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Inhibition of Glutamine Synthetase by Methionine Sulfoximine. 
Studies on Methionine Sulfoximine Phosphate" 

W. Bruce Rowe, Robert A. Ronzio,i and Alton Meister 

ABSTRACT : The irreversible inhibition of glutamine synthe- 
tase by methionine sulfoximine is associated with the tight 
binding to the enzyme of adenosine diphosphate and meth- 
ionine sulfoximine phosphate; the latter compound can be 
cleaved nonenzymatically and also by phosphatases to equi- 
molar amounts of methionine sulfoximine and inorganic 
phosphate. Methionine sulfoximine phosphate is oxidized 
by L-amino acid oxidase to  yield a phosphate-containing 
product. The chemical synthesis of methionine sulfoximine 
phosphate was achieved by treating methionine sulfoximine 
methyl ester with cyanoethyl phosphate and dicyclohexyl- 
carbodiimide; the product was isolated from the reaction mix- 
ture and crystallized. The enzyme- and chemically synthesized 
methionine sulfoximine phosphate products are identical as 

P revious studies in this laboratory (Ronzio et al., 1969a) 
have shown that the irreversible inhibition of glutamine syn- 
thetase from sheep brain by L-methionine sulfoximine in the 
presence of ATP and Mg2+ (or Mn2+) is associated with the 
tight binding to the enzyme of close to 8 moles each of meth- 
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judged by paper chromatography in five solvent systems, 
paper electrophoresis at pH 2.8, 5.5, 7.5, and 9.0, relative 
stability a t  various values of pH, and the rates of cleavage in 
1 N HCI at 100' and by phosphatases. Treatment of meth- 
ionine sulfoximine phosphate with hydrosulfite gave a prod- 
uct exhibiting the properties of methionine sulfimine phos- 
phate, indicating that the phosphoryl moiety of methionine 
sulfoximine phosphate is attached to the sulfoximine nitro- 
gen atom. L-Methionine sulfoximine phosphate inhibits 
glutamine synthetase in the absence of added nucleotide and 
metal ions; however, L-methionine sulfoximine phosphate 
inhibits the enzyme much more effectively in the presence of 
Mg2+ and adenosine diphosphate (and to a lesser extent aden- 
osine triphosphate). 

ionine sulfoximine phosphate and ADP. It was established 
that the methionine sulfoximine phosphate derivative ob- 
tained from the enzyme (by brief heating at 100' or by treat- 
ment with perchloric acid) could be converted by treatment 
with acid or with several phosphatases into equimolar amounts 
of methionine sulfoximine and Pi. The present work, which 
was undertaken in order to further characterize the enzyme- 
bound methionine sulfoximine derivative, indicates that the 
phosphoryl moiety of this compound is attached to the sulf- 
oximine nitrogen atom. The chemical synthesis of L-meth- 
ionine sulfoximine phosphate has been achieved, and studies 
on the inhibition of glutamine synthetase by this compound 
have been carried out. 
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Experimental Section sulfoximine phosphate was found to be relatively stable to 

Materials. Glutamine synthetase was isolated from sheep 
brain as described by Ronzio et al. (1969b). L-Methionine 
sulfoximine, L-[' 4C, 2P]methionine sulfoximine phosphate (en- 
zyme synthesized), phosphatases, ATP, ADP, and other com- 
pounds were obtained and characterized as stated previously 
(Ronzio et al., 1969a). Methionine sulfimine was prepared 
by treatment of methionine with hydrazoic acid (W. B. Rowe 
and A. Meister, 1969, in preparation). We are indebted to 
Dr. Daniel Wellner for the crystalline L-amino acid oxidase 
(Crotalus adamanteus), to Dr. Gerhard Schmidt for the yeast, 
prostate, and intestine phosphatases, and to Dr. R. T. Simp- 
son and Dr. Bert L. Vallee for the Escherichia coli phosphatase. 
Dicyclohexylcarbodiimide was obtained from Schwarz Bio- 
Research Inc. /3-Cyanoethyl phosphate was obtained as the 
barium salt from California Corp. for Biochemical Research. 
L-Ethionine sulfoximine was prepared as described by Bentley 
et al. (1951). 

Methods. Glutamine synthetase was determined by th.: 
y-glutamyl hydroxamate assay method (Wellner and Meister, 
1966) using salt-free hydroxylamine. Paper electrophoresis 
was carried out as previously described (Ronzio et al., 1969a). 
In the experiments designed to determine ATP formation, 
0.025 M sodium citrate buffer (pH 3.7) was used; at this value 
of pH AMP, ADP, ATP, and P, are separated. Paper chroma- 
tography (ascending) was carried out with the following sol- 
vents: solvent I, isobutyric acid-water-concentrated "?OH 
(66 : 33 : 1 ,  vlv); solvent 11, concentrated formic acid-sec-butyl 
alcohol-water (70:15:15, v/v); solvent 111, 9 5 x  ethanol-1 N 

ammonium acetate (pH 5.5) (70:30, viv); solvent IV, 
n-butyl aicohol-acetic acid water (50:25 :25, v/v); and solvent 
V, r-butyl alcohol-methyl ethyl ketone-formic acid-water 
(40 : 30 : 15 : 15, viv). The RF values for methionine sulfox- 
imine and methionine sulfoximine phosphate were, respec- 
tively, I ,  0.64 and 0.26; 11, 0.13 and 0.09; 111, 0.37 and 0.14; 
IV 0.25 and 0.14; and V, 0.27 and 0.15. The position of P, 
and compounds containing phosphate was determined after 
chromatography by spraying the chromatograms with am- 
monium molybdate (Bandurski and Axelrod, 1952). Adenosine 
compounds were located by examining the chromatograms 
under ultraviolet light, and amino acids were located by spray- 
ing with ninhydrin. 

14C and 32P were determined with a Nuclear-Chicago 
liquid scintillation counter using double-isotope technique. 
Liquid samples were counted in methyl Cellosolve-toluene 
( 1  :2, viv). and 32P on dry Whatmann No. 3MM paper 
strips (0.5-1.0 cm wide X 1.8 cm long) were measured in a 
toluene solution containing 0.05 g of p-bis[2-(5-phenyloxa- 
zo1yl)lbenzene and 4 g of 2.5-diphenyloxazole per 1. Deter- 
minations were made with a precision of i 5 %. 

P, was determined by the Leloir and Cardini (1957) mod- 
ification of the method of Fiske and Subbarow (1925) except 
as noted. 

Results 

Oxidation of L-[ 4C, 2P]Methionine Sulfoximine Phosphate 
by L-Amino Acid Oxidase. Previous studies indicated that the 
phosphoryl moiety of methionine sulfoximine phosphate is 
not attached to the a-amino or a-carboxyl groups of meth- 
ionine sulfoximine (Ronzio et a/., 1969a); thus, methionine 

- -  
acid. Additional evidence for this conclusion has come from 
studies in which it was found that enzymatically produced 
[le, 32Plmethionine sulfoximine phosphate is oxidized by 
L-amino acid oxidase (without formation of "P,) to a product 
containing both and 32P. In these studies, a reaction mix- 
ture (volume, 0.05 ml) containing crystalline Crotalus adam- 
unteus venom L-amino acid oxidase (0.02 mg), Tris-HCI 
buffer (0.1 M ;  pH 7.73, and L-['C, 32P]methionine sulfox- 
imine phosphate (0.2 mM 3?P. 1.11 X IO6 cpm/pmole; I F ,  

1.24 x lo6 cpm/pmole) was incubated in air at 25" for 24 hr. 
The entire reaction mixture was spotted on a strip of 
Whatman No. 3MM paper and subjected to paper electro- 
phoresis (with carrier Pi) at pH 2.56 at 55  V/cm and 20" for 
60 min. Under these conditions, methionine sulfoximine phos- 
phate exhibited a mobility of -8.9 cm and the only radioac- 
tive product of L-amino acid oxidase activity exhibited a mo- 
bility of -20.7 cm. The product, which contained 24 .6x  of 
the total radioactivity present, overlapped the area of the 
strip containing carrier Pi. Therefore, the product was eluted 
from the strip with water and subjected to electrophoresis at 
pH 4.1 (0.05 M sodium acetate buffer) using the same condi- 
tions given above. The product moved 20.1 cm from the ori- 
gin and was completely separated form the P, area (18 cm), 
which was devoid of radioactivity. The 32P/14C ratios of the 
product and the methionine sulfoximine phosphate were, 
within experimental error, the same. These findings show that, 
although L-methionine sulfoximine phosphate is a poor sub- 
strate for L-amino acid oxidase, about 25% of the added L- 

methionine sulfoximine phosphate was oxidized under these 
conditions. As expected, L-methionine sulfoximine is oxi- 
dized more rapidly by the oxidase and was thus completely 
deaminated in 4 hr under the same conditions. 

Chemical Synthesis of Methionine Sulfbxiniine Phosphate. 
The phosphorylation of methionine sulfoximine was attempted 
with phosphorous oxychloride as described by Neuhaus and 
Korkes (1958). who used this reagent for the synthesis of 
0-phosphoserine. No ninhydrin-positive compounds which 
migrated as anions on paper electrophoresis at  pH 2.6 werz 
formed in this reaction whether examined before or after 
treatment with 9 M ammonium hydroxide. Similarly negative 
results were obtained in attempts to phosphorylate methio- 
nine sulfoximine with a mixture of phosphoric acid and phos- 
phorous pentoxide (Peterson et al.. 1953). On the other hand, 
a successful synthesis was achieved by carrying out the phos- 
phorylation with cyanoethyl phosphate in the presence of 
dicyclohexylcarbodiimide by the general procedure of Tener 
(1 961). 

L-Methionine sulfoximine methyl ester was prepared by 
passing hydrogen chloride into a suspension of the free L- 

amino acid (2 g, 11.2 mmoles) in 50 ml of methanol for 30 min. 
The mixture was refluxed for 2 hr and then concentrated in 
cucuo at 50" to yield a syrup. This was dissolved in anhydrous 
methanol and the treatment with hydrogen chloride was re- 
peated. After evaporation in ~'acuo with methanol, the ester 
was obtained as a syrup which was stored in a vacuum desic- 
cator at  26" over sodium hydroxide pellets for 18 hr. 

Anhydrous pyridine (50 ml) was added to the ester and the 
suspension was warmed to 37" with agitation until most of 
the ester dissolved. Pyridinium cyanoethyl phosphate (22.4 
mmoles) dissolved in 22 ml of anhydrous pyridine was added 
to the ester solution and 50 ml of anhydrous pyridine con- 
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FIGURE 1 : Acid hydrolysis of L-methionine sulfoximine phosphate. 
The reaction mixture contained 1 N HCI, chemically synthesized 
L-methionine sulfoximine phosphate (4.24 mM), and enzymatically 
synthesized ~-[3~P]methionine sulfoximine phosphate (22 p ~ ;  3.48 X 
lo6 cpm/pmole); volume, 0.61 ml. The mixture was placed at 100". 
At the intervals indicated, duplicate aliquots (15-25 pl) were re- 
moved and diluted to 100 p1 with water and 31Pi was detxmined as 
described under Methods. Aliquots (10 pl) were also spotted on 
Whatman No. 3MM paper and subjected to paper electrophoresis 
at pH 2.6; the radioactivity present in the P, area was measured as 
described under Methods. The results are expressed as per cent 
hydrolysis. Closed circles, Pi based on szP; open circles, Pi based on 
31P. 

taining dicyclohexylcarbodiimide (33.6 mmoles) was added. 
The reaction flask was stoppered and placed at  37' for 36 hr. 
At this time 50 ml of anhydrous pyridine containing pyridin- 
ium cyanoethyl phosphate (22.4 mmoles) and dicyclohexyl- 
carbodiimide (33.6 mmoles) was added and the mixture was 
allowed to stand for an additional 36 hr at 37". Water (150 
ml) was then added, and after standing at 26" for 1 hr, the 
dicyclohexylurea was removed by filtration. The precipitate 
was washed with water (400 ml); the combined filtrate and 
washings were evaporated in uacuo at 30" to about 20 ml. 
Examination of an aliquot of this solution by paper electro- 
phoresis at  pH 2.6 revealed four major ninhydrin-positive 
spots. One of these ( 3 0 4 0 x  of the ninhydrin-positive ma- 
terial present) was identified as methionine sulfoximine. Two 

6 0  

40 

a" 20 

0 IO 20 30 40 50 60 70 8 0  
M i i u t e s  

FIGURE 2 : Hydrolysis of chemically and enzyme-synthesized L-meth- 
ionine sulfoximine phosphate by yeast acid phosphatase. The reac- 
tion mixtures contained phosphatase (1.8 X unit), sodium 
acetate buffer (0.1 M, pH 4.0), chemically synthesized L-methionine 
sulfoximine phosphate (6 a), and enzyme-synthesized L- [~~P] -  
methionine sulfoximine phosphate (0.2 mM, 1 1,400 cpm/pmole). 
The solution was incubated at 37";  aliquots were withdrawn for 
determination of 31P by the method of Chen et al. (1956) and for 
paper electrophoresis. The samples were spotted on Whatman No. 
3MM paper that had been moistened with a solution of trichloro- 
acetic acid in ethanol. After electrophoresis, the radioactivity present 
in the Pi area of the dried paper strips was determined with a scintil- 
lation counter. At the point indicated by the arrow additional en- 
zyme (1.8 X unit) was added. 

%4K, I ,  
a 
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a 

i 

FIGURE 3 :  Stability of L-methionine sulfoximine phosphate at various 
values of pH. The reaction mixtures contained chemically syn- 
thesized L-methionine sulfoximine phosphate ( 2  mM) and enzyme- 
synthesized ~-[~~P]methionine sulfoximine phosphate (0.2 mM) in 
0.2 ml of 1 N HCI, 0.1 N HCI, 0.05 N formic acid (adjusted to pH 1.8 
with 1 N HCI), 0.1 M sodium acetate buffer, or 0.1 M Tris-HCI 
buffer. After heating at 60" for 60 min, the formation of 31Pi was 
determined by the method of Chen era/ .  (1956). a2P, was determined 
after paper electrophoresis by scintillation counting. 

anionic compounds were present; the major and less anionic 
of these exhibited a mobility consistent with methionine sulf- 
oximine phosphate. The fourth ninhydrin-positive product 
did not migrate at  pH 2.6 but after hydrolysis with 9 M am- 
monium hydroxide, disappeared with a concomitant increase 
in methionine sulfoximine phosphate. The amount of this 
compound decreased considerably during the chromatog- 
raphy described below; we believe that it is probably the cya- 
noethyl derivative of methionine sulfoximine phosphate. 

The solution containing the products was repeatedly evap- 
orated to dryness in the presence of ethanol. The residue thus 
obtained was washed with two 50-ml portions of warm (40') 
ethanol and then dissolved in about 50 ml of water. The pH 
of this solution was adjusted to pH 1.5 by addition of HCI. 
The acidified aqueous solution was added to the top of a col- 
umn of a Dowex 50 (H+, 4.5 X 15 cm) which had previously 
been equilibrated with 0.01 N HC1. The sample was washed 
into the column with 100 ml of 0.01 N HCI. Elution was car- 
ried out with 0.05 M acetic acid; fractions of 25 ml were col- 
lected. Methionine sulfoximine phosphate emerged from the 
column in a broad band (between 750 and 1750 ml of effluent). 
The more anionic ninhydrin-positive compound found on 
paper electrophoresis was eluted from the column between 
300 and 650 ml of effluent. The third fraction, which contained 
mainly the presumed cyanoethyl derivative of methionine 
sulfoximine phosphate as well as some methionine sulfox- 
imine phosphate, emerged between 2000 and 3000 ml of ef- 
fluent. The fractions containing only methionine sulfoximine 
phosphate were combined and evaporated in Cacuo to dryness 
at 30". The residue was dissolved in the minimal volume of 
water and methionine sulfoximine phosphate was precipitated 
as a slightly yellow oil by addition of four volumes of acetone. 
The oil was dissolved in the minimal volume of warm 50% 
ethanol and allowed to crystallize at -20". The crystals thus 
obtained were recrystallized from water to yield 210 mg of elec- 
trophoretically pure methionine sulfoximine phosphate. The 
white crystalline product (mp 149-152") was stored in a vac- 
uum desiccator at  26'. 

Anal. Calcd for C6HlsN2OaPS: C, 23.1; H,  5.0; N, 10.8; 
P, 11.9; S, 12.3. Found: C, 23.1; H, 5.1; N, 11.0; P, 11.5; 
S, 12.3. 

Comparison (? f Enzjme- and Chemically Synthesized Meth- 
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TABLE I :  Inhibition of Glutamine Synthetase by Methionine 

- 

Sulfoximine Phosphate: 
- 

Concn of 
Methionine 

Sulfoximine or Methionine 
Methionine Sulfoximine 
Sulfoximine Phosphate 

(mM) Inhibition)* 
Phosphate (% 

Methionine 
Sulfoximine 
Phosphate 
+ ATP + 
MgZf (% 

inhibition) 

5 0  100 
0 50 6 
0 .10  2 
5 0. 

- ~- 

Methionine 
Sulfoximine 
+ ATP + 
Mg2' (% 
inhibition) 

100 
95 
63 

92 
14 
0 

58. 

Mixtures (volume, 0.2 ml) containing imidazole-HCI 
buffer (0.05 M ;  pH 7.2), enzyme (0.143 p ~ ) ,  and either L- 
methionine sulfoximine phosphate or L-methionine sulfox- 
imine and, as indicated, ATP (10 mM), and MgClr (20 mbi) 
were incubated for 15 min at 37'; aliquots (10 pl) were then 
removed and added to the standard y-glutamyl hydroxamate 
assay solution (final volume, 1 ml) and glutamine synthetase 
activity was determined. h The same results were obtained 
(in separate experiments) in the presence and absence of one of 
the following additions: MgCI2 (20 mM), ATP (10 mM), and 
ADP (10 mM). c L-Ethionine sulfoximine. 

ionine Suljbximine Phosphate. Paper chromatography of L- 

[ 14C, 32P]methionine sulfoximine phosphate obtained from 
the enzyme and of the chemically synthesized product was 
carried out in the five solvent systems given above; the prod- 
ucts gave identical R F  values in each of the several solvents. 
The mobilities of the two products on paper electrophoresis 
at  pH values of 2.8, 5 .5 ,  7.5, and 9.0 were also the same. The 
formation of inorganic phosphate in a mixture of L-[~*P]- 
methionine sulfoximine phosphate (from the enzyme) and 
chemically synthesized L-methionine sulfoximine phosphate 
was studied in 1 N HCI at  100' (Figure 1). The rates of Pi 
liberation from both products were the same within experi- 
mental error. 

Both products were completely hydrolyzed to yield equi- 
molar amounts of P; and methionine sulfoximine by yeast 
acid phosphatase, prostate acid phosphatase, E. coli alkaline 
phosphatase, and calf intestine alkaline phosphatase under the 
conditions previously described (Ronzio et a/., 1969a; 
Table IV). The rates of hydrolysis were the same for 
the product obtained from the enzyme and for the chemically 
synthesized compound. Thus, as indicated in Figure 2, the 
formation of unlabeled Pi and of 32P, was parallel with yeast 
acid phosphatase. In similar studies with prostate phosphatase, 
the values for per cent :j2P, and "'Pi liberated by 0.019 unit of 
enzyme in 10, 20, and 30 min were, respectively, 14.0 and 16.5, 
21 .0 and 25.5, and 35.0 and 29.0. 

The stability at 60' of the enzyme- and chemically synthe- 
sized methionine sulfoximine phosphate products were, within 
experimental error, the same over a broad range of pH (Figure 
3). 

Concersion of Methionine Sidfoxinline and Methionine Sulf: 

I l I / l I I I I I I I  

0 8  
SOLVENT IV 

FIGURE 4 :  Diagrammatic representation of paper chromatograms 
showing conversion of L-methionine sulfoximine and L-methionine 
sulfoximine phosphate into the corresponding sulfimines. Solutions 
of L-methionine sulfoximine (MSO) and r-methionine sulfoximine 
phosphate (MSOP; 0.75 mg/ml) were treated with Na&O, (1.8 
mg/ml) for 48 hr  at 4'. These solutions and controls i n  which 
Na2S201 was omitted were lyophilized; the dried residues were dis- 
solved in the original volume of water. Aliquots of these solutions 
were treated with an equal volume of 12 N HCI and then placed at 
100' for 2 hr; the solutions were then lyophilized and the dried 
residues were dissolved in the original volume of water. Aliquots 
(0.01 ml) of the solutions before and after hydrolysis were spotted 
on Whatman No. I chromatography paper and subjected to ascend- 
ing chromatography in solvents IV and V (see the text; Methods). 
The compounds were located by spraying with ninhydrin. or, as 
indicated, by use of the phosphate spray (P-Spray). Standards of 
methionine (Met). methionine sulfoximine ( MSO). and methionine 
sulfimine (MSI) were included. P. purple. B. blue: Y .  yellow (Pi). 

oximine Phosphate into the Corresponding Su1fi:mines. Meth- 
ionine sulfoxide can be readily reduced to methionine by treat- 
ment with sulfite at  38" (Micheel and Schmitz, 1939). We have 
carried out an analogous reaction with methionine sulfox- 
imine; when methionine sulfoximine is treated with sulfite a 
new product is formed, which is identical on paper chroma- 
tography with methionine sulfimine (CHaS(=NH)CH,CHy- 
CHNHnCOOH). Methionine sulfimine gives a blue color 0.1 

paper chromatograms that have been treated with ninhydrin. 
A diagrammatic representation of the results obtained with 
methionine sulfoximine and methionine sulfoximine phor- 
phate is given in Figure 4. After methionine sulfoximine pho3- 
phate was treated with Na&Od, there was no significant 
change in R F ,  but the product gave a blue rather than purple 
color. When methionine sulfoximine phosphate was treated 
with Na&04 and then hydrolyzed for 2 hr in 6 N HCI at 100". 
the product obtained exhibited both the RF value and the blue 
color characteristic of methionine sulfimine; the P, formed 
was identified as a yellow spot after spraying an identical 
chromatogram with molybdate reagent. These observations, 
which indicate that methionine sulfoximine phosphate can 
be converted on mild reduction into methionine sulfimine phos- 
phate, provide evidence that the phosphoryl moiety of meth- 
ionine sulfoximine phosphate is attached to the sulfoximins 
nitrogen atom of methionine s~ilfoxiniine rather than to its 
oxygen atom. 

Inhibition of '  Glutumine S~xt l ie tuse hji Methionine Sul/i).\- - 
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FIGURE 5 :  Effect of L-methionine sulfoximine phosphate (in the 
presence and absence of nucleotide and Mg2+) on glutamine syn- 
thetase activity. The reaction mixtures contained glutamine syn- 
thetase (0.6 mpmole), imidazole-HCI buffer (pH 7.2, 0.05 M), and 
2-mercaptoethanol(O.O1 M) in a volume of 43.5 pl. After incubation 
at 37" for 5 min, L-methionine sulfoximine phosphate (final con- 
centration, 0.2 mM), ATP or ADP (final concentration, 5 mM), and 
MgC12 (final concentration, 10 mM) were added in a volume of 12 
pi. Aliquots (3.6 pl) were withdrawn at the indicated intervals and 
assayed for glutamine synthetase activity in the standard 1-ml 
y-glutamyl hydroxamate system. Curve 1 : inhibition by methionine 
sulfoximine phosphate alone; curve 2: inhibition by methionine sul- 
foximine phosphate in the presence of Mg*+ and ATP; curve 3: 
inhibition by methionine sulfoximine phosphate in the presence of 
Mgr+ and ADP. 

imine Phosphate. When the enzyme was incubated with 5 mM 
chemically prepared L-methionine sulfoximine phosphate in 
the absence of added nucleotide and metal ions, glutamine 
synthetase activity was markedly inhibited. At lower con- 
centrations of L-methionine sulfoximine phosphate, less in- 
hibition was observed (Table I). However, when ATP and 
Mgz+ were also present, inhibition with L-methionine sulfox- 
imine phosphate was substantially greater than found with 
L-methionine sulfoximine, ATP, and Mgz+. In these experi- 
ments the enzyme was incubated with L-methionine sulfox- 
imine phosphate or with L-methionine sulfoximine, ATP, and 
Mg2+ for 15 min at 37"; then a small aliquot was taken for 
determination of activity in a much larger volume. The re- 
sults thus indicate irreversible inhibition. Inhibition by L- 
methionine sulfoximine phosphate was increased to a greater 
extent by ADP and Mgz+ than by ATP plus Mgz+ (Figure 5). 
L-Ethionine sulfoximine in the presence of ATP and Mg2+ 
also inhibits the enzyme, but less effectively than L-methionine 
sulfoximine (Table I). 

The effects of inorganic phosphate, ammonia, and L-glut- 
amate on the inhibition of glutamine synthetase by L-meth- 
ionine sulfoximine phosphate are described in Table 11. Glut- 
amate and ammonia (separately and together) afforded some 
protection against inhibition by L-methionine sulfoximine in 
the presence of ADP and MgZ+; however, much more pro- 
tection against inhibition was observed with Pi. On the other 
hand, neither Pi nor ammonia protected against inhibition 
by L-methionine sulfoximine phosphate in the presence of 
ATP and Mgz+, while L-glutamate afforded substantial pro- 
tection. Inhibition by L-methionine sulfoximine phosphate in 
the presence of ATP and Mg2+ was increased by glutamate 

~ 

TABLE JI: Effect of Glutamate, Ammonia, and Phosphate 
on the Inhibition of Glutamine Synthetase by Methionine 
Sulfoximine Phosphate. a 

Methionine Sulfoximine 
Phosphateb 

+ A D P +  + A T P +  
Mg2+ Mgn+ 

Addition (expt 1) (expt 2) 

Control (no methionine 100 100 

None 21 35 
Glutamate 30 74 
Ammonia 35 35 
Phosphate 62 35 
Glutamate + ammonia 38 20 
Glutamate + phosphate 65 64 

sulfoximine phosphate) 

a The enzyme (1.78 p ~ )  was incubated for 5 min at  37" in a 
solution (final volume, 43.5 p1) containing imidazole-HC1 
buffer (50 m ~ ;  pH 7.2), 2-mercaptoethanol (10 mM) in the 
presence (as stated in the table) of sodium L-glutamate (50 
mM), NHICl (50 mM), and potassium phosphate buffer (50 
mM, pH 7.2). L-Methionine sulfoximine phosphate (0.1 8 
mM, expt 1 ; 0.20 mM, expt 2), ATP or ADP (5 TM), and MgClz 
(10 mM) were then added in a volume of 10 p1. Aliquots (3.4 
pl) were removed after 0,0.5 (expt l),  and 2.0 min (expt 2) and 
assayed for synthetase activity in the standard 1.0-ml assay 
system. The values given in the table are given as per cent of 
control (or "zero time") activity. Relative activity. 

plus ammonia; this effect may probably be ascribed to the 
expected conversion of ATP into ADP under these conditions. 

Attempts to Reuerse the Inhibition of Glutamine Synthetase 
Produced by L-Methionine Suljoximine Phosphate. In earlier 
studies, several attempts were made to reverse the inhibition 
produced by incubating the enzyme with L-methionine sulfox- 
imine, ATP, and MnZ+; gel filtration, dialysis, and other pro- 
cedures failed to  restore activity (Ronzio et al.,i 1969a). How- 
ever, the inhibition produced by incubating the enzyme with 
L-methionine sulfoximine phosphate is reversible. Thus, as 
indicated in Table 111, when the inhibited enzyme is dialyzed 
or subjected to gel filtration, significant activity returns (expt 
1, 2, and 5 ) ;  under the conditions employed, gel filtration was 
more effective than dialysis. In contrast, when the enzyme 
was inhibited by incubation with L-methionine sulfoximine 
phosphate, ATP, and Mg2+ (expt 3, 4, and 6),,neither gel fil- 
tration nor dialysis restored activity. The findings, which in- 
dicate that the presence of nucleotide and metal ion promotes 
the binding of L-methionine sulfoximine phosphate to the 
enzyme, are in accord with the studies described in Figure 5 
which show that the presence of ADP (or ATP) plus Mg2+ 
enhances the inhibition produced by L-methionine sulfox- 
imine phosphate. 

Attempt to Reuerse the Phosphorylation Reaction. An at- 
tempt was made to  determine whether the enzkme could cat- 
alyze the synthesis of ATP from L-methionine sulfoximine 
phosphate and ADP. A reaction mixture (final volume, 0.16 
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TABLE 111: Reversal of Inhibition of Glutamine Synthetase (GS) by Dialysis and Gel Filtration. 

Expt Conditions of Inhibition. Inhibn % Treatment Inhibn 

1 GS + MSOP 73 Dialysis us. imidazole 60 
2 GS + MSOP 70 Dialysis us. phosphate buffer 41 
3 GS  + MSOP + ATP + Mg2+ 100 Dialysis 1;s. phosphate buffer 98 
4 GS  + MSOP + ATP + Mg2+ 97 Gel filtration; phosphate buffer 98 
5 GS + MSOP 82 Gel filtration; phosphate buffer 9 
6 GS  + MSOP + ATP + Mg2+ 95 Gel filtration; imidazole buffer 95 

a In expt 1-3, glutamine synthetase (GS) (5.8 p ~ ) ,  L-methionine sulfoximine phosphate (MSOP) (0.5 mM), imidazole-HCI 
buffer (pH 7.2, 0.05 M), 2-mercaptoethanol (0.05 M), ATP (0.01 M), and MgCln (0.02 M) were incubated as indicated in the table 
for 60 min at  37"; final volume, 1 ml. Dialysis was carried out for 18 hr with stirring at 4" against 1 1. of 0.05 M buffer (pH 7.2). 
In expt 4 and 5 ,  glutamine synthetase (7.5 p ~ ) ,  L-methionine sulfoximine phosphate ( 2  mM), imidazole-HCI buffer (pH 7.2, 0.01 
M), 2-mercaptoethanol(O.O5 M), and as indicated, ATP (0.01 M), and MgC12 (0.02 M) were incubated for 30 min at 37'. Experiment 
6 was carried out with ATP (0.001 M) and MgCI, (0.002 M); otherwise the conditions were as given for expt 4 and 5 .  Gel filtra- 
tion was carried out at 4" with Sephadex G-50 and 0.05 M buffer (pH 7.2). 

ml) containing glutamine synthetase (3.7 p ~ ) ,  magnesium 
chloride (1.8 X M), 2-mercaptoethanol (0.05 M), [8-'4c]- 
ADP (9.2 X M ;  30 mCi/mmole), and L-methionine sulfox- 
imine phosphate (0.015 M) was incubated at 37" for 60 min. 
A control in which methionine sulfoximine phosphate was 
omitted was also carried out. After incubation, carrier AMP, 
ADP, and ATP were added and the solution was placed at  
100" for 2 min. The precipitated protein was removed by cen- 
trifugation and the supernatant solution was lyophilized and 
dissolved in 0.05 ml of water. Aliquots of this solution were 
subjected to paper electrophoresis at pH 3.6 and the radio- 
activity present in the areas corresponding to the nucleotides 
was determined. About 2% of the total radioactivity added 
initially was found as [lC]ATP in both the experiment and 
the control. These studies do not show ATP synthesis from 
ADP and L-methionine sulfoximine phosphate; however, it is 
possible that this reaction might be demonstrated under other 
experimental conditions. Under the conditions used here, 
more than 9 5 z  of the initial glutamine synthetase activity 
was inhibited. 

Discussion 

The present studies provide strong evidence that the phos- 
phoryl moiety of methionine sulfoximine phosphate is at- 
tached to the sulfoximine nitrogen atom of this molecule; the 
following structures may therefore be considered. 

CH, CHJ 

I 
I 

CHI 
I 

CH, 
I 

CHNH3r CHNHz+ 
i I coo- coo- 

O=S=NP0a2- I O=&"po3 2- 

CHz CH, 

Compounds possessing sulfur-nitrogen-phosphorus linkages 
of this type do  not appear to have been reported previously. 
Methionine sulfoximine phosphate exhibits considerable sta- 

bility to cleavage by acid and thus differs s~ibstantially in this 
respect from such compounds as phosphocreatine, phospho- 
arginine, and a-N-phosphorylamino acids. It will be of in- 
terest to examine the properties of other compounds possessing 
phosphorylated sulfoximine moieties. It is possible that sub- 
strate analogs bearing sulfoximine or similar groups can 
undergo analogous phosphorylation reactions with other 
enzymes, e.g., y-glutamylcysteine synthetase and succinyl thio- 
kinase. For example, the product obtained in the oxidation 
of L-methionine sulfoximine by L-amino acid oxidase in the 
absence of catalase (CH3S(=NH)(=O)CH2CH,COOH) 
might react in an analogous manner with succinyl thiokinase; 
this enzyme catalyzes a reaction that seems to involve enzyme- 
bound succinyl phosphate (Nishimura and Meister, 1965; 
Nishimura, 1967; Grinnell and Nishimura, 1969). 

It is significant that methionine sulfoximine phosphate binds 
to the enzyme and produces inhibition in the absence of added 
nucleotide or metal ions. Since previous studies (Krishna- 
swamy et al., 1962) indicate that the binding of both glutamate 
and glutamine require nucleotide and metal ions, it would 
seem that the phosphoryl moiety of methionine sulfoximine 
phosphate promotes attachment of this compound to the en- 
zyme. It is notable, however, that the addition of ADP and 
metal ions increases the inhibition and the tightness of bind- 
ing of methionine sulfoximine phosphate. The finding that 
ATP is less effective than ADP in facilitating the binding of 
methionine sulfoximine phosphate suggests that the phos- 
phoryl moiety of methionine sulfoximine phosphate may oc- 
cupy the same enzyme site that normally attaches to the ter- 
minal phosphoryl moiety of ATP. In this connection it is 
interesting to note that Pi protects the enzyme against inhi- 
bition by methionine sulfoximine phosphate in the presence 
of ADP, but not in the presence of ATP. I t  may also be noted 
that dialysis against phosphate buffer was apparently more 
effective than dialysis against imidazole buffer in removing 
methionine sulfoximine phosphate from the enzyme. In earlier 
studies it was found that glutamate pliis ammonia protected 
the enzyme from inhibition by methionine sulfoximine (Ron- 
zio et al., 1969a). In the present work neither glutamate nor 
ammonia (or a combination of these) protected very greatly 
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against inhibition by methionine sulfoximine phosphate. This 
result would seem to be in accord with the postulate that the 
phosphoryl moiety of methionine sulfoximine phosphate 
binds strongly to a separate enzyme site. The data also indi- 
cate that the binding of methionine sulfoximine phosphate 
is influenced by the presence of various substrates separately 
and in combinations. Although more detailed studies of these 
phenomena are needed before definite conclusions can be 
drawn, it seems probable that the results thus far obtained 
reflect the ability of methionine sulfoximine phosphate to 
interact with the sites on the enzyme that normally combine 
with glutamate, ammonia, and the terminal phosphoryl moi- 
ety of ATP. 

In previous studies evidence was obtained that under con- 
ditions of equilibrium gel filtration, nucleotide was bound to 
the enzyme only in the presence of methionine sulfoximine 
phosphate (Ronzio et al., 1969a). It thus appears that meth- 
ionine sulfoximine phosphate, nucleotide, and the enzyme in- 
teract to form a tight complex. The lack of reversibility ob- 
served in the present studies (Table 111) attests to the stability 
of this complex. However, there is evidence that the enzyme 
undergoes additional change when it is incubated with meth- 
ionine sulfoximine, ATP, and Mg2+. Thus, it has been ob- 
served by ultracentrifugal procedures that the native octa- 
meric form of the enzyme aggregates in the presence of meth- 
ioniie sulfoximine, ATP, and Mg2+ to yield forms of the en- 
zyme possessing higher molecular weights; furthermore, elec- 
tron microscope studies indicate that there is a linear aggre- 
gation of the octameric units under these conditions (Wilk 
et al., 1968). 

The present studies on the inhibition of glutamine synthe- 
tase by methionine sulfoximine and methionine sulfoximine 
phosphate have developed from earlier work in this laboratory 
on the unusual specificity of this enzyme; however, additional 
work is needed in order to  fully integrate the present studies 
with the earlier ones. Previous studies have shown that both 
L- and D-glutamate are good substrates for the synthesis of 
the corresponding isomers of glutamine and y-glutamyl hy- 
droxamate (Levintow and Meister, 1953 ; Meister, 1968) and 
of pyrrolidonecarboxylate (Krishnaswamy et al., 1960, 1962). 
On the other hand, only the L isomer of glutamine is signifi- 
cantly active in the y-glutamyl transfer and arsenolysis reac- 
tions catalyzed by sheep brain glutamine synthetase (Meister, 
1962; Wellner, 1963); in addition, there is evidence that the 
enzyme binds D-glutamine very much less effectively than 
L-glutamine (Krishnaswamy et al., 1962). This marked dif- 
ference between the optical specificity exhibited by the en- 
zyme toward glutamine and glutamate seems analogous to  the 
finding that L-methionine sulfoximine is an effective inhibitor 
while D-methionine sulfoximine is not (Ronzio et ai., 1969a), 
and to the observation that both the L and D isomers of meth- 
ionine sulfone are effective inhibitors (W. B. Rowe and A. 
Meister, 1969, in preparation). It would appear that the bind- 
ing sites on the enzyme for the y-carboxyl oxygen atoms of 
glutamate and for the sulfone oxygen atoms of methionine 
sulfone are so situated as to be able to interact with the respec- 

tive L and D isomers. On the other hand, the binding of the 
amide nitrogen atom of t-glutamine and of the sulfoximine 
nitrogen atom of L-methionine sulfoximine seem to involve 
an enzyme site (perhaps the same site that normally binds 
ammonia), which is unfavorably located for attachment to  
the corresponding nitrogen atoms of the respective D isomers. 
The observation that only one stereoisomer of L-methionine 
sulfoximine (L-methionine s-sulfoximine) is phosphorylated 
(Manning et a/., 1969) indicates clearly that the sulfoximine 
moiety of this molecule is oriented in a specific manner on 
the enzyme. This result suggests that interaction of the sulfox- 
imine nitrogen atom with a specific site on the enzyme is re- 
quired for binding and phosphorylation. 
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