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Summary 

Thymldylate  synthetase (EC 2 1.1.-) from in vitro 3-methylcholanthrene- 
or Rauscher leukemia virus-transformed rat embryo  cells was studmd The en- 
zyme from control or transformed rat cells exhibited a Km for 2 ' -deoxyundyhc  
acid of 4 5 -+ 0.2 pM, but  the transformants had a higher level of  enzyme 
activity than did control  cells. Titration of  the enzyme with tnt la ted 5-fluoro- 
2 '-deoxyuridyllc acid indicated that  the increased enzyme activity in the trans- 
formants was due to a greater level of  cellular enzyme. While the level of 
enzyme activity in control cells was dependent  on both the availability of  
nutrients in the medium and cell density, the level of  enzyme activity m the 
transformants appeared to depend only on the availability of  nutrients. 

Introduction 

Thymldylate  synthetase (methylenetet rahydrofolate  dUMP-C-methyl- 
transferase, EC 2 1.1.-) catalyzes the synthesis of  deoxy thymldyhc  acid (dTMP) 
from 2 ' -deoxyundyhc  acid (dUMP) and 5,10-methylenetetrahydrofolate  This 
reaction is the only known de novo pathway for the synthesis of dTMP and 
may be one of  the rate-hmltmg steps for DNA biosynthesis [1] Furthermore,  
thymldylate  synthetase is the target enzyme for 5-fluoro-2 '-deoxyundyllc acid 
(FdUMP), which is the activated form of the po ten t  tumor  inhibitory drug 
5-fluorouracfl [2,3] 

Elevated actlvltms of  thymldylate  synthetase have been observed in rapid- 

Abbrewatlons The abbreviations used are dUMP, 2 '-deoxyundyhc acid, dTMP, d e o x y t h y m l d y h c  
acid, FdUMP, 5-fluoro-2'-deoxyundyhc acid The nomenclature for  the  cell hnes is Rauscher 
leukemm vL-'us transformant,  rat embryo cel l s  t r a n s f o r m e d  with Rauscher leukemm vn'us, 3-methyl- 
cholanthrene transformants I and II, two sublmes of rat embryo cel ls  t r a n s f o r m e d  with 3-methyl- 
cholanthrene 
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ly dividing cell populations m vlvo [1,4] and in wtro [1,5,6] and m neoplastm 
cell populatmns [1,3,7,8] These observations suggest that  an understanding of 
the cellular control mechanism whmh governs the expressmn of thymldylate  
synthetase may m.d m the elucidation of differences between normal and neo- 
plastic cells Comparative bmchemical studms of tumors arlsmg m wvo and 
normal tissue are comphcated by the difficulty of  assessing the progenitor cells 
of the tumor  However, in wLro chemmal and viral malignant transformation 
has been achieved [9,10] and it is now possible to compare blochemmal prop- 
ertms of transformed cells to the normal cells from which they were derived 

In the present study, thymldylate  synthetase was mvestigated using in 
wtro 3-methylcholanthrene-transformed and Rauscher leukemia virus-trans- 
formed rat embryo cells [11] The Km values and changes m the specffm 
activity of the enzyme during the culture cycle were compared in control and 
transformed cells The ability of FdUMP to form an isolatable covalent com- 
plex with thymldylate  synthetase [12--15] was used to determme the amount  
of enzyme in the control and transformed cells 

Matermls and Methods 

Cells and cell culture Two control rat embryo cell hnes, one Rauscher 
leukemia virus-transformed hne and two 3-methylcholanthrene-transformed 
hnes, were obtamed from Drs A. Freeman and P. Price of Mlcroblologmal 
Associates, Bethesda, Md The derivation of the transformed hnes and some of 
their charactenstms have been reported by Freeman et al. [11] and by Ryan 
and Curtis [16] Cells used in the experiments were grown m Petrl dishes (100 
mm, Falcon Industries, Oxnard, Calif.) m Eagle's basal medmm and 10% heat- 
reactivated fetal calf serum (both from Grand Island Biological Co., Grand 
Island, N Y ) at 37°C in an atmosphere of 5% CO2 m air without  antibiotics or 
funglzone Tests for mycoplasma were negative. The procedures for deter- 
mmmg platmg efficiency, doubhng time, saturation density, and for passmg the 
cells have been described [17] 

Enzyme assay Assay of thymldylate  synthetase was accomplished by 
modification of the isotopic procedure of Roberts [18] After isolating the 
cells by trypslmzatlon, subsequent steps were carried out at 4°C The cells were 
suspended m phosphate-buffered saline for counting and allquots, which con- 
tamed a known number of cells, were removed After centrifugatlon, the buffer 
was replaced with a known volume of the cofactor solution used for spectro- 
photometric  assay of  the enzyme [7] The cells were broken in this solution by 
two 10-s somficatmns with a Sonffmr Cell Disruptor (Heat Systems-Ultrasonic, 
I nc ,  Model W185) with a micro tip at an intensity of 30 W Microscopic 
exammatmn indicated that  more than 99% of the cells were disrupted. Ahquots 
(0 225 ml) were immediately premcubated for 5 mm at 37°C prior to the 
addltmn of 25 pl of the [5-3H]dUMP solution (4 0 • 10T--3.2 108 cpm/ 
pmol) The same procedure was used for all cell lines and the enzyme assays 
were initiated within 25 mm after the removal of the cultures from the incuba- 
tor The final concentrations o¢ the components in 0 25 ml of the standard 
reaction mLxture were 3 32 mM formaldehyde, 50 mM ~-mercaptoethanol, 
0 22 mM 5,10-methylenetetrahydrofolate,  0 1 mM dUMP and 100 mM potas- 



297 

smm phosphate, pH 6.8. An increase m the concentration of either substrate 
did not  increase the reaction veloc:ty. The reaction was terminated by addmg 
0.2 ml of 33% tnchloroacetm acld, followed by 1 0 ml of charcoal solution (2 
g/10 ml) The solution was mLxed with a Vortex and allowed to stand for 10 
mm before centnfugat lon In most experiments it was necessary to re-centri- 
fuge the supernatant to remove the charcoal completely. 0 2 ml of the clear 
supernatant was counted :n a scintillation counter  Blanks (trmhloroacetm acid 
added pnor  to [5-3H] dUMP) gave counts of 300--800 cpm The effmmncy of 
the scintillation counter for both assay and titration samples (below) was deter- 
mined by mternal standards to be 17% Samples were counted until a minimum 
of 10 000 cpm above background were recorded 

Enzyme tttrat~on The binding of 6-3H-labeled FdUMP to thymldylate  
synthetase was measured by a prev:ously reported procedure [13] A cell sus- 
pensmn (25 • 106--35 106 cells) m phosphate-buffered sahne was dlwded into 
three ahquots One ahquot (approx 10% of the cells) was used to determine 
soluble cellular protein, approx 20% of the cells for enzyme assay, and the 
remmnder for bmdmg studms. For bmdmg, the cofactor solutmn and 6-3H - 
labeled FdUMP were added simultaneously. The cells for protein determmatmn 
and enzyme t l t ratmn were then broken by somfmatlon and mcubated at 37°C 
for 2 h Both samples were centrifuged at 105 000 X g for 1 h to remove cell 
debris [7] The supernatants from the binding experiments were apphed to a 
Sephadex G-25 column (0 7 × 30 cm) to separate the enzyme-bound inhibitor 
from the unbound inhibitor and other components of the reactmn mixture 
[13] The enzyme eluted from the column was 100% inhibited Protem was 
determined m the cell supernatant and column effluent by the procedure of 
Lowry et al [19],  with bowne serum albumin as a standard The enzyme- 
bound inhibitor was determined by hquM scmtfllatmn counting (efflc:ency of 
17%) of ahquots of the effluent containing the protein. The lowest levels of 
bound 6-3H-labeled FdUMP (3--4 times a background of 17 cpm) were ob- 
tained with confluent control I cells From the amount  of protem per 106 cells 
and the dpm of FdUMP bound per pg protem, the data were calculated as pmol 
of FdUMP bound per 106 cells 

Chemzcals Reagents were obtamed from the following sources ~-mercap- 
toethanol  from Eastman Chemmals, Rochester, N Y ,  (-+), L-tetrahydrofohc 
acid, Sigma Chemmal Co ,  St Louis, M o ,  and [5-3H]dUMP (55 mC1/mol), 
New England Nuclear, Boston, Mass Drs Danenberg and He:delberger of 
McArdle Laboratory for Cancer Research (University of Wlsconsm, Madison) 
generously supphed the 6 -3 H-labeled FdUMP (1 2 C1/mmol) 

Results 

Properties o f  the cell hnes Selected charactenstms of the rat embryo cells 
are presented m Table I Some propert:es of the rat cell hnes and their electron 
mmroscopm appearances were previously reported [17]. All cell hnes were 
passed m culture between 110 and 125 passages, therefore, passage number 
should not  be a factor for comparisons The platmg effmmncms of the trans- 
formants were between 90 and 95% and they had a more rapid doubhng time 
than the control cells The transformed cells had a greater number of surface 
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T A B L E  I 

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

Cell  h n e  P l a t i n g  e f f l c lenc :v  * G e n e r a t i o n  t i m e  

(%)  (h )  
S a t u r a t i o n  dens l t~  
( c e l l s / 1 0 0  m m  d t sh )  ~ * 
(×  1 0  6)  

C o n t r o l  h n e  I 54  24  6 - - 7  

C o n t r o l  l i n e  I I  49  2 4  6 - - 7  

R a u s c h e r  l e u k e r m a  v i r u s  

t r a n s f o r m a n t  9 4  17  1 3 - - 1 7  

3 - M e t h y l c h o l a n t h r e n e  

t r a n s f o r m a n t  I 91  12  1 2 - - 2 0  

3 - M e t h y l c h o l a n t h r e n e  
t r a n s f o r m a n t  n 9 0  n d 1 2 - - 2 0  

* M e a n  o f  1 0  d i s h e s  

**  R a n g e  f r o m  t h r e e  s e p a r a t e  s t u d i e s ,  e a c h  c o n d u c t e d  m d u p l i c a t e  

n d , n o t  d e t e r m i n e d  

mmrovllh and blebs [17] and showed httle contact  inhibition of growth, as 
they grew to saturation densltms between 2 and 4 times that  of the control 
cells (Table I) 

Apparent  K m and V values Prehmmary studms with the cell hnes indi- 
cated the rate of enzyme reaction was linear for 55 mm and linear with cell 
numbers between 1 . 1 0 6  and 8 106 cells per assay Therefore all enzyme 
reactions were conducted for 50 mm with cell numbers between 3 106 and 
8 106 per assay. The apparent Km and V values for thymldylate  synthetase 
from normal and transformed rat embryo cells, with dUMP as the variable 
substrate (5--36 pM) and 5,10-methylenetetrahydrofolate as the fLxed substrate 
(0 22 mM}, were determined from lmear double reciprocal plots Apparent V 
values of 15, 55, and 1520 pmol TMP/h per 106 cells were observed for the 
enzyme from confluent  cultures of the control, the Rauscher leukemia virus 
transformant,  and the 3-methylcholanthrene transformant I cells, respectively 
The apparent Km for dUMP of the enzyme from all cell hnes was 4 5 + 0 2 pM 
This value is m agreement with reported values for the enzyme from other 
mammalian cell systems [1,7] The data suggest that  the increased enzyme 
activity in the transformants is not  due to an alteratmn which affects the 
mteractmn of  enzyme and dUMP Furthermore, the possibility of an endoge- 
nous enzyme activator m the transformed cells or an endogenous inhibitor in 
the control cells was ehmmated by assay of mLxtures of the two cell hnes 
MLxture of normal and transformed cells prior to assay ymlded the same total 
activity as the sum of their individual actlvitms 

Variation m thymldylate  synthetase actwtty during the culture cycle Fol- 
lowing subculture of the rat embryo cell hnes, thymldylate  synthetase was 
assayed at 24-h intervals for 6 days and the results are shown m Fig 1 The 
number of cells per dish and the enzyme activity per 106 cells are presented for 
the control and the two transformed cell hnes For the contact-sensitive control 
rat embryo cells (Fig. 1A), the enzyme activity was elevated dunng the first 
2 days of  growth, but declined rapidly as the cultures approached confluency 
By mmroscopm examlnatmn, all cell hnes appemed to have cell-to-cell contact  
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Fig  1 C u l t u r e  c y c l e  o f  n o r m a l  a n d  t r a n s f o r m e d  rat  e m b r y o  ce l l s  A ,  C o n t r o l  II ce l l s ,  B, R a u s c h e r  
l e u k e m m  v i r u s  t x a n s f o r m a n t ,  C, 3 - M e t h y l c h o l a n t h r e n e  t r a n s f o r m a n t  I 1 0 6  ce l l s  w e r e  s e e d e d  p e r  d i s h  o n  

D a y  0 f o r  e a c h  ce l l  h n e ,  a n d  t h e  ce l l s  h a r v e s t e d  a t  2 4 - h  i n t e r v a l s  f o r  6 d a y s  F o r  d e t e r r m n a t l o n  o f  D a y  1 

e n z y m e  a c t i v i t y ,  ce l l s  f r o m  5 t o  1 0  m d l v ~ d u a l  c u l t u r e s  w e r e  m i x e d  a n d  a s s a y e d  A s  t h e  n u m b e r  o f  ce l l s  p e r  
c u l t u r e  i n c r e a s e d ,  f e w e r  c u l t u r e s  w e r e  r e q u i r e d  f o r  asSay  a n d  b y  D a y  6 ,  ce l l s  f r o m  2 t o  3 m d l w d u a l  

c u l t u r e s  w e r e  m i x e d  f o r  e a c h  aSsay  T h e  d a t a  are  t h e  m e a n  o f  t w o  e x p e n r n e n t s  e a c h  c o n d u c t e d  in  

d u p h c a t e  T h e  c o n c e n t r a t i o n s  o f  d U M P  a n d  5 , 1 0 - m e t h y l e n e t e t r a h y d r o f o l a t e  w e r e  0 1 a n d  0 2 2  raM,  
r e s p e c t i v e l y  X,  n u m b e r  o f  ce l l s  P er  c u l t u r e ,  a ,  t h y m l d y l a t e  s y n t h e t a s e  a c t i v i t y  p e r  1 0 6  ce l l s ,  - . . . . .  , 

e f f e c t  o f  m e d m m  c h a n g e  o n  D a y  5 o n  ce l l  n u m b e r  a n d  e n z y m e  a c t l w t y  

at approx 5 • 10 6 cells per dish. The enzyme actwlty in the control cells then 
remained low, as the cells ceased to divide Even a medium change on Day 5 
failed to stimulate a substantial increase m enzyme-specific actwlty or cell 
number. However, the Rauscher leukemia virus transformant (Fig 1B) and the 
3-methylcholanthrene transformant (Fig 1C) showed different growth and en- 
zyme activity patterns Both of  these lines demonstrated a relatively constant 
thymldylate synthetase-speclflc activity and a continual increase m cell number 
throughout the 6-day culture cycle Furthermore, the addition of fresh medium 
on Day 5 to already "piled-up" cultures caused large increases m both the cell 
number and specific activity of the enzyme 

Quantltatwe analyses of thymzdylate synthetase m normal and trans- 
formed cells The fluorinated pynmldine, FdUMP, is a potent covalent inhibi- 
tor of  thymldylate synthetase and the enzyme-FdUMP complex can be isolated 
by gel filtration [13] This procedure can therefore be used to determine the 
number of  enzyme molecules per cell The data in Table II show the amount of  
soluble protein per 10 6 cells, the enzyme act]mty per 10 6 cells, and the calcu- 
lated pmol of FdUMP bound per 10 6 cells The data indicate that the trans- 
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T A B L E  II 

Q U A N T I T A T I V E  A N A L Y S I S  O F  T H Y M I D Y L A T I ~  S Y N T H I ~ , T A S E  A C T I V I T Y  A N D  I~dUMP B I N D I N G  

S I T E S  

Cel l  l i ne  p g  p r o t e i n /  E n z y m e  a c t l w t y  F d U M P  b o u n d  

106  ccl ls*  ( p m o l / h  p e r  106  ce l l s )**  ( p m o l / 1 0 6  c e l l s ) * * *  

C o n t r o l h n e I  102-+ 1 0  50  ÷ 7 0 0 7 1 0  ± 0 0 1 5  

C o n t r o l  h n e  I 

( a t e o n f l u e n c y )  78  ± 2 1 2  ± 4 0 0 2 5  + 0 0 0 8  

C o n t r o l  h n e  II  n d 1 2 5  + 14  n d 

R a u s c h e r  l e u k e m i a  

v i r u s  t r a n s f o r m a n t  81 ± 5 2 2 0  -+ 2 0  0 1 4 8  ± 0 0 0 4  

3 - M e t h y l c h o l a n t h r e n e  

t r a n s f o r m a n t  I 101  ± 3 1 4 8 0  ± 8 5  1 13  +- 0 0 4 0  

3 - M e t h y l c h o l a n t h r e n e  

t r a n s f o r m a n t  I I  n d 2 6 0  -+ 22 n d 

* M e a n  ± S E , v a l u e s  f r o m  f o u r  d e t e r m i n a t i o n s  are  r o u n d e d  o f f  t o  t h e  n e a r e s t  w h o l e  n u m b e r  

** M e a n  ± S E , d e t e r m i n e d  o n  D a y  2 o r  a t  c o n f l u e n e y  ( D a y  6 )  T h e  c o n c e n t r a t i o n s  o f  d U M P  a n d  

5 , 1 0 - m e t h y l e n e t e t r a h y d r o f o l a t e  we re  0 1 a n d  0 22  raM, r e s p e c t i v e l y  E a c h  e n z y m e  assay  was  car- 

r i e d  o u t  t w i c e  m d u p h c a t e  

***  M e a n  -+ S E , t h e  c o n c e n t r a t i o n  o f  6 - 3 H - l a b e l e d  F d U M P  was  5 jaM A f t e r  ge l  f i l t r a t i o n ,  t h e  c o n t e n t s  

o f  t w o  t e s t  t u b e s  c o n t a l m n g  t h e  c e l l u l a r  p r o t e i n  w e r e  each  a n a l y z e d  m d u p h c a t e  f o r  b o t h  r ad lo -  

a c t l v : t y  a n d  p r o t e i n  E a c h  b i n d i n g  e x p e r i m e n t  was  c a r r i e d  o u t  t w i n e  

n d , n o t  d e t e r m i n e d  

formants had a higher enzyme activity and greater FdUMP binding capac:ty 
than the control cells, but  there was considerable variation of enzyme activity 
between the two control cell hnes and between the two 3-methylcholanthrene 
transformants. Clonal varmtlon of thymldylate  synthetase actlwty has been 
prev:ously reported for other cells in culture [5,20] Furthermore, the data in 
Table II, in agreement with data in Fig. 1A, show that  both the enzyme activity 
and the FdUMP binding capacity decreased by factors of 3 to 4 as the control 
cells became confluent (Day 6) 

Discussion 

In the control rat embryo cells, at least two factors are revolved in deter- 
mining the level of enzyme activity during the culture cycle the avallablhty of 
nutrients or serum factors and the degree of cell-to-cell contact  (Fig 1A}. The 
rapid decline in enzyme activity as the cells approach confluency mdlcates that  
the enzyme :s closely regulated as cell-to-cell contact  occurs Furthermore, 
contact-sensitive regulat:on of the enzyme cannot be overcome by the addition 
of fresh medium The decrease m enzyme activity as the cells approach con- 
fluency :s probably due to both the dilution of enzyme concentration by cell 
d lvmon and the decreased enzyme synthesis, as a greater number of cells accu- 
mulate in the G~ mterval of the cell cycle [5,21] By contrast, the availability 
of nutrients or serum components  appears to be the major factor affecting 
thymldylate  synthetase levels in transformants, with cell-to-cell contact  having 
little or no effect (Figs 1B and 1C) 

The gel flltrat:on procedure which utilizes 6-3H-labeled FdUMP as an 
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active site t l trant  1S a specffm method for quanhtat~vely analyzing thymldylate  
synthetase levels [13] Santl et al. [15] have described a mtrocellulose filter 
assay using radloachve FdUMP for the quantitative analysis of the enzyme 
From the t l t ra tmn data (Table II) and the assumptmn that  each enzyme mole- 
cule has two bmdmg sites [13,15],  one can calculate that  there are approx 3 4 
• 10 s molecules of thymldylate  synthetase per cell in the exponentially growing 
3-methylcholanthrene transformant I cells and approx 2.1 • 104 molecules of 
enzyme per cell m exponenhally growing control I rat embryo cells 

Because regenerating and rapidly prohferatmg tissues as well as neoplastm 
tissue have elevated thymldylate  synthetase activity [ 1 ], increased levels of this 
enzyme may not  be related to mahgnancy per se. However, the elevated and 
cell contact-insensitive thymldylate  synthetase actlwty in the transformants 
was caused by oncogenlc chemical or wral t reatment  of the control cells. Thus, 
t reatment  with these agents either directly or indirectly altered the level and 
cellular regulatmn of thymldylate  synthetase Further studies utlhzmg in vitro 
transformed cells may aid in elucidating differences in the regulatory mecha- 
nisms for this enzyme as well as others m normal and neoplastic cells 
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