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The kinetic data on the effect of Mn?*, Mg?* snd ATP on the Aspergillus niger glutamine synthetase aclivity analysed
according to the isoveiocity method [London W P & Steck T L(1969) Biochemisiry, 8, 1767] reveaied that the enzyme under
physiological conditions is probably an Ma(l1) enzyme. Excess of ATP or Mn?* beyond the concenirations required to fosrm
the metal ion-nucieoti e complex inhibited both the Mg?* and Mn?* supported glutamine synthetase activily, whereas excess
Mg** was not inhibit ary. These resulls along with the inhibition of enzyme activity by Ca*, Zn**, Co?*, GTP and EDTA
indicated that the interactions of the enzyme with Mn®* and Mg?* were dilferent. Supporting evidence for the proposed
kinetic mechanism wa : obtained by the prolection afforded by low concentrations of Mn? * (<100 M) against inactivation of
the enzyme by N-ethlmaleimide or phenyiglyoxal. However, ATP enhanced the rates of inactivation by both modifying
agents. K, .+ vzlues of 52 and 14 M calculated from the protection afforded by this metal ion against inactivation by
phenylgiyoxal and N-:thylmaleimide suggested the presence of a high affinity Mn®* binding site on the enzyme, in addition 10
the binding of Mn?* ATP complex at the active site. These results permil the conclusion that A. niger glutamine synthetase
may be an Mr(I1) dependent enzyme under physiological conditions and the metal ion in addition to serving as s substrate

when complexed with ATP may have an additional role in protecting the enzyme against inactivation.

Glutamine synthetase (L-glutamate: ammonia ligase,
EC 6.3.1.2) catalyzes the formation of glutamine, a
precursor for the synthesis of a variety of nitrogenous
end products. The activity and content of this enzyme
located at a crucial point in the highly branched
pathway of nitrogen metabolism, is regulated
particularly in microosrganisms by alterations in the
growth medium, by accumulated end products and by
availability and nature of divalent metai ion
activator’ ™. A derangement of carbohydrate
metabolism leading to excretion of citric acid into the
medium by Aspergillus niger is extensively used for the
production of this corapound by fermentation. The
conditions of fermentation, viz. low pH. high amounts
of carbon source and essentially Mn?'-deficient
medium®, resulting in elevated intracellular NH}
pools®, accumulation of L-glutamate, 1 -glutamine and
amino acids derived from it” suggested to us that the
metabolic interlock bzatween carbon and nitrogen
metabolism may have heen deranged at the glutamine
synthetase step. Although at first glance the increase in
glutamine levels®” appearsio be not in agreement with
the above hypothesis, a closer examination of (heir
data, especially when ratios of r-glutamate or |-
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Abbreviations used: NEM, N ethylmaleimide: DEAE-_diethylaming-
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sulphate.
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glutamine us time and the amounts of amino acids
derived from glutamate are plotted, reveals that the
decrease in glutamine synthetase flux becomes
significant during citric acid fermentation. Qur earlier
work revealed that the activity of glutamine synthetase
from A. niger was not regulated by covalent
modification, specific proteolytic inactivation or by
effective feedback inhibition®®. However, as citric acid
excretion occurred when the concentration of Mn?* in
the medium was very low and as one of the
biosynthetic activities of glutamine synthetase
required manganese ions, it was of interest Lo exatnine
the role of Mn?* and Mg?"* ions in the catalysis and
regulation of the homogeneous glutamine synthetase
isolated from A. niger’. This paper describes kinetic
analysis to indicate the possible presence of a tight
binding site for Mn?"* and a relatively weak metal ion
binding site on the enzyme where Mn2* or Mg?*
nuclectide complexes can bind as substrates.

Experimental Procedures

Reagents including ATP, sodium r-giutamate,
hydroxylamine hydrochloride, GTP, imidazole,
phenylglyoxal and N-ethylmaleimide (NEM) were
purchased from Sigma Chemical Company, St. Louis,
Missouri, USA. All other reagents were of the
analytical grade. ATP, GTP and EDTA were
neutralized to pH 7.0 with 2 M NaQH.

Enzyme assays —Glutamine synthetase from A.
miger was purified to homogeneity, ds determined by
polyacrylamide gel electrophoresis (PAGE) and
sodium dodecyl sulphate (SDS) - PAGE, by
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ammonium sulphate fractionation, diethylaminoethyl
{DEAE) - sephacel chromatography, AMP-scpharose
affinity chromatography and gel filtration on
Sepharose 4B®,

Glutamine synthetase act vity was determined by
estimating Y-glutamylhydroxamate (»-GHA)} as
described elsewhere™ !,

Protein was estimated according to the method of
Lowry er al.'', using bovinz serum albumin as the
standard.

One unit of enzyme activity is defined as the amount
of enzyme required to produce one pimole or »-GHA
per min at 28°C.

Chemical modifications-—A. niger glutamine
synthetase was inactivated completely on incubating
with phenylglyoxal or NEM’. For monitoring the
inactivation of the enzyme by NEM, it was passed
through a G-25 column (1 X 5 c¢m) just before use to
remove 2-mercaptoethanol added to stabilize the
enzyme. The inactivation of the enzyme by either
phenylglyoxal (10 m M) or NEM (0.4 m M) was carried
out at 28°C by incubating th: enzyme (40-60 ug) in a
scaled up reaction mixture (500 1) and with drawing
aliquots (50 ul) at different time intervals indicated in
the legends to the figures. The reaction was terminated
by diluting the enzyme directly into assay mixtures
which did not contain the inactivating agent. It was
ensured that the chemical modification reaction was
not occurring during the time required for estimating
the enzyme activity. The velocity of the enzyme
catalyzed reaction at zero time, i.e. immediately after
the addition of inactivating agent, was normalized to
100 and the residual activity after different periods of
inactivation was expressed as per cent of this
normalized value. There was a parallel loss of both
Mgt dependent svnthetase and Mn?* dependent
transferase activity, when the enzyme was inactivated
by these reagents. Similarly, the protection afforded by
the various ligands against inactivation of the enzyme
by the two reagents was identical for both the enzyme
activities and was monitored by including the
compounds in the inactivating system at appropriate
concentrations. hence ¥-glutamyi-transferase activity
values alone are reported to represent inactivation
data. Phenylglyoxal interfered with the colorimetric
assay'o and appropriate controls were run to
circumvent this problem.

Binding constants were estimated by the ability of
Mn?" or Mg?"-ATP complex. to protect the enzyme
against inactivation by NEM or phenylglyoxal'?"'?
using the following equation:

k=Ko _ 10 p) < K, e (1)

where &, represents the rale constant of inactivation in
the absence of protective ligand P, &, the rate constant
of inactivation in the presence of ligand P and {P], the
molar concentration of the ligand. A plot of In[(k,-
k.Y ,] against In[P] yields a straight line whose slope
indicates the number of molecules of P bound per
active site and the ordinate intercept (= In X)) provides
the dissocialion constant, K, for the E-P complex.

Analysis of data—The isovelocity method and other
analytical replots suggested by London and Steck'*
were employed to analyze the activity profiles of both
Mn?' and Mg* supported glutamine synthetase
activity.

The kinetic data were analyzed by least-square curve
fitting procedures (linear regression) using a
programmable pocket calculator (Texas Instruments
SR-51A).

Resuits

Interaction of A. niger glutamine synthetase with
divalent cations— The biosynthetic reaction (Eq.2) of
A. niger glutamine synthetase required either Mg * or
Mn?* as metal ion activator
2+

Mg

L-Glutamate + ATP + NH MnZ™

L-glutamine + ADP + Pi . (2
and ATP as the nucleotide substrate. Several divalent
metal ions such as Ca?™, Ba?*, 8r2*, Zn?*, Cu?”,
Fe', Co*" and Cr?* could not replace either Mg?™*
or Mn?" (ref.9), although many of these complex with
ATP®. The study of the effect of GTP, EDTA and
divalent metal ions on the Mn2*.dependent synthetase
aclivity showed that while excess Mn?* inhibited the
enzyme activity, excess Mg?* was without any efTect
(Table 1). Also, Ca?” and Zn?" inhibited the enzyme
reaction at all concentrations of Mn?* studied. Cobalt
(11), however, was without any effect at the optimal
Mn?' concentration but caused a very significant
activation at a low concentration of Mp?* (1 mM) and
less marked activation at excess Mn2* (10 mM). GTP
inhibited the enzyme activity at t and 4 mM Mn?* and
at 5and 10 mM Mg?*. Although the effect of EDTA
was qualitatively similar (o that of GTP, it was
quantitatively more pronounced.

The concentration of Mg?" beyond 20 mM had no
significant effect on the Mg?* dependent synthetase
activily (Fig 1A and Table 1). Ca ** and Zn*" very
specifically inhibited the Mg?* supported biosynthetic
reaction at all concentrations of Mg?*. Cobalt, on the
other hand, enhanced the activity at the lowest
concentration of Mg? (5 mM), and was without effect
al higher concentrations of Mg?™* . It is interesting to
note that Co?* . Zn?" and Cd?" do not substitute for
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Table | —Flect of GTP. EDTA and Divalent Mctal lons on the A. niger Glutamine Synthetase Activity

Addition Activity (%)

{m M} - e e — —_

Mn!' (mM) Mgt (mM)
1 4 10 5 10 20

None 18 00" 45 6 95 1.0
+Ca' (10 9 24 29 0 | 3
+Zn?*' (10 8 1 12 1 2 1
+Co?* (10) ‘ 107 10?2 n 67 90 82
+GTP(5) ) 4 62 1 2 47 92
+EDTA (5 ] 6 101 0 7% 185

*The reaclion mixtures contained 100 mAf imidazole hydrochloride buffer pH 7.8 for Mg?* -dependent synthelase activity and pH 5.5 for
Mn?*-dependent synthatase activity, 50 mM NH,0H, 100 m M-L-glutamaltc. 10 mM ATP and various additions al concentralions shown in
the table. The reaction was staried by the addition of enzyme.

*The Mn?* -dependent synthetase activity (pH 5.5) at optimal concentration of Mn?* (4 mM) was normalized to 100 and the other numbers
are per cent of this normalized value.

*“The Mg? * -dependent synthetase activity (H 7.8) at optimal concentration of Mg?* (20 m M} was normalized to 100 and the other values are

expressed as per cent of this activity.

0-8(a)

ATP (mM)

p mol 7 -GHA

1 |
0 50 100
Mg M ATP (mM}

Fig. | —Saturation of A. niger Mg? " -dependent glutamine synthelase activity by Mg * and ATP [(A), Mg® " -profiles. The reaction mixture
(0.5 ml) contained 100 mM imidazole hydrochloride bufTer (#7H 7.8), 50 mAM NH,OH and 100 mM L-glutamate. MgCl, concentralion was
varied in the range 0-100 mA at 5,101 5 and 20 mM ATP. The reaction was started by the addition of enzyme (9.6 1g). (B), ATP-profiles. The
enzyme assays were catried out in the same manner as described above with ATP concentration varied in the range 0-30 mM a1 4.8,12,20 and
40 mM MgCl,. Broken horizontal lines indicate the isovelocity points used for the replots in Fig.2B. Arrows indicate the change in

sigmoidicily with increasing fixed concentrations of the ligand] .

Mn?* orMg? " as métal activators. It is also clear from
Table 1 that GTP inhibited the activity at Sand 10 mM
Mg?*. The effect of EDTA was similar (o that
‘observed with GTP.

Increasing conzentrations of Mn?" ions pro-
gressively inhibited the Mg?* -supported glutamine
synthetase reaction, with 0.2 mM Mn?” causing 50%
inhibition. In view of these dilTerences and complexity
in the pattern of interaction ol glulamine synthclase
with Mg?* and Mn?*, the effect of these metal jons
was examined in more detail.

In several experiments, the enzyme was prein-
cubated with either the divaleat metal jon (Mg? ™ or
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Mn?*) or the nucleotide (ATP) before starting the
reaction by the addition of one of thie substrates. Also,
in the case of E. coli glutamine synthetase, Mn?*
converts the enzyme into a “taut™ form and a lagin the
time course of the synthetase reaction is observed' S 1t
was therefore necessary 1o establish that preincubation
of A. niger enzyme with these figands did not cause
either a lag or burst in the initial velocity of the
reaclion. When the glulamine synthetase reaction was
started by the addition of enzyme, ATP, NH,OHH or
metal ion, identical and overlapping patterns of initial
velocity were obtained (data not presented). -
Kinetics of Mg** activation—The saturation of 4.
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niger enzyme with Mg?'  at  different fixed
concentrations of ATP (termed Mg’ ' -protiles) as well
as the pattern of ATP saturation at different fixed
concentrations of Mg?” (termed ATP-profiles) was
determined. [t can be seen from Fig. 1A that all the
Mg?*-profiles were sigmoid and their sigmonidicity
was dependent on the concentration of ATP present
(increasing sigmoidicity with increasing fixed
concentraiion of ATP). Also, there was no inhibition
at higher concentrations of Mg?*. Maximal activity
was obtained when Mg?* and ATP ratio was about
2:1. The marginal inhibition (5-10%) at the highest
concentration of Mg?* tried was not significant and
was probably due te changes in the ionic strength.

There was no apparent sigmoidicity in the ascending
limbs of ATP-profiles (Fig.1B) but after the peak of
activity was reached, increasing concentrations of
ATP caused progressively larger inhibition of enzyme
activity. The maximal velocity in each case was
different and was dependent on the fixed con-
centration of Mg? *. The peak positions were at Mg?
ATP ratio of approx. 2:1. When Mg?™ was present in
excess (40 mM) over ATP (10 mM), the ATP-profile
was hyperbolic. A-Kj value of 1.5 mM was obtained
for Mg**-ATP complex from a double-reciprocal
plot. .

The Dixon-plots for inhibition by ATP were drawn
(Fig.2A) using the data from the descending limbs of
ATP-profiles (Fig.1B). The plot shown in Fig.2A is
nonlinear (parabolic) indicating multiple interacting
sites for ATP on the enzyme. The nonlinearity of the
Dixon-plots precluded the determination of the K;
value for free ATP from these curves. Hence it was
obtained from the isovelocity replot of the data

Kypp * 2 4 mM

(Al Mg ATP(nM)| ATP

- (L) 8

K,  2¢:=®

(a4 Mg* . )
i !
a0 SOveloclies 2

ATR  tmM] Mg (mad

Fig. 2—Kinetics of inhibition of A. niger Mg*'-dependent
glutamine synthetuse uctivity by ATP [(A). Dixon plol for ATP
inhibition. Replol of data from the descending limbs of ATP
saluration (Fig.1B). The free ATP concentrution was compuicd as
follows: [ATPT,,, = [ATP)yw = [Mg’ " i (ean. ) nnd the 1:1
complex of Mg ATP was assumed 10 be the true substrute. (1),
Isovelocity replot of ATP profiles. The isovelocity data from Fig.18
(broken horizontal lines) were used and the 1wo concentrations of
ATP ut ench MgCl; concentration were plotied as coordinate axcs |

presented in Fig. 1B (broken horizental lines). At each
isovelocity point, the two concentrations of ATP for
each Mg?' concentration were obtained by
extrapolation. These two scts of extrapolated ATP
concentrations were plotted against the corresponding
concentration of Mg?' according to London and
Steck'®. At low ATP concentrations (Mg?* excess
region), the isovelocity replots (Fig.2B) were linear and
paraliel o Mg’ "-axis. On the other hand, at higher
A'TP concentrations, a set of intersecting lines (Fig.2B)
was obtained and the point of intersection on the ATP
axis gave a Karr value of 2.4 mM.

Kinetics of Mn*" activation—The velocity profiles
for Mn?"*-dependent syntheiase activity were studied
at its pH optimum of 5.5. The Mn?*-profiles (Fig.3A)
were bell shaped with sigmoid ascending limbs. The
position of the peak velocity was dependent upon the
fixed concentration of ATP and maxima were reached

_
O Ra)

ATF {mM)

pmol 7'~ GHA
(=]
v

p mot 7 - GHA

o _ | 1 [ !
o 10 20
ATP {(nM)

Fig. 3—Mn*" and ATP-saturations of A. niger Mn®* dependent
glutamine synthetase actlivity [(A, Mn®"-profiles. The reaction
mixture (0.5 ml) contained 100 mA imidazole hydrochloride bulTer
(PH 5.5). 50 mM NH,OH und 100 mM i -glutamaie, MnSO,
concentration was varied in the range 0-20mM a1 4,710 and 15 mM
ATP. The reuction was siarted by the addition of enzyme (16 ). (B),
ATP-profiles. The reaction mixinres were samao as described above
cxcept that AT concent rations weie varied in the range 0-25 mAf u(
1.2.3 and 6 mM MnSO,. Arrows indicate the shift of curves with
increasing lixed concentrations of the ligand. Broken horizontal
lines represent the isevelocities used in the replots shown in Fig.4]
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at Mn?" :ATP ratio of about 1:2. The sigmoidicity of
the ascending limbs increased with increasing fixed
concentration of ATP (arrow in Fig3A) It is
interesting to note that unlike Mg? ' -profiles (Fig. 1A).
the Mn? " -profiles showed a distinct inhibitory phase.

The ATP-profiles for the Mn?'-supported
synthelase assay are shown in Fig.3B. The velocity
profiles were once again bell shaped with sipmoid
ascending limbs. The sigmaoidicity was more apparent
at higher fixed concentrations of Mn’" and the peak
velocity occurred when Mn?' :ATP ratio was aboul
I:2.

The constants K, .., K, .

and K, ... were
obtained by isovelocity analysis'* of the data. The two
concentralions, of Mn?" corresponding to a fixed
concentration of AT at each isovelocity point
(broken horizontal lines in Fig-3A) from Mn?"-
profiles were plotted. In this replot, a family of lines,

defined by the equation,
V[ATP](nlgi + o.Kar —

Knte

[e+(V—0u) i

Mn'"-ATP

1M )y = 0 - (3)

(where » is the isovelocity and V is the maximal

22, JUNE 1985

velocity) for the ATP excess region ([ATP]
>>[Mn*" ] intersect on ATP-axis to give Karr
value of 1.2 mM (Fig. 4A). On the other hand at high
Mn?" concentration (Mn?" excess region [Mn?*]
> >[ATP]), the curves follow the equation.

"[an ' ]lo[:.l + K

[YITE

—[v+(F-2) kAM

i U [ATP)i = 0 . (4)

Mn*.ATP

and intersect on the Mn?" axisata K, ,. value of 0.7
mM_ A similar analysis of ATP-profiles using points of
cquat velocity (broken horizontal lines in Fig.3B) gave
Kare and K, ,. values of 1.0 mM and 0.5 mM
respectively (Fig.4B). The conslants obtained for
Mn?* and ATP from ATP- and Mn?*-profiles were
similar and an average of the two values is presented
(Table 2). The slopes of the asymptotically linear
portions of the isovelocity replots (Fig.4A and B} in the

Mn2* excess region is given by,

2t K, . K, ..
d_ndn_J.:[___M.ui___.{.V_ﬁ_ﬁn_._”u“(s)
d[ATP] Ky ate Mn?".ATP

Therefore these slopes when replotied against the

ng+=05NM
) mp = 1-OmM

6~ n
7//@“ (B)

a2t/ aatP

_ b
2 E 4} .
L e ATP - locus
¥ =
§ L
a5 =
4 S KO 74y
Q-3
o2 o L l | 1
"6'# [ a 8 12 16
5 10 15
ry AT i ATP (mM) B

from
ATP -profiles

KMn.ATP

= 0-9mM
|

O 2 a
1/Isoveioci|y

(D}
Mr.2 * locws

Fig. 4—Replots for the determlnauon of K,
twa concentralions of Mn?

1+ Ky gp Kpgwrtagp and K for the Mn?
* corresponding lo afixed concentration of ATP at the isovelocities indicated by broken lines in Fig.JA.(B), 2 plot
of the two concentrations of A TP corresponding 1o a fixed concentration of Mn?
a plot of the slopes(d Mn* * /d ATP) of the asymptotically lincar portion of the isovelocity replots in the Mn?*

* -dependent synthetase reaction [(A), The piot of the

* at the isovelocities indicated by broken lines in Fig-3B.{C),
excess region (Fig.4A and B)

against the reciprocal of corresiponding isovelocities [rom — Mn? * -profiles (Q) and ATP-profiles (®). (D), locus of peak velocities. A plot of

the concentration of Mn?’
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and ATP at the peak velocity for each of the ATP-profiles (@) and Ma? " -profiles{ O)]
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reciprocals of corresponding isovelocities gave a
straight line (Fig.4C} and from the Y-axis intercept

(=1 ———E“ﬂﬂ). the value of K., ,,, Was calculated
Mn'-ATP
to be 0.9 mM. This K, .. ,,, valuc is an average of the
values obtained from the analysis of Mn?" excess
region of ATP-profiles (=1.86 mM) and Mn?*-
profiles (=0.95 mM). Only data from Mn?" excess
region ((Mn?*]> >[ATP]) were used as they were
more accurate.

The concentrations of Mn’ * and ATP at the peak
velocity for each of the ATP-profiles (Fig.3B) and
Mn?*-profiles (Fig.3A) were plotted as coordinate
axes (called ‘locus of the peak velocities’). Such an
analysis of ATP-profiles (intercept on ATP-axis,
K Kare,Fig. 4D) and Mn?’-profiles (intercept on
Mn?¥ axis, K, Ky, . Fig. 4D) gave K, value of 74 uM
(Table 2) by substituting Kare and Ky,
independently determined in this study. A summary of

" the kinetic constants is given in Table 2.

Velocity profile at equimolar ratios of ATP and
Mn2"* but at different concentrations was sigmoidal
with half-maximal saturation at 18 mM (Fig.5).

Determination of hinding constants for Mg**-ATP
complex and Mn** by their chility to protect against
inactivation of the enzyme by phenylglyoxal and
NEM — A. niger glutamine synthetase was completely
inactivated by reaction with two moles of

Table 2—Kinetic and Dissociation Constants for the
Interaction of Metal Ions, Nucleotide (ATP) and Metal
~ Nucleotide Complexes with the A. niger Glulamine

Synthetase
Ligand Llinetic Dissociation
censtant® constant®
maf) (m A}
Mg?" .dependcns synthetase acnivity
Mg?*-ATP complex 1.5 0.9
ATP 24
Mg?* x
Mn® ' .dependent synthetase activiry
Mn? *-ATP complex 09
ATP I
Mn’* 0.6 0.052, 0.014°
K, = 0.074*

*Kinetic constants were obtained from saturation plots.
*Dissociation conslants were obtained by measuring the protection
afforded by the ligands against inactivation of the enzyme by
phenylglyoxal. '

“From protection experiments using NEM as the inaclivating agent.
“Dissociation consiant for the dissociation of Mn?* -ATP complex

into Mn’* and ATP was calculated from replots of locus of peak
velocities.

0-8}—

e~

pmot 7 - GHA.
o
-3
T

" 1 1 |
10 20 0
ATP Mn“:li

Fig. 5—Effect of varying ATP and Mn’" concentralion at

equimolar ratio [The cnzyme assays were performed in the same

manner as described in the legend to Fig.3A except that the reaction

mixtures contained different amounts of ATP and Mn?* but in

equimolar concentrations. Twelve pg of the enzyme was used per 0.5
ml of the assay mixture]

phenylglyoxal or by one mole of NEM. The second
order rate constants (at 28°C and pH 7.5) were
determined to be 3.8 M ™! min ™' and 760 M ~* min "},
for phenylglyoxal and NEM respectively’. In order to
evaluate the binding constant for Mg®**-ATP
complex, the inactivation of the enzyme by
phenylglyoxal was carried out in the presence of
increasing concentrations of this ligand. The
protection by Mg?*-ATP complex was reflected by
decreased pseudo-first order rates of inactivation (k,pp
values, inactivation profiles and first order plots are
not shown). A replot of this data shown in Fig.6 gave a
K\ - are (dissociation constant for E.Mg?*'-ATP
complex) of 0.9 mM. A similar experiment for Mn?*-
ATP dependent synthetase activity (pH 5.5) was
different from the pH for the inactivation (pH 7.5).

The K,,, values for phenylglyoxal inactivation in the
presence of increasing ATP: Mg?* ratio followed a
sighioid pattern (Fig.7). Decreasing this ratio below
I:1 enhanced the protection as reflected by the
decreased k,,, values. On the other hand, when the
ratio was higher, i.e. when there was a larger amount of
frce ATP in the mixture, the rate*constants for
inaclivation were considerably larger. The effect of
different ratios of ATP: Mg?* on NEM inactivation of
the A. niger enzyme was similar (Table 3) and
protection was maximal around ATP: Mg?* ratio of
I:1 1o 1:2. Like in the case of phenylglyoxal
inactivation, free ATP enhanced the rate of
inactivation of the enzyme by NEM.

Free ATP also increased the rate of inactivation by
phenylglyoxal in a concentration-dependent manner
(Table 4), suggesting that E.ATP form of the enzyme
was much more susceptible to this modification.

The enzyme was protected by low concentrations of
Mn?" jons against both (phenylglyoxal and NEM)
inactivations in a concentration dependént manner.
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— VST Mg arp O8HmM) ./
£ /
2 .
o

xg‘ ./.

N

o [

% osp

-3

3

3

£ o ¢

= s

-oaf- ¥ | ] 1

- o) 1 2 3
tn [Mg: ATP] ()

Fig. 6—The protection afforded 1o A. niger glutamine synihelase
against phenylglyoxal inactivation by Mg?*-ATP complex [The
reaction mixtures containing the enzyme and different
concentrations of Mg? * :ATF'(2: | ratio and ATP varied between 0.4
to 10 mM) and 10 mM phenylglyoxal were incubated at pH 7.5, and
a1 28°C. Aliquots (50 pl) wer: withdrawn a1 5 min intervals and the
enzyme sctivity remaining we s estimated by the Mn® * .dependent -
glutamyl transferase assay. Fi-om the time course of inactivation{not
shown), the first order plots were constructed for the determination
of rate constants (k,,,) at the concentrations of Mg**-ATP used. A
replot of this data as Inlk,-ky 1+ arp)/K g2+ a7p)) Bgainst In{Mg? .
ATP] was used to evaluate the dissociation consient for the enzyme
and Mg**-ATP complex]

ool \

o
S
I

kopn {rrin

Oz B Conlrol

./ 10mM ATP
oL | |
0 1 3

Ralio of ATP: Mq‘?+

Fig. 7—EfMect of different ratios of ATP[Mg®* on the k,,, value

for the inactivation of the enzyme by 10 mM phenylglyoxal. The

inactivations were carried out in the same manner as described in

Fig.6. and k., values were calculated from pseudo-first order plots.

ATP was used at i0mM conc:piration with dilferent concentrations

of MgCl,. {#). Control-!0 mM phenylglyoxal alone: (@),
protection: (O). enhanced inactivation]

From replots of k,,, values for the phenylglyoxal
inactivation at different Mn?" concentrations and
from similar experimer ts carried Qut with NEM, K, ..
values of 52 #M and 14 M (Fig.8A &B) were obtained.
The binding constanis obtained from prolection
expeniments are also listed in Table 2.
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Table 3 - Effect of Different Concentrations of ATP and
MgCl; on the Inactivation of (he Enzyme by NEM”

ATP (mM) Mg? ' (mM) Kypp (min ')
- — 0.136
10 5 0.118
10 10 0.018
10 20 0.016
10 — 0.262
*Inactivaiion mixiures contained 50 mAf imidazolchydro-

chloride bufTer (7H 7.5), 0.4 mM NEM and enzyme (55 ng/500 ul)
which was passed through a column of Sephadex G-25 to remove 2-
mercapioethanol, (For details, see Experimental Procedures) and
MgCl; and ATP al concentrations indicated. Aliquots (50 k) were
withdcawn at 5 min intervals and the amount of active enzyme
remaining was measured by Mn? * -dependent r-glutamyliransferase
assay. k,,, values were computed (rom the pseudo-first order plots

Table 4—Effect of ATP on the Inactivation of A. niger
Giutamine Synthetase by Phenylglyoxal®

ATP (mM) kopp (min 7"
0.0 0.029
0.1 0.041
05 0.057
0.7 0.064
1.0 0.083
20 0.162
4.0 0.217
60 0.281
8.0 0.351

10.0 *0.393

*The inactivation of the enzyme by 4 mM phenylglyoxal was carried
out a1 28°C in 50 mM jmidazole hydrochloride bufTer{pH 7.5 and in
the presence of concentrations of ATP shown in the table. Aliquots
(50 1) were withdrawn at 5 min intervals and the enzyme activity
remaining was measured by Mn?*-dependent  7-glutamyl
transferase assay. k,., values were calculated from the pseudo-first
order plots.

Discussion

Glutamine synthetase from 4. niger specifically
required either Mn?* or Mg?*-ATP complex as
substrate’. Although other divalent metal ions, e.g.
Ca?", Zn?" and Co®", ATP complexes were not
substrates for the biosynthetic reaction, their
importance and possibly physiologically significant
role in the in vivo regulation of this enzyme activity is
indicated by the resulis presented in Table I.
Inhibitory efTect of these divalent metal ions (Table 1)
as well as the inhibition by Mn2?" of the Mg?*-
supported synthetase activity suggesied the probable
existence of an additional metal ion binding site on the
enzyme for Mn?*,
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Fig. 8—Protection of A. niger glulamine synthetase against (A)
phenylglyoxal and (B) NEM inactivation by Mn?* ions [The
inactivations were carried out as described in the legend for Fig.6
using 10 mM phenytglyoxal or 0.4 mM NEM but in the presence of
0-100 #M MnaSO.. From the &,,, values obtained for both the
inactivations at each Mn®* concentration, In{k -k} Kpyypa+]
versus In[Mn? "] was plotted. The enzyme activity was monitored by
Mn** -dependent v-glutamyl transterase assay. The enzyme was
passed through Sephadex G-25 column to remove 2-
mercaptoethanol prior 1o measuring the inactivation by NEM]

The effect of GTP on the A. niger glutamine
synthetase aclivity was probably due to its metal
complexing property and not due to feed-back
inhibition as an end product of glutamine metabolism.
The binding constant for ATP with Mg?* or Mn?" is
comparable to that of GTP and hence it could shift the
following equilibrium

ATP+Mg2"™ (or Mn?") Ko Mg? " ATP (or Mn“-)
= ATP

. (6

to the left resulting in a decrease in the effective
concentration of the (rue substrate (metal-ATP
complex) as well as an increase in the concentration of
free ATP in the mixture. A combined effect of these
would be a marked decrease in the velocity. This
conclusion is supported by the observations that Mg~
or Mn?*-GTP complexes do not act as substrates:
GTP is able to overcome inhibition caused by excess
Mn’" and GTP inhibition can be overcome by
increasing the concentration of divalent metal ion
(Mg?" or Mn*"). Further support for this conclusion
was the observation that a well known metal chelator.
EDTA. gave similar resclis. although a more
pronounced inliubition was observed (Table 1).

The results obtained on the effects of Mg?* and

Mn®" on A. niger glutamine synthetase were analyzed
using the criteria suggested by London and Steck '* for
metal activation namely: {(a) nature of the ascending
limbs of the velocity profiles:(b) relative position of the
profiles obtained at higher fixed concentrations of
ATP or metal ion: (¢) the presence and position of peak
velocity: (d) sigmodicity of the velocity profile with
varied concentration but at equimolar ratio of metal
ion and ATP,; and (e) the velocity when metal ion or
ATP was present in comparative excess.

Based on the kinetic experiments (Fig.1-5) and the
protection afforded by Mn? " against inactivation of
the enzyme by phenylglyoxal and NEM (Figs 6 & 8) as
well as our earlier observations®®, the general model
proposed by London & Steck can be used to explain the
interaction of Mn?", Mg?"* and ATP with 4. niger
glutamine synthetase (Fig.9). The forward triangle of
the bottom face of the cube represents the equilibria
for Mg " -supported activity and the entire bottom
face represents the equilibria for the Mn? *-dependent
activity of 4. niger glutamine synthetase. It should be
emphasized at the outset that this mechanism does not
make any assumptions regarding the order of binding
of substrates or release of products. The observation
with glutamine synthetase from different sources'’
suggests that a random kinetic mechanism may be
operative. E (therefore represents free enzyme or
enzyme complexed with either NH,OH, L-glutamate
or both) binds Mg?*-ATP complex with a kinetic
constant K. ... (1.5 mM) to yield a productive
enzyme substrate ¢complex which turns over to yield
free enzyme and products. E also binds free ATP (Kare
= 2.4 mM) but not free Mg?® in a kinetically
significant manner as indicated by the absence of
inhibition at excess Mg? "™ and by the failure of this
metal ion to afford protection against inactivation. As
free ATP and Mg?*-ATP complex compete for the
same enzyme form. ATP is a competitive inhibitor with
respect to Mg?*-ATP,

"
Moy ATPa Y ap

Fig. 9-—Equilibria for the interaction of metal ion M {Mg?* or

Mn’") and ATP with A. niger glutamine synihetase based on the

general model of London and Steck ' for metal ion. nucteotide and
enzyme inleractions
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Similar values of Michaelis canstant for Mg? ' -ATP
(1.5 mM) and the dissociation constant obtiined from
prolection experiments (0.9 mAf, Fig.0) suggested that
binding at the active sitc was probably being
monitored in both the cases. The sigmeid pattern of
enhancement of ¢izyme activity when ATP-Mg’'
concentration was varicd (gAY and protection
against phenylglyoxal (Fig.7) and NEM (Table 1)
inactivation are in support ol the above suggestion.

Furlher suppoct for the kinetic experiment
suggesting that free ATP was binding to the enzyme
was the observatio 1 that free ATP enhanced the rate of
inaclivation by rphenylglyoxal (Table 4) or NEM
{Table 3). Usinmg modification by NEM i was
demonstrated thas mammalian glutamine synthetase
was binding ATP and Mg-ATP complex at different
sifes'®.

In the case of Mn?'-dependent glulamine
synthetase activity, E reacts with Mn?* -ATP complex
with a kinetic constant Ky,: a7p (0.9 mM) to form
E.Mn?"-ATP complex, which decomposes to form
products and regenerates E. In addition, E also binds
to Mn®>" or ATP separately with constants K|, ,. (0.6
mM) and Kare (1 | mM) respectively. ATP reacts with
free metal ion (Mn? ") with a dissociation constant K,
to yield the Mn'"-ATP complex, which is the true
substrate for the reaction. Hence it is evident that the
velocity of Mn?*-dependent synthetase reaction is
dependent on the concentrations of Mn?*-ATP and
Mn2*-ATP complex along with the four constants,
-namely, K, .-, K 1p. Kyoio.are and K, (Table 2). The
inhibition by excess metal ion is characteristic of the
Mn? " -supported biosynthetic activity when compared
to the Mg? " -dependent reaction of A. niger glutamine
synthetase. Addcitional evidence in support of Mn?"
interaction with the enzyme was the observation that
GTP, which is not a substrate (or the enzyme, rclhieved
the inhibition -;aused by excess Mn?*(Table 1) by
complexing with it and making it unavailable for
interaction.

Independent evidence for the interaction of Mn? !
with the enzym e (in addition 10 Mn? " -ATP complex
functioning as u substrate) was obtained by monitoring
the protection afforded by low concentrations of
Mn?' against inactivation of the enzyme by NI'M and
phenyiglyoxal (Fig.8). This Mn?" protection and ‘»’
value of about dne(K), ;. = 52uMandn=1.1. Fig.8A
and Ko = 14 gM and n = 0.63. Fig. 8B) supgested
the presence of at least one high alfinity. Mn? -
binding site on the enzyme. The kinetic constant for
Mn’" (0.6 mAf) was an order of magnitude higher
than the binding constant obtained from protection
experiments, indicating that therc are probably more
than one class of Mo’ " hinding sites on the enzyme.
The presence of high affinity site for Mn” " was also
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suggested by the inhibition of Mg’ "dependent
synthetase activity by low concentrations ol Mo’ A
number of studies have shown that Escherichia coli
glutamine synthetase has one tight binding, one
intermediate binding and up to lour weak metal ion
binding sites per catalytic subunit'” 72, Both tight
binding (1) and intermedinte binding (a;) sites have
been postudated (o have a role i the catalytic activity
of E.coli glutamine synthelase. Towever, in the case of
A. niger enzyme, the n, sites represent Lhe high aflinity
binding of frec mctal ion (Mn?') and n,, the low
alfinity site, where Mn-ATP complex binds as one of
the substrates. This mechanism is representcd by the
top face of the equilibrium cube(Fig.9). A recent report
of a parallel study has led to-the conclusion that
glutamine synthetase from ovine brain may be a
manganese (II) enzyme®. This enzyme, unlike
glutamine synthetase. from A. niger, shows high
affinity kinetic interaction for both Ma?* as well as
Mg? ", whereas Lhe latter does not contain a kinetically
meaningful high affinity site for Mg " jons.

The K, values for Mn?*-ATP and Mg?*-ATP
(Table 2) agree well with a recent estimate?* of the
intracellular concentration of ATP (1 mM) in A. niger
in view of the high affinity (site) for Mn?" (n, site) and
the availability of sufficient amounts of Mn?* within
the A. niger vells??, it could be postulated that 4. niger
enzyme occurs as a Mn?*-protein. It has been
suggested that Mn2" ions can act as intracellular
regulators?®?’. The results presented here clearly
indicate that glutamine synthetase could be a locus for
regulation by Mn?" ions.
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