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ABSTRACT: Ovine brain glutamine synthetase is isolated in an 
octameric form exhibiting a sedimentation coefficient, S Z O . ~ ,  

of 15.0 S and possessing a molecular weight of 525,000 =t 
25,000. In the presence of 2 M urea at 25", 1 M urea at 35") 
20 dimethylformamide, 20 dimethyl sulfoxide, or at values 
of pH greater than 8.1 in low ionic strength media, the enzyme 
dissociates reversibly to a form, probably a tetramer, exhibit- 
ing a sedimentation coefficient of 8.6 s. Such dissociation is 
prevented by adenosine triphosphate and Mg2+. Association 
of the 8.6s species to re-form the octamer is promoted by re- 
moval of the dissociating agent or by addition of adenosine 
triphosphate and Mg2+. Reversible dissociation in 1 M urea 
is temperature dependent. Studies at various values of pH 

G lutamine synthetase has been isolated from sheep brain 
as an apparently homogeneous preparation exhibiting a mo- 
lecular weight of about 525,000 (Pamiljans et al., 1962; Ron- 
zio et al., 1969a; Haschemeyer, 1965). The enzyme is com- 
posed of 8 apparently identical subunits with a cubelike mor- 
phological appearance (Haschemeyer, 1965, 1966). Electron 
microscope studies and considerations of symmetry have led 
to the formulation of a model for the enzyme which possesses 
D4 symmetry (Haschemeyer, 1968). Inhibition of glutamine 
synthetase by methionine sulfoximine is associated with the 
tight binding to the enzyme of 8 moles of methionine sulfox- 
imine phosphate together with an equivalent quantity of 
ADP (Ronzio and Meister, 1968; Ronzio et al., 1969b). In 
addition, the enzyme can bind with high affinity 8 moles of 
ATP and with less affinity a total of 16 moles of ATP (Wellner 
and Meister, 1966; Ronzio et al., 1969b). The available data 
indicate that enzymatic activity resides in the native octa- 
meric enzyme. In the investigations reported here, the subunit 
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suggest that a functional group of the enzyme with a pK of 
about 8.1 is involved in the reversible dissociation phenom- 
enon. The data suggest that dissociation of the octamer to 
the 8.6s form does not involve extensive alteration of the 
tertiary structure of the enzyme, and that certain reagents are 
quite specific for disrupting the linkage between tetramers. 
The findings are consistent with a model of the octameric 
enzyme in which two heterologously linked tetramers are held 
together by weaker isologous bonds. Treatment of the oc- 
tameric enzyme with maleic anhydride, acetic anhydride, 
tetranitromethane, diazonium-1H-tetrazole, or adjustment of 
the pH to values greater than 9.8 yields a catalytically inactive 
monomeric species [ s ~ , , , ~  = 2.8 S; mol wt 65,0001. 

structure of the enzyme has been examined by application of a 
number of procedures which produce dissociation of the 
octamer. Evidence has been obtained that the enzyme can be 
reversibly dissociated to yield a form exhibiting a sedimenta- 
tion coefficient of 8.6 S and irreversibly to a monomeric com- 
ponent ( S ~ O , ~  = 2.8 S). The findings support the model pro- 
posed by Haschemeyer (1968). 

Experimental Section 

Materia Is 

Glutamine synthetase was isolated from sheep brain as 
described by Ronzio et al. (1969a); the preparations used here 
exhibited specific activities in the range 170-200 units/mg, 
and were stored in the dry lyophilized state at -20". Under 
these conditions, some preparations of the enzyme developed 
small amounts of catalytically inactive very high molecular 
weight material; when present, such aggregates were removed 
from solutions of the enzyme by high-speed centrifugation. 

Ultrapure urea was obtained from Mann Chemical Co. 
Adenosine triphosphate, adenosine diphosphate, and N-ethyl- 
maleimide were obtained from Sigma Chemical Co. Tetra- 
nitromethane, 5-amino-lH-tetrazole, maleic anhydride, and 
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5,5 '-dithiobis(2-nitrobenzoic acid) were purchased from 
Aldrich Chemical Co. 

Bio-Gel 300 P was obtained from Calbiochem, and Seph- 
adex G-50 was obtained from Pharmacia Chemicals. The 
gels were suspended in 0.05 M potassium phosphate buffer 
(pH 7.2) for 24 hr prior to use. Visking dialysis tubing was 
prepared for use by treatment at 100' with water, 0.02 M 
EDTA, and 5 sodium bicarbonate, in sequence; it was then 
washed with copious amounts of distilled water until the wash 
water failed to exhibit absorbance at 280 mp. 

L-Methionine (SI?)-sulfoximine and L-methionine (SI?)-sulf- 
oximine phosphate were obtained as previously described 
(Rowe ef al., 1969). 

Methods 

Glutamine synthetase activity was determined by measuring 
the amount of y-glutamyl hydroxamate formed in the stan- 
dard assay system previously described (Ronzio et a/., 1969a). 
Protein was determined by the procedure of Lowry et a/. 
(1951) using bovine serum albumin as a standard, or from the 
absorbance of the enzyme at 280 mp; a solution of the enzyme 
containing 1 m g / d  exhibits an absorbance of 1.35 (Ronzio 
et a/., 1969a). 

Gel filtration was carried out with columns (0.2 X 16 cm) of 
Bio-Gel P-300 or Sephadex G-50; the enzyme solution (0.5 
mg/0.5 ml) was added to the top of the column and elution 
was carried out with 0.01 M potassium phosphate buffer (pH 
7.2) containing 0.01 M 2-mercaptoethanol and 0.002 M EDTA. 

Electrophoresis on polyacrylamide gel was carried out by 
the procedure of Davis (1964); electrophoresis was carried 
out on 6 X 50 mm (673 gels in a 0.05 M potassium phosphate 
buffer (pH 7.2) at 25" for 3 hr; 110 V; current, 50 mA. In 
some studies 2 M urea was added to both buffer and gel. 

Determination of enzyme sulfhydryl groups was carried out 
by the procedure of Ellman (1959). In these studies the en- 
zyme was dialyzed exhaustively at 4" against 0.01 M potassium 
phosphate buffer (pH 7.2) containing 0.002 M EDTA in order 
to remove 2-mercaptoethanol. Solutions of the enzyme (0.7 
ml containing 0.35 mg) were added to a spectrophotometer 
cuvet and treated with 0.025 ml each of 0.25 M potassium phos- 
phate buffer (pH 7.2) and 0.01 M EDTA. The absorbancies 
determined at 412 mp, after addition of 0.02 ml of 0.01 M 5,5'- 
dithiobis(2-nitrobenzoate) in 0.05 M potassium phosphate 
buffer (pH 7.0), were corrected for the protein and reagent 
blanks. The corrected increase in absorbance at 412 mp was 
determined as a function of time, and the corrected initial 
rate was extrapolated to zero time to obtain the number of 
instantaneously reacting sulfhydryl groups (Ronzio et a/., 
1969a). 

The effect of urea on the binding of methionine sulfoximine 
to the enzyme was studied using ~-['~C]methionine sulfox- 
imine (Ronzio e l  al., 1969b). An aliquot (0.6 ml) of enzyme 
in 0.01 M pH 7.2 Tris-HCl buffer containing 0.5 mg of protein 
was incubated for 15 min at 37" with 0.1 ml of ~-[14C]- 
methionine sulfoximine (1.27 pmoles; 1.50 X lo8 cpm/pmole) 
in the presence of 0.02 M MnC12, 0.01 M ATP, and 0.01 M 2- 
mercaptoethanol. The enzyme-[ 14C]methionine sulfoximine 
complex was separated from free [ l4CImethionine sulfoximine 
by passage through Sephadex G-50. An aliquot (1 ml) of the 
complex was treated with 0.12 g of urea (final concentration 
2 M) for 15 min at 25' and then passed through a second col- 

umn of Sephadex G-50. Fractions were monitored for radio- 
activity by liquid scintillation counting (Ronzio et al., 1969b). 

Optical rotatory dispersion was performed with a Cary 
Model 60 spectropolarimeter. Ultraviolet difference spectra 
were taken with a Cary Model 14 spectrophotometer using the 
procedure described by Wetlaufer (1962). 

The enzyme was treated with maleic anhydride as described 
by Sia and Horecker (1968). A similar procedure was fol- 
lowed in the studies with acetic anhydride. Reaction of the 
enzyme with diazonium-lH-tetrazole was carried out as de- 
scribed by Sokolovsky and Vallee (1966). Treatment of the 
enzyme with tetranitromethane (Sokolovsky et af., 1966) was 
carried out by mixing a solution of the enzyme (0.5 mg/ml) 
with the reagent as described, followed by exhaustive dialysis 
against 0.01 M potassium phosphate buffer (pH 7.2) contain- 
ing 0.01 M 2-mercaptoethanol and 0.002 M EDTA. Reaction 
of the enzyme with N-ethylmaleimide was carried out in the 
absence of 2-mercaptoethanol ; the enzyme was incubated in 
0.01 M potassium phosphate buffer (pH 7.2) containing 0.002 
M EDTA and 0.005 M N-ethylmaleimide at 37 " for 5 min. 

Sedimentation coefficients were measured with a Spinco 
Model E ultracentrifuge equipped with an ultraviolet scanning 
system. A solution of the enzyme (usually 0.4 ml containing 
0.2 mg of protein) was added to the right-hand compartment 
of a standard double sector cell containing an Epon centerpiece 
and equipped with quartz windows. The reference compart- 
ment was filled with the appropriate buffer. The cell was 
placed in an AN-D rotor, which was brought to 59,280 rpm; 
scans at 280 mp were automatically recorded at 4-min inter- 
vals. In the experiments with ATP and ADP, it was not pos- 
sible to use the ultraviolet optical scanning system of the ultra- 
centrifuge at 280 mp because of the high absorbance due to 
the nucleotides at this wavelength ; therefore experiments in 
which nucleotides were present were carried out at 292 mp. 
At this wavelength it is possible to observe the protein bound- 
ary in the presence of 0.01 M ATP. The sedimentation rate 
was computed from the least-squares slope of a plot of the 
logarithm of the displacement of the midpoint of the protein 
boundary from the center of rotation against time. When 
both 15s and 8.6s components were present, the relative 
amounts of these were estimated from the respective 
boundary heights on the recorded plots. The measurements 
carried out in solutions of urea were corrected to the viscosity 
and density of water at 20" using the equations given by 
Kawahara and Tanford (1966). Appropriate corrections for 
viscosity and density were applied in the studies carried out 
with dimethylformamide (Blankenship and Clanipitt, 1950), 
acetonitrile (Vierk, 1950), dimethyl sulfoxide (LeBel and 
Goring, 1962), and tetrahydrofuran (Critchfield et a/., 1953; 
Blankenship, 1949; International Critical Tables, 1928). It 
was assumed that vT = rz0 = 0.73 cc/g. 

The 2.8s form of the enzyme was prepared for molecular 
weight determination by reaction with maleic anhydride as 
described above. The dissociated enzyme was dialyzed against 
0.1 M pH 7.2 potassium phosphate buffer containing 0.1 M 
NaC1. The preparation gave a single symmetrical boundary 
on analytical ultracentrifugation. The molecular weight was 
determined by a lower speed, higher concentration modifi- 
cation of the Yphantis (1964) method. The 8.6s form of the 
enzyme was prepared for molecular weight determination by 
treatment of the isolated enzyme with 2 M urea, followed by 
purification on a column of Bio-Gel P-300 equilibrated with 
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tection was found to be time dependent; thus, 70% inhibition 
was observed after the enzyme was incubated with serum al- 
bumin and 3 M urea for 24 hr. The inhibition of purified glut- 
amine synthetase by urea is also time dependent; for example, 
the lower curve in Figure 1 was shifted to the left as the period 
of incubation of the enzyme with urea was increased. Neither 
EDTA nor 2-mercaptoethanol affected the inhibition of the 
purified enzyme by 2 M urea. 

When samples of the purified enzyme (I mg/ml) in 2 M urea 
were subjected to gel filtration as described under methods, 
two protein components were Obtained, both Of which ex- 
hibited glutamine synthetase activity. The first peak to emerge 
from the column appeared in the column volume and appeared 
to have a molecular weight equivalent to that of the native 
enzyme. The second component evidently possessed a lower 
molecular Weight. There was some variability in the elution 
Pattern obtained in studies of this type and a satisfactory esti- 

FIGURE 1: Effect of urea on glutamine synthetase activity. The 
enzyme (0.1 mg/rnl) was incubated in solutions containing 0.01 M 
potassium phosphate buffer ( P ~  7,2), 0,332 EDTA, 0.01 2- 
mercaptoethanol, and urea (in the indicated concentrations) at 
25" for 3 hr. Upper curve (open circles): activity was determined in 
the presence of the Same concentration of urea that was present 
during incubation at 25", Le., as indicated in the figure. Lower 
curve (closed circles): activity was determined in the presence of 
one-tenth of the concentration of urea present during incubation. 

2 M urea. The protein contained in the void volume peak was 
dialyzed against 2 M urea containing 0.1 M NaCI. Examination 
of the material by analytical ultracentrifugation revealed no 
undissociated (15.0 S) enzyme and approximately 6 trail- 
ing material. The molecular weight was determined by the 
meniscus depletion method of Yphantis (1964), at a speed of 
13,416 rpm and a temperature of 5.8'. 

Results 

Effect of' Urea on Glutamine Synthetase Activity. In an ef- 
fort to obtain information about the relationship of subunit 
structure to activity, conditions were sought in which dissoci- 
ation could be achieved without extensive disruption of the 
tertiary structure of the enzyme. Thus, the effect of various 
concentrations of urea on the activity of the enzyme was stud- 
ied. In the experiments described in Figure 1, the enzyme was 
incubated with various concentrations of urea at 25" for 3 hr. 
After incubation, activity was determined at 37" in the pres- 
ence of the same concentration of urea used in the incubation 
(upper curve) and also in the presence of one-tenth of this 
concentration (lower curve). In the first set of activity deter- 
minations, inhibition was essentially proportional to urea 
concentration up to 3 M urea. In the second series of experi- 
ments, in which a much lower concentration of urea was 
present during the determination of activity, much less in- 
hibition was observed in the studies in which the enzyme was 
incubated with 1 and 2 M urea; on the other hand, incu- 
bation of the enzyme with concentrations of urea that were 3 
M or higher led to irreversible inhibition. When the enzyme 
was incubated with 2 M urea for 3 hr and then extensively di- 
alyzed, virtually all of the initial activity returned. Studies in 
which urea was added to the standard assay system indicated 
that urea did not inhibit activity at concentrations less than 
0.9 M. 

In the course of these studies it was found that the effect of 
urea on activity is much less marked on partially purified 
preparations of the enzyme (specific activity 50-70 units/mg).. 
Furthermore, addition of bovine serum albumin (5  mg/ml) 
to a solution of purified glutamine synthetase (specific activity 
185 units/mg) afforded complete protection against inactiva- 
tion by 3 M urea after a 5-min exposure. However, such pro- 

mate of the molecular weight of the second component could 
not be made. When polyacrylamide gel electrophoresis was 
carried out using the conditions described under methods, the 
native enzyme moved as a homogeneous band 2 mm toward 
the anode. When electrophoresis was carried out after 
treatment of the enzyme with 2 M urea, a more rapidly mi- 
grating band (13 mm) was found in addition to the major 
component exhibiting the mobility of the native enzyme. 
When 2 M urea was present in the buffer and in the gel, only a 
single rapidly migrating band (13 mm) was found after elec- 
trophoresis. These studies showed that the enzyme dissoci- 
ates in the presence of 2 M urea to yield a form of the enzyme 
possessing a lower molecular weight. In order to pursue this 
phenomenon further, studies were carried out using the ana- 
lytical ultracentrifuge. 

Efect of Urea on the Sedimentation Coeficient of Glutamine 
Synthetase. The sedimentation coefficient of the native en- 
zyme was found to be 15.0 s, a value in close agreement with 
earlier determinations (Pamiljans et al., 1962 ; Haschemeyer, 
1968). When the enzyme was treated with 2 M urea, there was 
complete dissociation of the native enzyme to yield a new 
species exhibiting a sedimentation coefficient of 8.6 S (Table I). 
After dialysis of the 2 M urea-treated enzyme there was com- 
plete reassociation to the 15s form of the enzyme (Table I, 
expt 3). Dissociation by 2 M urea was unaffected by the pres- 
ence of either 0.002 M EDTA or 0.01 M 2-mercaptoethanol. On 
the other hand, only about 70% dissociation was observed in 
the presence of 2 M urea and 0.1 M sodium chloride. When the 
enzyme was treated with 1 M urea at 20" both 8.6s and 15.0s 
components were found with the latter predominating (Ta- 
ble I, expt 7). However, when the temperature was increased 
to 35O, the relative amount of 8.6s component increased; this 
phenomenon is reversible (Table I, expt 8). Thus, when the 
temperature was brought back to 20" much more of the 15s 
component was found, and after further decrease in tempera- 
ture to 6 O ,  only the 15s species was present. The findings in- 
dicate, therefore, that in 1 M urea there is a temperature-de- 
pendent equilibrium between the 15s and 8.6s forms of the 
enzyme. Similarly, at 25" there is a urea concentration-de- 
pendent equilibrium. 

The weight-average molecular weight value for the 8.6s 
form of the enzyme, determined by the method of Yphantis 
(1964), was 185,000. Although this is less than 263,000 (theory 
for the tetramer), the preparation was devoid of the 15s form 
but contained 8 significant amount of the monomer. The 
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TABLE I :  Effect of Urea and Temperature on the Sedimentation 
Coefficient, s20.w, of Glutamine Synthetase. 

Sedimentation 
Coefficient 

TABLE 11: Effect of Substrates on the Sedimentation Coefficient 
of Glutamine Synthetase. 

Sedimentation 
Coefficient 

Experiment" 
% %  

15 S 8 .6s  ExDeriment" 
% % 

15 S 8.6 S 

1. Control 
2. 2 M urea 
3. 2 M urea; then dialyzed* 
4. 2 M urea (EDTA omitted) 
5. 2 M urea (2-mercaptoethanol omitted) 
6. 2 M urea; 0.1 M NaCl 
7. 1 M urea; 20" 
8: (a) 1 M urea; 35" 

(b) 20" 
(c) 6" 

100 0 
0 100 

100 0 
0 100 
0 100 

30 70 
80 20 
20 80 
70 30 

100 0 

a These studies were carried out with solutions of the enzyme 
(0.2 mg/0.4 ml) in 0.01 M potassium phosphate buffer (pH 
7.2) containing 0.01 M 2-mercaptoethanol and 0.002 M EDTA. 
Sedimentation coefficients were determined as described under 
Methods. The relative amounts of the 15s and 8.6s com- 
ponents were calculated from the respective boundary heights 
on the recorded plots. Experiments 1-6 were carried out at 
25 ". b Dialyzed for 24 hr at 5 " against 0.05 M potassium phos- 
phate buffer containing 0.01 M 2-mercaptoethanol and 0.002 M 
EDTA. c In expt 8, sedimentation was carried out at 35" 
(a); the same solution was used (after mixing) for the studies 
at 20" (b) and 6" (c). 

amount of trailing material increased from 6% at the start of 
the run to 23% at the end. Analysis of the data obtained 
clearly reflected the presence of the monomer (2.8 S). 

Effect of Substrates on the Sedimentation Coefficient of 
Glutamine Synthejase. The gel filtration experiments de- 
scribed above suggest that the lower molecular weight com- 
ponent exhibits glutamine synthetase activity. However, 
since the determination of enzymatic activity is necessarily 
carried out in the presence of glutamate, ATP, and mag- 
nesium ions, it is necessary to know whether these compo- 
nents of the assay system can affect the state of aggregation 
of the enzyme. Sedimentation studies showed that the en- 
zyme, after brief incubation with ATP, Mg2+, and glutamate, 
is completely in the 15s form at 35' (Table 11). When 1 M 
urea was added to the substrate-treated enzyme (Table 11, 
expt 2), only about 20% dissociation occurred. Similar re- 
sults were obtained when 1 M urea was added prior to the sub- 
strates. In contrast, in the absence of substrates, 1 M urea 
produced 80-85 % dissociation under these conditions (Table 
I, expt 8a; Table 11, expt 4). Such prevention of dissociation 
was also observed in the presence of ATP and Mg2+ alone; 
i.e., similar results were obtained in the presence and absence 
of glutamate. Furthermore, neither ATP nor Mg2+ alone 
prevented dissociation. About 50 % dissociation was ob- 
served when ADP and Mn2+ and 1 M urea were present. 
When the enzyme was incubated with ATP, Mg2+, and meth- 
ionine sulfoximine there was no dissociation, and only 40z 

1. ATP, Mg2+, glutamate; 35"* 
2. ATP, Mg2+, glutamate;" then 

1 M urea added; 35" 
3. 1 M urea; then ATP, Mg2+, 

glutamatec added; 35" 
4. 1 M urea; 35" 
5. ADP, Mn2+; then 1 M urea added; 

6. ATP, Mgz+, methionine sulfoximine; 

7. ATP, Mg2+, methionine sulfoximine; 

8. Methionine sulfoximine phosphate; 

9. 2 M urea; 25" 

35 " 

25 " 

then 2 M urea added; 25" 

then 2 M urea; 25" 

10. Mg2+; then 2 M urea; 25" 

100 0 
80 20 

80 20 

15 85 
50 50 

40d 0 

3 38 0 

15 85 

0 100 
0 100 

Q These studies were carried out on solutions of the enzyme 
(0.2 mg/0.4 ml) in 0.01 M potassium phosphate buffer (pH 
7.2) containing 0.01 M 2-mercaptoethanol and 0.002 M EDTA; 
NaATP (0.01 M), NaADP (0.01 M), MgC12 (0.02 M), MnClz 
(0.02 M), sodium L-glutamate (0.05 M), L-methionine (SR)- 
sulfoximine (0.01 M), and L-methionine (SR)-sulfoximine 
phosphate (0.01 M) were added as stated in the table. The 
solutions were incubated for 15 min at 37" prior to second 
addition (if any) and determination of sedimentation coeffi- 
cient. b In the studies in which the temperature was set at 35", 
there was about a 10% variation between replicate runs ap- 
parently related to fluctuations of temperature (12"). c Similar 
results were obtained in the presence and absence of gluta- 
mate. d The sedimentation coefficient of the major component 
(about 40% of the total) was 15 S; one component (about 
2073 exhibited a sedimentation coefficient of 22 S, and the 
remainder sedimented more rapidly. 6 Major component 
(33%), 15 S; (15x), 22 S; the remainder of the material 
sedimented more rapidly. 

of the protein was present in the 15s form; the remainder was 
present partly as an apparent dimer of the native enzyme 
( ~ ~ 0 . ~  = 22 S) and partly as higher molecular weight material. 
In the presence of ATP, Mg2+, methionine sulfoximine, and 
2 M urea there was no dissociation and indeed a somewhat 
greater tendency to aggregation was observed. When enzyme 
containing bound [ 14C]methionine sulfoximine was treated 
with 2 M urea and then passed through a column of Sephadex 
G-50, all of the radioactivity was found associated with the 
enzyme. Electron microscope studies of the enzyme after 
treatment with methionine sulfoximine, ATP, and Mg2+ show 
extensive aggregation of the octameric units to form long 
chains (R. H. Haschemeyer, unpublished data 1969). When 
the enzyme was treated with methionine sulfoximine phos- 
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FIGURE 2: Effect of pH on the dissociation of glutamine synthetase. 
The enzyme (0.5 mg/ml) in 0.05 M potassium phosphate buffer con- 
taining 0.01 M 2-mercaptoethanol and 0.002 M EDTA was dialyzed 
at 25" for 12 hr against buffers of various values of pH; then 0.4 
ml of the enzyme solution was subjected to analytical ultracentrif- 
ugation. The buffers used were: sodium acetate (0.05 M; pH 5.50), 
potassium phosphate (0.01 M ;  pH 7.20), Tris-HC1 (0.02 M; pH 
8.05, 8.10, 8.15, 8.20, 8.30, and 8-40), potassium phosphate (0.02 
M; pH 8.70), sodium borate-carbonate (0.05 M ;  pH 8.15), glycine- 
NaOH (0.05 M ;  pH 9.10). (A) pH 8.50; sodium boratesarbonate 
(0.05 M) containing 0.1 M NaCI. (B) pH 8.70; potassium phosphate 
(0.02 M); incubated with 0.01 M ATP and 0.02 M MgCh for 15 
min at 37". 

phate and 2 M urea at 25" (Table 11, expt 8), there was sub- 
stantial dissociation to the 8.6s form; however, dissociation 
was significantly less than observed with 2 M urea alone. The 
findings indicate that methionine sulfoximine phosphate in- 
hibits to some extent the urea-induced dissociation phenom- 
enon and that the extensive aggregation observed when the 
enzyme is treated with methionine sulfoximine, ATP, and 
Mgz+ is associated with the presence of nucleotide and metal 
ions. Other studies (Rowe et al., 1969) have shown that the 
enzyme binds methionine sulfoximine phosphate much less 
tightly in the absence of ADP and Mg2+ than in their presence. 

Dissociation of the Enzyme by Dimethylformamide and Di- 
methyl Su[faxide. The effect of dimethylformamide and di- 
methyl sulfoxide on the dissociation of glutamine synthetase 
is described in Table 111. In the presence of 25% dimethyl- 
formamide at 25" the enzyme was about 90% dissociated to 
the 8.6s form. Removal of the dimethylformamide by dialysis 
resulted in restoration of the 15s form. No dissociation was 
observed under these conditions in the presence of 5 or 15 % 
dimethylformamide. When the concentration of dimethyl- 
formamide was increased to 50% or when 25% dimethyl- 
formamide was used at 35" there was considerable irreversible 
aggregation and denaturation of the enzyme. It is of interest 
that the presence of ATP, Mgz+, and methionine sulfoximine 
inhibited dissociation by dimethylformamide. Similar re- 
sults were obtained with dimethyl sulfoxide; thus, substantial 
dissociation of the native enzyme to the 8.6s form of the en- 
zyme was observed with 20 % dimethyl sulfoxide, and this was 
prevented by ATP and Mg2+. 

Treatment of the enzyme with 20% 2-chloroethanol, 20% 
tetrahydrofuran, or 20x acetonitrile failed to induce dissoci- 
ation to a stable intermediate; on the contrary, these reagents 
led to rapid extensive aggregation and denaturation (with pre- 
cipitation) of the enzyme. 

Reversible Dissociation of the Enzyme at Alkaline Values of 
pH. When the pH of the enzyme solution was brought to 

TABLE 111: Effect of Dimethylformamide (DMF) and Dimethyl 
Sulfoxide (DMSO) on the Sedimentation Coefficient of Glu- 
tamine Synthetase." 

Experiment 

Sedimentation 
Coefficient 
4 4 
/ O  / O  

1 5 s  8 .6s  

1. 5 % D M F  100 0 
2. 1 5 Z D M F  100 0 

4. 25% DMF; then dialyzedb 100 0 
5. 50% DMF 0. 0 
6. 25% DMF; 35" 0. 0 

3. 25% DMF 10 90 

7. ATP, Mg2+, methionine sulfoximine; 66f 0 

8. 20% DMSO 25 75 
9. ATP, Mgz+, then DMSO, 20% 100 0 

then 25 % DMFd 

a These studies were carried out on solutions of the enzyme 
(0.2 mg/0.4 ml) in 0.01 M potassium phosphate buffer (pH 
7.2) containing 0.01 M 2-mercaptoethanol, 0.002 M EDTA, and 
dimethylformamide or dimethyl sulfoxide in the concentra- 
tions (v/v) indicated. The temperature was 25" unless other- 
wise stated. b Dialyzed against 0.05 M potassium phosphate 
buffer (pH 7.2) containing 0.01 M 2-mercaptoethanol and 
0.002 M EDTA. 0 Marked aggregation to form several species 
with szOlw greater than 15 S. d Incubated with 0.01 M ATP, 
0.02 M MgC12, and 0.01 M L-methionine (SR)-sulfoximine at 
37" for 15 min; then 25% (final concentration) DMF was 
added.  incubated with 0.01 M ATP, and 0.02 M MgC12 at 
37" for 15 min; then 20% (final concentration) DMSO was 
added. f See Table 11, expt 6 .  

values greater than 8.1, reversible dissociation to the 8.6s 
form took place. Such dissociation was found to be highly de- 
pendent upon ionic strength; thus dissociation at pH 8.5 was 
prevented by addition of 0.1 M sodium chloride. The relation- 
ship between per cent dissociation of the enzyme and pH (Fig- 
ure 2) bears a resemblance to a titration curve exhibiting a 
midpoint at about pH 8.1. Dissociation at alkaline pH was 
reversed when the pH was brought back to values less than 
8.1 and also when ATP and Mg2+ were added. 

Irreversible Dissociation of the Enzyme to Monomers. Treat- 
ment of the enzyme with any one of a variety of reagents has 
been found to produce complete dissociation to a single hom- 
ogeneous component that exhibited a sedimentation coeffi- 
cient of 2.8 S. Such dissociation was not reversed by dialysis 
and the monomeric unit obtained in this manner was com- 
pletely devoid of enzymatic activity. The molecular weight 
of the 2.8s form of the enzyme produced by treatment with 
maleic anhydride was found to be 65,000, thus identifying this 
component as the monomer. Dissociation of the 15s form 
of the enzyme to the 2.8s form was also accomplished by 
treatment with an excess of (a) diazonium-lH-tetrazole, (b) 
tetranitromethane, (c) acetic anhydride, and (d) adjustment 
of the pH to values greater than 9.8. 

Studies on the Structure and Properties of the 8.6s Form of 
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the Enzyme. Previous studies have shown that native glut- 
amine synthetase contains close to 8 moles of highly reactive 
sulfhydryl groups as determined by titration with 5 3  ‘-di- 
thiobis(2-nitrobenzoate). When this determination was car- 
ried out at 25’ as previously described (Ronzio et al., 1969a), 
in the presence of 1 M urea, i.e., under conditions in which ap- 
preciable dissociation does not occur, a similar value for 
rapidly reacting sulfhydryl groups was obtained. When the 
titration was carried out at 25’ in 2 M urea, Le., a condition 
which leads to complete dissociation of the 15s form to the 
8.6s form, no additional exposure of instantaneously reacting 
sulfhydryl groups occurred, although the rate of reaction of 
additional groups was observed to increase. Similar studies 
in 6 M urea led to instantaneous exposure of about 77 moles of 
sulfhydryl groups/mole of enzyme. 

Optical rotatory dispersion studies (220-300 mp) were 
carried out on the 15s and 8.6s forms of the enzyme and the 
corresponding bo values were calculated (Urnes and Doty, 
1961); nearly identical values (bo = 190 and 191, respectively) 
and curves were obtained for both forms of the enzyme. When 
optical rotatory dispersion was carried out in 6 M urea, the 
bo value decreased to zero. 

Ultraviolet difference absorption spectra (2 M urea-treated 
enzyme us. the isolated enzyme) showed no significant dif- 
ferences. On the other hand, characteristic evidence of marked 
exposure of chromophoric groups was evident when the en- 
zyme was examined in this manner after treatment with 6 M 
urea. The findings indicate that the reversible dissociation of 
the enzyme does not involve major changes in its tertiary 
structure. 

Reaction with N-Ethylmaleimide. Incubation of the enzyme 
with 5 mM N-ethylmaleimide for 5 min at 37’ led to complete 
inhibition which was not reversed by dialysis. Such inhibition 
was prevented by preincubation with 0.01 M ATP and 0.02 
M Mg2+; 5 0 z  protection was afforded by 0.0011 M ATP, a 
value close to the observed K,,, value for ATP. When larger 
amounts of enzyme, required for ultracentrifugal analysis, 
were incubated with 5 mM N-ethylmaleimide, precipitation of 
the enzyme was observed. Such precipitation was not evident 
when the enzyme was preincubated with ATP and Mg2+. 
Examination of mixtures of enzyme and N-ethylmaleimide by 
analytical ultracentrifugation revealed extensive aggregation 
to discrete higher molecular weight forms. No dissociation 
was observed. 

Discussion 

The present studies are in agreement with the earlier find- 
ings (Pamiljans et al., 1962; Haschemeyer, 1965, 1966, 1968) 
that ovine brain glutamine synthetase as isolated exhibits a 
sedimentation coefficient sZ0,,” of 15.0 S; this form of the en- 
zyme has a molecular weight of about 525,000. Previous stud- 
ies (Haschemeyer, 1965, 1966, 1968) have shown that the iso- 
lated enzyme has 8 subunits with a cubelike morphological 
appearance, and the available data are in accord with the view 
that the subunits are identical (Ronzio et al., 1969a). The 
findings reported here indicate that the octameric enzyme 
dissociates to a form exhibiting a sedimentation coefficient of 
8.6 S in the presence of 2 M urea at 25’; such dissociation is 
prevented by ATP and Mg2+ and may be reversed by removal 
of urea. Dissociation also occurs in 1 M urea at 35’ and this 
can be reversed by decreasing the temperature, whereas in 

2 M urea at 35’ irreversible dissociation takes place. The data 
show that ATP in the presence of MgZf prevents dissociation 
by urea, tetrahydrofuran, dimethyl sulfoxide, and increase of 
pH. Earlier studies have indicated that the activity of the en- 
zyme is rapidly lost at values of pH greater than about 8. It is 
of interest that ATP and Mg2+ protect the enzyme against 
heat denaturation (Pamiljans et al., 1962) and denaturation 
by N-ethylmaleimide (Ronzio et al., 1969a). The concentra- 
tion of ATP that affords 5 0 x  protection against such inac- 
tivation is not far from the K,, value for ATP for glutamine 
synthetase activity. Previous work (Ronzio et at., 1969a) on 
the sulfhydryl groups of the enzyme demonstrated the pres- 
ence of one highly reactive SH residue per subunit and 12-14 
more slowly reacting SH groups which are presumably buried 
within the protein. Reaction of the enzyme with [ ‘ T I N -  
ethylmaleimide in the presence of ATP and Mg2+ led to in- 
corporation of radioactivity equivalent to about one alkylated 
residue per subunit. Reaction in the absence of ATP and Mg2+ 
led to extensive aggregation and subsequent precipitation of 
the enzyme, suggesting progressive reaction and unfolding of 
the peptide chain exposing additional reactive groups. The 
fact that this process does not occur in the presence of nucleo- 
tide and metal ion emphasizes their role in the stabilization of 
the native conformation of the octamer. 

It is notable that the conversion of the 15s to the 8.6s form 
is specifically promoted by a number of reagents (urea, di- 
methylformamide, and dimethyl sulfoxide), while other de- 
naturants (tetrahydrofuran and acetonitrile) are apparently 
less specific. The results obtained with these reagents have 
been useful in the structural studies per se and may also be of 
significance in elucidation of the nature of the intersubunit 
bonds. The studies carried out at various values of pH (Fig- 
ure 2) suggest that a functional group possessing a pK of about 
8.1 may be involved in the reversible association-dissociation 
phenomenon. Dissociation evidently involves no major dis- 
ruption of the tertiary structure of the enzyme. Thus, no sig- 
nificant changes were noted on dissociation in the number of 
instantaneously reacting sulfhydryl groups, optical rotatory 
dispersion, or ultraviolet absorption difference spectrum, 
Using the relationship [MJ’/3/[MZ]’/~ = Sl/S2, derived from 
the equations of Scheraga and Mandelkern (1953), one may 
calculate “theoretical” sedimentation coefficients of 9.0, 5.8, 
and 3.7 S for the tetramer, dimer, and monomer, respectively 
(assuming axial ratios of 2.0, 2.0, and 1.0, respectively). The 
value of 8.6 S obtained in the presence of perturbing solvents 
is slightly lower than the “theoretical” value for a tetramer 
suggesting that the “reversible” tetramer may be somewhat 
more hydrated or slightly extended. The inactive monomer 
obtained by relatively drastic methods exhibits a sedimenta- 
tion coefficient of 2.8 S suggesting that this form may exist in a 
less compact conformation. 

The value for the weight-average molecular weight of the 
8.6s form (185,000), is greater than theory for a dimer (131,000) 
but is less than expected for a tetramer (263,000). However, 
the absence of the 15s species and the finding of at least 20 
monomer in the sample used for analysis would be expected to 
decrease the observed weight-average molecular weight value. 
The weight of evidence available therefore supports the ten- 
tative conclusion that the “reversible 8.6s form” is a tetramer. 
The present findings are in accord with the view that enzyme 
activity resides in the octameric enzyme. Because ATP and 
Mg2+ strongly promote association of the “8.6s tetramer,” 
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it has not thus far been possible to determine whether this 
form of the enzyme itself exhibits catalytic activity. 

The data presented here are consistent with the model pre- 
viously proposed (Haschemeyer, 1968) for the native enzyme, 
i.e., an octamer possessing Dd symmetry (Monod et al., 1965; 
Hanson, 1966). According to this model, the octamer is 
formed by the isologous association of two heterologously 
bonded tetramers. We thus tentatively conclude that the 
heterologous tetramers of the native octamer are linked to- 
gether by isologous bonds which are less stable to perturbation 
by the dissociating solvents used in these studies. The data 
indicate clearly that nucleotide and metal ion confer consider- 
able stability on the octamer. It remains to be determined 
whether such stability is conferred by direct interaction near 
subunit bonding sets or is the result of a more distant confor- 
mation-induced change in bonding set geometry. 

References 

Blankenship, F. (1949), Proc. Okla. Acad. Sci. 30, 140. 
Blankenship, F., and Clampitt, B. (1950), Proc. Oklu. Acad. 

Critchfield, F. E., Gibson, J. A., Jr., and Hall, J. L. (1953), 

Davis, B. J. (1964), Ann. N.  Y .  Acad. Sci. 121,404. 
Ellman, G. L. (1959), Arch. Biochem. Biophys. 82,70. 
Hanson, K. R. (1966), J .  Mol. Biol. 22,405. 
Haschemeyer, R. H. (1965), 148th National Meeting of the 

American Chemical Society, Sept 13-17, Atlantic City, 
N. J., Abstract 68. 

Haschemeyer, R. H. (1966), 152nd National Meeting of the 
American Chemical Society, Sept 12-16, New York, N. Y., 
Abstract 46. 

Sci. 31, 106. 

J .  Am. Chem. SOC. 75,6044. 

Haschemeyer, R. H. (1968), Trans. N .  Y. Acad. Sci. 30, 875. 
International Critical Tables (1928), Vol. 3, p 28. 

Kawahara, K., and Tanford, C. (1966), J.  Biol. Chem. 241, 

LeBel, R. G., and Goring, D. A. I. (1962), J .  Chem. Eng. 

Lowry, 0. H., Rosebrough, N. J., Farr, A. L., and Randall, 

Monod, J., Wyman, J., and Changeux, J.-P. (1965), .I. Mol. 

Pamiljam, V., Krishnaswamy, P. R., Dumville, G., and 

Ronzio, R. A,, and Meister, A. (1968), Proc. Natl. Acad. Sci. 

Ronzio, R. A., Rowe, W. B., and Meister, A. (1969b), Bio- 

Ronzio, R. A., Rowe, W. B., Wilk, S., and Meister, A. 

Rowe, W. B., Ronzio, R. A., and Meister, A. (1969), Bio- 

Scheraga, H. A., and Mandelkern, L. (1953), J .  Am. Chem. 

Sia, C. L., and Horecker, B. L. (1968), Biochem. Biophys. 

Sokolovsky, M., Riordan, J. F., and Vallee, B. L. (1966), 

Sokolovsky, M., and Vallee, B. L. (1966), Biochemistry 5 ,  

Urnes, P., and Doty, P. (1961), Aduan. Protein Chem. 16, 

Vierk, L. (1950),Z. Anorg. Chem. 261,283. 
Wellner, V. P., and Meister, A. (1966), Biochemistry 5,  

Wetlaufer, D. B. (1962), Aduan. Protein Chem. 17, 303. 
Wilk, S., Meister, A., and Haschemeyer, R. H. (1968), 156th 

National Meeting of the American Chemical Society, 
Sept 8-13, Atlantic City, N. J., Abstract No. BIOL 176. 

3228. 

Data 7,100. 

R. J. (1951), J.  Biol. Chem. 193,265. 

Biol. 12, 88. 

Meister, A. (1962), Biochemistry I ,  153. 

U. S. 59,164. 

chemistry 8, 1066. 

(1969a), Biochemistry 8,2670. 

chemistry 8, 2674. 

SOC. 75,179. 

Res. Commun. 31,731. 

Biochemistry 5 ,  3582. 

3574. 

401. 

872. 

Yphantis, D. A. (1964), Biochemistry 3,297. 

3174 W I L K ,  M E I S T E R ,  A N D  H A S C H E M E Y E R  


