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Clostridium pasteurianum glutamine synthetase mechanism

Evidence for active site tyrosine residues
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Preliminary chemical modification studies indicated the presence of tyrosine, carboxyl, arginine, histidine
and the absence of serine and sulfhydryl residues at or near the active site of Clostridium pasteurianum ghu-
tamine synthetase The conditions for tyrosine modification with tetramtromethane were optimized The
mactivation kinetics follow pseudo-first-order kinetics with respect to enzyme and second order with respect
to modifier per active site There was no mactivation at pH 6 5 suggesting the absence of thiol oxidation
The synthetase and transferase reactions followed the same pattern of inactivation on enzyme modification
and both were equally protected by glutamate plus ATP Thus tyrosine residues are present at the active
site of the enzyme and are essential for both tranferase and synthetase activities

Clostridium pasteurianum

1. INTRODUCTION

Glutamine synthetase initiates ammoma assi-
milation by catalyzing its ATP-dependent 1ncor-
poration 1nto glutamate. It plays a central role in
metabolism and is therefore a target for cellular
control. As the enzyme catalyzes a multisubstrate
biochemical transformation, studies of 1ts reaction
mechanism are of particular interest. Most such
studies have been done kinetically. Only recently
have himited investigations on active site residues
with glutamuine synthetase been reported, which
implicate sulfhydryl [1-4], arginine [5] and lysine
[6] at the active site of glutamine synthetase. Very
recently, we reported the purification of this en-
zyme to homogeneity from Clostridium pasteuri-
anum, a very active, anaerobic mtrogen fixer [7].
The enzyme has a comparatively high M, (1.05 X
10°) and 20 identical subumts vs 8—12 reported
from other sources. It exhibits negative
cooperativity in the binding of L-glutamate and its
K for ADP 1s lowest among those reported from
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Glutamine synthetase

Active site Tyrosme Tetranitromethane

other sources. Thus, it 1s likely that the enzyme
from anaerobes follows a reaction mechanism
quite different from that suggested for sheep brain
[8] or E. colt enzyme [9].

Preliminary chemical modification studies in-
dicated that tyrosmne, carboxyl, arginine and
histidine and possibly lysine are near or at the ac-
tive site of the enzyme

Modification of the enzyme with tetranitro-
methane, a tyrosine-specific reagent, under op-
timal conditions resulted in concomitant loss of en-
zymatic activity which suggests that the tyrosine
residues are at or near the active site of C.
pasteurignum glutamine synthetase.

2. MATERIALS AND METHODS

2.1. Materials

Bovine serum albumin, Coomassie brilliant blue
R 250, 1-cyclohexyl-3-(2-morphohnoethyl)carbo-
dumide metho-p-toluenesulfonate, dimethylsu-
berimidate hydrochloride, 5,5'-dithiobis(2-mitro-
benzoic acid) (DTNB), N-ethylmaleimide, phenyl-
methanesulfonyl fluoride and Tris were purchased
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from Sigma (USA); DEAE-Sephadex A-50 and
Sepharose 4B from Pharmacia, Uppsala; phenyl-
glyoxal hydrate and 2,3-butanedione from Fluka
and tetranitromethane (TNM) from K & K Labo-
ratories, Jamaica, NY.

2 2. Methods

C. pasteurianum was grown, harvested and pro-
cessed for purification of glutamine synthetase to
homogeneity as in [7]. Polyacrylamide disc gel
electrophoresis in the presence and absence of SDS
showed the enzyme to be homogeneous. Purified
enzyme had a specific activity of 65 units per mg
protein as measured by the y-glutamyltransferase
assay, 1 umt being defined as gmol 4-
glutamylhydroxamate formed per min. Protein
was determined by the method of Lowry et al. [10]
and enzyme activity by the synthetase and -
glutamyltransferase activities [7].

Preliminary chemical modification studies were
carried out under the conditions as given 1n table 1

3. RESULTS AND DISCUSSION

3.1. Preliminary  modification  studies and
optimization of modification of tyrosine with
tetranitromethane

Table 1 shows the loss 1n enzymatic activity on
modification of glutamine synthetase with reagents
specific for the likely active site amino acids These
results implicate tyrosine, carboxyl, arginine and
histidine and suggest the non-involvement of serine
and sulfhydryl residues at or near the active site
The loss 1n enzymatic activity in the presence of
dimethylsuberimidate could be due to either cross-
linking or modification of the lysyl residues. The
retention of activity on reacting with sulfhydryl-
specific reagents 1s 1n contrast to the findings mn
other organisms [1—-4]

As the preliminary experiments indicated that
among the active site amino acids tyrosine
residue(s) play an essential role in glutamine syn-
thetase catalysis, conditions were systematically
optimized for its modification with TNM, which
indicated that the modification proceeded optimal-
ly at* tetramitromethane, 0.21 mM; temperature,
30°C, buffer, 50 mM Tris-HCI (pH 7.7); incuba-
tion time, 30 min

TNM preferably nitrates tyrosine in the phenox-
ide form. Hence lowering the pH should slow
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down and at pH 6 0, practicaily stop the mtration
of this residue [11] In the case of C pasteurianum
enzyme, lowering the pH to 6 0 or raising 1t to 8.0
or above led to loss of activity in the enzyme 1tself,
but modification at pH 6 5 led to only 10% loss vs
70% at pH 7.7.

Treatment of a protein with TNM at pH 6.5 can
oxidize sulfhydryl groups with concomitant loss in
enzymatic activity. Hence, modification of
glutamine synthetase was carried out 1n the
presence of DTNB (1 mM) at pH 7.0 and 6 5, but
1t did not affect the pattern of loss of activity at
erither pH. A high concentration of TNM can lead
to cross-linking of protemn with loss in enzymatic
activity But 1n this case, determination of the M,
of the modified enzyme by gel permeation
chromatography showed no change and hence loss
of enzymatic activity was attributed to modifica-
tion of tyrosine residue(s) and not due to either
thiol oxidation or cross-linking of protein.

3.2. Kinetics of inactivation of glutamine
synthetase by tetranitromethane

Glutamine synthetase was incubated with dif-
ferent concentrations of TNM at 30°C for 30 min
at pH 7.7. Alhquots were withdrawn at different
time 1ntervals, dialyzed and assayed for 4-
glutamyltransferase activity. Semulog plots of
residual activity vs time were linear at all TNM
concentrations employed, suggesting that the inac-
tivation 1s pseudo-first order 1n enzyme (fig.1)

The number of molecules of modifier reacting
per active umit of the enzyme was calculated by
plotting —log (¢ 5)™ " vs log [TNM] (fig 1, nset a).
A slope of 2.2 was obtained suggesting that 2
molecules of TNM reacted per active unit of the
enzyme leading to 1ts inactivation. When the
observed pseudo-first-order rate constants (kobs)
were plotted vs [TNM] (fig 1, inset b) a hinear plot
was obtained, indicating a single-step reaction.

3.3. Effect of tyrosine modification on synthetase
activity

Glutamine synthetase was incubated with
021 mM TNM 1n 50 mM Tris-HCI (pH 7 7) at
30°C for varnious time intervals. The loss 1n -
glutamyltransferase and synthetase activities were
determined as shown n fig 2. It was observed that
the loss 1n the two activities on modification ran
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Table 1

Inactivation of C pasteurianum glutamine synthetase on treatment with ammo acid specific reagents

Specific reagents Concentration of Buffer and pH Incubation Incubation Concen- Percent
stock solution of the incubation temperature (°C) time (min) tration residual
mixture (mM) activity
Control 100
Sulfhydryl
N-Ethylmaleimide 50 mM 1n 100 mM 100 mM Tris-HCl
Tns-HCI (pH 7 2) (pH 7 2) 30 30 20 100
5,5'-Dithiobis-
(2-nmitrobenzoic acid) 20 mM mm 100 mM 100 mM Tris-HCl
Trnis-HCl (pH 7 2) (pH 72) 30 30 10 100
Senne
Phenylmethane- 25 mM 1n 100 mM Tris-HCI
sulfonyl fluoride 1sopropanol (pH 7 2) 30 30 1 100
Histidine
Rose Bengal dye 02% (w/v) 1n 50 mM Tris-HC1 4°C irradiated
50 mM Tris-HC1 (pH 7 5) with 200 W bulb
(pH 7 5) at a distance of 1 ft 10 0 04% (w/v) 51
Arginine
Phenylglyoxal 160 mM 1n 50 mM 50 mM borate
borate buffer buffer (pH 8 0)
(pH 8 0) 30 60 20 26
2,3-Butanedione 91 mM i 50 mM 50 mM borate
borate buffer buffer
(pH 7 5), pH adjusted (pH 7 5)
to pH 7 5 with
I N NaOH 30 30 182 42
Tyrosine
Todine 10 mM in 500 mM KI 50 mM Tris-HCI
(pH 7 5) 30 6 01 30
Tetranitromethane 21 mM 1n 50 mM Tris-HCI
95% ethanol (pH 7 5) 30 30 021 38
(ethanol concentration
does not exceed 5% 1n
incubation mixture)
Glutamate/aspartate
1-Cyclohexyl-3- 125 mM 1n 40 mM Mes 40 mM Mes
(2-morphohnoethyl)- buffer (pH 6 5) buffer (pH 6 5)
carbodumide metho-p-
toluenesulfonate 4 30 25 20
Lysine
Dimethylsuberimidate 150 mM 1n 50 mM 50 mM Trnis-HCl
Tris-HCI (pH 7 5), pH (pH 7 5)
rapidly adjusted to
7 5 with 1 N NaOH 30 30 60 50

Ahquots (1 0 ml) of exhaustively dialyzed homogeneous glutamine synthetase (protein, 0 15 mg/ml) were incubated with indicated reagents under the
stated conditions of pH, concentration, temperature and time in a total volume of 2 5 ml, dialyzed and assayed for y-glutamyltransferase activity

more or less parallel implicating tyrosine in both

activities

3.4 Stability of modified glutamine synthetase

Glutamine synthetase modified with 0.21 mM
TNM at 30°C for 30 min and native enzyme were
dialyzed agamnst 50 mM Trnis-HCl (pH 7 2) for 12 h
with two changes and their residual activities were
compared. The ratio of activities 1 the two

Controls were run stmultaneously 1n the absence of the reagent, and their activity was taken as 100

samples remained unchanged. Thus the modified
enzyme 1s stable

3 5 Protection of glutamine synthetase against
modification by substrates

The presence of substrates, substrate analogs or

competitive inhibitors protects only the active site

amno acid residues against modification and thus

establishes the site of modified amino acids.
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Fig 1 Semilogarithmic plot of giutamine synthetase
mnactivation by TNM. Ahquots (1.0 ml) of the enzyme
solution (protemn, 0 16 mg/ml) were ncubated with
0105mM (0—0), 0168 mM (e—e), 021 mM
(&—4A) and 0 315 mM (o—1a) TNM 1n 50 mM Tris-

I £ T "N ot ANOLT o tntal aliyma ~F D € sl
oI (Prx 7 /) at Su L il a totai VOIUIne Of < > mu

Aliquots were withdrawn at regular time intervals,
dialyzed and assayed for y-glutamyltransferase activity
Controls (&—aA) were incubated under sumilar
conditions without TNM. The percent activity left in
each sample was calcunlated by taking control value 100
(Inset a) Apparent order of the inactivation was
determined by plotting the negative values of the
ioganthm of the half-time of nactivation (Z 5)~"' vs iog
[TNM] (Inset b) Observed first-order rate constants
were plotted vs [TNM] to determine the number of steps
mvolved 1n the nactivation process

Tyrosine modification was therefore carried out 1n
the presence and absence of substrates for 30 min,
dialyzed and assayed for y-glutamyltransferase ac-
tivity (table 2). It was observed that neither Mg?*

NH.OW alane nravided anv nraote,
nor LVAALULL aione proviaea any pr otection against

modification. The presence of either ATP or
glutamate alone protected the enzyme margmally
The enzyme retained 50% activity in their presence
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Fig 2 Effect of TNM on synthetase and transferase
activities of glutamine synthetase Aliquots (1 0 ml) of
the enzyme solution were incubaied with § 21 mM TNM
in 50 mM Tris-HCI (pH 7 7) at 30°C 1n a total volume
of 25 ml Aliquots were removed at different time
mntervals, dialyzed and assayed for synthetase (0—0O)

and v-glutamyltransferase (&4—a) activities Control

was also run under the same conditions 1n the absence of
vas aise run unger the same conqutions 1n the absence of

TNM and percent activity left m each sample was
calculated by taking control as 100

Table 2
Protection of gilutamine synthetase by substrate(s)
against modification on treatment with TNM

Modification mn the presence of Percent residual

activity?
Nii 333
NH,OH 22
MgClz 25
ATP 50
ATP + MgCl, 60
Glutamate 48
Glutamate + ATP 95

2 Activity of the unmodified enzyme was taken as 100

Glutamine synthetase (0 4 ml; protemn. 0 16 mg/ml) was
incubated with TNM (0 21 mM) 1 the presence and
absence of L-glutamate (72 mM), ATP (28 mM), MgCl,
(48 mM); NH,OH (28 mM), for 30 min in 50 mM Tris-
HCI (pH 7 7) at 30°C mn a total volume of 1 0 ml,
chalyzed and assayed for y-glutamyltransferase activity
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vs 33% 1n their absence. However, the presence of
both glutamate and ATP gave nearly full protec-
tion to the enzyme against modification. A similar
observation was made when synthetase activity
was determined. Hence tyrosine residues are pre-
sent at or near the active site of glutamine syn-
thetase from C. pasteurianum and are essential for
both 1ts y-glutamyltransferase and synthetase
activities.

ACKNOWLEDGEMENT

I.S.K., the awardee of the National Science
Talent Search Scholarship, acknowledges with
thanks the financial assistance extended by the Na-
tional Council of Educational Research and Tran-
ing, New Delhi, India.

FEBS LETTERS

June 1985

REFERENCES

[1] Shapiro, B.M. and Stadtman, E R. (1967) J Biol
Chem 242, 5069—5079

[2] Rao, D.R., Beyreuther, K and Jaenicke, L. (1973)
Eur J. Biochem 35, 582—-592

[3] Jaenicke, L and Berson, W (1977) Hoppe-Seyler’s
Z Physiol. Chem. 358, 883—889

[4] Uralets, T 1., Auerman, T L and Kretovich, VL
(1977) Mikrobiologiya 46, 632—634

[5] Powers, S G. and Riordan, J F (1975) Proc Natl
Acad Sa USA 72, 2616-2620

[6] Sekiguchi, T, Oshiro, S, Goingo, EM and
Nosoh, Y (1979) J Biochem. (Tokyo) 85, 75-78.

[7] Knishnan, I S, Singhal, R K. and Dua, R D (1985)
Biochemistry, submitted

[8] Krishnaswamy, P.R , Pamiljans, V and Meister,
A. (1962) J Biol Chem 237, 2932-2940

[91 Meek, T D and Villafranca, JJ (1980)
Biochemustry 19, 5513-5519

[10] Lowry, O H, Rosebrough, N J, Farr, AL and
Randall, R J (1951) J Biol Chem. 193, 265-275

[11] Riordan, J F and Vallee, B.L (1972) Methods
Enzymol 25, 515-521

271



