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1. A radiochemical assay for glutamine synthetase has been developed in which an
ATP-regenerating system is incorporated to prevent accumulation of inhibitory
amounts of ADP. It is particularly suitable for assay of the enzyme in crude tissue
extracts containing high adenosine triphosphatase activity. 2. A survey of the
distribution of the enzyme in tissues from normal male rats showed that activity is
present in liver, brain cortex, kidney cortex, spleen, testis and retina. 3. The Km
of the enzyme for L-glutamate is approx. 1.5 X 10-2 M.

The methods generally used for the assay of
glutamine synthetase [L-glutamate-ammonia ligase
(ADP), EC 6.3.1.2] are modifications of those of
Speck (1949) and Elliott (1951). The assay is
based on the principle that hydroxylamine can
replace ammonia, and that y-glutamylhydroxamic
acid formation can be readily measured colori-
metrically. Although this method is adequate for
enzyme preparations containing little or no adeno-
sine triphosphatase activity, it was found to be
unsatisfactory when applied to crude homogenates
of rat tissues (other than liver) where glutamine
synthetase activity compared with adenosine
triphosphatase activity is relatively low, with the
result that measured rates of glutamine synthetase
are non-linear because of competitive inhibition
by ADP (Elliott, 1951; Fry, 1955).
The need to develop a new assay for glutamine

synthetase arose in connexion with a study of the
control of the synthesis and degradation of gluta-
mine. A special feature of the problem is the
presence in the same cell of separate enzymes
carrying out the two processes (glutamine syn-
thetase and the 'glutaminases' respectively). Wu
(1963a) reported that glutamine synthetase was
present in rat liver, kidney, brain and testis, but
absent from other rat tissues. A new survey
seemed warranted when it was found that the
enzyme may have been inhibited by ADP in most
of the tissue extracts assayed under the conditions
used by Wu (1963a). A radiochemical assay was
therefore developed in which the inhibition byADP
was minimized by incorporating an ATP-regenerat-
ing system and using short incubation times. In
addition, phosphate buffer was avoided to prevent
activation of glutaminase. The main advantages
of this method are that ammonia, the natural

substrate, is used instead of hydroxylamine and
that there is no interference from pigmented tissues,
such as spleen, which give high tissue blanks in the
colorimetric method.

EXPERIMENTAL

Rats. All enzyme assays were performed on fresh tissues
from normal male rats of the Wistar strain.

Reagent8. NAD+, ATP, phosphoenolpyruvate (mono-
potassium salt), pyruvate kinase (approx. 150international
units/mg) and glutamate dehydrogenase in glycerol were
obtained from the Boehringer (London) Corp., London
W.5, U.K. L-Cycloserine was from Calbiochem, Los
Angeles, Calif., U.S.A. L-[U-14C]Glutamic acid (>225mCi/
mmol; 50,uCi/ml of aqueous solution containing 2% of
ethanol) was from The Radiochemical Centre, Amersham,
Bucks., U.K.
Pyruvate kinase was dialysed against 0.02M-tris-HCl

buffer, pH7.4 (2 x 800ml), to remove NH4+ ions; the
absence of ammonia was checked in the dialysed enzyme
with Nessler's reagent. Complete removal of NH4+ ions is
essential if the enzyme kinetics with regard to ammonia
are to be studied.

Solutions of 0.5 M-L-[U-14C]glutamate were prepared
as follows: 0.4ml of high-specific-radioactivity L-[U-14C]-
glutamic acid was mixed with 1 ml of M-L-glutamate
(pH 7.4) and made up to 2ml with water. The specific
radioactivity of the solution was determined as described
below.

Thin-layer chromatography. Separation of glutamate
and glutamine was carried out on MN-Polygram Cel300
(Macherey-Nagel and Co., Duren, Germany) supplied by
Camlab Ltd., Cambridge, U.K. Chromatography was
one-dimensional in a solvent system of chloroform-
methanol-17% (w/w) ammonia (2:2:1, by vol.) (Bujard &
Mauron, 1966).

Scintillator fluid. This contained 6-8g of 5-(4-
biphenylyl) - 2 - (4 - tert. - butylphenyl) - 1 - oxa -3,4 - diazole
(Butyl-PBD; CIBA Ltd., Duxford, Cambs., U.K.), 80g
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of naphthalene (Thorn Electronics, Tolworth, Surrey,
U.K.), 600ml oftoluene and 400ml of 2-methoxyethanol.

Preparation of homogenates. Liver, kidney cortex,
spleen, testis and lung were homogenized in a stainles-
steel Potter-Elvehjem homogenizer (clearance 0.2mm),
heart and skeletal muscle in a laboratory-model Silverson
mixer-emulsifier (Silverson Machines Ltd., London S.E.1,
U.K.), and brain cortex, retina (pooled from four animals),
duodenal mucosa, pancreas and adrenals in small all-glass
homogenizers. Homogenates were prepared from 1 part
offresh tissue and 4 parts of0.9% NaCl and centrifuged at
200g to sediment fibrous particles. NaCl at this concentra-
tion was used because it had been reported to cause glut-
amine synthetase to become detached from the micro-
somes (Wu, 1963b). Later, in a survey of media used for
homogenization of liver (water; 0.9% NaCI; 40mM-tris-
HCI buffer, pH7.4, plus 1 mM-EDTA; 40mM-tris-HCI
buffer, pH7.4, plus 5mm-EDTA; 40mM-tris-HCl buffer,
pH7.4, plus 5mM-cysteine; 0.25M-sucrose), the highest
activity was found in extracts prepared in 40mM-tris-
HCI buffer containing 1mm or 5mM-EDTA (approx. 25%
increase over all other media tested).

Assay procedure. The incubation is in 3ml glass tubes
containing 0.08ml of 0.5M-tris-HCl buffer, pH 7.4, 0.02ml
of 0.B5M-MgCI2, 0.01 ml of m-NH4CI, 0.05ml of 0.2 m-ATP,
0.075ml of 0.2 M-phospboenolpyruvate, 0.02ml of dialysed
pyruvate kinase, 0.02ml of 0.2M-L-glutamine, 0.01ml of
0.1M-L-cycloserine, 0.075ml of 0.5M-L-[U-14C]glutamate
and 0.04ml of water. Pyruvate is produced from phos-
phoenolpyruvate in regenerating ATP, and with L-
[14C]glutamate and alanine aminotransferase presentin the
tissue extract forms a-oXo[14C]glutarate, which overlaps
with glutamine in the chromatography. This source of
error is eliminated by including L-cycloserine, a powerful
inhibitor of alanine aminotransferase (Otto, 1965), at a
concentration of 2mm in the assay. The unlabelled
glutamine pool is included to dilute the [14C]glutamine
formed and thus to minimize loss of label as a result of

glutaminase activity. The added glutamine does not
inhibit glutamine synthetase, and provides a marker in
the subsequent chromatography.
The incubation mixture is equilibrated to 370C before

starting the reaction by adding 0.1 ml of homogenate.
At exactly 2, 4, 6 and 8min 0.1 ml samples are withdrawn
into 0.15ml of ethanol (95%) in small tubes kept in ice.
The tubes are centrifuged in the cold, and separation of
glutamate and glutamine is carried out by t.l.c. The
following procedure is used: 5pI samples from each tube
are spotted at approx. 1 cm intervals along a line 1 cm
from the edge of a sheet (9cmx9cm) of MN-Polygram
Cel 300. One-dimensional chromatography is carried out
by standing the chromatogram in a small volume of the
chloroform-methanol-ammonia solvent in a small glass
chromatography tank with a lid. The chromatogram is
removed from the tank when the solvent front is within
1cm ofthe top edge, air-dried and then sprayed thoroughly
with 0.2% ninhydrin in butan-l-ol. After colour develop-
ment at 1000C for 5min, the glutamine areas are cut out
and the radioactivity is determined directly in a Beckman
200 liquid-scintillation counter in vials containing 10ml
of scintillator fluid. Care is taken to standardize the
technique so as not to introduce variations in the amounts
of 14C02 lost in formation ofthe ninhydrin colour complex.
There is no quenching of counts due to the blue colour.
The radioactivity (c.p.m.) incorporated is corrected for a
blank as described below, and activity is calculated from
the known specific radioactivity of the stock 0.5 M-L-
[U-14C]glutamate solution.

Determination of specific radioactivity of 0.5 M-L-[U-14C]-
glutamate solution. The specific radioactivity of each new
0.5M-L-[U-14C]glutamate solution must be determined.
The c.p.m./ml is calculated from the radioactivity (c.p.m.)
present in the glutamate area after chromatography of
5,II of the solution diluted to the same extent as in the
enzyme assay (i.e. 0.075ml diluted to 1.25ml with 50%
etbanol). This standard is run on the same chromatogram

Table 1. Effectiveness of theA TP-regeneratingsystem inpreventing accumulation ofADP under the glutamine
synthetase assay conditions

All assays contained tris-HCI buffer, pH7.4, MgCl2 and ATP at the same final concentration as used
in the glutamine synthetase assay. The ATP-regenerating system (phosphoenolpyruvate and pyruvate
kinase), where present, had also the same final concentration as in the glutamine synthetase assay. The tubes
were equilibrated to 370C, and the reaction was started by addition of 0.1 ml of the fresh homogenates (1 part
of tissue+4 parts of 0.9% NaCl). Incubation was for 6min. The reaction was stopped by addition of 0.1 ml of
20% (v/v) HCIO4. After neutralization with KOH the supernatants were assayed for ADP by the method of
Adam (1963). The initial ATP concentration, as determined by the method of Lamprecht & Trautschold
(1963), was 18p,mol/ml of incubation mixture.

ADP formed (,umol/6min per ml of reaction mixture)

No homogenate
Liver
Brain cortex
Kidney cortex
Spleen
Testis
Thigh muscle
Duodenal mucosa

Pancreas

No ATP-regenerating system
0.6
2.6
4.8
5.2
6.9

11.9
1.2
5.0
4.7

+ATP-regenerating system
0.6
0.4
1.1
0.8
0.8
1.4
0.5
0.9
0.9
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as the samples, and treated in the same way as described.
At the same time 0.02,umol of glutamine is run with the
standard and the radioactivity of the glutamine area is
measured to give the radioactivity (c.p.m.) in the blank
that has to be subtracted from the radioactivity (c.p.m.)
incorporated in the enzyme assays.
The L-glutamate content of the 0.5 M-L-[U_14C]-

glutamate solution is determined enzymically as described
by Bernt & Bergmeyer (1963) after dilution of the stock
solution to a calculated concentration of 1 umol/ml.
Several assays, containing amounts of glutamate between
0.025 and 0.1 ,umol, are carried out for each new solution.
ADP (0.1 ,umol/cuvette) is included in the glutamate
assay system to speed up completion of the reaction by
activation of glutamate dehydrogenase (Tomkins,
Yielding, Talal & Curran, 1963).
The specific radioactivity of the 0.5M-[U-14C]glutamate

solution as determined was approx. 6 x 104 c.p.m./,imol.

RESULTS

Effectiveness of the ATP-regenerating 8y8tem in
preventing accumulation of ADP in the a88ay. The
data in Table 1 show that ADP is rapidly formed
from ATP by most of the tissue extracts when the
ATP-regenerating system is omitted from the
glutamine synthetase assay. Only liver and thigh-
muscle extracts form relatively little ADP. After
the 6min incubation the [ADP]/[ATP] ratio for
other tissues approaches, or is less than, the value of
0.3 reported by Elliott (1951) to cause a 50%
inhibition of glutamine synthetase. In the presence
of the ATP-regenerating system the proportion of
ADP was decreased to approx. 10% of the added
ATP.

Proportionality of activity to amount of homogenate
in assay. Glutamine synthetase activity of liver
homogenates was proportional to the amount of
homogenate in the range 10-25mg of tissue/assay.
At 5mg of tissue/assay activity was less reliably
determined because the amount of 14C incorporated
into glutamine was low. Higher concentrations of
tissue than 25mg of tissue/assay were not tried.
An arbitrary amount of tissue (20mg/assay) was
chosen for the survey of rat tissues so that activity,
if present, would be detectable.

Calculation of glutamine syntheta8e activity.
Activity is calculated from the plotted linear rate
of radioactivity (c.p.m.) incorporated per unit of
time, taking into account the specific radioactivity
ofthe L-[U-I4C]glutamate solution used in the assay,
the dilution of the incubation mixture on depro-
teinization and the amount of tissue in the assay.
Activity is expressed as ,umol of glutamine formed/
min per g fresh wt. of tissue at 37°C. It is not
necessary to determine the specific radioactivity
of the glutamine formed. The assumptions are
made that: (1) glutamate initially present in the
homogenates is insignificant; (2) the proportion of

added glutamate lost through side reactions is
negligible during the 8min incubation; (3) loss of
labelled glutamine through glutaminase activity
in the tissue extracts is minimized by the inclusion
of the unlabelled pool of glutamine in the assay
system.

Determination of Km for L-glutamate. The Km of
glutamine synthetase for glutamate was determined
in crude extracts because less than maximum rates
of glutamine synthesis were reached at concentra-
tions of glutamate below 50mM, although the
Km of the purified sheep brain enzyme for L-
glutamate is reported to be 2.5 x 10-3M (Pamiljans,
Krishnaswamy, Dumville & Meister, 1962).
Enzyme activity was assayed at different L-

glutamate concentrations in supernatants from
extracts after centrifugation at 9700g to remove
some of the interfering glutaminase and adenosine
triphosphatase activity associated with the mito-
chondria. The normal assay system was used with
glutamate concentrations of 2-40mM. For these
experiments the incubation time was extended to
16min and at the low glutamate concentrations
10lu of the reaction mixture was spotted for
chromatography. A Km value of 1.5 X 10-2M
(average of three experiments; range 1.3 x 10-2-
1.9 X 10-2 M) was obtained for the liver enzyme, and
1.3 x 10-2M (one experiment) for the brain enzyme.
When the pool of unlabelled glutamine was omitted
from the Km determination in a brain-cortex extract,
a value of 1.4 x 10-2M was obtained with no apparent
change in Vmax.. The concentrations of other
reactants in these experiments are at near-satura-
tion. The Km values for ammonia and ATP are
1.8 x 10-4M and 2.3 x 10-3M respectively (Pamiljans
et al. 1962): the concentrations used in the assay
are for both 20mM. Wu (1963a) also found a
relatively high apparent Km for glutamate (1.1 x
10-2 M) in a crude liver extract, and Richterich
van Baerle, Goldstein & Dearborn (1957) obtained
a value of 5.5 x 10-2M in a crude guinea-pig kidney
extract. The discrepancy between these values and
the value for the purified brain enzyme obtained by
Pamiljans et al. (1962) cannot be explained.

Cysteine, which has been reported to activate
both the purified enzyme and the enzyme in crude
tissue extracts (Speck, 1947; Elliott, 1953; Wu,
1963a), had no effect on activity as measured by the
radiochemical assay.

Effect of varying the NH4+ ion concentration in the
glutamine 8ynthetase a8say. To check that the
20mM-ammonium chloride used in the assay
system was saturating a liver extract was assayed
after addition of a range of concentrations of
ammonium chloride. Again a 9700g supernatant
was used to remove most of the interfering enzymes
associated with the mitochondrial fraction. The
unlabelled glutamine pool was omitted from the
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assay to minimize endogenous ammonia produc-
tion. The ATP-regenerating system and L-
cycloserine were also omitted. The data in Fig. 1
show that activity is low and non-linear in the
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Fig. 1. Effect ofNH4+ concentration on rate of glutamine
synthetase activity in rat liver homogenate. The assay
method was as described in the text, except that the ATP-
regenerating system, the unlabelled glutamine pool and
L-cycloserine were omitted. A, No added NH4Cl; *,
2mM-NH4Cl; A, 20mM-NH4Cl; o, lO0mm-NH4Cl.

absence of added ammonium chloride, but is linear
and not significantly affected by concentrations
between 2 and lOOmM-ammonium chloride. Deter-
minations of the Km for ammonia of glutamine
synthetase in a crude extract are meaningless
because of interference from endogenous ammonia
production.

Glutamine 8ynthetase activity in rat tis8ues.
Results ofthe survey ofthe distribution ofglutamine
synthetase activity in tissues of normal fed male
rats are given in Table 2. The relative activities
are similar to those reported by Wu (1963a),
although individual tissues have, in general, con-
siderably higher activity. Spleen is now found to
contain the enzyme. Formation of glutamine by
retina was described by Krebs (1935), s0 it is not
surprising to find the synthetase in this tissue.

DISCUSSION
Importance of the A TP-regenerating 8y8tem in

assays of glutamine synthetase in crude tissue
extract8. The preliminary work in developing the
radiochemical assay for glutamine synthetase
served to draw attention to the shortcomings of
previous assay methods when applied to crude
homogenates of rat tissues other than liver. The
main advantages of the radiochemical assay are:
(1) it can be used when only very small amounts
of tissue are available; (2) it can be used to study
NH4+ as a reactant; (3) formation of glutamine, the
natural end-product of the glutamine synthetase
reaction, is measured, in contrast with other assays
that depend on the formation of y-glutamyl-
hydroxamate. However, for routine assays, the
ATP-regenerating system and the short incubation
times can be incorporated into the colorimetric
assay. This has been used to determine the activity
in tissues of lower vertebrates and is far less time-

Table 2. Glutamine synthetase activity in various rat tissues

The assay system was as described in the text. The results refer to fed male rats. Values are means s.E.M.
with the numbers of observations in parentheses.

Tissue
Liver
Brain cortex
Kidney cortex
Spleen
Testis
Retina (pooled from three rats)
Thigh muscle
Duodenal mucosa
Pancreas
Heart
Adrenal gland
Erythrocytes
Lung

L-Glutamine formed (,umol/min
per g fresh wt. at 3700)

8.8±0.70 (8)
2.3±0.3 (5)
2.3±0.29 (8)
2.5±0.16 (5)
2.4±0.2 (6)
6.9 (1)

<0.5
<0.5
<0.5
<0.5
<0.5
<0.5
<0.5
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consuming than the radiochemical assay (see
Lund & Goldstein, 1969).
Km for glutamate of glutamine syntheta8e. The

implications of the finding that glutamine syn-
thetase has a Km for glutamate approx. 1.5 x 10-2M
should be considered. At normal physiological
glutamate concentrations of 2.75,umol/g (P. Lund,
unpublished work) and 3.0umol/g (Brosnan, 1968)
for liver and kidney respectively, there is likely to
be little glutamine synthesis. Brain, having a
glutamate content of 10.4,umol/g (Brosnan, 1968),
might be expected to synthesize glutamine pro-
vided that the other substrates, ATP and ammonia,
are available. It is known that the brain synthesizes
an appreciable amount of glutamine after an am-
monia load (du Ruisseau, Greenstein, Winitz &
Birnbaum, 1957; Berl, Takagaki, Clarke & Waelsch,
1962), but there is no information on glutamine
synthesis under normal conditions. The ammonia
contents of brain, liver and kidney are 0.34, 0.71 and
0.88,umol/g respectively (Brosnan, 1968), and the
data in Fig. 1 and the Km for ammonia (1.8 x 10-4 M)
determined by Pamiljans et al. (1962) indicate that
the enzyme is saturated at low ammonia concentra-
tions, so that synthesis could occur if a low con-
tinuous supply of ammonia were available. Liver
and kidney are the tissues most likely to meet this
requirement.

Non-equilibrium of glutamine 8ynthetase. A
consideration of the properties of glutamine syn-
thetase shows that the reaction is not at equilibrium
in any tissue in vivo. The equilibrium constant K
of the enzyme is 1.2x103 at pH17.0 and 37°C
(Levintow & Meister, 1954), where

K [glutamine][orthophosphate][ADP]
[glutamate][ATP][ammonia]

and the concentrations of reactants refer to the sum
of all ionic species. When this value is corrected for
the activity coefficient of ammonium glutamate
and for the concentration ofHP042- in the following
equation (where brackets indicate concentrations
and parentheses indicate thermodynamic activi-
ties):

[MgADP-][HPO42-](glutamine)
[MgATP2j-(NH4+) (glutamate-)

K' becomes 4.42 x 102 (Benzinger, Hems, Burton &
Kitzinger, 1959). Taking the liver as an example,
the [glutamine]/[glutamate] ratio is approx. 1.5
and the tissue contents of ammonia and of HP042-
are approx. 1mm and 3mm respectively; this means
that for equilibrium to exist [ADP]/[ATP] must be
about 10, which is not the case. In any event, such
a ratio would be incompatible with activity
because of the competitive inhibition by ADP (see
Elliott, 1951). The range of values of the [ADP]/

[ATP] ratio in whole liver is between 0.5 and 1.0,
and the experiments of Klingenberg, Heldt &
Pfaff (1969) indicate that the ratio in the cytoplasm
is lower than in the mitochondria, and hence lower
than the ratio found for the whole tissue. Thus
compartmentation of some of the reactants is un-
likely to be the explanation of the large deviation
from equilibrium. Non-equilibrium in the gluta-
mine synthetase system means that the tissue
content of the reactants of the enzyme can-
not be used to obtain information on the
[ATP]/[ADP][HP042-] ratio of the cytoplasm
in vivo.
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