X .  

Discussion. The  f ind ing  t h a t  M T X  does no t  i n h i b i t  
t he  s t i m u l a t i o n  of l y m p h o c y t e s  a n d  t h e i r  e n t r y  i n to  
D N A  syn thes i s  is in a g r e e m e n t  w i t h  t he  resu l t s  of STEF- 
FEN a n d  STOLZMANN ~°. These  a u t h o r s  also found  t h a t  
M T X  increases  t he  f r ac t i on  of cells p r e s e n t  in  t he  S 
p h a s e  70 h fo l lowing P H A  s t imu la t i on .  I n  con t r a s t ,  in  
our  e x p e r i m e n t s  a f t e r  48 h of cu l ture ,  t h e  f r ac t i on  of 
cells in  D N A  synthes i s ,  b o t h  in con t ro l  a n d  in  M T X  
t r e a t e d  cu l tures ,  were s imi lar .  T h u s  t he  inc reased  ZH-TdR 
i n c o r p o r a t i o n  i n to  D N A  c a n n o t  d e p e n d  on  a n  inc reased  
n u m b e r  of cells p r e s e n t  in  t he  S phase .  F u r t h e r m o r e ,  
t h e  inc reased  3 H - T d R  i n c o r p o r a t i o n  i n to  D N A  i n d u c e d  
b y  M T X  did n o t  ref lect  an  inc reased  s y n t h e t i c  r a t e ;  in  
f ac t  3zp i n c o r p o r a t i o n  in to  D N A  was  depressed  b y  M T X .  
U n d e r  t h e  s a m e  cond i t i ons  ~-~P i n c o r p o r a t i o n  i n t o  R N A  
was  n o t  decreased.  W e  conc luded ,  t he r e fo re  t h a t  n o  32p 
pool  ef fec t  or  ce l lu lar  p e r m e a b i l i t y  changes ,  b u t  t r u e  
i n h i b i t i o n  of D N A  syn thes i s ,  was  r e sponsab le  for  t h e  
dec reased  z*P i n c o r p o r a t i o n  i n to  DNA.  These  r e su l t s  a re  
in  a g r e e m e n t  w i t h  t h e  ea r ly  r e p o r t s  of ~vVINZLER, VCm- 
LIAlVIS a n d  BEST ~6 a n d  of ~¢V2ELLS a n d  ~rlNZLER17 w h o  
found  t h a t  D N A  s y n t h e s i s  was  more  i n h i b i t e d  b y  M T X  
t h a n  R N A  syn thes i s .  

These  d a t a  i nd i ca t e  t h a t  t h e  h i g h e r  specif ic  a c t i v i t y  
of t h e  3 H - t h y m i d i n e  labe l led  D N A  fol lowing M T X  is due  
to  a decreased  size a n d  a n  inc reased  specific a c t i v i t y  of 
t h e  d T T P  pool.  Th i s  resu l t s  f rom t h e  i n h i b i t i o n  b y  M T X  
of t he  c o n v e r s i o n  of d e o x y u r i d y l a t e  to  d e o x y t h y m i d y l a t e ,  
a r eac t ion  t h a t  in  m o s t  t i ssues  is p a r t  of  t h e  m a j o r  p a t h -  
way  lead ing  to  d T T P .  

R e s t i n g  l y m p h o c y t e s  possess  v e r y  l i t t l e  ab i l i t y  to  
p h o s p h o r y l a t e  t h y m i d i n e  b u t  t h i s  ab i l i t y  increases  severa l  
fold a f t e r  P H A  s t i m u l a t i o n  ~8. I n  ou r  e x p e r i m e n t s  t h i s  
increase  of t h y m i d i n e  k inase  a c t i v i t y  was  n o t  a l t e r ed  
b y  MTX.  Th i s  is in c o n t r a s t  w i t h  t h e  resu l t s  of b o t h  
LABOW, MALEY a n d  MALEV 9 in  r e g e n e r a t i n g  liver,  a n d  
EKER 8 in C h a n g  h u m a n  l iver  cells, who  found  r e spec t ive ly  
an  i n h i b i t i o n  a n d  a n  i n d u c t i o n  of t h y m i d i n e  k inase  b y  
M T X  19 

t?iassunto. I1 m e t h o t r e x a t e  p rovoca  net  l infoci t i  u m a n i  
s t i m o l a t i  pe r  48 con f i t o e m a g g l u t i n i n a  n n  a u m e n t o  di 
i nco rporaz ione  di t i m i d i n a  8H n e l l ' A D N  senza  mod i f i ca re  
s e n s i b i h n e n t e  il n u m e r o  di cellule in  fase S. L a  s in tes i  
di  A D N  v a l u t a t a  con l ' i nco rpo raz ione  di 3~p r i su l t a  d imi-  
nu i t a ,  m e n t r e  l ' a t t i v i t ~  del la  t i m i d i n  k inas i  n o n  6 modi -  
f i ca t a  da l  t r a t t a m e n t o  con  MTX.  
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Table II. Effects of IVITX on thymidine kinase activity 

Treatment ~t~tmoles of TdR 
phosphorylated 
(min/mg of protein) 

None 1.2 =t= 0.88 (9)  b 

PHA 11.2 ~ 2.4 (6) 
PHA and MTX 11.4:t= 2.8 (6) 

* Mean values and standard deviations, b In parentheses the number 
of cultures examined. 
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