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SUMMARY 

A new assay technique for ATP :L-methionine S-adenosyltransferase activity 
(EC 2.5.1.6 ) is described. The procedure eliminates the use of ion exchange resin 
columns which have been routinely used in the past. The principle of the assay 
depends upon the separation of S-adenosyl-L-[Me-14C]methionine from L-[Me-14Cl- 
methionine by differential adsorption on cellulose phosphate ion exchange discs. The 
cellulose phosphate disc method is considerably simpler, more rapid, and less ex- 
pensive than the column procedure while retaining high sensitivity and precision. 

INTRODUCTION 

The discovery of (--)-S-adenosyl-L-methionine and formulation of its structure 
by Cantoni 1 in 1952 were the culmination of over a decade of investigation into the 
mechanism by which adenosine triphosphate and L-methionine participate in en- 
zymatic methylation reactions. The chemical properties and stability of S-adenosyl- 
L-methionine as well as the stereospecificity at the sulfonium atom have been des- 
cribed2-4. 

The formation of S-adenosylmethionine involves the transfer of the adenosyl 
moiety of ATP to one pair of free electrons of the sulfur atom of L-methionine with 
the formation of a high energy, positively charged, sulfonium compound which is 
energetically capable of donating its methyl group, or following decarboxylation, 
its propylamine group to appropriate acceptors. The resultant enzyme-bound 
tripolyphosphate, formed by complete dephosphorylation of ATP, is asymmetrically 
hydrolyzed to pyrophosphate and inorganic phosphateS,L 

The enzymatic synthesis of S-adenosyl-L-methionine which Occurs in animal, 
plant and microbial systems is metabolically important for three reasons: first, as a 
methyl donorT,S; secondly, as a propylamine donorg-ll; and thirdly, as a regulator 
of certain enzymatic reactionsS,1% 

In the light of the central importance 8 of the ATP:L-methionine S-adenosyl- 
transferase (EC 2.5.1.6) reaction for a variety of metabolic pathways it became 
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clearly desirable to develop a rapid, convenient and inexpensive assay method %r 
this enzyme. The assay system initially described by Cantoni la measured the amount 
of liberated inorganic phosphate. A spectrophotometric assayS4,15 devised in I957 
utilized Dowex-i(chloride) resin which removed ATP from the incubation mixture 
while allowing S-adenosyhnethionine to remain in solution. The absorbance of the 
supernatant fluid at 26o nm was then used to measure tile S-adenosylmethionine 
formed 15. 

Mudd et al. ~6 further improved the assay by employing radioactive L-[Me-14C l- 
methionine. The enzymatically synthesized S-adenosyl-L-[Me-14C]methionine was 
then separated from the starting materials by adsorption onto a cation exchanger 
(Dowex AG 5oW-X2) and was quantitat ively eluted from the resin with IO ml of 
3 M NH4OH. After evaporation of the ammonium hydroxide, the radioactivity of 
the S-adenosylmethionine (and its decomposition products) was determined. 

Lombardini et al. ~7 introduced minor modifications of the procedure of Mudd 
et al. ~6 by eluting the radioactive S-adenosylmethionine from the cation exchange 
columns into scintillation vials with two 5-ml aliquots of concentrated NH4OH and 
then directly counting the S-adenosylmethionine after addition of 15 ml of Bray's  
scintillation solution 18. Radioactive ATP could similarly be used as a tracer for the 
synthesis of S-adenosylmethionine. 

In this paper we describe a new assay procedure based on the separation of 
S-adenosyl-L-[Me-14C]methionine from L-iMe-14C]methionine by cellulose phosphate 
ion exchange paper. This method has the same precision and sensitivity as the column 
assay systems when using radioactive substrates. 

EXPERIMENTAL PROCEDURE 

Materials 
All solutions were prepared from reagent grade chemicals in deionized glass- 

distilled water. L-Methionine was supplied by Mann. L-EMe-14C]methionine (53.6 #Ci/ 
#mole) was purchased from Amersham/Searle and was purified by  passage through 
Dowex AG 5oW-X2 (NH4+) columns (0.6 c m x  12 cm) at neutral pH. S-Adenosyl- 
L-EMe-14C]methionine (52.3 #Ci/#mole) was purchased from New England Nuclear. 
The cation exchange Dowex resin designated AG 5oW-X2 (lOO-2OO mesh) was 
supplied by Bio-Rad, Richmond, Calif. 23 mm diameter cellulose phosphate ion 
exchange paper discs, catalogue No. P 81, and paper impregnated with Amberlite 
IR-I2O resin, catalogue No. SA-2, were purchased from Reeve Angel, Clifton, N.J. 

Preparation of cation exchange columns 
The Dowex AG 5oW-X2 resin which was initially in the hydrogen form was 

packed into columns (6 m m ×  30 ram) and was converted to the ammonium form 
by addition of 25 ml of 4 M NH4OH, and then washed with water until neutral. 

Preparation of cellulose phosphate ion exchange paper 
The ion exchange paper initially purchased in the ammonium form was con- 

verted to the hydrogen from by  immersion in 4~o acetic acid for 20 min and then 
washed with water 5 times by decantation. The paper discs were separated and dried 
before use. 
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Preparation of bakers' yeast A TP  : L-methionine S-adenosyltransferase 
The enzyme was prepared as described by  Lombardini et al.lL 

Enzymatic assay 
The conversion of L-methionine to S-adenosyl-L-methionine was carried out in 

one of two systems, designated as reaction mixture A16,17 or B 19 (Table I), which 
differ markedly with respect to ionic strength and pH. Since studies in this laboratory 
have utilized both reaction mixtures, we have examined the efficiencies of the ion 
exchange paper to retain radioactive S-adenosylmethionine and not to retain radio- 
active L-methionine under a variety of conditions. Partially purified yeast adenosyl- 
transferase (specific activity: 7.0 #moles S-adenosylmethionine formed per mg pro- 
tein per 30 rain) was used to initiate the reaction. Incubations were carried out at 
37 °C with agitation for time periods and with the amounts of enzyme protein spe- 
cified. For comparison the quanti ty of S-adenosylmethionine synthesized in each 

T A B L E  I 

COMPOSITION OF REACTION MIXTURES USED FOR ASSAY OF ATP:L-METHIONINE ~-ADENOSYLTRANS- 
FERASE 

For  e n z y m a t i c  assays  the  reac t ion  m i x t u r e  (final vo lume 250/*1) also rece ived L-[Me-14C]methio - 
nine,  650 ooo cpm. For  n o n - e n z y m a t i c  e x p e r i m e n t s  L-[Me-14Clmethionine, 800 ooo cpm, or 
S-adenosyl-L-EMe-14Clmethionine, 18o 000-300 ooo cpm, were also added  to  the  reac t ion  mix tu re .  

Reaction mixture Ale,l~ Concn (raM) Reaction mixture B 1° Concn (raM) 

Tris-HC1 (pH 7.6) 16o T r i s -h i s t i d ine  (pH 9.o) 90 
KC1 200 KC1 ioo  
MgCI~ 300 MgC1, 5 
G l u t a t h i o n e  8 2 -Mercap toe thano l  5 
L-Methionine 5 L-Methionine 5 
A T P  20 Mg-ATP IO 

reaction vessel was determined by  both the column assay technique x7 and by the 
cellulose phosphate disc method. For these purposes, the enzymatic reaction was 
terminated by two different procedures: (a) A 5o-/,1 aliquot of the incubation mix- 
ture was removed by means of a disposable micropipette and applied to the upper- 
most of three cellulose phosphate ion exchange discs previously placed in close appo- 
sition on a pin, inserted into a cork ring, and dried under an infrared lamp. The dry 
papers were then washed on Gooch crucibles by suction filtration with 200 ml water 
to remove the unreacted L-~Me-l~C]methionine from the S-adenosyl-L-[Me-14C] - 
methionine which remains adsorbed to the cellulose phosphate. The ion exchange 
papers were then placed in scintillation vials and counted with 7 ml of Bray's  scin- 
tillation fluid is in a liquid scintillation spectrometer; (b) to the remaining 200/A of 
incubation mixture IO ml of cold water was added and the total mixture was applied 
to the Dowex AG 5oW-X2 columns. A minimum of IOO ml of water was used to 
wash the unreacted L-EMe-14C]-methionine through the columns. The adsorbed S- 
adenosyl-L-[Me-14C]methionine was eluted from the columns with two 5-ml aliquots 
of concentrated NH40H and each counted for radioactivity with 15 ml of Bray 's  
scintillation fluid TM. 
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C a l c u l a t i o n s  

In order to calculate the quantities of S-adenosylmethionine formed during 
the reaction it is necessary to prepare standards of L-[MeJ4C]methionine that  can be 
counted under exactly the same conditions as employed for measuring the radio- 
activity of S-adenosylmethionine in the two assays. (a) In the Dowex column assay 
the standard is prepared by adding an aliquot (2oo #1) of the reaction mixture (without 
enzyme, and containing I.OO/~mole of L-methionine and 512 ooo cpm; see Table II) 

T A B L E  I I  

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

Deta i l s  of the  assay  condi t ions  and  ca lcu la t ions  are  descr ibed under  E x p e r i m e n t a l  Procedure.  
I n c u b a t i o n  15 nl in  a t  37 °C. An a l iquo t  (2oo/*1) of the  t o t a l  reac t ion  m i x t u r e  A (25oyl)  was 
processed in the  assay.  The cont ro ls  were also i n c u b a t e d  and  con ta ined  all componen t s  of the  com- 
p le te  s y s t e m  excep t  ATP.  Control  va lues  were ave raged  and  sub t rac t ed .  

Reaction Radioactivity (@m) Amount of S-adenosyl- 
s y s l o n l  - - -  

First Second 
duate ehtate 

. . . .  methionine (nmoles) 
Total of Total 
first and corrected synthesized in 
second for 2oo y l  Total 
eluates control** aliquot incubation 
(cpm) (cpm) system 

E x p e r i m e n t a l  
i 62 341" 672 63 Ol 3 62 632 122 153 
2 61 272 016 61 888 61 507 12o i5o 

Control  (minus ATP) 
i 362 12 374 
2 381 7 388 

* The d ig i t s  shown in some ent r ies  r ep resen t  d i rec t  r ead ings  ob ta ined  from the  sc in t i l l a t ion  
coun te r  (corrected for background) .  

** Correc ted  by  s ub t r a c t i on  of the  ave rage  of the  two  controls  (381 cpm). 

T A B L E  I 11 

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

Deta i l s  of  the  assay  condi t ions  and  ca lcu la t ions  are  descr ibed unde r  E x p e r i m e n t a l  Procedure.  
I n c u b a t i o n  15 rain a t  37 °C. An a l iquo t  (5 ° kd) of the  t o t a l  reac t ion  m i x t u r e  A (25 ° #1) was pro- 
cessed in the  assay.  The  cont ro ls  were also i n c u b a t e d  and  con ta ined  all componen t s  of the  conl- 
p le te  s y s t e m  excep t  A T P  (the same cont ro ls  as in co lunm assays).  

Reaction Radioactivity Total Amount  of S-adenosyl- 
system (cpm) corrected methionine (nmoles) 

for control" synthesized in 
( c p m )  - - 

50 t~l Total 
aliquot incubation 

system 

E x p e r i u l e n t a l  
i 14 769 * 
2 14 53o 

Control  (minus ATP) 
i 531 
2 424 

14 291 27.9 14o 
14 °52 27.5 137 

* The  d ig i t s  shown in some ent r ies  r ep resen t  d i rec t  r ead ings  ob ta ined  f rom the  sc in t i l l a t ion  
coun te r  (corrected for background) .  

** Correc ted  by  s u b t r a c t i o n  of the  ave rage  of two controls  (478 cpm). 
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to a mixture of 5 ml of concentrated NH40H and 15 ml of Bray's scintillation fluid. 
(b) The standard for the cellulose phosphate ion exchange paper assay consists of an 
aliquot (5o #1) of the reaction mixture (without enzyme, and containing o.25/,mole 
of L-methionine and 128 ooo cpm; see Table III) which is placed with the aid of a 
micropipette onto the discs of cellulose phosphate paper (3 thicknesses), dried, and 
then counted with 7 ml of Bray's scintillation fluid 18. 

RESULTS AND DISCUSSION 

Comparison of assays 
Typical experimental results are presented in Tables II and III. Control reac- 

tion vessels containing all reactants, except ATP, were incubated for 5, 15 and 30 rain 
in order to correct for any positively charged spontaneous or enzymatic decomposi- 
tion products or contaminants of radioactive L-methionine which would be retained 
on either the Dowex column or the ion exchange paper. Controls with different time 
periods of incubations showed no increases of radioactivity with time. These values 
were then averaged and subtracted from the experimental results. The total quanti ty 
of S-adenosyl-L-methionine synthesized as measured by the Dowex column and the 
cellulose phosphate ion exchange paper assays does not differ by more than 6-8% at 
each time interval of incubation (Fig. I). Strict proportionality of product formation 
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Fig. I. Compar i son  of  t he  t i me  course  of  f o rma t i on  of  S -adenosy l -L-meth ion ine  (AMe) m e a s u r e d  
by  t he  Dowex  c o l u m n  and  cellulose p h o s p h a t e  disc me thods ,  I n c u b a t i o n s  (react ion m i x t u r e  A) 
were carr ied ou t  a t  37 °C wi th  par t ia l ly  purif ied y e a s t  adenosy l t r ans f e r a se  (43.8/*g). For  condi t ions  
see E x p e r i m e n t a l  Procedure .  A 5o-/.1 a l iquo t  of  t he  reac t ion  s y s t e m  was  used  for t he  disc a s s ay  and  
a 2oo/*1 a l iquo t  for t he  c o l u m n  assay .  The  q u a n t i t y  of  S - a d e n o s y l m e t h i o n i n e  syn thes i zed  is calcu- 
la ted  for the  ent i re  reac t ion  v o l u m e  (25o/*1). Sample  d a t a  are  p re sen t ed  in Tables  I I  and  I I I .  

Fig. 2. Re la t ion  be tween  f o r m a t i o n  of  S -adenosy l -L-me th ion ine  (AMe) and  p ro te in  concen t ra t ion ,  
m e a s u r e d  b y  t he  cellulose p h o s p h a t e  disc m e t h o d .  I n c u b a t i o n s  (react ion m i x t u r e  A) were c o n d u c t e d  
for 8 m i n  a t  37 °C wi th  pa r t i a l ly  purif ied y e a s t  adenosy l t r ans fe rase .  For  cond i t ions  see Exper i -  
m e n t a l  Procedure .  A 5o-/.1 a l iquo t  of  t he  reac t ion  s y s t e m  was  a s sayed  and  t h e  to ta l  q u a n t i t y  of  
S - a d e n o s y l m e t h i o n i n e  syn t he s i zed  is ca lcu la ted  for t h e  ent i re  reac t ion  v o l u m e  (25o/*1). 
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with respect to time is not observed in either assay system. This phenomenon is an 
intrinsic property of the enzyme and not related to the assay procedure la. The 
quanti ty of S-adenosylmethionine formed as a function of protein concentration is 
shown in Fig. 2. 

Initial problems 
Some of the initial problems encountered in developing the assay procedure 

were the following: 
Choice of ion exchange paper and ionic form. The two types of ion exchange 

papers that were tested were cellulose phosphate (a strong cation exchanger attached 
to the cellulose molecule by an ester linkage) and Amberlite IR-i2o (strong cation 
exchange resin which is processed with cellulose pulp to form a homogeneous paper). 
Both types of ion exchange papers were examined in three ionic forms (Na +, H + and 
NH4+ ) for their ability to adsorb quantitatively from the reaction system S-adenosyl- 
L-[Me-14C]methionine and not to retain L-[MeJ*C]methionine after thorough washing 
with water. The cellulose phosphate (P 81) ion exchanger in the hydrogen form gave 
the maximum retention of S-adenosylmethionine and a minimum adsorption of 
L-methionine (Table IV). 

Type of 
cation 
exchange 
paper 

Cellulose 
phospha te  
(PSI )  

TABLE IV 

C O M P A R I S O N  O F  T H E  E F F I C I E N C Y  O F  V A R I O U S  I O N I C  F O R M S  O F  C A T I O N  E X C H A N G E  P A P E R S  I N  T H E  

A S S A Y  

The papers  were compared for their  ability to retain S-adenosylmethionine and not  adsorb L- 
methionine after washing wi th  distilled water.  Cellulose phospha te  ion exchange paper,  supplied 
in the NH4+ fornl was converted to the H + form by t r ea tmen t  with 4% acetic acid for 20 min and 
then  washed wi th  distilled water  to neutral  p H  ; or converted to Na + form by t r ea tmen t  with I M 
N a O H  for 20 min and then  washed with distilled water  to neutral  pH.  Amberli te IR-I2O ion ex- 
change paper,  supplied in the Na + form, was converted to the H+ form with 4% acetic acid as 
above, or converted to the NHI+ form by  t r ea tmen t  wi th  4% N H 4 0 H  for 20 rain and then washed 
with distilled water  to neutral  pH. Reaction mixture  A or 13 (Table I) contained either radio- 
active L-methionine (o.i /~mole, 59 ooo cpm) or radioactive S-adenosyhnethionine (0.02 #nmle, 
25 ooo cpm). 20/~1 of  either reaction mixture  were applied to a single cation exchange paper  disc 
wi th  the aid of  a micropipette,  dried under  infrared lamp and washed wi th  water.  The exchange 
paper  was then  placed in a scintillation vial and counted with 7 ml of Bray ' s  scintillation fluid. 
Results  are expressed as percent  re tent ion of radioact ivi ty after  washing with distilled water.  

Ionic form Radioactive label in % Retention of radioactivity after washing 
of cation with distilled water 
exchange 
paper Reaction mixture A Reaction mixture B 

H + L-Methionine o. 17 0.07 
.q-Adenosyhnethionine 77.1 94.6 

NH4+ L-Methionine o. 12 0.07 
S-Adenosylmethionine 60. 4 75.6 

Na + L-Methionine o. I I 0.07 
S-Adenosylmethionine 4.9 ° 1.96 

H + L-Methionine 25 .8 38. I 
S-Adenosylmethionine 98. i 99.7 

N H 4 +  L-Methionine o.72 1.26 
S-Adenosylmethionine 93. i 94.4 

Na + L-Methionine 0.67 I.O6 
S-Adenosylmethionine 91.I 92.9 

Anlberlite 
IR - i2o  
(SA-2) 
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Thicknesses of ion exchange paper. I t  was found that  a single thickness of paper 
disc did not retain quantitatively the radioactive S-adenosylmethionine after water- 
washing especially in reaction mixture A which has high ionic strength. Moreover, 
comparison of results obtained by the column and the ion exchange paper assays 
always resulted in lower yields for the latter when a single cellulose phosphate disc 
was used. This difficulty could be corrected by using three thicknesses of paper discs 
which resulted in retention of more than 90% of the S-adenosylmethionine after 
washing (cellulose phosphate discs of different thicknesses are not commercially 
available). In one experiment, the total radioactivity of 4 paper discs prepared from a 
reaction system as described was 13 200 cpm. The radioactivity (cpm) was distributed 
as follows: first disc (II 154); second disc (153o); third disc (300) and fourth disc (30). 
The radioactivity remains quantitatively adsorbed to the exchange paper after 
addition of Bray's scintillation fluid. This eliminates any problems in counting tech- 
nique which may arise from variations in the radioactivity distributed between the 
paper and the solution. 

Wash procedure for separation of L-EMe-X4C~methionine from S-adenosyl-L- 
EMe-X4Clmethionine. Various buffers of low ionic strength (5 mM sodium acetate, 
potassium phosphate, Tris-HC1, Tris-histidine, or sodium carbonate), and ranging 
in pH values from 5-1o.7 were tested for their efficiency in washing away the un- 
reacted L-LMe-X4Clmethionine from the cellulose ion exchanger. Each of the above 
buffers was either no more effective than distilled water in lowering blank values or 
had a detrimental effect, i.e. also removed radioactive S-adenosylmethionine from the 
ion exchange paper. Consequently, water was routinely used as the wash medium. 

It  was also found that the passage of the water wash through the paper by 
suction filtration (minimum 200 ml) was much more effective in removing radio- 
active L-methionine than by placing the paper in a beaker of water and decanting 
several times. 

Advantages of the cellulose phosphate disc method 
There are three principal advantages that characterize the cellulose phosphate 

disc method in comparison to the Dowex column procedure. First, the cellulose phos- 
phate disc method eliminates the time required for the preparation of the columns, 
the protracted water wash and the two elutions with 5 ml of NH4OH which are re- 
quired for the column procedure. Secondly, the disc procedure does not require a 
fume hood as there is no need to pipette and elute with NH4OH. Thirdly, the disc 
procedure is less expensive, since it eliminates the cost of the columns and uses only 
7 ml of Bray's scintillation fluid rather than 30 ml. The cellulose phosphate disc 
procedure does not sacrifice accuracy or sensitivity as shown by the duplicates 
(Table III) and by comparison with the Dowex column procedure (Table II). The 
results shown in Tables II and III  were obtained by the two procedures on the same 
reaction mixtures. 
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