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Summary. The adenine pool of a purineless mutant of E. coli was radioactively 
labelled by short incubation with 14C-adenine. 

The glutamine synthetase was inactivated in vivo by incubation of the cell 
suspension with 2 • 10 -a ~ NH~ + for 2 min. The inactivated glutamine synthetase 
was extracted from the cells and purified 20-fold. 

Incubation of the purified glutamine synthetase with phosphodiesterase regene- 
rated the biosynthetic activity of the enzyme paralleled by the liberation of zaC- 
adenine and 14C-adenosine. laC-adenine and zdC-adenosine were also obtained when 
inactivated glutamine synthetase, prepared in vitro by use of 14C-ATP and purified 
adenylylating enzyme, was incubated with phosphodiesterase under the same 
conditions. 

The similar liberation of adenine derivatives by phosphodiesterase from glut- 
amine synthetase inactivated in a cell-free system as well as in intact cells, demon- 
strates that in both cases the inactivation consists in an adenylylation of the enzyme. 

After addition of NHd+ ions to a suspension of E. coli cells grown 
without NH4 +, one observes within 1--2 min an inactivation of glut- 
amine synthetase to a few percent of its original activity (Mecke and 
ttolzer, 1966). In  cell-free extracts of E. coli glutamine synthetase is 
rapidly inactivated in the presence of ATP and Mg ++ by the addition of 
glutamine (Mecke et al., 1966a). The inactivation in the cell-free system 
is catalyzed by an enzyme (Mecke et al., 1966b) and is an ATP-dependent 
adenytylation of glutamine synthetase, stimulated by glutamine accord- 
ing to the following equation (Wulff et al., 1967; Kingdon et al., 1967): 

Glutamine synthetase A- 12 ATP (~lu*ami.e) 

glutamine synthetase(-AMP)l 2 + 12 PP. 

In  intact cells inactivation of glutamine synthetase is caused by 
10 -4 M Nttd+. Glutamine is effective only in a 100-fold higher concentra- 
tion (Holzer et al., 1967). In  the cell-free system, however, 10-3M 
glutamine causes inactivation, while NHd+ remains without any effect 
even at 103-fold concentration. 
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According  to  these  s t r ik ing  differences of the  me tabo l i t e s  in i t i a t ing  
inac t iva t ion  in  i n t a c t  cells and  in the  cell-free sys tem,  respect ive ly ,  one 
would  expec t  different  mechanisms  of  the  inac t iva t ion  process.  There  are,  
however ,  some indica t ions  t h a t  the  same mechan i sm is responsible  for the  
two processes (Holzer et al., 1967 ; Holzer ,  1967). I n  bo th  eases the  t rans-  
ferase a c t i v i t y  dur ing  inac t iva t ion  of  the  enzyme is much  less a f f e c t e d tha n  
the  b iosyn the t i c  a c t i v i t y  (Meeke and  t to lzer ,  1966). Fu r the rmore ,  among  
five different  enzymes  s tudied,  the  i nac t i va t i on  is specific for g lu t amine  
syn the tase  (Mecke and  t to lzer ,  1966) in  i n t a c t  cells as well  as in  the  cell-free 
sys tem.  F o r  fu r the r  e luc ida t ion  of  the  p rob lem whether  different  mecha-  
nisms of  i nac t i va t i on  could account  for the  difference of  the  metabo l ic  
effectors, the  exper iments  descr ibed in the  presen t  p a p e r  have  been 
carr ied  out.  I t  will be shown t h a t  the  inac t iva t ion  of  g lu tamine  syn the t -  
ase b y  A T P - d e p e n d e n t  adeny ly la t ion ,  a l r e ad y  de mons t r a t e d  in  the  cell- 
free sys tem,  occurs also in  i n t ac t  cells. 

Materials and Methods 

Strain and Growth Conditions. A mutant of E. cell, E. cell Br, was obtained by 
treatment of the wild type of E. cell with N-methyl-N-nitroso-N'-nitroguanidine as 
mutagen and selection for purine requirement (Eisenstark et al., 1965). As described 
earlier (Mecke and Holzer, 1966) the bacteria were grown on minimal medium. 
Optimal concentration of adenine for growth of the mutant was found to be 72 [~mo- 
les/1. The bacteria, 2 1 of cell suspension, were grown to an optical density of 0.5 
(650 nm) and then centrifuged for 10 rain at 34000 • g. In  order to double the cell 
density, the centrifuged cells were resuspended in 1 1 of medium without nitrogen 
source and without adenine for 15 min at 37~ During these 15 rain the glutamine 
synthetase activity increased about 10-fold. 

8-14C-Adenine Uptake. Two 500 ml portions of the resuspended cells were incu- 
bated with 2 ~moles of 8-1aC-adenine (specific activity 25.6 mc/m mole) for 10 rain 
at 37~ The 8-14C-adenine uptake by the cells was followed by measuring the 
decrease of radioactivity in the medium as follows: 100 [zl cell suspension were 
added to 0.9 ml ice-cold water and centrifuged immediately at 15000 • g for 2 min. 
100 ~1 of the supernatant were taken for liquid scintillation counting. The scintilla- 
tion liquid was made up of 800 ml toluene, 400 ml abs. ethanol and 42 ml Liqui- 
fluor. Two thirds of the 14C-adenine radioactivity from the medium are taken up by 
the cells during 8 rain of incubation. 

Inactivation. After incubation with 8-14C-adenine, the glutamine synthetase in 
cell suspension No. 1 was inactivated by addition of NHa + up to a concentration of 
2 • 10 -3 M. Suspensions No. 1 and 2 were then incubated for 2 rain at 37~ cooled in 
an ice bath, and centrifuged for 10 rain at 34000 X g. 

Purification o] Glutamine Synthetase. The pellets of both charges, 1 g moist 
weight each, were ground with 3 g Alcoa, and the glutamine synthetase was isolated 
as described earlier (Mecke and Holzer, 1966). 

Reactivation. 200 ~l of the purified inactivated glutamine synthetase, 7.5 mM 
MgSO~, 130 ~l 1 ~ Tris pH 9 and 60 [zl snake venom phosphodiesterase (1.0 mg/ml) 
were incubated at  37 ~ 50 ~I of this incubation mixture were taken at  different times 
(see Fig. 1) for determination of the glutamine synthetase activity, and 20 [zl were 
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used for 14C-assay according to the procedure of Mans and Novelli (Mans and Novelli, 
1961). For comparison, non-inactivated glutamine synthetase was treated in the 
s a m e  m & n n e r .  

Chemicals. 8-14C-adenine was purchased from Radiochemical Centre (Amersham, 
Buckinghamshire) CFA. 348 Batch 5, spec. act. 51.1 mc/mM), 

adenine and ATP from C. F. Boehringer Mannheim GmbH (Mannheim), 
Alcoa (A 305 bacteriological grade) from Aluminium Corp. of America (Pitts- 

burgh, Pa.), 
Liquiflor from the New England Nuclear Corp. (Boston, Mass.), 
streptomyciusulfate from Serva Entwicklungslabor (Heidelberg), 
snake venom phosphodiesterase from Worthington Biochemical Corp. (Freehold, 

New Jersey). 
AlI ~he other materials used were p.a. substances from Merck AG (Darmstadt). 
Electrophoresis. The buffer employed for tank electrophoresis (apparatus from 

F. Hiittinger [Freiburg]) was pyridine acetate, pH 3.6 (10 ml pyridine, 100 ml 
acetic acid, 890 ml water). Conditions for electrophoresis: 65 V/cm, 45 mA, 1--3 ~ 
Schl. & Sch. paper No. 2043 b Mgl. 

100 ~I of each of the incubation mixtures, described in section "Reactivation", 
were taken at zero time and after 4 h, were precipitated by 50 ~l 50~ trichloro- 
acetic acid and centrifuged. 20 {zl supernatant were applied to electrophoresis. The 
electropherogram was cut into 1 • 4 cm strips and examined for radioactivity in the 
liquid scintillation counter. 

Thin-Layer Chromatography. Was performed as described by Shapiro et al., 
1967. 

Results 

An inactivation to less than 10~ of the control value has occurred 
in the NHa+ treated cells (legend to Fig.l) .  Glutamine synthetase was 
purified about  20-fold from the untreated and NH4+-inaetivated cell 
suspension. As shown by  Shapiro et al., 1967, snake venom phos- 
phodiesterase can be used in order to split off covalently bound 
AMP from glutamine synthease. Therefore, if  the inactivation goes 
parallel to an adenyly]ation, incubation of the inactivated glutamine 
synthetase with snake venom phosphodiesterase should result in a 
reactivation parallel to hberation of AMP.  To prove this, the purified 
glutamine synthetases from both cell suspensions were incubated with 
phosphodiesterase. :Fig. 1 (left ordinate) shows the increase of synthetase 
act ivi ty in the ease of inactivated glutamine synthetase, whereas the 
synthetase act ivi ty of the non-inactivated glutamine synthetase remains 
fairly unchanged. 

Parallel to the reactivation with phosphodiesterase, radioactive AMP 
should be liberated from adenylylated glntamine synthetase. Fig. 1 {right 
ordinate) demonstrates the changes of saC-radioactivity in the triehloro- 
acetic acid-insoluble material  as measured with the procedure of Mans and 
Novelli (Mans and Novelli, 1961). There is a decrease in the case of inacti- 
vated glutamine synthetase, but  no decrease in the case of non-inactivated 
glutamine synthetase. 

7* 
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Fig. 1. Incubation o] glutamine synthetase preparations with snake venom phospho- 
diesterase. After streptomycin precipitation, 2 acid precipitations and 60 ~ treatment, 

specific biosynthetic activity of glutamine synthetase of 123 was obtained from 
the lqH4+-inactivated cell suspension (1 g moist cells). The specific activity of 
glutamine synthetase isolated from the cell suspension, where no l~Ha+ was added, 
was 1390. Le/t ordinate: synthetase activity of the incubation mixture with non-in- 
activated glutamine synthetase (open circles); synthetase aetivity of the incubation 
mixtl~re with inactivated glutamine synthetase (black dots). Right ordinate: radio- 
activity of the triehloro-acetic acid-insoluble material of the incubation mixture 
with non-inactivated glutamine synthetase (open triangles) ; radioactivity of the 
triehloro-aeetie acid-insoluble material of the incubation mixture with inactivated 

glutamine syn~hetase (black triangles) 

The increase of biosynthetic activity of the glutamine synthetase 
preparat ion from NH4+-inactivated cells should correspond to the de- 
crease of protein-bound radioactivity. The plot of synthetase act ivi ty/mg 
protein versus cpm/mg protein for the different times during incubation 
with phosphodiesterase shows a fairly good linear dependency. 

I n  order to make sure tha t  the decrease of  z4C-radioactivity in the 
trichloro-aeetie acid-insoluble material is indeed caused by  the release of 
AMP, efforts were made to identify the 14C-labeUed material liberated. For 
this purpose, unlabelled AMP was added to aliquots of the incubation 
mixtures of the glutamine synthetases with snake venom phospho- 
diesterase. The reaction was stopped by  addition of trichloro-acetic acid. 
Af te r  high voltage paper  eleetrophoresis, i t  was possible to detect the 
authentic AMP which had moved towards the anode, but no radioactivity 
was found on the AMP spot. However,  as shown in Fig.2, two new 
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Fig.2. Electrophoresis o/ the trichloro-acetic acid su~ernatant /rom Nlta + inactivated 
14C-labelled glutamine synthetase ~reparations be/ore (open circles) and after d h 
(black dots) incubation with 2hosphodiesterase. The high radioactivity peak close to 
the origin is attributed to triehloro-aeetie acid soluble material (see ~ig. 1, right 

ordinate) which contaminates both glutamine synthctase preparations 

peaks of 14C-radioactivity appeared on the cathodic par~ of the electro- 
pherogram. The eleetrophoretic mobilities of the two peaks correspond 
exactly to those of authentic adenosine and adenine. For further identi- 
fication, the eleetropherogram was eluted at the positions of radioactivity 
and, after lyophilisation, the radioactive materials were applied to thin- 
layer cellulose plates. The cellulose layer was scratched off in form of 
1 • 4 em strips and added directly r the scintillation liquid. The total 
radioaetivitywas detected at the same positions as unlabelled authentic 
adenosine and adenine. 

For comparison with these results from glutamine synthetase inacti- 
vated in intact cells, in vitro inactivated and laC-labelled glutamine 
synthetase was incubated under identical reaction conditions with phos- 
phodiesterase. Again, no 14C-AMP could be found, but x4C-adenosine and 
~4C-adenine were detected. 
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Discussion 

In  earlier experiments, it was shown in  vitro by incorporation of 
14C-radioactivity from 14C-labelled ATP into the enzyme-protein tha t  the 
inactivation of glutamine synthetase is an ATP-dependent adenylylation 
(Wulff et al., 1967; Kindgon et al., 1967). In  the present paper the in- 
activation of glutamine synthetase was studied in intact  cells. The ATP 
pool was 14C-labelled by  brief incubation of a purineless mutan t  of 
E. coli with 14C-adenine. After inactivation of glutamine synthetase in 
intact  cells by  Ntt4+-addition, the enzyme was purified from the cell 
extracts 20-fold. The purified enzyme preparation has the same proper- 
ties as glutamine synthetase obtained by inactivation with 14C-ATP in  
vitro, i.e., the ester-bond of the adenylic acid to the protein is split by 
incubation with phosphodiesterase and the biosynthetic activity is 
regenerated parallel to the liberation of 14C-adenine containing material. 
Instead of the expected 14C-AMP, 14C-adenine and 14C-adenosine were 
formed. This is a t t r ibuted to the hydrolytic action of enzymes con- 
taminating the diesterase preparation. These results demonstrate tha t  
the inactivation of the biosynthetic act ivi ty of glutamine synthetase 
caused by  NH4+-addition to intact  cells of E. coli has the same chemical 
mechanism as it was found with pure enzymes, i. e., an ATP-dependent,  
enzyme-catalyzed inactivation of glutamine synthetase by  adenylylat- 
ion. 

In  the cell-free system the adenylylating enzyme is effective only 
after addition of a stimulating effector. NH~+ is without effect, glutamine 
is a potent  effector, certain other amino acids are also effective (Mecke 
and Holzer, 1966a; Wulff et al., 1967). I t  is probable tha t  in intact  cells 
NHa + reacts rapidly with glutamate to yield glutamine, which stimulates 
the adenylylating enzyme (Holzer, 1969). 
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