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SUMMARY 

Tetrahydrofolate dehydrogenase (5,6,7,8-tetrahydrofolate:NADP + oxidoreduc- 
tase, EC 1.5 . I .3 ;  formerly known as dihydrofolate reductase) from a subline of the 
Li2IO lymphoma has been purified to apparent homogeneity with high recovery by 
simple steps using agarose to which the enzyme inhibitor amethopterin was coupled. 
A crude (NH4)2SO 4 precipitate was applied to a column of methotrexate-agarose 
which was washed with buffer containing NADPH to increase the binding of the 
enzyme to the column, and to elute non-enzyme protein. Buffer at high pH, con- 
taining dihydrofolate and high concentration of salt then eluted the enzyme together 
with some nucleic acid contaminants which were removed on a column of Sephadex 
G-75. 

The enzyme tetrahydrofolate dehydrogenase (5,6,7,8-tetrahydrofolate :NADP + 
oxidoreductase, EC 1.5.1.3; formerly known as dihydrofolate reductase) has been 
purified from several sources by a variety of conventional techniques, such as precipi- 
tation with (NHa)2SO * sulphate, filtration through Sephadex gels, and chromato- 
graphy on hydroxylapati te  or ion-exchange columns 1-4. 

The high affinity of the enzyme for folate antagonists such as amethopterin 
(methotrexate) suggested the use of this antagonist, coupled to a solid support, to 
purify the enzyme. This technique of affinity chromatography has gained rapid 
acceptance and a number of biochemical substances have been successfully purified 
by  this method 5-7. Previous a t tempts  to purify tetrahydrofolate dehydrogenase, 
using a methotrexate-s tarch complex 8 and io-formylaminopterin-agarose 9 have also 
been successful. 

In our method, the carboxyl group of methotrexate  was coupled to aminoethyl- 
substituted agarose, as described by CUATRECASAS 1°. This allowed the pteroyl group 
to "float" far enough away from the solid matr ix  of the agarose, to avoid steric effects 
on the methotrexate-enzyme binding. In brief, we passed the enzyme solution through 
a column of methotrexate-agarose under those conditions of pH, substrate concen- 
trat ion and ionic strength where the binding of enzyme to the methotrexate  was 
"t ight" or stoichiometric n, then washed through the contaminating proteins. The 
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Fig. i .  E lu t i on  p a t t e r n  fronl  a co lumn of m e t h o t r e x a t e - a g a r o s e .  The desa l t ed  (NH,)2SO a f ract ion 
(26 ml) was appl ied  to a co lumn of m e t h o t r e x a t e - a g a r o s e  and the  co lumn washed  w i t h  th ree  buffers 
s e q u e n t i a l l y  and  4-ml f rac t ions  collected.  P ro te in  absorbance  a t  28o nm was measured  and  enzyme 
a c t i v i t y  assayed.  Buffer i, o. i  M Tris HC1, (pH 7.5) con ta in ing  I .  lO .5 M N A D P H ;  Buffer 2, 
0.2 M Tr i s -g lyc ine  (pH 9.5) con t a in ing  2.o M KC1 and  i " IO -5 • N A D P H ;  Buffer 3, o.2 M Tr i s -  
g lyc ine  (pH 9 . 5 ) c o n t a i n i n g  2.o M KCI and  I . i o  -~ d ihydrofola te .  O - - C ) ,  absorbance  a t  280 nm;  
× - - - X ,  t e t r a h y d r o f o l a t e  dehydrogenase  ac t iv i ty ,  / ,moles /min  per  ml. 

enzyme was eluted by changing the ionic, substrate and pH conditions, then desalted 
and separated from contaminating nucleic acid(s) by chromatography on Sephadex 

G-75. 
Aminoethylagarose was prepared by the method of CUATRECASAS 10. IO ml of 

a compact slurry of the aminoethylagarose were mixed with 15 ml of 40% dimethyl- 
formamide and the pH was adjusted to 4.8 with HC1. IO mg of methotrexate (a 
product of Lederle) and 5 rng of I-ethyl-3-(dimethylaminopropyl ) carbodiimide were 
added to the suspension which was stirred for 16 h at room temperature and then 
washed with 2 1 ofo . i  M Tris-HC1 (pH 8.5), containing 2 M KC1. A chromatography 
column of methotrexate-agarose (Whatman, I cm × 5 cm) was prepared and equi- 
librated with 500 ml of o.I M Tris-HC1 (pH 7.5), containing I .lO -5 M NADPH. 

Cells were obtained from a subline (LM 4) of the LI2IO lymphoma as previously 
described by HILLCOAT 12. The frozen, packed cells (20 ml) were suspended in 4 ° ml 
of 0.05 M Tris-HC1 (pH 7.5), stirred at 4 ° for I h and the suspension centrifuged at 
15 ooo rev./min for 15 rain to remove cell debris. The supernatant,  of specific activity 
o.19 unit (/~moles of substrate reduced per rain) per mg protein was treated with 
(NH4)2SO a, and the fraction precipitating between 45 and 90% saturation kept. We 
dissolved the precipitate in 8 ml of water and added NADPH (io -5 M). The solution 
was then desalted on a Sephadex G-Io column (Whatman, 2. 5 cm × 30 cm), previ- 
ously equilibrated with o.I M Tris-HC1 (pH 7-5), containing I .  IO -'5 M NADPH. The 
active fractions were pooled and passed through the previously described metho- 
t rexate-agarose column. We washed the column with 15 ml of the equilibrating 
buffer and then with 40 ml of 0.2 M Tris-glycine buffer (pH 9-5) containing 2 M KC1, 
and IO -5 NADPH. This left only absorbed nucleic acid material (which was being 
constantly eluted) and the enzyme. The latter was then eluted by the simultaneous 
removal  of NADPH and addition of lO -5 M dihydrofolate (Fig. I). The enzymati- 
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Fig. 2. Elut ion pa t t e rn  f rom Sephadex G-75 column. The pooled active fractions from the metho-- 
t r exa te -agarose  column were applied to a column of Sephadex G-75 and eluted with o.o 5 M Tr is -  
HCI buffer (pH 7-5). Fract ions  of  4 ml were collected. Lower  graph:  © - - © ,  absorbance at 260 nm;  
× --- × ,  absorbance at  28o nm;  {N---rN, enzyme activity. Peak IV represents  breakdown products  

of te t rahydrofolate .  Upper  graph:  Peak I I  on a larger scale to show symmetry .  × - -  × ,  absorbance 
at  28o nm:  @---(2), enzyme activity. 

cally active fractions were pooled and applied to a Sephadex G-75 column (Whatman, 
2.5 cm × 25 cm), previously equilibrated with o.I M Tris-HC1 buffer (pH 7.8). 

The enzyme was eluted from the G-75 column as a single symmetrical  peak, 
(Fig. 2) with a specific activity of 7 ° units/mg of enzyme (LOWRY et al. 13, bovine 
serum albumin standard). No other protein was eluted from the G-75 column, and 
the enzyme was well separated from three other materials, all of which had maximum 
ultraviolet absorbance in the 24o-26o-nm region of the spectrum. The folate activity 
(determined by tritiated folate assay TM) and tetrahydrofolate activity of fractions 
eluted from the G-75 column coincided and were in the same ratio as in the crude 
lysate. Using a calibrated G-ioo column (method of ANDREWS 14) w e  found the 
molecular weight of the enzyme to be 18 ooo ± IOOO. Acrylamide gel electrophoresis 
was carried out at pH 8.5 as previously described 15 and showed no contaminating 
protein present when 45 ~g of protein was applied. The protein, folate and di- 
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Fig .  3. A b s o r p t i o n  s p e c t r u m  o f  p u r i f i e d  e n z y m e  a t  a c o n c e n t r a t i o n  o f  o .o  4 mg/ml ( c a l c u l a t e d  
f r o m  t i t r a t i o n  w i t h  m e t h o t r e x a t e ,  see t e x t ) .  

hydrofolate activity stains all coincided. The purified enzyme had the absorption 
spectrum of a typical protein (maximum at 278 nm with a shoulder at about 29o nm) 
and is shown in Fig. 3. The turnover number was determined by the method of 
WERKHEISER et al. 17 as suggested by MORRISON 18. We added increasing amounts of 
enzyme to a fixed concentration of methotrexate at low ionic strength and pH (o.I M 
Tris-maleate,  pH 6.0) and determined the enzyme activity. The results are shown 
in Fig. 4. The values for the slope and horizontal intercept were obtained from a 
computer program 19. The calculated turnover number was 2090 moles tetrahydro- 
folate per min per mole enzyme at pH 7.5 and 37 °. Using this value to calculate the 
enzyme concentration, we observed a discrepancy between the value so obtained 
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F i g .  4. T i t r a t i o n  o f  e n z y m e  w i t h  m e t h o t r e x a t e .  T o  a s o l u t i o n  o f  i • 10 -8 ~V[ m e t h o t r e x a t e ,  i n c r e a s i n g  
v o l u m e s  o f  e n z y m e  s o l u t i o n  w e r e  a d d e d  a n d  t h e  r e a c t i o n  r a t e  d e t e r m i n e d .  D u p l i c a t e  a s s a y s  a r e  
s h o w n  a n d  l i n e s  c a l c u l a t e d  b y  c o m p u t e r  p r o g r a m  (see t e x t ) .  O - - O ,  n o  m e t h o t r e x a t e ;  X - - X ,  
i - lO -8 IV[ m e t h o t r e x a t e .  
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(0.031 mg/ml, spec. act. I32 units/rag) and that  from the LOWRY et al. 1~ method 
(0.058 mg/ml). I f  both were correct (o.o31 mg of enzyme in 0.058 mg of protein) the 
enzyme preparation would be 60% pure. However, the data from chromatography 
on Sephadex G-75 and from gel electrophoresis indicated this not to be the case. 
The LOWRY et al.  la method of estimating protein concentration assumes the unknown 
and standard (bovine serum albumin) to have a similar content of t ryptophan,  which 
may  not be the case for the dehydrogenase enzyme from the Li2IO cells. 

T A B L E  I 

PURIFICATION OF TETRAHYDROFOLATE DEHYDROGENASE 

Step Activity Vol. Total units Step Overall Spee. Act. 
(l~moles/min (ml) ([2moles/min) recovery recovery (#moles/rain 
per ml ) (%) (%) per rag) 

I Lys is  3.42 39 134 IOO o.19 
2 4 5 - 9 0 %  

(NH4)2SO4"** 4.4 ° 26 114 85 85 - -  
3 Aga rose -  

m e t h o t r e x a t e  2.24 42 94 82 7 ° - -  
4 Sephadex  

G-75 (not  pooled) 65 69 5 ° 7 °* 
i32"* 

* Pro te in  d e t e r m i n e d  by  the  me thod  of LOWRY et al. is. 
"* Pro te in  ca lcu la t ed  f rom m e t h o t r e x a t e  t i t r a t i o n  (see text) .  

*** I n c l u d i n g  r e m ova l  of sa l t  on Sephadex  G- io  column.  

If, then, we assume the enzyme preparation to be pure, and the turnover 
number to be 2090 moles of tetrahydrofolate produced per rain per mole of enzyme, 
the final preparation had a specific activity of 132, and represented a 50% recovery 
of available enzyme from the crude lysate (Table I). I t  appears that  the value for 
the specific activity based on the enzyme concentration as calculated from the 
methotrexate-t i t rat ion data (assuming enzyme puri ty of lOO%) is the more reliable. 
Further work to confirm these assumptions is being carried out. 

This rapid and efficient method of purifying tetrahydrofolate dehydrogenase 
by affinity chromatography can be applied on a small scale as well as a large scale and 
should contribute to further knowledge about the properties and behaviour of this 
enzyme. 
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