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ABSTRACT: Glutamine synthetase (from sheep brain) is 
markedly inhibited by methionine sulfone and by 
methionine sulfoximine. In contrast to  methionine 
sulfone, methionine sulfoximine inhibits the enzyme ir- 
reversibly. The rate a t  which irreversible inhibition is 
established is decreased by glutamate and unaffected by 
ammonia (or hydroxylamine), but a mixture of both 
glutamate and ammonia can effectively prevent inhibi- 
tion. 

Inhibition by methionine sulfoximine requires the 
presence of adenosine triphosphate and Mg2+ (or Mn2+) 
and is associated with the cleavage of adenosine tri- 
phosphate to  adenosine diphosphate. The inhibited en- 
zyme was separated by gel filtration and shown to 
contain close to  8 moles each of a phosphorylated 

M ethionine sulfoximine and several other methio- 
nine derivatives are  known to act as  antagonists of 
glutamic acid in certain systems and to be inhibitors of 
glutamine synthetase. Methionine sulfoximine was first 
isolated from nitrogen trichloride treated protein and 
was later identified as the factor responsible for the 
occurrence of seizures in dogs fed NCls-treated flour 
(Bentley et al., 1951). Subsequent studies established 
that methionine sulfoximine exhibits convulsant activity 
in a number of animal species (see, for example, Proler 
and Kellaway, 1962; Peters and Tower, 1959). Adminis- 
tration of methionine sulfoximine to animals produces 
irreversible inhibition of cerebral glutamine synthetase. 
While it cannot be definitely concluded that the con- 
vulsant activity of methionine sulfoximine is related 
solely to its effect on glutamine synthetase, it seems 
probable that inhibition of this metabolically important 
enzyme would lead to significant physiological effects. 
The ability of methionine sulfoximine to inhibit gluta- 
mine synthetase was first reported by Pace and Mc- 
Dermott (1952) in studies on  extracts of sheep brain 
acetone powder. This observation has been amply con- 
firmed and extended by a variety of studies on the 
effects of methionine sulfoximine on glutamine synthesis 
and related phenomena (see, for example, KolouSek 

derivative of methionine sulfoximine and adenosine 
triphosphate, which are tightly bound to the enzyme 
but which can be released by brief heating at  100" or 
by treatment with perchloric acid. The phosphorylated 
derivative of methionine sulfoximine can be converted 
by treatment with acid or by several phosphatases to 
equimolar quantities of inorganic phosphate and methi- 
onine sulfoximine. Studies on  the stability of methionine 
sulfoximine phosphate to acid indicate that the phos- 
phoryl moiety is not attached to the a-amino or a- 
carboxyl group. The findings indicate that the irrever- 
sible inhibition of glutamine synthetase by methionine 
sulfoxirnine is associated with its phosphorylation and 
the tight binding to the enzyme of methionine sulfoxi- 
mine phosphate and adenosine diphosphate. 

and JirhEek, 1959; Peters and Tower, 1959; Sellinger 
and Weiler, 1963; Tews and Stone, 1964; Warren and 
Schenker, 1964; Lamar and Sellinger, 1965; Ronzio 
and Meister, 1967; Sellinger, 1967). 

Our interest in the inhibition of glutamine synthetase 
by methionine sulfoximine developed from earlier work 
in this laboratory on the specificity of glutamine syn- 
thetase and its relationship to substrate conformation 
at  the active site of this enzyme (Kagan et ui., 1965; 
Khedouri and Meister, 1965 ; Kagan and Meister, 1966a, 
b;  Wellner et a/.,  1966; Gass and Meister, 1968; 
Meister, 1968). Thus, it was postulated that methionine 
sulfoximine, which can assume a conformation analo- 
gous to that postulated for glutamate, attaches to the 
glutamate and ammonia binding sites of the enzyme 
(Ronzio and Meister, 1968). In the course of this work, 
we have found that methionine sulfoximine, in the 
presence of the enzyme, ATP, and metal ions (Mga+ or 
Mn2+), is converted into a phosphorylated derivative, 
which becomes tightly attached to the enzyme thus 
inhibiting it irreversibly. The present communication 
gives the details of these studies. 

Experimental Section 

Muterials 

* From the Department of Biochemistry, Corm 11 University L-Methionine (Schwartz BioResearch, Inc.), L- 

methionine Sulfone, DL-methionine d/-sulfoximine (NLI- Medical College, New York, New York 10021. Receiwd October 
25, 1968. Supported in part by the National Science Foundation tritional Biochemicals Corp.), and L-methionine dl- 
and the National Institutes of Health, U. S.  Public Health Service. sulfoximine (Calbiochem) were obtained from the 

sources indicated. D-Methionine and L-methionine were Preliminary accounts of this work have appeared (Ronzio and 
Meister, 1967, 1968; Rowe et al., 1968). 

1. Present address: Department of Biochemistry, University of prepared by enzymatic resolution Of  DL-methionine 
1066 Washington, Seattle, Wash. (Greenstein, 1954). L- and D-methionine &sulfoxide 
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and L- and D-methionine d/-sulfoximine were prepared 
as described by Bentley et a/.  (1951). L-Methionine 
d-sulfoxide and L-methionine /-sulfoxide were prepared 
from L-methionine dl-sulfoxide by separation as the 
picrates (Lavine, 1947). L-Methionine sulfone was also 
prepared by the method of Toennies and Kolb (1939). 

AMP, ADP, ATP (Sigma Chemical Corp.), [&y- 
3*P]ATP, [8- CIATP,  and ~-[14C-methyl]methionine 
(Schwartz BioResearch, Inc.) were used in these studies. 
ADP was purified by paper electrophoresis a t  pH 3.6 
followed by elution of ADP from the paper with water. 
The labeled ATP preparations contained less than 3 
of ADP and P,. The [ / ~ , Y - ~ ~ P ] A T P  contained 98.2- 
99.9% of 32P in the p- and y-phosphoryl positions as 
determined by hydrolysis for 7 min in 1 N HC1 at 100"; 
no radioactivity was detected in the AMP moiety. 
p-Bis[2-(5-phenyloxazolyl)]benzene and 2,5-diphenylox- 
azole were obtained from the New England Nuclear 
Corp. Sephadex G-50 and Dowex 50 (8X) were ob- 
tained, respectively, from Pharmacia and BioRad. 

Preparations of radioactive ADP ( l e  and @-8*P) 
were obtained from [14C]ATP and & Y - ~ ~ P ] A T P ,  
respectively, by use of the glutamine synthesis reaction. 
The following reaction mixture was incubated for 2.5 
hr a t  37": enzyme (0.14 p ~ ) ,  MgCL (0.02 M), sodium 
glutamate (0.05 M), NH,Cl (0.1 M), imidazole-HCI 
buffer (pH 7.2, 0.02 M), 2-mercaptoethanol (0.025 M), 
and labeled ATP (0.05-0.1 mM); carrier A D P  (5 mM) 
was added and the mixture was subjected to  paper 
electrophoresis a t  p H  3.7. The ADP was eluted from 
the paper with water; electrophoresis was repeated if 
necessary. No radioactive ATP could be detected in 
the final ADP product. 

~-[1GMethyl]methionine dl-sulfoximine (1.6 X lo6 
cpm/mpmole) was synthesized from L-[ 4C-methyl]- 
methionine by the procedure of Bentley et al. (1951). 
The crude product, which contains methionine sulf- 
oxide, was purified by chromatography on  a column 
of Dowex 50 (H+; 1.0 X 7.5 cm diameter). A solution 
containing about 1 mM of product was adjusted to 
p H  1.5 by addition of HCl and then applied to the 
column. After washing the column with 50 ml of water 
the column was eluted with 0.05 M sodium citrate 
buffer (pH 2.5). Methionine sulfoxide was eluted 
between 45 and 75 ml of effluent; methionine sulfoxi- 
mine was then eluted with sodium citrate buffer of p H  
4.5 (prepared by adding 5 M NaOH to the p H  2.5 citrate 
buffer). The product emerged from the column between 
130 and 180 ml of effluent. The fractions containing 
methionine sulfoximine were pooled and diluted by 
adding two volumes of water; the p H  was adjusted to 
1.5 by addition of HCl. This solution was applied to 
another column of Dowex 50 (H+) which was then 
washed with 50 ml of water. Elution of methionine 
sulfoximine was carried out with 1 N ".,OH and the 
effluent was concentrated by evaporation in vacuo at  
50". The labeled L-methionine sulfoxide obtained as a 
by-product in this procedure was desalted in the same 
way. L-[ 14C-Methyl]rnethionine sulfone was prepared 
from ~-[l~C-methyl]methionine sulfoxide by the pro- 
cedure of Toennies and Kolb (1939). 

Glutamine synthetase was isolated from sheep brain 

as described (Ronzio, Rowe, and Meister, submitted). 
The authors are indebted to Dr. Gerhard Schmidt 

for samples of alkaline phosphatase (calf intestine) 
and acid phosphatases (yeast, prostate). We are grateful 
to Dr. R. T. Simpson and Dr. Bert L. Vallee for the 
E. coli phosphatase. The calf intestine phosphatase 
exhibited an activity of 10.1 units/mg in 0.1 M Tris-HCI 
buffer (pH 9) a t  37" using p-nitrophenyl phosphate as 
substrate. (A unit is defined as the amount of enzyme 
that hydrolyzes 1 mmole of this substrate/min; this 
applies to  the several phosphatases used here.) The 
yeast acid phosphatase exhibited an activity of 2.4 x 

unit/mg in 0.1 M sodium acetate buffer (pH 4). 
The prostate acid phosphatase exhibited an activity 
of 1.41 units/mg in sodium acetate buffer (pH 5.6). 
The E. coli phosphatase exhibited an activity of 43.4 
unitsimg in 0.02 M Tris-HCI buffer (pH 8.0). 

Methods 

Synthetase activity was determined by the y-glutamyl 
hydroxamate assay method previously described (Well- 
ner and Meister, 1966), except that NaC1-free hydroxyl- 
amine was used. Manganous ions at a concentration 
greater than 5 p~ produce appreciable inhibition of 
y-glutamyl hydroxamate synthesis; for this reason, 
when the enzyme solution to  be assayed contained 
MnC12, the concentration of manganous ion was ad- 
justed so that it did not exceed 5 p ~ .  In some experi- 
ments, the amount of y-glutamyl hydroxamate formed 
was determined after 7.5-min incubation; all of the 
results are expressed in terms of  micromoles of hydroxa- 
mate formed per 15 min. 

Measurements of absorbancy were carried out with a 
Zeiss Model PMQ I1 spectrophotometer using Quartz 
cells with a 1-cm light path. 

Paper electrophoresis was performed at  20 i 3" 
with the following buffer systems: 0.5 N acetic acid, 
0.4 N formic acid (pH 2.5), 0.5 N acetic acid (pH 2.6), 
0.075 M ammonium formate (pH 3.6), 0.05 M ammo- 
nium acetate (pH 5.5), 0.05 M potassium phosphate (pH 
7.5), and 0.05 M ammonium bicarbonate (adjusted to 
pH 9.0 by adding ammonium hydroxide). Whatman No. 
3MM paper was used; the paper was prepared prior 
to use by washing with 5 formic acid containing 2 mM 
EDTA followed by water. The effective length of the 
paper 'strips was 40 cm; the potential gradient was 25- 
40 V/cm. Picric acid and caffeine were used as reference 
compounds. At p H  2.6, methionine sulfoximine phos- 
phate moves as an anion and is clearly separated from 
methionine sulfoximine, methionine sulfoxide, meth- 
ionine sulfone, ADP, and P, (Figure 1). 

Paper chromatography (ascending) was carried out 
with the following solvent systems: solvent I, isobutyric 
acid-water-concentrated ammonium hydroxide 
(66:33: 1, v/v); solvent 11, concentrated formic acid-sec- 
butyl alcohol-water (70:15:15, v/v); solvent 111, 95% 
ethanol-1 N ammonium acetate (pH 5.5) (70:30, v/v); 
solvent IV, n-butyl alcohol-acetic acid-water (50:25:25, 
v/v) ; and solvent V, t-butyl alcohol-methyl ethyl ketone- 
formic acid-water (40:30:15:15, v/v). The RF values for 1067 
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FIGURE 1 : Paper electrophoretic separation of methionine 
derivatives, ADP, and Pi at pH 2.6 (see the text). 

methionine sulfoximine, methionine sulfoximine phos- 
phate, and Pi were, respectively, I :  0.64, 0.26, 0.31; 11: 
0.13,0.09,0.26; 111:0.37,0.14,0.29;1V: 0.24,0.14,0.39; 
and V:  0.27, 0.15, 0.70. The position of inorganic phos- 
phate and compounds containing phosphate was deter- 
mined after chromatography by spraying the chromato- 
grams with ammonium molybdate according to  the 
method of Bandurski and Axelrod (1952). The adenosine 
compounds were located by examination of the dried 
chromatogram under ultraviolet light; amino acids 
were located by the ninhydrin procedure. 

Determinations of radioactivity (14C and 32P) were 
carried out with a Nuclear-Chicago liquid scintillation 
counter using double-isotope technique. Liquid samples 
(5-50 pl) were counted in dioxane solution (Bray, 
1960). Radioactivity on dry Whatman 3MM paper strips 
(0.5-1.0 cm wide, 1.8 cm long) was measured in a toluene 
solution containing 0.05 g of p-bis[2-(5-phenyloxazolyl)]- 
benzene and 4 g of 2,5-diphenyloxazole per I. All 
determinations of radioactivity were made with a 
precision of 1 5  %. 

Pi was determined by the Leloir and Cardini (1957) 
modification of the method of Fiske and Subbarow 
(1925). 

The quantitative ninhydrin procedure of Rosen 
(1957) was employed for the determination of amino 
acid. 

Gel filtration was carried out as follows. Columns 
(0.8 cm X 18 cm) were prepared from deaerated Sepha- 
dex G-50 and equilibrated with the appropriate buffer 
at 22-25". The enzyme solution (0.25-0.6 ml) was 
added to the top of the column and elution was carried 
out with the appropriate buffer with a flow rate of 
0.3-0.5 ml/min. Fractions of -0.35 ml were collected in 
0.5-ml tubes at 0". In these studies, protein emerged 
from the column between 2.5 and 4 ml of effluent 
while low molecular weight compounds emerged be- 
tween 6.0 and 11.5 ml. The concentration of enzyme 
was determined by measuring y-glutamyl hydroxamate 
synthesis or by the method of Lowry et al. (1951). 
When enzyme activity was determined, the aliquot 
taken for assay was sufficiently small so that the maxi- 
mum Mn2+ concentration was 5 MLM. Separate experi- 
ments showed that Mn2+ at a concentration of 5 p~ 
produced less than 6 inhibition using the standard 
assay procedure. Enzyme-bound nucleotide, labeled 
with either 32P or  I4C, was measured by determining 
the amount of radioactivity present in 2.5-5O-pl 
aliquots of each fraction. The binding of unlabeled 

TABLE I :  Effect of Various Methionine Derivatives on 
Glutamine Synthetase Activity. 

Compound Addeda Inhibn (%) 
L-Methionine 0 
D-Methionine 0 
L-Methionine I-sulfoxide 14 
L-Methionine d-sulfoxide 11 
D-Methionine dl-sulfoxide 7 
L-Methionine sulfone 61 
L-Methionine df-sulfoximine 76 
D-Methionine dl-sulfoximine 0 

a The methionine derivative was added to the standard 
y-glutamyl hydroxamate assay system (Wellner and 
Meister, 1966), and the reaction was started by addition 
of the enzyme. The reaction mixtures contained initially 
sodium L-glutamate (0.05 M), NHPOH (0.10 M), NaATP 
(0.01 M), MgCh (0.02 M), imidazole-HC1 buffer (pH 
7.2, 0.05 M), 2-mercaptoethanol (0.025 M), methionine 
derivative (0.025 M), and enzyme (10 mpM); after 
incubation at 37" for 15 min, the formation of y- 
glutamyl hydroxamate was measured. 

nucleotide in the protein fraction was measured after 
precipitating the protein at 0" by addition of perchloric 
acid (final concentration 7.5 %); the absorbancy a t  
257 mp was measured (Wellner and Meister, 1966). 
In  a number of experiments the binding of nucleotide 
was studied under equilibrium conditions similar 
to those employed by Hummel and Dreyer (1962). 
In these studies the column was equilibrated with 1.6- 
150 p~ nucleotide, 0.02 M MnC12, 0.005 M Tris-HC1 
buffer (pH 7.2), and 0.15 M KCI; the bound nucleotide 
could also be determined from the difference between 
the trough following the protein peak and the initial 
equilibration nucleotide concentration. 

Results 

Inhibition of Glutarnine Synthetase Activity by Various 
Methionine Derivutives. The data given in Table I 
summarize the effects of adding a number of methi- 
onine derivatives to the standard y-glutamyl hydrox- 
amate assay system. Under these conditions, L-methio- 
nine dl-sulfoximine and L-methionine sulfone produced 
marked inhibition of synthetase activity. Much less 
inhibition was observed with L-methionine I-sulfoxide 
and L-methionine d-sulfoxide; little or no inhibition 
was observed with D-methionine dl-sulfoxide, D-methi- 
onine dl-sulfoximine, L-methionine, and D-methionine. 
The inhibition by L-methionine sulfone was examined 
as a function of L-glutamate concentration and the 
data were plotted according to the method of Line- 
weaver and Burk (1934). The findings (Figure 2) are 
consistent with a mixed type of inhibition (Dixon 
and Webb, 1964). A markedly different result was 
obtained when similar studies were carried out with 
L-methionine dl-sulfoximine (Figure 3). These findings 
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are consistent with irreversible inhibition, and this was 
demonstrated by subsequent studies which are described 
below. It is of interest that at relatively low concentra- 
tions of L-methionine dl-sulfoximine (curve 2, Figure 3) 
the reciprocal plot yields a straight line which intersects 
the curve for the uninhibited enzyme (curve 1) a t  the 
ordinate. This suggests that glutamate competes with 
methionine sulfoximine under these conditions. When 
the enzyme was preincubated with L-methionine sul- 
fone in the presence of ATP and magnesium ions prior 
to dilution and assay, there was only slight, perhaps 
negligible, inhibition, On the other hand, when the 
enzyme was preincubated in this manner with L-meth- 
ionine sulfoximine, marked inhibition was observed. 
The experiments described in Figure 4 demonstrate 
that there is substantial difference between the type of 
inhibition produced by methionine sulfone and that 
caused by methionine sulfoximine. In the experiments 
represented by curve 1 (Figure 4), the enzyme was 
incubated with 0.04 &I L-methionine sulfone in the 
presence of ATP and magnesium ions; after 7.5 and 
32 min, samples of the reaction mixture were added 
to  a large volume of assay solution containing 0.005 M 
L-glutamate in which the synthetase activity was de- 
termined. There was little if any irreversible inhibition 
of the enzyme. In the experiments described by curve 
2 (Figure 4), the enzyme was incubated with 0.001 M 
L-methionine sulfoximine, ATP, and magnesium ions; 
at various intervals samples were removed and added 
to  a large volume of a solution containing ATP, mag- 
nesium ions, and 0.1 M L-glutamate. This mixture was 
incubated for 10 min, after which assay of glutamine 
synthetase activity was carried out in the presence of 
0.05 M L-glutamate. As indicated in curve 2, the in- 
hibition of the enzyme increased with duration of pre- 
incubation. In a similar experiment (curve 3) in which 
the 10-min incubation with glutamate prior to assay 
was omitted and in which a lower concentration (0.005 
M) of L-glutamate was used, inactivation of the enzyme 
during preincubation occurred more rapidly. However, 
after 32-min preincubation, inactivation of the enzyme 
was substantially the same in the experiments described 
by curves 2 and 3. The difyerence between the rates 
of inactivation in these two experiments provides ad- 
ditional evidence that glutamate competes with meth- 
ionine sulfoximine. 

Many experiments in this laboratory have confirmed 
the observation that L-methionine sulfoximine in the 
presence of ATP and either manganous or magnesium 
ions irreversibly inactivates glutamine synthetase. There 
is an absolute requirement for ATP and one of these 
metal ions for irreversible inactivation. For  example, 
98-100% of the activity is inhibited when the enzyme 
is incubated at  p H  7.2 and 37" for 15 min with 0.005 
M L-methionine dl-sulfoximine, 0.01 M ATP, and 
0.02 M magnesium chloride (or 0.002 M manganese 
chloride); no inhibition occurs if metal ion or ATP 
is omitted. A number of procedures have been em- 
ployed in an effort to  reactivate the methionine sulf- 
oximine inactivated enzyme. For example, incubation 
of the inactivated enzyme for 1 hr a t  37" with 0.05 hi 
L-glutamate, 0.01 hf ATP, 0.02 M magnesium chloride, 

J 

t 

1 1 

(L-GLUTAMATE, MJ' 

FIGURE 2: Inhibition of glutamine synthetase activity by 
methionine sulfone. The reaction mixtures contained sodium 
L-glutamate (0.001-0.045 hi, as indicated), ",OH (0.10 
M), NaATP (0.01 M), MgCle (0.02 M), imidazole-HC1 buffer 
(pH 7.2; 0.05 M), 2-mercaptoethanol (0.025 M), L-methio- 
nine sulfone (curve 1, none; curve 2,0.001 M ;  curve 3, 0.002 
M), and enzyme (8.5 mpM); incubated at 37" for 15 min; 
volume, 1 ml. Ordinate: (pmoles of y-glutamylhydroxamate 
formed)-'. Abscissa:  glutamate concentration 

(L-GLUTAMATE. M.1' 

FIGURE 3: Inhibition of glutamine synthetase activity by 
methionine sulfoximine. The reaction mixtures contained 
sodium L-glutamate (0.002-0.05 M, as indicated), "..OH 
(0.10 M), NaATP (0.01 M), MgC1, (0.02 M), imidazole-HCI 
buffer (pH 7.2, 0.05 M), 2-mercaptoethanol (0.025 w), L- 
methionine dl-sulfoximine (curve 1, none; curve 2,  0.002 
hi;  curve 3, 0.005 M ;  curve 4, 0.015 M), and enzyme (7.1 
mpM); incubated at 37" for 15 min; volume, 1 ml. Ordinate: 
(pmoles of y-glutamylhydroxamate formed)-'. Abscissa : 
(L-glutamate concentration (~))-1. 

and 0.1 M ammonium chloride did not restore detectable 
synthetase activity. Chromatography of the inactivated 
enzyme on DEAE-cellulose and precipitation of the 
enzyme with 60z ethanol likewise did not restore 
synthetase activity. Other procedures were also used 
including, for example, treatment of the inactivated 
enzyme with 6 M urea, dialysis (against 50 mM Na- 
EDTA in 50 mbf imidazole-HC1 (pH 7.2) buffer for 
24 hr), and gel filtration; the results were similar. 

As indicated in Figure 5 ,  neither ammonia nor hy- 
droxylamine (curves 2A and 2B) decreased the rate 
a t  which the enzyme was inhibited by methionine 
sulfoximine in the presence of ATP and magnesium 
ions. However, as stated above, addition of L-glutamate 1069 
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PREINCUBATION, MINUTES 

FIGURE 4: Effect of preincubation of enzyme with inhibitor 
on the inhibition of glutamine synthetase by methionine 
sulfone and methionine sulfoximine. Curve 1: a mixture 
(volume, 0.1 ml) containing enzyme (2.27 PM), NaATP 
(0.01 M), MgC1, (0.02 M), 2-mercaptoethanol (0.01 M ) ,  KCI 
(0.15 M), imidazole-HCI buffer (pH 7.2, 0.1 M), and L- 
methionine sulfone (0.04 M) was incubated at 37" for 0-32 
min. A sample (0.0025 ml) was taken at each time interval 
and added to 1 ml of standard assay solution (containing 
0.05 M sodium  g glutamate) and incubated for 15 min; the 
y-glutamyl hydroxamate formed was then determined. 
Curve 2: a mixture (volume, 0.1 mI) containing enzyme 
(2.27 p ~ ) ,  NaATP (0.01 M), MgCI, (0.02 M), 2-mercapto- 
ethanol (0.01 M), KCI (0.15 M), imidazole-HCI buffer (pH 7.2, 
0.1 M), and L-methionine dl-sulfoximine (0.001 M) was 
incubated for 0-32 min. A sample (0.0025 ml) was taken at 
each time interval and added to 0.5 ml of a solution contain- 
ing NaATP (0.01 hi), MgCh (0.02 M),  sodium L-glutamate 
(0.1 M), 2-mercaptoethanol (0.05 M), and imidazole-HCI 
buffer (pH 7.2;0.05 M).This mixturewas incubated for 10 min, 
at which time 0.5 ml of a solution containing ",OH (0.2 
M), MgClz (0.02 M), NaATP (0.01 M), and imidazole-HC1 
buffer (pH 7.2; 0.05 M) was added; after 15 min the reaction 
was terminated and the y-glutamyl hydroxamate formed was 
determined. Curve 3: this experiment was identical with 
that described in curve 1, except that L-methionine dl-sulf- 
oximine (0.005 M) was used in place of L-methionine sul- 
fone and the concentration of L-glutamate used in the assay 
was 0.005 hi.  

(0.05 M) did decrease the rate a t  which inhibition was 
established under these conditions (curves 3A and 
3B). On the other hand, when both L-glutamate (0.05 M) 
and ammonium chloride (0.05 M) were added together 
(curve 4A), there was relatively little inhibition. Similar 
results were observed when L-glutamate and hydroxyl- 
amine were added together (curve 4B). Little or no 
protection against inhibition was observed when 0.05 M 
L-glutamine was added; with 0.25 M L-glutamine about 
half as much protection was obtained as found with 
0.05 M L-glutamate alone. 

Binding of Methionine Su[foximine and Nucleotide 
fa the Enzyme. In previous studies (Ronzio and Meis- 
ter, 1968; Rowe et nl., 1968) evidence was obtained 
that the irreversible inhibition of glutamine synthetase 
by methionine sulfoximine in the presence of ATP 
and metal ion is associated with the binding of close 
to 8 moles each of methionine sulfoximine and ADP 
per mole of enzyme. These findings have been con- 
firmed and extended by a series of experiments in- 
volving gel filtration and other procedures. In  the 
present studies, somewhat larger columns of Sephadex 
G-50 were employed in the gel filtration studies than 
were used in earlier experiments reported from this 
laboratory (Wellner and Meister, 1966). Under the 1070 

Minutes 

FIGURE 5 : Effect of glutamate, ammonia, and hydroxylamine 
on the inhibition of glutamine synthetase by methionine 
sulfoximine. (A) Glutamate and NH3: curve 1 (O-O-&O): 
a reaction mixture (0.1 ml) containing enzyme (3.8 PM), 
MgC1, (0.02 M), 2-mercaptoethanol (0.01 M), and imidazole- 
HCI buffer (0.05 M ,  pH 7.2) was placed at 37" for 5 min. 
Then a solution (0.002 ml) containing t-methionine sulf- 
oximine (0.25 M) and NaATP (0.5 M) was added, and the 
mixture was incubated at 37". At the intervals indicated in 
the figure, samples (0.0025 ml) were removed and added to a 
final volume of 1 ml of standard assay solution; activity 
was determined from the amount of y-glutamyl hydroxamate 
formed in 15 min. Curve2 (0-0-0-0): the conditions were 
the same as for curve 1 except that NH,CI (0.05 M) was present 
in the reaction mixture. Curve 3: the conditions were the 
same as for curve 1 except that L-glutamate (0.05 M) was 
present in the reaction mixture. Curve 4: the conditions were 
the same as for curve 1 except that both NH,CI (0.05 M )  and 
L-glutamate (0.05 M) were present in the reaction mixture. 
(D-Z-J) The conditions were the same as for curve 4 except 
that the reaction mixture contained L-glutamate (0.005 M) 
and NHICl (0.005 M). (B) Glutamate and "*OH: curves 
1-4 (E-2-a) same as in A except that ",OH was added 
in place of "&I. 

conditions of the previously reported experiments, it 
was possible to  demonstrate the binding of ATP and 
A D P  to the enzyme in the presence of manganese ions, 
but no binding of nucleotide was observed when 
manganese ions were replaced by magnesium ions. 
Under the present conditions of gel filtration, no binding 
of nucleotide was observed with either manganese or 
magnesium ions unless the column buffer contained 
both nucleotide and metal ions (Table 11; expt 1 and 
2). When a mixture containing enzyme, ATP, manganese 
ions, and methionine sulfoximine was subjected to  
gel filtration using a column buffer containing ATP 
and manganese ions, 7.4 moles of methionine sulfox- 
imine was bound per mole of enzyme (Table 11; 
expt 3) and the binding of nucleotide was about the 
same as that found in the absence of methionine sulf- 
oximine (Table 11; expt 2). It is of considerable in- 
terest, however, that appreciable amounts of nucleotide 
remained attached to the enzyme in the presence of 
methionine sulfoximine even when the column did not 
contain ATP and metal ion (Table 11; expt 4). As 
shown in expt 5, little or no methionine sulfoximine 
became bound to the enzyme in the absence of ATP. 
Although binding of ATP in the presence of magnesium 
ions could not be demonstrated under the conditions 
of expt 6 (nor was nucleotide bound in the presence 
of Mg2+ under the conditions of gel filtration used 
earlier (Wellner and Meister, 1966)), addition of meth- 
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TABLE II : Binding of Methionine Sulfoximine and N~icleotide to the Enzyme. 
-~ ----____ - ~ 

Components of Mixture Applied to 
Expt No. Columna 

I* ATP, Mn2+ 
2 ATP, Mn2+ 
3 ATP, Mn2+, methionine 

4 ATP, Mn2+, methionine 

~- ~ _ _ _ ~ _ _ _ _ ~ ~  _-__ 

sulfoximine 

Binding (moles/mole of enzyme) 
- -~ 

Methionine 
Column Buffer Nucleotide Sulfoximine 

-~ ~ _ _ _ _  
-0.5 

ATP, Mn2- 19 
ATP, Mn2f 18 7 4  

10 8 . 9  
sulfoximine 

sulfoximine 
5 Mn2+, methionine -1 

6 Mg2+, ATP 0 
7 Mg2+, ATP, methionine 6 . 1  7 . 9  

sulfoximine 
- ~- _______ - _ _ _  ._ 

a The mixtures (volume, 0.2 ml) contained enzyme (9-12 p ~ ) ,  KCI (0.15 M), EDTA (25-35 p ~ ) ,  and buffer (Tris- 
HCI buffer, p H  7.2, 0.005 M) plus the components listed in the table: NaATP (60-112 p ~ ) ,  MnC12 (0,002 M), MgCI? 
(0.02 M), ~-[~~C]rnethionine sulfoximine (0.005 M). Under these conditions the enzyme was completely inhibited. The 
column buffer contained Tris-HC1 (pH 7.2, 0.005 M), KCI (0.15 M), and, where indicated in the table, NaATP (60-112 
p ~ )  and MnCll (0.002 M). The mixtures were incubated for 15 min at  37" and then applied to  the column at 22-26'; 
fractions (0.3-0.4 ml) were collected at  0" and aliquots of these were removed for determinations of radioactivity, 
nucleotide, and protein. [S-lCIATP was used. 

ionine sulfoximine to  reaction mixtures containing 
magnesium ions and ATP led to  the binding of sub- 
stantial amounts of nucleotide as well as methionine 
sulfoximine (Table 11; expt 7). 

Studies with ~-[~~C-methyl]methionine sulfone similar 
to those described in Table I1 showed virtually no 
binding of this inhibitor to  the enzyme. 

In the earlier studies (Wellner and Meister, 1966) 
a maximum of about 16 moles of ATP was bound per 
mole of enzyme and the maximal amount of ADP 
bound was somewhat greater. The ratio (ADP:ATP) 
for maximal binding varied from 1.2 to 1.8 and ap- 
peared to parallel the corresponding ratio of the 
y-glutamyl transfer activities observed in the presence 
of ADP and ATP. The enzyme preparation used in the 
present studies exhibited a ratio of 1.2 with respect to 
its ADP- and ATP-stimulated y-glutamyl transferase 
activities. The maximal binding of ATP observed in 
the experiments described in Table I1 is not far from 
the average value of 16 observed previously. 

Ultracentrifugal and electron microscope studies 
have shown that ovine brain glutamine synthetase is 
composed of eight apparently identical subunits (Hasche- 
meyer, 1965, 1966). The present and earlier studies 
provide clear experimental evidence that glutamine 
synthetase can bind considerably more than 8 moles 
of nucleotide. It therefore seemed of interest to examine 
the binding of ATP as a function of ATP concentra- 
tion. This was carried out under conditions similar 
to those employed in expt 2 (Table 11) using a column 
buffer containing ATP and magnesium ions. Figure 6 
gives the details of the gel filtration experiment sum- 
marized in expt 2 (Table 11). When a series of experi- 
ments of this type were carried out with various con- 

70; L ~ L----dO 
2 3 4 5 6 7 8 9 10 

EFFLUENT m l  

FIGURE 6: Binding (equilibrium) of nucleotide to the  enzyme. 
A mixture (volume, 0.2 ml) containing enzyme (8.6 phi), 
MnCI2 (0.002 M), NaATP (85 phi ) ,  KCI (0.15 M), EDTA 
(0.025 mM), and Tris-HCI buffer (pH 7.2,  0.005 M) was in- 
cubated at 37" for 15 min and then placed on a column of 
Sephadex G-50 as described in the text. Elution was carried 
out at 22-24" with a solution containing ATP (85 @VI), 

KC1 (0.15 M), Tris-HCI buffer (pH 7.2,0.005 M), and MnC12 
(0.002 M). Aliquots of the fractions were taken for determina- 
tions of enzyme and nucleotide. 

centrations of ATP, the binding of ATP was found to 
follow a curve which exhibited a sharp change in slope 
at a binding value close to  7.5 moles of ATP/mole of 
enzyme (Figure 7). In these studies, the maximal binding 
of ATP was approximately 17 moles/mole of enzyme. 
However, the ATP concentration required for maximal 
binding was about ten times higher than that required 
for the binding of about 8 moles of ATP/rnole of en- 
zyme. 1071 
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TABLE III: Characterization of Enzyme-Bound Compounds after Incubation of the Enzyme with [,3,y-s2P]ATP and 
[I CIMethionine Sulfoximine. 

Moles Bound/Mole of 
Enzyme 

Methionine 
Sulfoximine Methionine 

Total Radioactivity Derivative Sulfoximine 
Expt No. Isotope Bound (cpm) (CPm) ADP (cpm) Derivative ADP 

2P 1.24 x 104 0.60 x 104 0.64 x 104 7 . 9  8 . 6  

3 2P 2.53 X lo6 1 .22  x 106 1 .23  X lo6 7 . 4  7 .4  

l a  14c 1.72 x 104 1.69 x 104 7 . 9  

2b 1 4c 4.96 x 104 4.30 x 104 6 . 8  

Q The reaction mixture contained enzyme (8.5 p ~ ) ,  MgCI? (0.02 M), [ ~ , Y - ~ ~ P ] N ~ A T P  (1.67 mM; 370 cpm/mpmole 
of phosphate), L-[ 14C]methionine dl-sulfoximine ( 5  mM ; 1240 cpm/mpmole), KCI (0.1 M), imidazole-HCl buffer (pH 
7.2, 0.01 M), and NaEDTA (0.1 mM) in a final volume of 0.30 ml. The mixture was incubated at 37" for 30 min after 
which time less than 2% of the initial enzyme activity remained. It was then added to the top of a Sephadex G-50 
column equilibrated with ammonium bicarbonate buffer (pH 8, 0.05 M) containing NaEDTA (0.1 mM). The column 
was eluted with the same buffer and aliquots of the fractions collected were used for determinations of protein and 
radioactivity. The protein peak (2.55 mpmoles) contained 20.2 mpmoles of 14C (calculated as methionine sulfoximine) 
and 41.2 mpmoles of 32P. A sample of the pooled fractions containing the enzyme was heated at 100" for 1 min and 
then cooled in ice. The precipitated protein was removed by centrifugation and the supernatant solution was lyophilized; 
the residue was dissolved in a small amount of distilled water and subjected to paper electrophoresis in the presence 
of carrier methionine sulfoximine, ATP, ADP, and Pi. The areas of the paper strip corresponding to methionine sulf- 
oximine, methionine sulfoximine derivative, ATP, ADP, and P, were cut out and used for determinations of radio- 
activity. Less than 1 z of the 32P was found as P, and ATP. The reaction mixture contained enzyme (5.8 p ~ ) ,  MgCIL 
(0.02 M), [ P , Y - ~ ~ P ] N ~ A T P  (0.41 mkf; 31,600 cpm/mpmole of phosphate), ~ - [ ~ ~ C ] m e t h i o n i n e  d-sulfoximine (5 mbi; 
1240 cpm/mpmole), and imidazole-HC1 buffer (pH 7.2, 0.05 M) in a final volume of 1.0 ml. The mixture was incubated 
at 37" for 30 min after which time less than 5 of the initial enzyme activity remained. The sample was then subjected 
to gel filtration with a buffer consisting of Tris-HCI (pH 7.2, 0.05 M). The protein peak (5.21 mpmoles) contained 
40.5 mpmoles of 14C and 83.5 mpmoles of 32P. The remainder of the experiment was carried out as described in expt 1,  
except that carrier AMP was also added; on paper electrophoresis, there was complete separation of ADP, methionine 
sulfoximine phosphate, and AMP. Less than 1 % of the 32P was found as P, ; 4% of the 32P was present in ATP. 

1072 

Studies on the Enzyme-Bound Methionine Sulfoximine 
Derivative. The experiments described above show that 
L-methionine sulfoximine inhibits glutamine synthetase 
irreversibly, that such inhibition requires ATP and 
metal ion, and that it is associated with the binding to 
the enzyme of both methionine sulfoximine and nucleo- 
tide. When gel filtration studies were carried out with 
ATP labeled with 32P in the P- and y-phosphoryl 
moieties and [ 14C]methionine sulfoximine, the inac- 
tivated enzyme obtained by gel filtration was found to 
contain 14C equivalent to about 8 moles of methionine 
sulfoximine and 3?P equivalent to about 16 moles of 
32P per mole of enzyme (Ronzio and Meister, 1968). 
Additional studies which confirm this finding are 
given in Table 111. In these experiments, the inactivated 
enzyme was heated a t  100" for 1 min; after cooling, 
the precipitated protein was removed by centrifugation 
and the supernatant solution was found to contain vir- 
tually all of the radioactivity. Similar results were ob- 
tained when the inactivated enzyme was treated with 4% 
perchloric acid or with 1 N NaOH. However, depro- 
teinization with 60 ethanol did not release the 
radioactivity. Analysis of the supernatant solutions 

(obtained after deproteinization by heating or with 
perchloric acid) by paper electrophoresis revealed 
the presence of equimolar amounts of ADP and a 
new compound containing about equimolar amounts 
of I4C and 32P;  little or no radioactivity was found 
in the areas of methionine sulfoximine, Pi, ATP, and 
AMP. Treatment of the new compound with 6 N 
HCl a t  100" for 2 hr gave equimolar amounts of 
[ 32P]Pj and [ 14C]methionine sulfoximine; these were 
identified and separated by paper electrophoresis 
(Figure 1). The methionine sulfoximine phosphate 
derivative was distinguished from inorganic phosphate 
and methionine sulfoximine by paper Chromatography 
in five solvent systems (see above, Methods). In ad- 
dition, as described in Figure 8, methionine sulfoximine 
phosphate (A) was effectively separated from meth- 
ionine sulfoximine (C) and methionine sulfone (B) 
by chromatography on a column of Dowex 50. In a 
separate experiment methionine sulfoxide was found 
to emerge from the column with methionine sulfone. 
The new compound (A) emerged as a symmetrical 
peak before the other compounds were eluted from 
the column. The radioactive methionine sulfoximine 
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TABLE IV:  Hydrolysis of Methionine Sulfoximine Phosphate by Various Phosphatases." 

% 

Yeast acid (5.6 X pH 4 . 0 ;  0.1 M acetate 100 
Prostate acid (1.9 X p H  5 . 6 ;  0 . 1  M acetate 100 
Calf intestine alkaline (1 ,67 X lo-*) 
E. coli alkaline (1  . 8 5  X lo-*) 
E. coli alkaline (1 . 8 5 )  

Conditions Hydrolysis 
~ _ _ _  ~ ~ _ _ _ _ _ _ ~  Phosphatase (units) 

~ __ ~ 

pH 9 .0 ;  0 . 1  M Tris-HC1 
p H  8 . 0 ;  0 .02 M Tris-HCI, 2 M NaCl 
p H  8 .0 ;  0.02 M Tris-HC1, 2 M NaCl 

100 
7 

100 

Molar Ratio 
P,/Methionine 

Sulfoximine 

1 . 1  
0 . 9  
1 . 1  
0 . 7  
0 . 9  

- - _ _ ~ ~ .  

a The general procedure was as follows : enzymatically prepared [ * C ,  32P]methionine sulfoximine phosphate (0.75 
mpmole) was incubated with the phosphatase for 30 min in 0.06 ml at  37". At the end of incubation 30 p g  of unlabeled 
P, and 27 pg of unlabeled methionine sulfoximine were added, the reaction mixture was spotted on moist Whatman 
3MM paper, and paper electrophoresis was performed at  p H  2.6 as described under Methods. The paper was dried 
and cut into 0.5 x 4.0 cm strips which were counted in a scintillation counter. In the studies with E. coli phosphatase, 
all of the radioactivity remained at  the origin after electrophoresis; this was eluted with water and, after reelectro- 
phoresis, satisfactory separations were obtained. Controls in which phosphatase was omitted showed less than 4% 
hydrolysis. 

- 
I 

In I I $ 4, 
, , , , ,  i 
u 

' 0  PO 40 60 80 100 120 140 
ATP ;Mx1061 

FIGURE 7: Effect of ATP concentration on binding of ATP 
to the enzyme. The procedure was similar to that used in 
Figure 6. Mixtures (volume, 0.4 ml) containing enzyme (12.5 
WM), MnCI? (0.002 M), NaATP (as indicated), KCI (0.15 
M), EDTA (0.035 mM), and Tris-HC1 (pH 7.2, 0.005 M) 
were applied at 22-23' to columns of Sephadex G-50; elution 
was carried out with buffers consisting of Tris-HCI (pH 
7.2, 0.005 M), NaATP (as indicated), MnCI, (0.002 AI), and 
KCI (0.15 M). Aliquots of the fractions were taken for deter- 
minations of enzyme and nucleotide, 

phosphate obtained from the inactivated enzyme was 
subjected to paper electrophoresis a t  various values 
of p H ;  the mobilities (relative to picric acid) were 0.37, 
1.0, 1.2, and 1.4 at  values of p H  of 2.6, 5.5, 7.5, and 
9.0, respectively. These findings indicate that the new 
derivative is considerably more acidic than methionine 
sulfoximine. 

When the methionine sulfoximine phosphate deriva- 
tive was incubated with several phosphatases under 
the conditions described in Table IV, equimolar amounts 
of methionine sulfoximine and inorganic phosphate 
were formed. As indicated above, methionine sulfox- 
imine phosphate was completely converted into Pi and 
methionine sulfoximine on treatment with 6 N HCI 
at  100" for 2 hr. However, complete hydrolysis in 1 N 
HCI at  100" required about 3 hr, and, under these 
conditions, 50% hydrolysis occurred in about 80 

min; thus, the phosphate derivative is relatively stable 
to acid. 

Studies on the lnhibifion of Glutamine Synthetase by 
Methionine Sulfoximine in the Presence of ADP and 
Mn*+. In the course of these studies it was observed 
that incubation of the enzyme with methionine sulf- 
oximine, ADP, and Mn2+ led to  irreversible inhibition. 
Inhibition in the presence of ADP was observed only 
with Mn2' and not with Mg2'. Such inhibition was 
less than 10% of that observed with ATP at  low 
(10-6-10-4 M) nucleotide concentrations; a t  higher 
(lo+, M) concentrations of ADP, 5 0 4 0 %  in- 
hibition of the enzyme was observed. Although in- 
hibition by methionine sulfoximine in the presence 
of ADP was considerably less than with ATP, the 
observation seemed to require an explanation. After 
careful study of this phenomenon we have concluded 
that the inhibition observed with ADP is probably as- 
sociated with conversion of ADP into ATP catalyzed 
by adenylate kinase present as a contaminant in the 
enzyme preparation. However, we cannot conclusively 
exclude the possibility that the conversion of ADP into 
ATP and AMP is a catalytic property of the enzyme 
itself. Although purified preparations of glutamine 
synthetase do not exhibit adenylate kinase activity 
when tested by spectrophotometric methods, under the 
conditions of the present studies in which large amounts 
of the enzyme have been used, sufficient adenylate 
kinase can be detected in the presence of Mn2+ by 
radioisotope procedures to account for the present 
results. For example, when the enzyme (8.5 PM) was 
incubated for 2 hr at 37" with [14C]- and [G3*P]ADP 
(0.276 mbf), and the mixture was then analyzed by 
the paper electrophoretic method (at p H  3.6: after 
adding carrier ATP, ADP, and AMP), 75% of the 
initial radioactivity was recovered, and the final con- 
centrations of ATP, ADP, and A M P  were, respectively, 
0.04, 0.087, and 0.059 mM; the A M P  did not contain 
32P. Additional evidence for the conversion of ADP 1073 
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into ATP was obtained in studies in which the enzyme 
was preincubated with ADP and Mn2+ prior to  ad- 
dition of methionine sulfoximine; inhibition was estab- 
lished much more rapidly than in controls in which 
methionine sulfoximine, ADP, and Mn2+ were added 
together initially. Finally, it was shown by gel filtration 
studies analogous t o  those described above that 
[14C]methionine sulfoximine is bound to  the enzyme 
in the presence of ADP and Mn?'. In  two representa- 
tive experiments in which the enzyme was incubated 
with ADP, Mn?', and [ 14Clmethionine sulfoximine, 
under conditions similar to  those described in Table 
I1 and in which the enzyme was 50% inhibited, 8.9 
and 7.9 moles of [ 'Clmethionine sulfoximine were 
bound per mole of inhibited enzyme. Studies carried 
out as described in Table I11 showed that the [l4CC]- 
methionine sulfoximine derivative released from the 
enzyme by heating was identical with that obtained in 
the experiments in which ATP was added initially. 

Discussion 

Of the several methionine derivatives examined 
here, methionine sulfoximine and methionine sulfone 
are the most effective inhibitors of glutamine synthetase. 
The present studies show that inhibition by methionine 
sulfone is reversible and that this inhibitor does not 
remain attached to the enzyme.l On the other hand, 
the inhibition of glutamine synthetase by methionine 
sulfoximine is irreversible and is associated with the 
binding to  the enzyme of close to 8 moles of this in- 
hibitor/mole of enzyme. Since the enzyme is composed 
of eight apparently identical subunits (Haschemeyer, 
1965,1966), the findings are in accord with the view that 
1 mole of methionine sulfoximine binds to an active 
site of each subunit. Inhibition by methionine sulfox- 
imine and its binding to the enzyme require ATP and 
Mg2+ (or Mn2') and are associated with cleavage of 
ATP to ADP. The present studies also indicate that 
methionine sulfoximine is converted on the enzyme 
into a phosphorylated derivative. This derivative, 
which can be liberated from the enzyme by heating or 
by treatment with perchloric acid, is cleaved by strong 
mineral acid or by several phosphatases to  yield equi- 
molar quantities of inorganic phosphate and methionine 
sulfoximine. The relative stability of the methionine 
sulfoximine phosphate derivative to  hydrolysis by 
1 N HCI at 100" indicates that the phosphoryl moiety 
of this compound is probably not attached to the 
a-amino or  a-carboxyl groups of methionine sulfox- 
imine. Evidence that the phosphoryl group is attached 
to the sulfoximine nitrogen atom will be presented in 
a subseqiient paper (Rowe, Ronzio, and Meister et ul., 
1969). 

The finding that glutamate decreases the rate a t  
which methionine sulfoximine irreversibly inhibits the 

1 Evidence has been obtained that methionine sulfone inter- 
acts with the enzyme, ATP, and Mg*+ to yield a new compound, 
which is not phosphorylated and which does not bind to the 
enzyme; these studies will be described in a subsequent publica- 
tion (W. B. Rowe and A. Meister, unpublished data, 1969). 1074 

EFFLUENT (rnl) 

FIGURE 8: Separation of methionine sulfoximine phosphate 
(A) from methionine sulfoximine (C) and methionine sul- 
fone (B). A mixture (volume, 0.5 ml) containing enzyme (7 .7 
pv), ~-[~~C]methionine sulfoximine ( 5  KIM), NaATP (10 
mv), magnesium chloride (20  m i ) ,  KCI (0.15 v), EDTA 
(1 mM), and imidazole-HC1 buffer (pH 7 . 2 ,  0.02 M) was in- 
cubated at 37" for 20 min. The enzyme was separated by gel 
filtration using a column buffer containing imidazole-HCI 
buffer (pH 7 .2 ,  0.02 M) and EDTA (1 mM). The fractions 
containing the inhibited enzyme were combined, and a 
sample (1 ml) containing 8 mpmoles of I4C (based on meth- 
ionine sulfoximine) was mixed with 6 pmoles of DL-meth- 
ionine sulfone and 6 Mmoles of DL-methionine sulfoximine. 
The mixture was deproteinized with perchloric acid (final 
concentration, 473, and centrifuged at 0'. The clear super- 
natant solution was diluted with ten volumes of water and 
applied to a Dowex 50 (H+) column (0.7 X 2.5 cm) at 5'. 
The column was washed wi th  5 ml of water and elution was 
carried out 0.05 hi sodium citrate buffer (pH 2.50). Fractions 
of about 2 ml were collected and used for determination of 
radioactivity and amino acids (ninhydrin method). After 
elution of methionine sulfone, a buffer of pH 4.50 was used. 

enzyme suggests that there are a t  least two steps in 
the inhibition of the enzyme. Thus, glutamate appears 
to  compete with methionine sulfoximine for attach- 
ment to the enzyme; attachment of methionine sulfox- 
imine is followed by its phosphorylation and irreversible 
inhibition of the enzyme. The observation that am- 
monia (or hydroxylamine) plus glutamate affords vir- 
tually complete protection against inhibition (Figure 5) 
is consistent with the hypothesis expressed earlier 
(Ronzio and Meister, 1968) that methionine sulfox- 
imine can assume a conformation similar to  that pro- 
posed for L-glutamate and thus can bind to the en- 
zyme by attaching to both the glutamate and the am- 
monia binding sites, essentially as a bifunctional re- 
agent. Although this interpretation requires further 
experimental test, it seems pertinent to note that the 
failure of ammonia to  protect against inhibition in the 
absence of glutamate could indicate that binding of 
ammonia t o  the enzyme requires prior binding of 
glutamate. The binding site for ammonia may be made 
available by a conformational or electronic change in 
the enzyme induced by the binding of glutamate. 
Since essentially the same results were obtained with 
ammonia and hydroxylamine, it would appear that 
hydroxylamine also binds to the ammonia binding site 
of the enzyme. The markedly different reactivities of  
ammonia and hydroxylamine with D-glutamate (Levin- 
tow and Meister, 1953), a-aminoadipate (Wellner 
et ul., 1966), and other amino acid substrates of the 
enzyme (Meister, 1968) has led to the suggestion that 
hydroxylamine might react directly from solution as 
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well as from a site on the enzyme. However, other 
interpretations of these data (Meister, 1968) as well as of 
the present data are not excluded. For example, the 
binding of ammonia (or hydroxylamine) might increase 
the affinity of the enzyme for glutamate, thus making 
it a more effective antagonist toward methionine 
sulfoximine. Further study of this aspect of the mecha- 
nism of the reaction is needed. 

In previous studies in this laboratory it was found 
that the enzyme can bind about 16 moles of ATP/mole 
of enzyme in the presence of Mn2+ (Wellner and Meis- 
ter, 1966). However, under the conditions of equilibrium 
binding employed in the present work, nucleotide was 
not bound if  nucleotide and metal ion were not pres- 
ent in the column buffer. When methionine sulfox- 
imine was present (in addition to ATP and Mn2' 
or Mg''), there was a substantial amount of nucleotide 
bound, indicating that nucleotide is bound more strongly 
in the presence of methionine sulfoximine. The data 
indicate that the inhibited enzyme contains tightly 
bound methionine sulfoximine phosphate and nucleo- 
tide and that this complex does not involve covalent 
linkages between methionine sulfoximine phosphate, 
nucleotide, and the enzyme. The formation of this 
complex seems to  explain the irreversible inhibition of 
glutamine synthetase that results when methionine 
sulfoximine is incubated with the enzyme and also 
when it is administered to animals. The ability of 
glutamine synthetase to participate in the phosphoryla- 
tion of methionine sulfoximine gives additional sup- 
port to the view that an enzyme-bound y-glutamyl 
phosphate intermediate is formed in the course of 
glutamine synthesis. The phosphorylation reaction 
described here thus seems to  reflect an aspect of the 
normal reaction mechanism. 
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