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Some Effects of Adenylylation on the Biosynthetic Properties
of the Glutamine Synthetase from Escherichia coli*

A. Ginsburg, J. Yeh, S. B. Hennig, and M. D, Dentont

ABSTRACT: The variation of Mg?*- and Mn?*-dependent bio-
synthetic activities as a function of the average extent of ade-
nylylation () of glutamine synthetase has been studied. The ir
vitro adenylylation of glutamine synthetase, which provided
additional enzyme forms for study (together with a method
for partially purifying the adenosine triphosphate-glutamine
synthetase adenylyltransferase of Escherichia coli), are de-
scribed also. Using spectrophotometric Mg?t and Mn?* assay
systems for measuring initial velocities under saturating con-
ditions and only highly purified glutamine synthetase forms
(7 = 0.8-12), sigmoid curves of specific activity vs. /i were ob-
tained. The addition or removal of 5’-adenylyl groups at
either extreme of adenylylation (7 = 0.8-3, 7 = 8.5-12) pro-
duces the most profound change in the Mg?*- or Mn?*-de-
pendent activities. At intermediate stages of adenylylation (7
= 3-8), the expressions of Mg?t and Mn?* activities are less
affected by the covalent attachment of 5’-adenylyl groups to
glutamine synthetase. With optimal assay conditions, unade-
nylylated subunits appear to be specifically activated by Mg?*
(pH optimum 7.5-7.6), whereas adenylylated subunits have
an absolute requirement for Mn?* (pH optimum 6.5-6.6)
as the activating divalent cation. This conclusion, which is
based on activity extrapolations to n = 0, and kinetic results
obtained when n = 12, corroborates a previous report. There-
fore, heterologous subunit interactions between adenylylated

F or pertinent background references to these studies,
please refer to the introduction of the accompanying paper
(Denton and Ginsburg, 1970).

The interpretation of the combined results from direct bind-
ing and kinetic studies with the glutamine synthetase from
Escherichia coli depends largely upon a knowledge of the ab-
solute divalent cation specificity of adenylylated and unade-
nylylated subunits in the biosynthetic reaction. The previous re-
sults of Kingdon ez al. (1967) showed that adenylylation of
glutamine synthetase linearly changed the divalent cation re-
quirement from Mg?t to Mn?* in a colorimetric assay of the
biosynthetic reaction (Woolfolk er al., 1966). The extrapola-
tions of these data (Stadtman et al., 1968) indicated that the
unadenylylated enzyme would have no activity in a Mn?*-ac-
tivated assay, and, conversely, that the fully adenylylated en-
zyme would be inactive in a Mg?*-activated biosynthetic assay.
The studies presented here were initiated to learn whether or
not adenylylation can influence the maximum activity ex-
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and unadenylylated subunits in the dodecameric glutamine
synthetase molecule appear to influence Vs, as well as K.
In addition, unadenylylated, Mn?+-activated glutamine syn-
thetase forms express significant activity with p-glutamate
which is decreased by adenylylation. With the natural sub-
strate, L-glutamate, present, D-glutamate is about equally
effective in inhibiting the L-glutamate activity of both Mn?2*-
activated unadenylylated and adenylylated forms of glutamine
synthetase. The formation of an active complex with p-gluta-
mate, adenosine triphosphate, and ammonia appears to be re-
lated to a unique conformation that adenylylated subunits can
assume in a molecule containing few 5’-adenylyl groups. The
binding of L-[}*C]glutamate at pH 7.3 (4°) to a preparation of
glutamine synthetase containing 0.8 equiv of 5’-adenylyl
groups per mole of enzyme was measured. Although at 10~3
M L-glutamate, 12 equiv of L-glutamate was bound per mole of
enzyme, the binding curve suggests that the maximum number
of enzyme sites for L-glutamate is->>12,with an apparent asso-
ciation constant of ~ 102 mole~!, Parallel kinetic studies with
the same enzyme preparation show high- and low-affinity
sites for L-glutamate, with K, ~ 2.6 X 10=% and 2 X 10~*
M, respectively. There is no obvious correlation between the
binding and kinetic results with L-glutamate, and this is dis-
cussed with the presentation of a scheme for the interaction of
substrates with glutamine synthetase.

pressed by each type of subunit. Since it became apparent that
the activity of each type of subunit is nor expressed indepen-
dently of the other in either a Mn?*- or Mg?*-dependent bio-
synthetic assay, the question of the absolute divalent cation
specificity of adenylylated or unadenylylated subunitshadto be
reexamined. The sensitive spectrophotometric assay method
of Kingdon e al. (1968) was used in these studies to measure
initial velocities and to determine optimal assay conditions.
Isolated glutamine synthetase preparations from E. coli
(grown under conditions to yield preparation I or II (Shapiro
et al., 1967)), as well as enzyme preparations obtained by in
vitro adenylylation of glutamine synthetase (Kingdon er a/.,
1967; Wulff er al., 1967; Ginsburg, 1970), were purified to
homogeneity by the procedure of Woolfolk er al. (1966) for
the activity measurements. The purified glutamine synthetase
preparations studied had 0.8-12 equiv of covalently bound
5’-adenylyl groups per mole (600,000 g) of enzyme.
Equilibrium binding and kinetic studies of the interaction
of glutamine synthetase with L-glutamate are reported also.

Experimental Section

Materials. The sodium salts of ATP, L-glutamate, L-gluta-
mine, DPNH, Tris, and crystalline RNase A were obtained
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from the Sigma Chemical Corp., and of phosphoenolpyruvate
from Boehringer Mannheim Corp. The latter also supplied
crystalline ammonium sulfate suspensions of lactic dehydro-
genase and pyruvate kinase (essentially free of myokinase ac-
tivity). Crystalline DNase was obtained from Worthington
Biochem. Corp. Uniformly labeled r-[!'*Clglutamic acid,
[*4CJATP, and [a-*?PJATP were obtained from Amersham
Searle Corp., New England Nuclear Corp., and International
Chemical and Nuclear Corp., respectively. Imidazole and
maleic acid were obtained from Eastman Organic Chemicals;
stock imidazole solutions were treated lightly with charcoal
and filtered to remove any yellow color; maleic acid, recrys-
tallized from acetone, was a gift from Dr. L. Tsai. Sephadex
(G-50, fine) was obtained from Pharmacia. Non- and iso-
topically labeled compounds were determined to be >97%;
pure by the techniques used previously (Ginsburg, 1969).

Deionized water with a conductivity <1.7 X 107% ohm™!
was obtained from a water deionizing unit (Model DJ-128)
of the Crystal Research Laboratory, Inc., and this water was
used exclusively for the preparation of solutions. Enzyme
grade ammonium sulfate was obtained from Mann Research
Laboratory, Inc.

Glutamine synthetase as isolated from E. coli by the pro-
cedure of Woolfolk er al. (1966) contains varying equivalents
of 5’-adenylyl groups covalently bound to the protein (Sha-
piro et al., 1967). The enzymes designated as Egg, Ei3, Es3,
E;, Ema, and Ej! were isolated directly from E. coli after
growth under different conditions (Kingdon and Stadtman,
1967), and these were generous gifts from Drs. J. Ciardi, F.
Cimino, W. Anderson, H. K. Kingdon, and B. M. Shapiro of
this laboratory. All enzymes show >952% homogeneity by
disc gel electrophoresis and ultracentrifugation; we were for-
tunate in having more than one preparation of each Egg,
Ei3, and Ei3, plus some other preparations at either extreme
of adenylylation with 7 only estimated, for activity assays.
Only the most active enzymes of certain 5’-adenylyl content
(see below) are reported in the measurements of absolute spe-
cific activities. The preparations of Ei3, E; (Shapiro es al.,
1967), and Ez3 (Denton and Ginsburg, 1969) have been de-
scribed elsewhere,

Methods

Instrumentation. Radioactive determinations were by scin-
tillation counting using the solution of Bray (1960) and the
Nuclear-Chicago Mark I scintillation counter. If necessary,
appropriate quench corrections from two-channel counting
were applied to the data. The same aqueous volume was used
for radioactive standards and samples to be counted. A Model
PHM 25 radiometer equipped with as cale expander and
Leeds and Northrup No. 124138 microelectrode assembly was
used for pH determinations. A Cary 15 recording spectropho-

1 Abbreviations used are: E; represents glutamine synthetase (Gln
Syn) preparations (E) adenylylated to an average extent n, where n is
expressed as the average number of 5’-adenylyl groups per enzyme
molecule of mol. wt. 600,000. The molecular distribution of the 5’-
adenylyl groups in a particular enzyme preparation is unknown, al-
though at maximum adenylylation n = 12 or one adenylyl group per
enzyme subunit, The 5’-adenylyl group is covalently bound to the
enzyme through a stable phosphodiester bond to a specific tyrosyl
hydroxyl group of the polypeptide enzyme subunit structure (Shapiro
and Stadtman, 1968b); PEP, phosphoenolpyruvate,
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tometer, equipped with a thermostable cell compartment, was
used for spectral determinations and enzyme assays at 25.0°.
A Unicam (Model SP 800) spectrophotometer, equipped with
four-cell thermostatable brass blocks (sample and reference
cell holders with contact pins between cells and the block), a
SP 825 program controller, and a SP 830 autocell changer, was
used for the enzyme assays at 20.0 and 37.0°. The control and
monitoring of the temperature was as previously described
(Ginsburg and Carroll, 1965). Assay mixtures were equili-
brated in the cell block at the desired temperature for 5-10
min before initiating the reaction (see the assay methods be-
low). Generally, four reaction rates were measured simul-
taneously over a 20-min period.

Preparation of 5'-[*‘ClAdenyly! Glutamine Synthetase. In
vitro adenylylation of the Es3 preparation was performed with
[*CJATP and varying amounts of the ATP-glutamine syn-
thetase adenylyltransferase in order to obtain enzymes of
known intermediate states of adenylylation.? In reaction vol-
umes of 0.3 ml, the final concentrations were 5 mm [1*C]JATP
(~108 cpm/umole), 2 mM L-glutamine, 10 m™ Tris at pH 7.6, 50
mM MgCl, and in the five separate experiments of Table I (1) 0,
(2)0.45,(3) 0.90, (4) 1.87, or (5) 3.75 mg per ml concentrations
were used of an approximately 20-fold purified fraction (see
below) of the ATP-glutamine synthetase adenylyltransferase
(1 mg catalyzing the attachment of ~220 mumoles of
S’-adenylyl groups to glutamine synthetase in 15 min at 37°),
and 23.3 mg/ml of Ezz (exhaustively dialyzed beforehand
against 0.01 M MgCl, and 0.02 M imidazole at pH 7.5 (4°) to
displace Mn?*" from the Es3 preparation). The reaction com-
ponents without Eg; were first combined and incubated for 5
min at room temperature, under which conditions a stable
[14C]ATP-adenylyltransferase complex is formed. Then, 7
mg of Ez3 was added and the reaction mixture was trans-
ferred to 37° for 1 min, and then iced and immediately gel-
filtered at 4° through a 0.9 X 60 ¢cm column of G-50 Sephadex,
using an elution buffer at pH 7.5 of 0.01 M Tris, 50 mm MgCl,,
and 1 mMm glutamine. The absorbancies at 280 and 260 mu
of the effluent fractions (1 ml) were monitored. Fractions 12
and 13 (containing ~65 % of the total glutamine synthetase)
were combined and 0.1-ml aliquots were taken for direct
scintillation counting, and for the measurement of heat-
stable, trichloroacetic acid precipitable radioactivity as
follows: 2 ml of 7% trichloroacetic acid at room temperature
and pH ~1 (prepared daily from a 507 trichloroacetic acid
stock solution) is added to the aliquot of radioactive protein.
(If <0.1-ml aliquots of a more concentrated radioactive pro-
tein solution (4-30 mg/ml) are taken, it is necessary to first
dilute the protein into 1 ml of 0.01 M Tris buffer at pH 7.6
before adding 2 ml of 7% trichloroacetic acid. This dilution
prevents the precipitate formed by the trichloroacetic acid
addition from adhering to the walls of the 13 X 100 mm Pyrex
test tubes used, without affecting the guantitative precipita-
tion of the radioactive glutamine synthetase by trichloroacetic
acid.) After boiling for 15 min, the precipitate is collected by
filtration through a 0.45 u Type HA Millipore filter using suc-
tion, and is washed on the filter with 10-5-m} volumes of 7%;
trichloroacetic acid. After draining, the filters are dissolved
in 20 ml of the solution of Bray (1960) and counted. The heat-

2 Most of the procedures described developed directly from studies
on the ATP: glutamine synthetase adenylyltransferase of E, coli,
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TABLE I;: Radioactive Adenylylated Glutamine Synthetase Preparations.

Changes in Biosynthetic

Activitiese
A (Before 7 (After a 7 (From % with Mg?* 9 with Mn?**
Expt Repurification)s Repurification) (Cory Asgo/ Asgr Asgo/ Azg0)> 8 Activation Activation
1 2.4 2.45 2.3 1.090 3.0 100 100
2 3.42 3.36 3.2 1.152 4.0 77 108
3 4.34 4.39 4.2 1.185 4.5 77 138
4 6.09 5.95 5.8 1.288 6.0 66 169
5 8.00 8.23 8.1 1.366 7.2 51 200
6 11.6 12 1.717 12.4 2 398
7 12.07 1.621 11.0 1 419

¢ From the trichloroacetic acid assay (see Methods):

600,000
ug of Gln Syn added to trichloroacetic acid

trichloroacetic acid insoluble cpm
A= a* = (12 max — 0
B= At A= e = Bt T TCIATP  amole of ATP

where 7 is the average extent of adenylylation of the glutamine synthetase (Gln Syn) preparation with 7° equal to an average
of 2.3 equiv of 5’-adenylyl groups/mole of the unlabeled Gln Syn used as starting material and 7* equal to the equiv of 5/-[14C]-
adenylyl groups incorporated per mole of Gln Syn in the adenylylation reaction. * As in footnote a, i = A° -+ A* where A* is mea-
sured by directly determining the radioactivity of the repurified Gln Syn. The value of 7#* from expt 1 represents a blank for non-
covalently bound radioactivity of E53, and was used to correct the 7 values (column 3) of expt 2-5. < All absorbancy values are
approximately for corrected for any light scattering by assuming that Gln Syn does not absorb at 340 myu, and multiplying the
apparent absorbance of the enzyme so lution at 340 mu by the ratio: A0 m,/A* m, (Schauenstein and Bayzer, 1955). This
calculated value is substracted from the absorbancy determined at A, and is minimized by clarifying protein solutions by cen-
trifugation before spectral determinations so that 4340 m, <0.02. Protein concentrations ~1 mg/ml of 0.02 M imidazole-chloride,
0.10 M KCl, and 0.001 M MnCl; (pH 7.1). 4 i =~ 15.00 (4250 m,/A250 m,) — 13.31 (from Shapiro and Stadtman (1970)) based on
values at neutral pH for 10~% M Eq of 4ag m, = 0.231 and a0 m, = 0.205, and for 10~¢ M protein-bound AMP having the molar
absorbance of free AMP (43¢ m, = 0.0153 (Boch et al., 1956)). This derived expression assumes that the covalently bound 5’-
adenylyl groups do not perturb the absorbancy of the protein at 290 mu while contributing linearly to the absorbancy at 260 mu
in an amount equivalent to the same concentration of free AMP, ¢ See Table II (Methods) and Figure 2a,b (Results). No signifi-
cant differences were obtained in assays before and after repurification of the E: samples. / E;3 adenylylated with [a-%2P]ATP

instead of [14C]ATP (see Methods).

stable, trichloroacetic acid precipitable radioactivity (see
Table I) gives a direct measure of the amount of 5’-[14C]-
adenylyl groups incorporated into glutamine synthetase, when
combined with the specific radioactivity of [M4CJATP used.
This latter value was conveniently determined from the
[*4C]ATP fractions off the Sephadex G-50 column. The small
difference between the total and trichloroacetic acid precipi-
tated, heat-stable radioactivity is due to the amount of [14C]-
ATP noncovalently complexed under these conditions to the
adenylyltransferase and the glutamine synthetase (<0.5
mumole of [14C]JATP/mg of total protein).

For preparing Ei» of specific radioactivity of ~107 cpm/
umole of Ej;, 3.46 mg of the adenylyltransferase preparation
was preloaded at 25° with either [1*C]JATP or [x-32P]JATP as
described above, and then 5 mg of E;; was added to a final
volume of 0.3 ml (expt 6 or 7, respectively, of Table I).? The
reaction mixtures were incubated at 37° for 30m in, gel

3In large-scale adenylylation reactions, 10-15 units of the adenylyl-
transferase/mg of unadenylylated glutamine synthetase (Egg—3) has
been found to yield Ei; after about 45 min at 37°.
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filtered at 4° (as above), and the protein fractions (containing
~95% of the glutamine synthetase) were pooled. In the
pooled protein fractions, ~50¢7 of the total radioactivity was
equal to the amount of radioactive isotope covalently bound
to the E;; preparations.

Repurification of the Radioactive, Adenylylated Glutamine
Synthetase Preparations. The acetone and acid ammonium
sulfate steps of the glutamine synthetase purification pro-
cedure of Woolfolk et al. (1966) were used. Slight modifica-
tions were introduced to compensate for the low protein con-
centrations of the adenylylated enzyme fractions. The follow-
ing repurification procedure removes the adenylyltransferase,
and the proteins introduced with this activity, and >97% of
the noncovalently, protein-bound radioactivity. (All steps
are at 4° and centrifugations are at 11,000-17,000 rpm for 15
min in a Sorvall centrifuge unless otherwise noted.)

Step 1. Saturated ammonium sulfate (309 by volume)
and MnCl; to a final concentration of ~0.01 M were added to
each adenylylated glutamine synthetase preparation. After
equilibration, the pH was carefully adjusted to pH ~4.45
(+0.05 pH unit) with 1 M acetic acid. The precipitate was
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collected immediately by centrifugation, suspended in the
0.01 M imidazole-0.01 M MnCl: (pH 7.5) buffer used through-
out the purification procedure, and adjusted to pH 7 with 1 M
NH.OH. (Best yields are obtained by allowing some time,
even overnight, for redissolving the precipitate at pH 7.)
This solution is clarified by centrifugation.

Step 2. Acetone at room temperature was added to a final
volume of 46 7 to the supernatant from step 1,and the solution
stirred for 5 min and then cooled in ice for 15 min. After
collecting the precipitate by centrifugation, it was suspended
immediately in the 0.01 M imidazole-0.01 M MnCl, buffer and
adjusted to pH 7 with 1 M NH,OH. This solution was clarified
by centrifugation.

Step 3. Cold saturated ammonium sulfate (20-30%; by
volume) was added to the supernatant from step 2, and the
acid precipitation procedure of step 1 was repeated.

Step 4. Step 3 was repeated and each glutamine synthetase
preparation (E:) was dialyzed against 600-1000 volumes of
0.02 M imidazole-chloride, 0.10 M KCl, and 0.001 M MnCl,
buffer (pH 7.5 at4°; pH 7.1 at 25°) with several buffer changes.
The dialyzed enzyme solutions were clarified and stored at
4°. Some of the properties of these samples are given in
Table 1.

The extent of adenylylation of native glutamine synthetase
preparations () was estimated by spectral (Shapiro and
Stadtman, 1970; Table I) and +-glutamyl transfer assay
(Stadtman et a/., 1968) methods. Either method has an ap-
proximate accuracy of i & 1. Usually, a number of both the
spectral and assay analyses were averaged for each purified
enzyme preparation in order to assign a value of # with some
certainty (=0.4). In practice, the assay method was found to
be more reliable than the spectral technique. A purified
enzyme is required for spectral analysis, and any perturbation
of the absorbancy at 290 or 260 mu will affect the calculation
of 71 (see footnote d, Table I). The y-glutamyl transfer assay
method may be used with purified or inhomogeneous gluta-
mine synthetase fractions, since this method is based on an
inhibition of this activity of adenylylated subunits by high
concentrations of MgCl, when present in the Mn?*-de-
pendent assay system at pH 7.15 which, in the absence of
MgCl,, measures equivalent activities of both adenylylated
and unadenylylated subunits (Stadtman er a/., 1968). For
5’-[1iCladenylyl glutamine synthetase, the trichloroacetic
acid assay (described above) specifically gives the number of
5’-['iCladenylyl groups (of known specific radioactivity)
incorporated into glutamine synthetase (see footnote a, Table
I). During the removal of radioactive 5’-adenylyl groups from
the enzyme by the action of snake venom phosphodiesterase
(Shapiro et al., 1967; Stadtman er al., 1968) or by deadenyl-
ylating activity (Shapiro and Stadtman, 1968a), the fraction of
perchloric acid soluble radioactivity multiplied by the initial
7 gives a measure of 7 after deadenylylation. (This calculation
assumes that the radioactive and nonradioactive S’-adenylyl
groups are released at the same rate; i.e., that there is nothing
unique about the 5’-adenylyl groups originally bound to
unadenylylated glutamine synthetase preparations.)

Spectral Constants, Protein Determinations. (All ultra-
violet absorbancy measurements are made on enzyme solu-
tions that have been clarified by centrifugation and are cor-
rected for any light scattering, due to residual turbidity, by
applying a fourth-power extrapolation of the absorbancy at
340 my as described in footnote ¢ of Table L.)
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Taut E; Forms. For native glutamine synthetase prepara-
tions of unknown adenylylation state, a specific absorption
constant of 45502, 1om = 0.385 (Shapiro and Stadtman, 1970)
is used for the determination of enzyme concentration. If the
extent of adenylylation has been estimated by other measure-
ments (see above), an empirical fit to most glutamine synthetase
preparations obtained in this laboratory yields: 4930 oy 1em =
0.733 -+ 0.05 (A/12). If 7 is known, the specific absorption
constant at 280 mu is used in preference to that at 290 my
for greater accuracy in the determination of enzyme con-
centration.

Relaxed E; Forms. The reversible spectral perturbation (in-
volving the exposure to solvent of 12-24 tyrosyl and 12-24
tryptophanyl residues per enzyme molecule) that is produced
by the removal, or by chelation with excess EDTA, of specific
divalent cations (Mn?*, Mg?*, or Ca?") from taut (active)
glutamine synthetase has been described previously (Shapiro
and Ginsburg, 1968). Using the same methods, the difference
spectrum between raur (active) Ejz and relaxed (inactive)
Esz (to which excess EDTA to divalent cation was added)
was the same as that obtained between the taut and relaxed
forms of E;.. The taut-relaxed difference spectra for Ez3 and
E;; have maxima at 290.3 (Ae 1.73 X 104 M~! cm™?!) and
283.8 mu (Ae 1.29 X 10* M~ cm™1), and minima at 286.4
(Ae 1.05 X 10%* m~! cm™1) and 295 and 263 mu (Ae 0).
Since the taut-relaxed difference spectrum is apparently in-
dependent of 7, specific absorption constants for 1-mg/mi
concentrations of relaxed E; could be calculated to be:
A290 my, lem = 0.356 and Aan my,lem = 0.716 + 0.05 (ﬁ/m).

Glutamine Synthetase Assays. For uniformity, each prepara-
tion of E;, used in the activity determinations was diluted to a
concentration of ~1 mg/ml with the dialysate (0.02 M imid-
azole-chloride, 0.10 M KCl, and 0.001 M MnCl,, pH 7.1),
enzyme concentration was determined (see above), and stored
at 4°. Under these conditions the enzyme activities are stable
for months. If further dilutions of the E; preparations were
required for the assays, these were made with the dialysates
in ice as needed. The spectrophotometric assay which mea-
sures ADP formation by coupling with pyruvate kinase and
lactate dehydrogenase activities (Kingdon er al., 1968) was
used. The saturating conditions for measuring the Mg?*-
and Mn?*-dependent biosynthetic activities of E; forms are
given in Table II, and these were used unless otherwise noted.
The conditions shown in Table IT are optimal for all adenylyla-
tion states, with the exception of the L-glutamate concentra-
tion for the Mn?*-activated glutamine synthetase at low
adenylylation states (see Results section) which is slightly in-
hibitory. No inhibitory effects with high ammonia concentra-
tions, or with 5 mm ATP, were observed. Reaction rates
usually were linear until all the DPNH was oxidized (2-20
min), at which time more DPNH could be added to the cuvet,
All initial reaction rates reported were proportional to enzyme
concentration. Using initial velocities, the specific activity is
expressed as the umoles of ADP formed per min perof enzyme.
For the L-glutamate saturation studies, the conditions of
footnote e in Table II were used.

Eguilibrium dialysis techniques were as previously described
(Ginsburg and Mehler, 1966; Ginsburg, 1969). A stock solu-
tion of the Eg preparation (10 mg/ml) used for these studies
was predialyzed at 4° against three different 1000 volumes of
0.02 M imidazole-chloride, 0.10 M KCl, and 0.001 M MnCl,
(pH 6.9, 20°, pH 7.3, 4°). The last dialysate was saved and
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used for protein dilutions and standard solutions of L-[14C]-
glutamate (105-10¢ dpm/umole of L-glutamate). In the equilib-
rium binding studies, the total amount of 1-[14C]glutamate al-
ways was kept in excess of the concentration of enzyme
binding sites by using appropriate dilutions of the stock
Es3 solution (0.2-6.6 mg/ml of Egz). At the low concentra-
tions, the larger Techni-Lab Model E-5 (5 ml) cells were used
to increase the sample size removed for analysis. After equili-
bration (48-72 hr at 4°), suitable aliquots were removed
simultaneously from the protein and solvent sides of the
dialysis cells for radioactivity, protein concentration, enzyme
activity, and pH determinations. The pH remained constant
at pH 6.90 =+ 0.02 units at 25°; the enzyme activity was
stable also. Since L-glutamate is a substrate of glutamine
synthetase, the L-[!*Clglutamate in the solvent after equilib-
rium dialysis experiments with this enzyme was examined
by electrophoresis in 4 % formic acid (Dreyer, 1960), followed
by exposure of the paper on X-ray film and development with
ninhydrin. The L-[*C]glutamate was judged to be unchanged
through contact with the enzyme since it migrated with the
standard radioactive and nonradioactive L-glutamate.

As is usual, the radioactivities of the protein and solvent
sides of the membrane (accounting for the amount of L[!*C]-
glutamate added initially within 5%) were used to calculate
the total (protein bound plus free) and the free concentrations,
respectively, of vrL-[!*C]glutamate. Even though glutamine
synthetase did not appear to be saturated with L-['4C]gluta-
mate at ~1 mM (see Results), the limitation of this method
in accurately measuring small differences between large
amounts of radioactivity, prevented measurements at >1
mM L-[14C]glutamate. Throughout these studies, a molecular
weight of 600,000 for the enzyme was used to calculate molar
concentrations of protein from absorbancy measurements at
280 mu (Shapiro and Ginsburg, 1968). The data were analyzed
as described previously (Ginsburg, 1969).

Partial Purification of the ATP-Glutamine Synthetase
Adenylyltransferase. The method outlined here is designed
for obtaining (1) the adenylyltransferase as a by-product of
the glutamine synthetase isolation procedure of Woolfolk
et al. (1966), and (2) a 20-30-fold purified adenylyltransferase
which is suitable for the adenylylation of purified glutamine
synthetase (see Table ITI).

Step 1. The preparation of the cell extract from E. coli
strain W cells grown on glycerol-glutamate and harvested
in stationary growth phase (see Kingdon and Stadtman, 1967;
Shapiro and Stadtman, 1970), and the subsequent strepto-
mycin precipitation steps are as described in Woolfolk et al.
(1966).

Step 2. (a) The streptomycin precipitate from step 1 is
immediately suspended with a rapid mechanical stirring at 4°
in 8 volumes/g of precipitate of 0.05 M potassium phosphate-3
mM MgCl, buffer at pH 7.6. After stirring 10-12 hr to obtain
a homogeneous suspension, 30 ug of crystalline RNase A
and 0.4 ug of DNase (crystalline) are added per g of
suspended precipitate. The mixture is then incubated at 30°
with stirring until the nucleic acid fraction has been digested
(10-20 hr). The progress of the nuclease action is followed by
comparing the 260-mu absorbancies of water-soluble to acid-
soluble material as follows: one 0.2-ml aliquot of the strepto-
mycin slurry is added to 1 ml of water and another 0.2-ml
aliquot is added to 1 ml of 109 perchloric acid. After centrifu-
gation, the 260-mu absorbancies of the supernatants are de-
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TABLE II: Saturating Conditions for the Mg?*- and Mn?*+-
Dependent Spectrophotometric Assay.

Compound«
(Order of Addi- Mg?t+ Activation = Mn?* Activation
tion to 1-ml  (Final pH 7.5-7.6) (Final pH 6.5-6.6)
Cuvet) (ml) (ml)
Water 0.525 0.3900
Buffere 0.200 0.200
0.90 M KCI-0.50 0.100
M MgCl, mixture
0.90 M KCI-0.060 0.100
M MnCl; mix~
ture
1.0 M NH.Cl, 0.050 0.100
pH7
1.0 M L-glutamate 0.030 0.100
pH 74
0.10 M ATP, pH 0.050 0.0350
6.8
DPNH, 15 mg/mle 0.015 0.020
0.10 M PEP, 0.010 0.010
pH 5.8
Coupling 0.010 0.020
enzymes’/
Glutamine 0.010 0.010
synthetase (E;) (0.1-5 ug)* (1-20 png)°

« ATP, PEP, and DPNH solutions stored in the frozen
state; L-glutamate, coupling enzymes, and glutamine syn-
thetase are stored at 4°. * Water volume is adjusted according
to the amounts of glutamine synthetase and other solutions
so that the final assay volume is 1.00 ml. < Buffer may be a
stock solution of 0.25 M maleate, 0.25 M imidazole, and 0.25M
Tris, adjusted to pH 7.7-7.8 or 6.52-6.6 for the Mg?t or
Mntt assay systems, respectively. Alternatively, a stock solu-
tion of 0.5 M imidazole(pH 7.7), may be used in the Mg?tassay.
4 -Glutamate is omitted for the determination of ATPase
activity in the glutamine synthetase preparation. ¢The
DPNH solution (0.005 ml) is added with ~30 ug of DPNH/ml
of water in the reference compartment, if the 0-0.1 slide-wire
is used with ~0.1 the specified concentration of glutamine
synthetase, which varies according to the extent of adenylyla-
tion of the enzyme preparation (see Results). / The less stable
PEP and coupling enzymes (stored at 4° as a solution of 10
mg of lactate dehydrogenase-2.5 mg of pyruvate kinase per
ml of 0.10 M KCI) are added just 5-10 min prior to assay
measurements; the contents of the cuvets then are mixed
and the cuvets are placed in the spectrophotometer. When the
absorbancy at 340 myu is constant (1-3 min), glutamine syn-
thetase is added and the rate of DPNH oxidation is followed.

termined. When the acid-soluble 260-mu reading is the same
as that of the water-soluble material, the nuclease digest is
centrifuged at 4° (60 min at 14,000g). The supernatant (clear
light yellow) is collected and the precipitate is washed with
about !/;sth volume of the buffer used throughout: 0.02 M
Tris-chloride with 1 mm S-mercaptoethanol at pH 7.6-7.8,
prepared with deionized water.
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TABLE III: Summary of the Partial Purification of Adenylyl-
transferase.

Specific
Total Activitys
Protein Fraction Protein (g) (units/mg)  Yield (27)
Untreated extract? 236 ~12 100
Solubilized strepto- 5.23 62 11
mycin ppt;e first
pH 4.4 ppt
Second pH 4.4 ppt; 1.56 240 14
stored at pH 7.6
Third pH 4.4 ppt 310

« Units of activity are expressed as mumoles of 5’-adenylyl
groups incorporated into glutamine synthetase in 15 min at
37°. Protein is determined by either the biuret or 280-260-
mu absorbancy method (Layne, 1957). The assay mixture
(50 ul) contains: 20 mM Tris-chloride (pH 8), 50 mM MgCl.,,
2 mMm L-glutamine, 75. mM [1CJATP or [a-*?P]ATP (6-10 X 10°
cpm/umole of ATP), 4.8-mg/ml concentration of unadenylyl-
ated glutamine synthetase (7 = 0-3), and sufficient adenylyl-
transferase to incorporate 0.8-5 moles of radioactive 5'-
adenylyl groups into 1 mole of glutamine synthetase. The
reaction is initiated at 37° by the addition of the adenylyl-
transferase and terminated by the rapid successive addition
of 1 ml of 0.01 M Tris buffer (pH 7.6) and 2 ml of 79 tri-
chloroacetic acid. After placing the tubes in boiling water
for 15 min, the contents are filtered and counted as described
in the method for preparing adenylylated glutamine syn-
thetase. Values are corrected for a blank in which either the
adenylyltransferase or MgCl; is omitted from the reaction
mixture. ® As in the purification table for glutamine synthetase
(Woolfolk er al., 1966), with 1130 g of frozen glycerol~
glutamate-grown cells yielding also 400 mg of glutamine
synthetase Ef7 purified through step 7 to a specific activity of
125. ¢ Streptomycin precipitate (252 g) from the glutamine
synthetase preparation. The low recovery of the adenylyl-
transferase activity in this step is due to an inefficient pre-
cipitation of this enzyme in the 1% (v/v) streptomycin sulfate
precipitation step of the glutamine synthetase preparation
(Woolfolk et al., 1966). This loss in the adenylyltransferase
is acceptable because glutamine synthetase is obtained from
the supernatant of the streptomycin precipitation step.

(b) To the combined supernatant and wash of step 2a, solid
ammonium sulfate is added slowly with stirring to 0.5 satura-
tion (29.1 g of (NH,).S0O./100 ml of solution). After equilibra-
tion (may be overnight), the pH is adjusted to 4.4 with 1 M
acetic acid. Equilibrate at this pH (final pH 4.4-4.5), with slow
stirring at 4 ° for several hours, and then collect the precipitate
by centrifugation. The precipitate is suspended in about !/;;th
of the supernatant volume of step 2awith the Tris-8-mercapto-
ethanol buffer, and the pH is adjusted to pH 7.6 with 1 N
NH,OH. (From this stage of the purification, care is taken to
avoid metal contamination.) After slow stirring overnight,
the enzyme suspension is clarified by centrifugation.

Step 3. To the supernatant solution from step 2b, 1097 by
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volume of saturated ammonium sulfate (4°) is added, and the
pH is adjusted to pH 4.4 with 1 m acetic acid. After equilibra-
tion at this pH (may be overnight), the precipitate is collected
by centrifugation and suspended in the Tris-3-mercaptoeth-
anol buffer, and the pH is adjusted to pH 7.6 with 1 N NH.OH.
(The volume should be 1/sth to !/,;th that of the previous
fraction.) Equilibrate at pH 7.6 and then recentrifuge, dis-
carding any precipitate. The adenylyltransferase in this opa-
lescent, white supernatant fraction (protein concentration at
about 25 mg/ml; Asso m,/Aw0 m, = 1.4-1.6) is stored at 4°,
under which conditions it is stable for months.

Step 4. To a portion of the solution from step 3, 1097 by
volume of ammonium sulfate is added, and the pH is ad-
justed slowly to pH 5.8 with 1 M acetic acid; centrifuge and dis-
card the precipitate. The pH of the supernatant is adjusted to
pH 4.4, and, after equilibrating at this pH for 30 min, the
precipitate is collected by centrifugation and treated as in
step 3. This step should give a further 1.3-2-fold purification
(Table III with about 7097 recovery of enzyme units (Aup m,/
Ao, = 1.8.)

Results

Specific Activity Measurements. Figure 1 shows representa-
tive pH-activity profilesf or enzymes adenylylated to dif-
ferent extents. The pH of each assay was determined im-
mediately after the velocity measurement at ~26° (see
Methods, Table II). The Mg?*-dependent activity, shown by
the upper curves of Figure 1, has a pH optimum at pH 7.5-7.6.
With increasing adenylylation, the pH-activity curves have
less sharp maxima. Since Mg?* activates only unadenylylated
subunits in the biosynthetic reaction (see below), the dif-
ference in shape among the pH-activity profiles of different
enzyme preparations must reflect some sort of subunit inter-
action, It cannot be said with certainty that the ionization of
amino acid residues at the catalytic sites of unadenylylated
subunits are influenced by heterologous subunit interactions
because other complicated factors are involved in the ex-
pression of activity, The Mn2*-dependent biosynthetic activity,
which measures adenylylated subunits, is optimal at pH
6.5-6.6. At lower pH values than that indicated by the arrow
(lower part of Figure 1), inactivation of the different enzyme
forms was indicated by the velocity decreasing with time that
the enzyme was exposed to the more acidic assay mixtures.
This can account for the nonsymmetrical Mn?*.activated pH
curves. The pH dependence of the reaction of Mn?*-activated
E;; with p-glutamate instead of with the natural substrate,
L-glutamate, is shown also. The pH optimum is more acidic
with D-glutamate as the substrate, and no increase in this
activity was observed in the higher pH range. Although the
activity of Es3 against D-glutamate is negligible in the Mg?**
assay at pH 7.6 and 25° (see Figure 3 below), it was possible
that the activity with p-glutamate was being expressed by a
Mn?* activation of unadenylylated subunits. In the y-glutamyl
transfer assay with Mn2?* used as the activating divalent cat-
ion, the pH optimum of unadenylylated subunits is ~pH
8 (Stadtman er al., 1968). However, the pH-activity profiles
of Mn?v-activated Es3 with either L- or D-glutamate suggest
that adenylylated subunits are involved in catalysis in both
cases.

Figure 2a,b shows the Mg?™ and the Mn?*-dependent
specific activities, respectively, of some different enzyme forms.
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The points represent averages of multiple determinations with
each enzyme preparation. Saturating substrate concentrations
and the pH optima of different biosynthetic assay systems
were used. Temperature was controlled at 20, 25, or 37°.
The half-filled circles at 25° indicate the Ej; samples derived
from the Ej3 preparation. The solid lines of Figure 2a,b
show that neither the Mg2?*- nor the Mn?t-activated bio-
synthetic activities are linear functions of 4. This result con-
flicts with that obtained by Kingdon (see Stadtman et al.,
1968) and will be discussed below.

The open squares of Figure 2a show activity measurements
on different mixtures of Eg;: and E;» which were iced for 1 hr
prior to assay, and these activities are plotted according to
the average extents of adenylylation of the mixtures. The
linear response (dashed line) suggests that hybrids of inter-
mediate adenylylation states were not formed at 4° in the
mixtures of unadenylylated and adenylylated glutamine syn-
thetase. The mixtures also had additive activities in the Mn?**
assay system but these results are not shown in Figure 2b
in order to simplify this figure. It has been observed too that
the successive addition of different enzyme forms directly to
the assay cuvets in either the Mg?™ or Mn?* assay systems
gives additive rates of catalysis. Thus, there is no evidence that
glutamine synthetase forms dissociate and reassociate at very
low enzyme concentrations.

The dotted-dashed line of Figure 2a shows results obtained
during the adenylylation of Egx, using the phosphate biosyn-
thetic assay of Woolfolk et al. (1966). As in the solid curves for
the various native and adenylylated preparations, there is a
dramatic decrease in activity between 7 ~ 1 and 3. Glutamine
synthetase containing zero 5’-adenylyl groups has not been ob-
tained so that the highest Mg?*t.activated specific activity
cannot be measured. However, E;» has no Mg?*dependent
activity so that the more rapid decrease in activity between
7~ 8 and 12 at the other extreme of adenylylation indicates
that the Mg?+ activity is most affected by attaching 5’-adenylyl
groups to the enzyme at either extreme of adenylylation. At
intermediate stages, /i >~ 3-8, adenylylation produces less of a
decrease in the Mg?*"-dependent activity.

The Mn?*+activated curves of Figure 2b show a converse
relationship to those in Figure 2a. In this case, the inability to
obtain E, makes the extrapolation to zero for this enzyme
form tentative, as indicated by the dashed lines in Figure 2b
between # ~ 0 and 0.8. The more marked increase in the
Mn?*-dependent activity at 7 ~ 8-12, and reasoning that
there should be a similarity between the symmetry of the
Mg?+ and Mn?* activation curves, enabled us to conclude
that the curves in Figure 2b probably are correctly extrap-
olated to zero for E,.

Although the different temperatures did not seem to in-
fluence the curve shapes in Figure 2a,b, Arrhenius plots of the
data revealed a discontinuity in the 1/T vs. log specific activity
plots. In all cases, a lower apparent activation energy is ob-
served at 37° than at 20-27°. Not enough data were obtained
to determine the critical temperature. Dixon and Webb (1964)
have pointed out that this type of discontinuity can arise if
there are two successive reactions with different temperature
coefficients so that the reaction with the higher temperature
coefficient tends to become more rapid of the two at the higher
temperature and the overall process is limited by the reaction
with the lower temperature coefficient. Since glutamine syn-
thetase reacts with three substrates in the biosynthetic reac-
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FIGURE 1: Activity-pH profiles for representative glutamine syn-
thetase preparations (E;)! at ~26°. The upper and lower portions of
the figure show Mg?* and Mn?**-dependent specific activities,
respectively, using the biosynthetic assay conditions of Table II
(Methods) with mixed 0.25 M maleate, 0.25 M imidazole, and 0.25 M
Tris buffers adjusted to different pH values. The pH values on the
ordinate are from measurements made on the assay mixtures im-
mediately following each activity determination. The pH-activity
profile of the Mn?**-activated Ez; preparation, with D-glutamate
instead of the natural L-glutamate substrate (3J) is shown also.

tiop, this is a possible explanation. Alternatively, temperature-
dependent conformations of the enzyme could be involved. It
is of interest that L-glutamate, which is slightly inhibitory at
25° in the assays of the Mn?*-activated unadenylylated forms
(see Figure 4a), is less so at 37° so that the Arrhenius plots
appear to approach linearity in these cases.

Despite the fact that the glutamine synthetase of E. coli is
extremely stable, there exists the possibility that inadvertent
denaturation, or inactivation, occurred during enzyme purifi-
cation which is reflected in the specific activity measurements.
The repurification of the preparations that were adenylylated
in vitro produced no signiﬁcant changes in these activities
(Table I). However, the sharpest decrease in the Mg?*-depen-
dent activity occurs between 7 = 1 and 3 (Figure 2a). Since
most enzyme forms were derived from Ez3, it was important to
establish that there was not something unusual about the activ-
ity of the Ez preparation. Previous studies have established
that most of the physical properties and the amino acid com-
position of the Es; preparation are the same as those of the
Er; and E; enzyme forms (Shapiro and Ginsburg, 1968;
Shapiro et al., 1967; Denton and Ginsburg, 1969), In separate
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FIGURE 2: The variation of Mg?*- and Mn2*-dependent specific activities as a function of the average extent of adenylylation (7)) of the enzyme
preparation (E;). (a) Approximately optimal activities of different enzyme forms (E;) in Mg?*-activated spectrophotometric assays at 37,
25, and 20° are shown by the points associated with the solid lines (see Methods, Table II). The symbol (@) at 25° indicates the enzymes
(E5) derived from the Es; preparation (see text). Results obtained during the adenylylation of the Eg5 preparation, using the biosynthetic
phosphate assay of Woolfolk ez al. (1966) are shown by (A-4). Results obtained with mixtures of E5s and Ei, to give E; which were incu-
bated at 0° for 1 hr prior to assay are shown by (O-—-0). (b) The nearly optimal activities of different enzyme forms (E;) in Mn?*-acti-
vated spectrophotometric assays at 37, 25, and 20° are shown (see Methods, Table II). (¢c) The Mg?*- (O, ®) and Mn?*- (A, A) activated
specific activities at 37° (Table II) of radioactive E,. preparations (T, W) after treatment with snake vemon phosphodiesterase* to release either
5’-[#?PJadenylyl (open symbols) or 5’-[**CJadenylyl (closed symbols) groups. These samples were kindly furnished by Dr. E. R. Stadtman,*
and the dashed lines are dawn to approximately fit the points. The solid lines are copied from a and b for the 37° Mg?*- and Mn?**-activated
curves, respectively.
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studies,? the radioactive preparations of E,, prepared by
adenylylating Es; (see Methods) were treated with snake
venom phosphodiesterase to hydrolyze off different amounts
of 5'-['*Cladenylyl or 5'-[*?Pladenylyl groups. The Mg?*-
and Mn?*-dependent specific activities of these samples, ¢ after
reactivation in the saturated assay systems at 37°, are shown
in Figure 2¢. The solid curves are the same as those in Figuie
2a,b for the Mg?*- and Mn?*-dependent activities at 37°,
respectively. Although the points in Figure 2c deviate form the
solid curves, the most important result is that the Eg3 and Et;
samples (i.e., with 7 <2.3) have specific activities that are not
very different from those of the native preparations. Thus, the
activity of the E;’; preparation does not appear to be unique,
but rather reflects the adenylylation state of the enzyme.

The greater deviation in the Mg?*- and Mn?*-dependent
activities of the phosphodiesterase-treated samples at high
adenylylation states is not understood. It is of interest that the
experimental data of Figure 2c approximately are fit by the two
dashed lines shown. By these criteria, the snake venom phos-
phodiesterase would appear to produce glutamine synthetase
forms in which each subunit type acts as a catalytically inde-
pendent unit, in contrast to the behavior of native or ade-
nylylated enzyme forms. Possibly there is a real difference in the
mechanisms of the adenylylating and deadenylylating systems
of E. coli and that of the snake venom phosphodiesterase. A
seemingly more trivial explanation could be that the phospho-
diesterase preferentially removes the radioactively labeled 5'-
adenylyl groups in the initial stages of digestion. This would
introduce an error into the calculations of 7 (see Methods),
making the calculated values lower than they actually are for
fi >6 < 11, The fact that the Mn?*-independent activities for
A > 6 were lower than the solid curve of Fgure 2¢ when the
corresponding Mn?*-dependent activities were high, suggests
the possibility of errors in these estimated 7 values. However,
such an explanation implies that the configuration of the en-
zyme about the originally unlabeled 5’-adenylyl groups (2.3
equiv) differs from that about these groups attached in vitro
in such a way that somehow protects them against initial hy-
drolysis. It is reasonable to expect a random removal of 5'-
adenylyl groups by the phosphodiesterase unless certain
AMP-tyrosyl sites are protected by the adenylylated gluta-
mine synthetase structure. Finally, it should be mentioned
that another variable in measuring the activities of the phos-
phodiesterase-treated samples is introduced by relying on com-
plete reactivation of the different relaxed enzyme forms*in the
37° assay systems. However, the E,; preparations had the
same activities as the controls which were treated and stored
with EDTA (Figure 2c), and all velocities attained constant
linearity within 1 min. The reactivation of relaxed glutamine

4 Independent studies were performed by Dr. Earl R, Stadtman in
which the radioactive, adenylylated glutamine synthetase preparations
(E12) were digested with snake venom phosphodiesterase as described in
Shapiro et al. (1967), and then stored in 0.01 M EDTA to stop the phos-
phodiesterase action. The varying amounts of 5’-[**Cladenylyl or
5’.[32PJadenylyl groups (0-11.2 equiv) hydrolyzed from Ei: preparations
were determined by the radioactivity released (see Methods). We are
grateful to Dr. E. R, Stadtman for supplying us with samples of the
phosphodiester digests for biosynthetic activity measurements, As a
consequence of adding excess EDTA to divalent cation to inhibit the
snake venom phosphodiesterase, the glutamine synthetase samples
(Ez) are in a relaxed state, but all reactivate rapidly (<1 min) in the
assay mixtures of Table IT (Methods) at 37°,
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FIGURE 3: The ability of different enzyme forms (E;) to form ADP
from p-glutamate, ATP, and ammonia in the Mg?*- or Mn?t-
dependent biosynthetic assay systems at 37°. The assay conditions
are as specified in Table II (Methods) except that D-glutamate was
substituted for L-glutamate.

synthetase preparations in Mg?*-activated assay mixtures has
been previously reported (Kingdon et al., 1968; Shapiro and
Ginsburg, 1968), but these results do not guarantee that theo-
retical rates will be attained in all cases. It is hoped that future
studies will elucidate the apparent discrepancies in the phos-
phodiesterase action.

Activity with D-Glutamate, Quite accidentally, it was dis-
covered that the Mn?**-activated Es; preparation catalyzed the
formation of ADP from ATP, p-glutamate, and ammonia at
significant rates. When this effect was investigated more
thoroughly, it was found that the specific activities of different
enzyme forms with D-glutamate varied as a function of ade-
nylylation. These results are shown in Figure 3. The activities
of the different enzyme forms with p-glutamate in the Mg?+-de-
pendent assay at pH 7.6 is <1-2 % of the corresponding values
with L-glutamate, and are therefore quite insignificant. How-
ever, the activity against D-glutamate in the Mg?*t-activated
assay was not investigated as a function of pH. The D isomer
does inhibit the Mg?*-activated L-glutamate activity at pH 7.6.
The decreasing catalytic activity of the Mn?*-activated enzyme
forms against D-glutamate with increasing adenylylation does
not appear to be due to a decreased ability of adenylylated
enzyme forms to bind the D isomer of the natural substrate.
The results shown in Table IV indicate the p-glutamate is
about equally effective in inhibiting the L-glutamate activity
of either Ez3 or E;; when 1:1 mixtures of L- and p-glutamate
were used in the saturating Mn?* assay system. The pH op-
timum of the Mn?*-activated E;3 preparation with p-gluta-
mate is more acidic than would be anticipated if Mn?*-acti-
vated unadenylylated subunits were responsible for this activ-
ity (see above). If Mn?*.activated unadenylylated subunits
are not involved in the catalysis with p-glutamate, the Mn?*+
activated adenylylated subunits in molecules containing few
5’-adenylyl groups must be in a favorable conformation
for reacting with D-glutamate. The further adenylylation of
these molecules could induce changes in the conformation of
adenylylated subunit that make them unable to react with b-
glutamate, but still able to combine with this substrate analog.

In the studies of Woolfolk et /. (1966) in which inorganic
phosphate formation at 37° was measured, the biosynthetic
reaction of the glutamine synthetase from E. co/i with p-gluta-
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FIGURE 4: Kinetic L-glutamate saturation functions for different Mn®*-activated enzyme forms. (a) L-Glutamate saturation curves in the Mn?**-
dependent assay at pH 6.5 and 25° for glutamine synthetase preparations (Er3 (V), Ezz (D), E; (A), Ers (@), and E;; (0). The initial velocities
(v") with varying L-glutamate concentrations (S) were measured as described in Methods (Table II). The v’ vs. v//S plot is analagous to that
of Scatchard (1949) for' binding measurements. (b) Hill plots of data obtained as in a for Er; (V), Ezz (D), Es3 (0), E; (A), and Ez (O)
and for a mixture of Erz and E;; (@) which has an average extent of adenylylation equivalent to that of Es; v is the initial velocity measured at
each concentration of L-glutamate and ¥ is the maximum velocity observed (see insert to a).

mate was only 477 the rate of that with L-glutamate. Presum-
ably, Mg?* was used as the activating divalent cation in these
studies; the adenylylation state of the enzyme used then is un-
known. The results of Figure 3 with the Mn**-activated un-
adenylylated glutamine synthetase from E. coli are similar to
the observations of Levintow and Meister (1953) with the
Mg?*-activated mammalian glutamine synthetase. The mam-

TABLEIV: Some Catalytic Effects of D-Glutamate.s

Em Es
Enzyme Preparation % Optimum % Optimum
(mm) Activity Activity
L-Glutamate, 100 93 100
30 100 90
D-Glutamate, 100 33 1.5
30 29
Mixture of 100 mM each 84 80
of L~ and D-glutamate
Mixture of 30 mM each 85

of L- and p-glutamate

« Mn?*-dependent assay at pH 6.5 and 25° with either or
both L- and p-glutamate and the usual other assay com-
ponents at saturating concentrations (see Table I in Methods).
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malian enzyme utilizes both L~ and p-glutamate with the rate
of L-glutamine formation abou. three times more rapid than
that of p-glutamine. The observations on the stereospecificity
of the mammalian enzyme led Meister and coworkers to pre-
dict a stepwise mechanism for glutamine synthetase (see Dis-
cussion below), which was confirmed later by substrate
binding studies (Krishnaswamy et al., 1962).

L-Glutamate Saturation Functions with Mn*" Activation at
pH 6.5. Figure 4a shows the kinetically determined saturation
of various Mn?*-activated enzyme forms with L-glutamate at
pH 6.5 and 25°, with ATP and ammonia saturating for all en-
zyme forms (Table Il and Methods). The plot of Figure 4a is
analogous to that of Scatchard (1949) for binding data (Frieden,
1967), and is preferred for expanding the activity response at
very low concentrations of L-glutamate. Observing that an in-
crease in slope indicates a decrease in affinity, the different
Mn-enzyme forms have high affinities for substrate at low L-
glutamate concentrations that decrease as the concentration of
L-glutamate is increased. The high-affinity data extrapolate to
low apparent V., values, whereas large increases in velocity
are associated with the low-affinity data. This type of nega-
tive interaction between Mn?*-activated glutamine synthetase
and rL-glutamate is reported in the dccompanying paper (Den-
ton and Ginsburg, 1970) from results obtained in suboptimal
Mn?r-activated assays at pH 7.1. Although qualitatively sim-
ilar results are obtained using either suboptimal or optimal
Mn#+-activated assay conditions, the results of Figure 4a are
quantitatively different. The Mn?2*-activated enzyme forms
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have increased affinities for L-glutamate and adenylylated
forms are much more active under the more optimal assay
conditions. Also, an inhibition of unadenylylated enzyme forms
by high concentrations of L-glutamate is more apparent at pH
6.5 (see Figure 4a insert) than at pH 7.1. A greater inhibition
by L-glutamate was observed with the E; preparation than
with Eg. (Although not shown Egi correspondingly was more
sensitive to inhibition by L-glutamate than was the E3 form.)
The preparations E, and E(7; only are activated by increasing
concentrations of L-glutamate since these enzyme forms are not
saturated until L-glutamate is increased to ~100 mm.

Figure 4b illustrates Hill plots of the data from Figure 4a
together with data obtained under the same conditions with
the Eg; preparation and a mixture of Ei3 and Ej,. In contrast
to the results obtained at pH 7.1 (Figure 6b in the accom-
panying paper, Denton and Ginsburg, 1970), only the data ob-
tained with Ers and E53 at pH 6.5 approach a unit slope at the
low L-glutamate concentrations. These data are obtained at
the maximum sensitivity of the spectrophotometric assay
system, but the high-affinity segment of the Hill plot for Er;
and Eg; can be extrapolated to zero on the ordinate to give an
estimated K, value of ~6 X 10~ M. The concentrations of L-
glutamate required to produce half-saturation, or zero on
the ordinate of Figure 4b, for the enzyme forms with 7 = 1.2,
2.3, 5.8,9, and 11,8 were 0.35, 0.69, 2.3, 3.6, and 5.5 mwm, re-
spectively. All of the data have unit slopes at the high L-glu-
tamate concentrations, and this indicates that finite interaction
of the enzyme forms with high concentrations of L-glutamate
occurs (Wyman, 1964, 1967). However, this is not true at the
low L-glutamate concentrations with the adenylylated enzyme
forms at pH 6.5. A pH decrease from 7.1 to 6.5 appears
to more markedly increase the high and low affinities of the
unadenylylated enzyme forms for L-glutamate. The Ez3 prep-
aration, obtained by the in vitro adenylylation of E3; (see
Methods), shows a response to L-glutamate that is interme-
diate between those of E;3 and Ej. This suggests that the
adenylyltransferase also produces hybrid glutamine synthetase
forms under the conditions of the in vitro adenylylation reac-
tion. The mixture of unadenylylated and adenylylated enzyme
forms for 7 = 9 does not have the same type of L-glutamate
saturation curve (Figure 4b). However, the contribution of
ET to the mixture causes a distortion of the data obtained
with the mixture so that these data are complicated.

Binding of L-Glutamate to Glutamine Synthetase. The Kinetic
studies presented in Figure 4a,b with the Mn?*.activated en-
zyme forms indicated that unadenylylated Mn-enzyme has a
sufficiently high affinity to make equilibrium binding measure-
ments feasible. Accordingly, the equilibrium binding of L-
[14C]glutamate to the Mn?*-activated Eg; preparation was in-
vestigated. The results from these studies are presented in
Figure 5, together with those from related kinetic studies, The
nonsymmetry in the binding curve of Figure 5a suggests that
the enzyme binding sites are not saturated with L-glutamate at
the highest concentrations of this substrate employed (~10~3
M). Unfortunately, the binding methods are not accurate
enough to measure L-glutamate binding at higher L-glutamate
concentrations. Further, a Scatchard plot of the data could not
be used to obtain an extrapolated value for the maximum
number of L-glutamate binding sites per enzyme molecule be-
cause the binding data of Figure 5a do not follow the mass
action law. Instead, there is cooperativity in the binding of
L-glutamate to the Mn?*-activated Egz preparation, It is of
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FIGURE 5: The equilibrium binding of L-[14C]glutamate to glutamine
synthetase (Eg3) at 4° in 0.02 M imidazole-chloride, 0.10 M KCl, and
0.001 M MnCl; at pH 7.3 (a) The moles of L-glutamate bound per
mole of glutamine synthetase () as a function of the logarithm of the
free concentration of L-glutamate is plotted. (b) The data of (a) are
replotted as saturation functions where ¥ = /12 (O) or /0.8 (@),
and Y = p/Vmax from kinetic studies at 25° with v and Ve deter-
mined as in Figure 4. The Mn?*-activated assay system of Table 11
(Methods) was used with Egz and 0.10 M of the imidazole-chloride
buffer (pH 6.90) from the binding studies. (¢) Hill plots of the data
from (b) where ¥ = /12 from the binding measurements (O) and
Y = v/Vmax from the Kkinetic results (A).
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interest that 5 ~ 12 at a free concentration of ~10~% M L-
glutamate. Since this number is equal to the number of en-
zyme subunits (Valentine er al., 1968), it appears that more
than one L-glutamate molecule can bind to each subunit. This
result differs from that obtained with two of the feedback in-
hibitors, AMP, and L-tryptophan, in which one molecule of
each inhibitor was bound per enzyme subunit (Ginsburg,
1969). Two substrate sites per enzyme subunit possibly ex-
plains the inhibition of unadenylylated glutamine synthetase
by excess L-glutamate, if one of these L-glutamate sites is an
allosteric effector site which affects the reaction of L-glutamate
at the catalytic site. The varying kinetic effects of L-glutamate
with different Mn-enzyme forms suggest that the binding
characteristics of this substrate will be a function of the state
of adenylylation of the enzyme. (This was not the case in the
binding of the feedback inhibitors, AMP, and L-tryptophan.)
However, only the binding of L-glutamate by the Eg prepara-
tion was investigated in these studies.

Saturation functions (¥) of the binding data of Figure 5a are
expressed as 7/0.8 and 7/12 in Figure 5b. Since Eq3 contains an
average of 0.8 adenylyl group per enzyme molecule, ¥ = 3/
0.8 was plotted to show the saturation of the first 0.8 equiv of
L-glutamate. Kinetic data for the saturation (¥ = ¢/Vmax) of
the Mn?*-activated adenylylated subunits are shown also. The
pH difference between the kinetic and binding experiments rep-
resents the temperature dependence of the pK’ of the imid-
azole buffer, since the same buffer was used for both studies.
Since the ionizing protein groups in the neutral pH range might
be expected to be predominantly imidazole groups, these
should have a temperature dependence of ionization similar to
that of the buffer. Consequently, it was felt to be more correct
not to adjust the pH to compensate for the temperature differ-
ence between the binding (4°) and kinetic (25°) studies.

At low concentrations of L-glutamate, 0.8 of the L-glutamate
binding sites is saturated more quickly with increasing sub-
strate concentrations than the kinetic data show (Figure 5b).
Asin the case of ATP binding to glutamine synthetase (Denton
and Ginsburg, 1970), inactive enzyme-substrate complexes
appear to be formed since >>0.8 equiv of L-glutamate are
bound to the Mn?-activated enzyme (Egx).

Hill plots of the kinetic (¥ = ¢/Vmw) and binding (¥ =
$/12) data are shown in Figure 5c. If ¥ should equal 7/24 for
the binding data, the Hill plot is unchanged at <0.5 mM L-
glutamate; at higher L-glutamate concentrations, the binding
points would not cross zero on the ordinate or half-sat-
uration for ¥ < 12. It is apparent that there is no immediately
obvious correlation between the binding and kinetic data, re-
gardless of the way in which the data are plotted. Asymptotes
of unity (extrapolated to X, ~ 0.026 and 0.2 mm) for the
extremes of L-glutamate concentrations are observed in the
Hill plots of the kinetic data, with the unit slopes connected by
slopes of less than one at intermediate L-glutamate levels, In
contrast, the binding data produce a Hill slope of less than one
at very low L-glutamate concentrations which becomes unity
at higher concentrations of substrate (~0.02-0.5 mM). The
kinetic data for all Mn?*-activated enzyme forms (Figures 4b
and 5c) indicate that there is a negative interaction between
(Mn) glutamine synthetase and L-glutamate at subsaturating
concentrations of this substrate, with Hill plot slopes less than
unity in these L-glutamate concentration ranges. However the
binding and kinetic data for the interaction of glutamine syn-
thetase with L-glutamate are obviously dissimilar. This could
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indicate that the substrate ATP, which is absent in the binding
measurements, determines the characteristics of the inter-
action between the Mn-enzyme forms and L-glutamate under
assay conditions (see Discussion).

Discussion

To determine if heterologous interactions between ade-
nylylated and unadenylylated subunits influence omax, as well
as K., for substrates, biosynthetic reaction velocity as a function
of the extent of adenylylation (%) of the enzyme was studied
here. It is assumed that the biosynthetic activity of adenyl-
ylated subunits in hybrid or homologous molecules are specifi-
cally measured by using Mn?2* as the activating divalent cation
(Figure 2a,b). Conversely, unadenylylated subunits appear to
require Mg?* for the expression of biosynthetic activity. The
conclusion that adenylylated subunits have no Mn?*-depen-
dent activity is based on the assumption that the divalent cat-
ion specificity is maintained whether or not glutamine syn-
thetase is fully adenylylated. The absolute specificity of un-
adenylylated subunits for Mg?* is concluded, in addition,
from an extrapolation of the data for Ej3-E; to an enzyme
form with zero 5’-adenylyl group, rather than on a direct mea-
surement of the Mn?*-dependent activity of E,. (It may be
significant that we have been unable to obtain E, for this mea-
surement; perhaps a molecular “core” of one 5’-adenylyl
group is of physiological significance.) If it is correct to assume
that adenylylated and unadenylylated subunits have absolute
requirements for Mn?* and Mg?*, respectively, nonlinear V.«
and different K,, values for enzyme forms in the biosynthetic
reaction must be attributed to subunit interactions within
hybrid enzyme molecules. Alternatively, the specificity of di-
valent cations could vary slightly as a function of the adenyl-
ylation state of the enzyme; subunit interactions would be in-
volved in this case also, although the interpretation of Vi.x
and K, values would become even more complicated. Without
evidence to the contrary, it will be assumed that the divalent
cation specificity of each type of subunit is maintained
throughout all stages of adenylylation.

In the measurements of the Mg?*-dependent activity of
different enzyme preparations, the assay conditions were op-
timal for all states of adenylylation so that the specific activi-
ties of Figure 2a are approximately V.. values. Clearly, the
optimal expression of Mg?"-dependent biosynthetic activity
per unadenylylated subunit is not equivalent in the different
enzyme preparations. This result differs from that obtained by
Kingdon er al. (1967) during the adenylylation of glutamine
synthetase in which a linear loss of Mg?*"-dependent biosyn-
thetic activity was observed (Stadtman et a/., 1968; Holzer
et al., 1967). The biosynthetic assay conditions of Woolfolk
et al. (1966), which measures inorganic phosphate release after
a timed incubation at 37°, were used in the studies of Kingdon
et al. (1967). Since then, it has become apparent that these
assay conditions are not optimal for the different enzyme
forms. For example, at low states of adenylylation, the enzyme
forms have a very high affinity for Mn?* (Denton and Gins-
burg, 1969), and >3 X 1077 M Mn?* introduced with the en-
zyme into the Mg2t-dependent phosphate assay system mark-
edly inhibits this activity; the expression of Mg?"-dependent
activity by unadenylylated subunits in adenylylated enzyme
forms is inhibited by high L-glutamate and ATP levels (ac-
companying paper, Denton and Ginsburg, 1970). If the bio-
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synthetic assay conditions of Woolfolk et /. (1966) are adjusted
appropriately, nearly identical results are obtained from this
or the spectrophotometric assay used here. If possible, the
latter assay is used since it is preferable to measure initial rates.

In the measurement of Mn?2*-dependent biosynthetic activ-
ity (Figure 2b), the unadenylylated enzyme forms are in-
hibited slightly by the L-glutamate concentration required to
saturate E;; (Figure 4a). This inhibitory effect of L-glutamate
is much less apparent at 37° than at 25°. The effect of using
excess ATP to Mn?* (7.5:5 mM in the Mn?**-dependent assay
of Woolfolk et al. (1966)) could not be tested here since the
spectrophotometric assay system itself requires divalent cation
activation (see Methods). Nevertheless, the 37° curve of Figure
2b, which is approximately representative of Vy.x values, indi-
cates that adenylylated subunits do not express equivalent
Mn?t-dependent activities in the different enzyme preparations
tested. Again, this result differs from that reported previously
(Stadtman et al., 1968).

The results presented in this and in the accompanying paper
(Denton and Ginsburg, 1970} strongly suggest that each sub-
unit of the dodecameric glutamine synthetase molecule has
catalytic sites for ATP and L-glutamate, and that heterologous
interactions between adenylylated and unadenylylated sub-
units are involved in determining ¥mex and K,, of each type of
subunit. Mn?* or Mg?* specifically activate only adenylylated
or unadenylylated subunits, .respectively, so that these ions in
conjunction with substrates must be capable of determining
whether or not inactive or active substrate complexes are
formed. The normalized expression of activity for either type
of subunit is maximal when the subunit is present as a major or
minor component of the enzyme. Also, the hybrid enzyme
forms that contain a predominant proportion of either adenyl-
ylated or unadenylylated subunits are susceptible to inhibi-
tion by L-glutamate, (With 7z = 9, unadenylylated subunits are
inhibited by high concentrations of L-glutamate in the Mg?*-
dependent assay, whereas with 7 < 2.3, adenylylated subunits
in the Mn?*-dependent assay are inhibited by high levels of L~
glutamate.) The binding results suggest the presence of a
second L-glutamate binding site per subunit, and this might
function as an allosteric effector site,

In studies with the mammalian glutamine synthetase,
Meister et al. (Levintow and Meister, 1953; Krishnaswamy et
al., 1962) have shown that this enzyme reacts first with ATP-
Mg and second, with L- or D-glutamate to form an activated
glutamyl-enzyme complex. It is certain that the E. coli enzyme
must first be activated by a specific divalent cation (Kingdon
et al., 1968). Tt is attractive to consider that ATP-metal next
reacts with the E. coli enzyme and that it is with the ATP-
metal-enzyme species that L-glutamate reacts, as in the case of
the mammalian enzyme. Indirect evidence supporting a step-
wise reaction for the E. coli enzyme is suggested by the sub-
strate binding and kinetic results. There is a correlation be-
tween the binding and kinetic data with ATP in the affinity of
the E. coli enzyme for ATP at low concentrations of this sub-
strate in the overall characteristics of the ATP binding. In con-
trast, the binding results with L-glutamate are quite different
from the kinetic saturation functions, Since the binding of L-
glutamate to the enzyme is studied in the absence of ATP, it
could be that it is the interaction of L-glutamate with the ATP-
metal-enzyme complex forms that determines the character-
istics of the L-glutamate saturation functions under assay con-
ditions. Although the binding of L-glutamate does not require

the presence, or prior binding, of ATP, the Mn-enzyme has a
higher affinity for ATP than for L-glutamate when the binding
of these substrates are measured separately. The stereospeci-
ficity of the interaction of the E. coli enzyme with L-glutamate
appears to depend upon the enzyme form. Only Mn?*-acti-
vated, unadenylylated glutamine synthetase preparations have
appreciable activities with the D isomer of glutamate, and
these are comparable with that observed with the mammalian
enzyme.

Although only the biosynthetic reaction is considered here,
it should be mentioned that heterologous subunit interactions
are not observed in the vy-glutamyl transfer reaction. Perhaps
subunit interactions are uncoupled under the conditions of
this reverse reaction so that adenylylated and unadenylylated
subunits act as catalytically independent units in the forma-
tion of ~-glutamylhydroxamate.

A scheme of substrate binding to the Mn?*-activated gluta-
mine synthetase from E. coli is presented in Figure 6. The re-
sults from this and the accompanying paper (Denton and
Ginsburg, 1970) on the binding of substrates to glutamine syn-
thetase in the forward reaction are combined in the discussion
of Figure 6. For simplicity, only one hexagon of the double-
hexagon structure (Valentine et al., 1968) is shown. A hybrid
molecule is depicted as containing two adenylylated subunits
(*Mn?* activated) and four unadenylylated subunits (Mg?*
activated). Equilibrium A represents the conversion of the na-
tive, taut enzyme into the catalytically inactive, relaxed form by
the removal of Mn?* from the protein (see legend to Figure 6).
The reverse reaction which involves the addition of specific di-
valent cations (MMn?*t or Mg?*) to the relaxed enzyme has been
termed a tightening process, and it is not certain that exactly
the same native taut form is produced (Valentine et al., 1968;
see Stadtman et al., 1968). Although the binding studies sug-
gested that the tightened form might interact differently with
ATP, no significant differences between tightened and taut
forms could be detected under assay conditions. The two
Mn?* jons per subunit that are bound with the highest affinity
are shown since both of these are thought to be involved in
catalysis (Denton and Ginsburg, 1969). The binding of the
first 12 Mn?* by the enzyme molecule is associated with the
rather large conformational change accompanying the activa-
tion, bural of sulfhydryl, tyrosyl, and tryptophanyl groups,
and decrease in hydrodynamic volume (Shapiro and Stadtman,
1967; Kingdon et al., 1968; Shapiro and Ginsburg, 1968;
Denton and Ginsburg, 1969). The second Mn?* bound per
subunit might be at an inhibitory site.

Equilibria B and C represent the saturation of a Mn?*-acti-
vated, hybrid enzyme form with substrate. The characteristics
of the saturation of a relatively unadenylylated glutamine syn-
thetase form with either ATP or L-glutamate indicate a nega-
tive interaction in which the substrate is bound with an ap-
parent higher affinity at low than at high concentrations of
ATP or L-glutamate. The binding characteristics of ATP to the
enzyme may relate to those of Mn?*, whereas the interaction
of L-glutamate may involve the ATP-Mn-enzyme complex.
In B, the binding at low concentrations of substrate to the
high-affinity sites is shown, while C indicates the binding of
substrate to the rest of the subunits which are in a lower affin-
ity state. The adenylylated subunits are shown as being
randomly distributed between the high-affinity (T.) and low-
affinity (T,) states so that full activity is not expressed in the
Mn?**.activated assay until all adenylylated subunits are sat-
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Relaxed FIGURE 6: Scheme of substrate binding to
. . the Mn?"-activated glutamine synthetase
linactive) of E. coli. The glutamine synthetase

molecule is represented as one-half of
the actual double-hexagon structure
(Valentine er a/., 1968) with two adenyl-
ylated subunits (*Mn®*" activated) and
four unadenylylated subunits (Mg?* ac-
tivated) to form a hybrid molecule. Only
one isomer is shown. The enzyme as iso-
lated contains bound Mn?* and is the
native taut form; the taut enzyme is con-
verted into a relaxed inactive form by
EDTA treatment which may be tightened
to an active form by the addition of
specific divalent cations (Shapiro and
Stadtman, 1967; Kingdon et al., 1968;
Shapiro and Ginsburg, 1968). Reaction
A, which concerns the binding of Mn?2*+
and the taut to relaxed conversion, has
been considered in detail in an earlier
paper (Denton and Ginsburg, 1969).
Only the two high-affinity Mn?* binding
sites per subunit which are thought to be
directly involved in catalysis are pictured
here. Reactions B and C schematically
represent the negative type of interaction
observed here in the saturation of the
enzyme with substrate, and each might
involve multiple transitions. In B, high-
affinity sitesofadenylylatedand unadenyl-
ylated subunits are filled with substrate
with only a fraction of the total of each
type of subunit being in the high-affinity
conformation. The product of Bisa cata-
Iytically unstable T, form that converts
in reaction C into a stable low-affinity
T: form, with substrate combining in C
with subunits in the low-affinity confor-
mation; included in C is the conforma-
tional change of saturated subunits from
the high- to low-affinity states so that the

SUBUNIT DESCRIPTION
Unadenylylated
ig?* — activated

Relaxed
(inactive)
Mg Mn
O High Affinity
Conforitaduns

{inactive)

Low Affinity
Conformations

{inactive}

urated with substrate. Unadenylylated subunits, which are in-
active in the Mn?*"-dependent assay but appear to stabilize
high-affinity adenylylated subunit forms by heterologous sub-
unit interaction, are shown as combining with substrate also.
The results from equilibrium binding studies suggest that each
subunit binds ATP and L-glutamate. However, in the kinetic
analyses, only the saturation of the Mn?*-activated, adenyl-
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Adenylylated (*)
Mn2* —activated

'.
{active)

T, form may contain each type of sub-
unit in the same conformational state.
There appear to be differences in the sub-
unit conformations in the T, state that
are not pictured here which result in non-
equivalent V.. and vL-glutamate K,
values (but not ATP K;, values) for
either Mn?2 -activated or Mg?*-activated

SAS subunits (see text). Note that inactive

5 and active subunits bind substrate in
both reactions B and C. The dashed ar-
row indicates that the binding of sub-
strates to the tightened enzyme under
some conditions may not go through the
same route as does substrate binding to
the taut enzyme form. A similar scheme
may be used to describe substrate bind-
ing to Mg?*-activated enzyme forms, if
the activity is considered in this case to
reside in only unadenylylated subunits
(See text for the discussion of this
scheme.)

ylated subunits are detected. It seems more consistent from a
functional standpoint that the T; high-affinity adenylylated sub-
unit forms have higher activities than those of the corre-
sponding T. subunit forms. Of course, maximum activity
cannot be expressed until all potentially active (adenylylated)
subunits are saturated with substrate in the Mn?"-dependent
biosynthetic assay.

AND DENTON
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The product of C in Figure 6 shows the saturated, ade-
nylylated subunits in the same conformation, as defined by these
subunits having the same affinity for substrate. This seems to
be the case for ATP, but not for L-glutamate. With ATP, all
enzyme forms appear to convert into a configuration with the
same approximate affinity (1/K,) for ATP at high concentra-
tions of this substrate, whether or not high-affinity forms for
ATP are apparent at low ATP concentrations. The product of
B is favored by low adenylylation states in the ATP interac-
tion. In contrast, L-glutamate saturation curves indicate that
there are T, high-affinity and T, low-affinity forms of enzymes in
all adenylylation states, with the high- and low-affinity forms
both a function of adenylylation. Thus, the affinities of the
Mn?%+-activated products of each B and C for L-glutamate de-
crease with increasing extents of adenylylation. Since the fully
adenylylated enzyme form has high- and low-affinity sites for
L-glutamate, homologous interactions between adenylylated
subunits appear to be a factor, in addition to heterologous sub-
unit interactions, in the interaction of L-glutamate with glu-
tamine synthetase.

Subunit interactions also influence the maximum velocity
expressed by either type of subunit, Thus, the Mn?*-activated
subunits in the T, form of Figure 6 are representative of a
number of conformations having different affinities for r-
glutamate, the same affinity for ATP, and differences in the
maximum velocity expressed by each adenylylated subunit. In
addition, the different conformations of adenylylated subunits
in T; forms have a varying capacity to utilize p-glutamate in
the biosynthetic reaction. This appears to be related to a
unique conformation that adenylylated subunits can assume
in a molecule containing few $’-adenylyl groups. A large
number of unadenylylated subunits that are inactive in the
Mn?*-dependent assay also makes the adenylylated subunits
susceptible to inhibition by L-glutamate (see above). Possibly
this is an allosteric effect of additional L-glutamate binding
to each subunit which causes a conversion to a T, form with a
lower Vuax value.

The interaction of Mg?*-activated subunits with substrate
can be considered also in the framework of the scheme of
Figure 6, if unadenylylated subunits are considered to be cat-
alytically active and adenylylated subunits to be inactive.
Discrete high- and low-affinity forms are not observed in the
Mg?*-dependent biosynthetic assay that specifically measures
the activity of unadenylylated subunits, However, there are
K., variations for L-glutamate and ATP with differenit extents
of adenylylation. Higher affinity forms for L-glutamate or ATP
appear to be produced by a large proportion of adenylylated
subunits which are inactive in the Mg?* assay system. Thus, a
predominance of inactive subunits in either the Mg?" or
Mn?*-dependent assay favor active forms that have a higher
affinity for ATP and L-glutamate. High states of adenylylation
also makes the unadenylylated subunits susceptible to inhibi-
tion by L-glutamate (see above).

In studies on the binding of feedback inhibitors to the glu-
tamine synthetase of E. coli (Ginsburg, 1969), it was observed
that the inhibition of the Mg?*-dependent biosynthetic activ-
ity by AMP was independent of the extent of adenylylation of
the enzyme preparation. However, the Mn?*-dependent activ-
ity was sensitized to AMP inhibition by increasing adenyl-
ylation. This effect in the Mn?**-activated biosynthetic assays
was most marked at limiting L-glutamate and ammonia with
saturating ATP concentrations. Limiting the ATP concentra-
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tion in either the Mg?* or Mn?" assay systems increased the
sensitivity of the enzyme forms toward AMP inhibition, al-
though AMP inhibition is noncompetitive with ATP at low
levels of this substrate. If these results are interpreted in terms
of the scheme shown in Figure 6, discrete intermediates in the
binding of substrates in the Mn?* assay could differ in their
sensitivity to AMP inhibition, or AMP might potentiate the
T: forms. The antagonistic effect of ATP in the AMP inhibi-
tion studies suggest that the T, form stabilized by ATP has a
lower affinity for AMP. Still, the adenylylated Mn-enzyme
form that would have the highest fractional activity in the low-
affinity T, form is most sensitive to AMP inhibition. It could
be supposed that the T, intermediates in reaction C of Figure
6, that are differentially stabilized by L-glutamate, have
different affinities for AMP. Then, the variation in the re-
sponse of the Mn?**-activated enzyme forms to AMP, as a
function of adenylylation, would be expected to be more
exaggerated at limiting substrate (ATP or L-glutamate and
ammonia) concentrations. Saturating substrate concentra-
tions would favor a more uniform conversion to the corre-
sponding T, forms. The lack of resolution of intermediates in
the binding of substrates in the Mg?* assay may directly relate
to the observation that different Mg2*-activated enzyme forms
appear to be equally sensitive toward AMP inhibition. These
observations on the inhibition of the biosynthetic activities by
AMP do not relate in any obvious way to those on the inhibi-
tion of the +y-glutamyl transfer activity of different enzyme
forms by AMP (Kingdon et al., 1967; Shapiro et al., 1967).

In this discussion of the negative-type interaction of gluta-
mine synthetase with substrates (ATP and r-glutamate), we
have called the T, form a high-affinity conformation, and the
T, form a low-affinity conformation. We shall now apply these
same terms to the individual subunits in order to discuss the
interaction between T, high-affinity and T low-affinity sub-
units in the same molecule, In the active configurations, the
adenylylated subunits (Ti* and T,*) are combined with sub-
strate in Figure 6 and unadenylylated subunit forms (T; and
T,) also are produced by the interaction with substrate. Al-
though the equilibria between these subunits may be thermo-
dynamically described in terms of the same conformations in
the absence of substrate, the critical role of substrates in the
subunit equilibria should not be forgotten. In a negative type
of interaction, an induced change in conformation has to
occur. In B of Figure 6, the subunits can exist in equilibria be-
tween high- and low-affinity forms before combining with sub-
strate, but substrate combining with the high-affinity form
then induces a change in the conformation of neighboring
subunits. Alternatively, the substrate itself induces the high-
affinity form (Koshland, 1958) which in turn makes the com-
bination of neighboring subunits with substrate more difficult.
In either case, the product of B in Figure 6 is the same. In C,
the saturation of subunits in a low-affinity configuration with
substrate may or may not induce a further conformational
change (diagonal to crosshatch in Figure 6), but the satura-
tion of these subunits with substrate must induce a change
from high- to low-affinity conformations in the subunits pro-
duced by B. With the understanding that substrates are inti-
mately involved in the induced conformational changes, the
equilibria between subunit conformations will be written
without regard to the saturation with substrates.

The relative proportion of subunits in the T; and T states
will be determined by subunit interactions. The equilibria be-
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tween subunits are a function of the state of adenylylation (see
below), but homologous interactions will be considered first.
As proposed by Koshland ez al. (1966) for the type of inter-
action shown, the three equilibria determining the proportion
of subunits in the high-affinity state are Kr1, K1, and
Kr,r,. In order to obtain negative interaction as occurs in the
binding of substrates to glutamine synthetase, Koz, < Kz,r, <
Ko, It is the negative interaction between high-affinity sub-
unit forms and a positive interaction between subunits having
high- and low-affinity forms that allows the enzyme to con-
vert from a high- into a low-affinity state to produce the overall
reaction characteristics of a negative-type interaction. Other-
wise, all of the subunits would assume the high-affinity con-
formation as substrate is bound. Since T, subunits favor the
formation of T neighbors, other T, subunits will have a more
probable location in a distant portion of the molecule. The
electron micrographs of Valentine er al. (1968) have shown
that the glutamine synthetase molecule is composed of 12 sub-
units arranged in two superimposed hexagons. Then, each T,
subunit is in direct contact with at least three other subunits
(more, if the hexagons are skewed in relation to each other),
and the rest of the subunits may be converted into T, subunits
by the presence of only a few T; subunits. This type of abrupt
transition that can occur when a large number of subunits are
involved has been described previously by Frieden (1967) for
the cooperative model of Monod e al. (1965).

The fact that glutamine synthetase may contain two types of
subunits, adenylylated (*) and unadenylylated, that undoubt-
edly differ in conformation adds further complexities to the
model of Koshland ef al. (1966) described above. Each type of
subunit can undergo a T, — T, transition, and there can be
heterologous subunit interaction so that the terms Krr*,
Kor1*, Ko *1,, and Kr,r,* plus the above terms for each type of
homologous interaction must be taken into account. The
binding studies showed that the affinity for ATP at very low
ATP concentrations was about that of assayed adenylylated
subunits. Then, the affinity of the T, and T,* forms for ATP
should be about comparable. Still, the proportion of inactive
T; subunits (i.e., not Mn?* activated) markedly influences the
overall subunit equilibria in the reaction of either ATP or L-
glutamate with the Mn?*™ activated enzyme. Although there is
no information on the magnitude of the interaction constants,
the general observations suggest that Kr*o* > Ko, >
Krr*® > Ky *r.

In summary, subunit interactions in the glutamine synthe-
tase molecule appear to be an important factor in determining
the catalytic parameters of this enzyme in the biosynthetic
reaction. The dramatic changes produced by the adenylylation
of the E. cofi glutamine synthetase (Holzer er al., 1967;
Kingdon ez al., 1967), also cause the subtle changes in the re-
sponse of glutamine synthetase to substrates that have been
considered here. Some possible physiological functions for
heterologous subunit interactions influencing the affinities of
the enzyme forms for substrates were considered in the accom-
panying paper (Denton and Ginsburg, 1970). The effects of
adenylylation on the catalytic Mg?**- and Mn?*-dependent
activities are most marked at either extreme of adenylylation.
It could be advantageous to the organism to be able to effect
the greatest changes in the glutamine synthetase activity by
adenylylation or deadenylylation at the extremes of adenylyla-
tion states in order to be most responsive to the needs of the
cells. At intermediate stages of adenylylation, when the bio-
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synthetic activities of glutamine synthetase are less affected by
adenylylation, the cell may not need to anticipate any large
changes in metabolic balance.

Acknowledgments

We wish to thank Dr, E. R. Stadtman for many helpful dis-
cussions while this work was in progress, and for our collabor-
ative efforts to obtain glutamine synthetase preparations in
different adenylylation states.

References

Boch, R. M., Ling, N, S., Morell, S. A., and Lipton, S. H.
(1956), Arch. Biochem. Biophys. 62, 253.

Bray, G. A. (1960), 4nal. Biochem. 1,279.

Denton, M. D., and Ginsburg, A. (1969), Biochemistry 8,
1714.

Denton, M. D., and Ginsburg, A. (1970), Biochemistry 9, 617.

Dixon, M., and Webb, E. C. (1964), Enzymes, 2nd ed, New
York, N. Y., Academic, pp 145-166.

Dreyer, W. 1. (1960), Brookhaven Symp. Biol. 13,243.

Frieden, C. (1967),J. Biol. Chem. 242, 4045.

Ginsburg, A. (1969), Biochemistry 8,1726.

Ginsburg, A. (1970), Methods Enzymol. 17 (in press).

Ginsburg, A., and Carroll, W. R. (1965), Biochemistry 4, 2159.

Ginsburg, A., and Mehler, A. H, (1966), Biochemistry 5, 2623.

Holzer, H., Mecke, D., Wulff, K., Leiss, K., and Heilmeyer,
L., Jr. (1967), Advan. Enzyme Regulation 5,211.

Kingdon, H. S., Hubbard, J. S., and Stadtman, E. R. (1968),
Biochemistry 7, 2136.

Kingdon, H. S., Shapiro, B. M., and Stadtman, E. R. (1967),
Proc. Natl, Acad. Sci. U. S. 58,1703,

Kingdon, H. S., and Stadtman, E. R. (1967), Biochem.
Biophys. Res. Commun. 27,470,

Koshland, D. E., Ir. (1958), Proc. Natl. Acad. Sci. U. S. 44, 98.

Koshland, D. E., IJr., Nemethy, G., and Filmer, D. (1966),
Biochemistry 5, 365.

Krishnaswamy, P. R., Pamiljans, V., and Meister, A. (1962),
J. Biol, Chem. 237,2932.

Layne, E. (1957), Methods Enzymol. 3,447.

Levintow, L., and Meister, A. (1953), J. Am. Chem. Soc. 75,
3039.

Monod, J.,, Wyman, J., and Changeux, J.-P. (1965), J. Mol.
Biol. 12, 88.

Schauenstein, E., and Bayzer, H. (1955), J. Polymer Sci. 16, 45.

Scatchard, G. (1949), 4nn. N. Y. Acad. Sci. 51, 660.

Shapiro, B. M., and Ginsburg, A. (1968), Biochemistry 7,
2153,

Shapiro, B. M., Kingdon, H. S., and Stadtman, E. R. (1967),
Proc. Natl. Acad. Sci. U. S. 58, 642,

Shapiro, B. M., and Stadtman, E. R. (1967), J. Biol. Chem.
242, 5069.

Shapiro, B. M., and Stadtman, E. R. (1968a), Biochem.
Biophys. Res. Commun. 30, 32.

Shapiro, B. M., and Stadtman, E. R. (1968b), J. Biol. Chem.
243, 3769.

Shapiro, B. M.,and Stadtman, E. R. (1970), Methods Enzymol.
17 (in press).

Stadtman, E. R., Shapiro, B. M., Ginsburg, A., Kingdon,
H. S., and Denton, M. D. (1968), Brookhaven Symp.
Biol. 21,378.



VoL, 9, No. 3, FEBRUARY 3, 1970

Valentine, R. C., Shapiro, B. M., and Stadtman, E. R. (1968),
Biochemistry 7, 2143,

Woolfolk, C. A., Shapiro, B. M., and Stadtman, E. R. (1966),
Arch. Biochem. Biophys. 116,177,

Wulff, K., Mecke, D., and Holzer, H. (1967), Biochem.
Biophys. Res. Commun. 28, 740.

Wyman, J. (1964), Advan. Protein Chem. 19, 223.

Wyman, J. (1967),J. Am. Chem. Soc. 89, 2202.

Mechanism of the Oxidative Dephosphorylation of the

Phosphoprotein Phosvitin"

Robert W. Rosensteint and George Taborsky

ABSTRACT: The mechanism of the oxidative dephosphoryla-
tion of the egg yolk phosphoprotein phosvitin (Grant, C. T., and
Taborsky, G. (1966), Biochemistry 5, 544) has been elucidated
on the basis of isotopic tracer experiments. Essentially all of
the more than 100 phosphoserine residues of phosvitin ap-
pear to be potentially oxidizable in a random and inde-
pendent manner. The stable products of the oxidation are
aminomalonic semialdehyde residues and inorganic ortho-
phosphate. Although the overall reaction must pass through
a transjent state corresponding to the oxidation level of the
enol phosphate derivative of phosphoserine, a direct search
failed to yield evidence for the production of a stable phos-
phoenol (which was postulated in the earlier work cited above)
and the demonstration of the stability of the C-H bond at the

V' V hen various phosphate esters, including phospho-
proteins, interact with Fe2+ and O, the metal and the phos-
phorylated ligand become oxidized: results obtained with
phosvitin suggested that the oxidation of the protein occurs
by «,3 dehydrogenation of its phosphoser ineresidues, yield-
ing the corresponding enolphosphate, followed by hydrolytic
formation of P; and the aldehyde derivative of serine, amino-
malonic semialdehyde (Grant and Taborsky, 1966). Prompted
by our interest in the possible biological significance of this
reaction (see Discussion), we undertook an investigation of its
chemical mechanism.

Experimental Procedure

Materials. Phosvitin was prepared according to Joubert
and Cook (1958). It was analyzed for N, P, and Fe as before
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MECHANISM OF PHOSVITIN OXIDATION

a-carbon of the oxidized residues ruled it out. The results,
including the finding that phosphate release occurs by P-O
bond cleavage, are wholly consistent with a mechanism by
which an oxidatively generated carbonium ion derivative of
phosphoserine is converted into a stable product by the direct
formation of the free aldehyde and a monomeric metaphos-
phate ion, the latter reacting with water to yield inorganic
orthophosphate. The possible biological significance of the
oxidative activation of phosphoprotein ester groups is seen
in the hypothetical action of phosvitin as an energy source
during embryonic development in the hen egg, or in its
service as a macromolecular model for the formation of a
chemical intermediate in the energy conservation step of
oxidative phosphorylation.

(Connelly and Taborsky, 1961), with results very similar to
those of Mecham and Olcott (1949). The protein was rendered
metal free and stored as described earlier (Taborsky, 1963).

[*H]Water (New England Nuclear; 25 Ci/l.) was diluted
for use up to twofold. [*O]Water (Bio-Rad; 10 atom ¢}
excess) was diluted as given in Results. [*?PJATP was prepared
with carrier-free [??P]P; (Tracerlab) by the method of Glynn
and Chappell (1964). At the time of its use, its specific activity
was about 2 X 107 cpm/umole. Several batches of [*H]sodium
borohydride (Nuclear-Chicago) had nominal specific activities
of 80-500 Ci/mole. It has been the experience in our labora-
tory (T. S. Stashwick, 1967, personal communication) that
[*(H]NaBH. may contain an appreciable fraction of acid-stable
counts. The acid stability may be noted with the dry material
as received, or it may develop upon cold storage in strongly
alkaline solution. We store the reagent in the dry form and use
only such preparations which have an acid-stable isotope con-
tent of no more than a few per cent. Its specific activity, in
terms of its active H content, was measured on the basis of
the 3H content of lactic acid prepared from it and pyruvic
acid. (The [*H]lactic acid was purified according to Busch
et al. (1952) and was assayed by the enzymic procedure of
Lundholm et al. (1963).) The specific activity of [*H]NaBHy,
when used, always exceeded 50 Ci/mole; any dilutions were
made with NaBH, (Alfa Inorganics).

Gu-HCl (Ultra Pure; Mann), DPN (P-L Biochemicals),
and lactic dehydrogenase (Sigma) were commercial products.
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