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Activation and Coupling of the Glutaminase and Synthase Reaction of Glutamate

Synthase Is Mediated by E1013 of the Ferredoxin-Dependent Enzyme, Belonging to

Loop 4 of the Synthase Domadin

Laura Dossena, Bruno Curti, and Maria A. Vanoni*

Dipartimento di Scienze Biomolecolari e Biotecnologie, dénsita degli Studi di Milano, Via Celoria 26, 20133 Milano, Italy

Receied September 7, 2006; Reed Manuscript Receed January 31, 2007

ABSTRACT. Crystal structures of glutamate synthase suggested that a conserved glutamyl residue of the
synthase domain (E1013 8f/nechocystisp. PCC 6803 ferredoxin-dependent glutamate synthase, FAGItS)
may play a key role in activating glutamine binding and hydrolysis and ammonia transfer to the synthase
site in this amidotransferase, in response to the ligation and redox state of the synthase site. The E1013D,
N, and A, variants of FAGItS were overproducedischerichia colicells, purified, and characterized.

The amino acyl substitutions had no effect on the reactivity of the synthase site nor on the interaction
with ferredoxin. On the contrary, a dramatic decrease of activity was observed with tké@-fold),

N and A (~10000-fold) variants, mainly due to an effect on the maximum velocity of the reaction. The
E1013D variant showed coupling between glutamine hydrolysis at the glutaminase site and 2-oxoglutarate-
dependent-glutamate synthesis at the synthase site, but a sigmoid dependence of initial velocity on
L-glutamine concentration. The E1013N variant exhibited hyperbolic kinetics, but the velocity of glutamine
hydrolysis was twice that of glutamate synthesis from 2-oxoglutarate at the synthase site. These results
are consistent with the proposed role of E1013 in signaling the presence of 2-oxoglutarate (and reducing
equivalents) at the synthase site to the glutaminase site in order to activate it and to promote ammonia
transfer to the synthase site through the ammonia tunnel. The sigmoid dependence of the initial velocity
of the glutamate synthase reaction of the E1013D mutant on glutamine concentration provides evidence

for a participation of glutamine in the activation of

Glutamate synthases (GHSare complex iror-sulfur
flavoproteins found in microorganisms, plants, and lower
animals. They catalyze the reductiveglutamate ((-Glu)
synthesis from.-glutamine (-GIn) and 2-oxoglutarate (2-
OG) through the coordination of activities that take place at
catalytic subsites located on different enzyme domains and
subunits {—4, Figure 1).

L-Glu synthesis takes place in the synthase site where
2-0OG binds in front of the FMN cofactor where it is suitably
positioned for addition of an ammonia molecule to yield the
postulated 2-iminoglutarate (2-1G) intermediate. This com-
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glutamate synthase during the catalytic cycle.

L-GIn
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Ficure 1: Model of the Fd-dependent glutamate synthase and
distribution of catalytic subsites. The dotted ovals indicate the
glutamine amidotransferase and the synthase domains of the FAGItS.
The single oval represents FMN. The cubes indicate the GItS [3Fe-
4SP+1 cluster and the Fd [4Fe-48]2 cluster.

pound is then reduced t6Glu with reduced FMN acting

as the electron donor. The ammonia molecule is released
uponL-glutamine hydrolysis at the glutaminase site, harbored
within the type Il glutamine amidotransferase (GAT) domain
of GItS (Figure 1). The GAT and the synthase domains are
located within the single polypeptide chain of FdGItS
(Figures 1 and 2) and the correspondimgsubunit of the
NADPH-dependent bacterial enzyme (NADPH-GItS). These
proteins share, with the well-characterized amidotransferases,
the presence of an intramolecular tunnel for ammonia transfer
from the glutaminase to the synthase site, which spans
approximately 30 A in FAdGItS2).
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Ficure 2: Structural model of FAGItS and details of the glutaminase site. Left panel: The crystallographic model of the FAGItS derivative
obtained after reaction of C1 with 5-diazo-5-oxaorleucine in complex with 2-OG is shown (PDB file: 1OFE). The enzyme domains are
color coded as follows: blue, glutamine amidotransferase (GAT) domain, resieid®8Lred, central domain, residues 4286; green,
synthase/FMN domain, residues 78239; purple, C-termings-helix, residues 12401507. In the synthase domain FMN and the [3Fe-

4SJ™ cluster are shown as yellow sticks and as spacefill, respectively. The position of 2-OG (in sticks) is also indicated. In the GAT
domain the positions of the C1-oxonorleucine (ONL) covalent adduct and of E1013 are shown. Right panel: Details of the same region of
the GAT domain including residues of loop 4 of the synthase domain (thin lines, green) and of the central domain (thin lines, red) with
S1011 and 11012 of loop 4 obstructing the tunnel entrance with T503 and N504 of the central domain. Distances, in angstroms, between
selected atom pairs are shown. In the left panel, loop 4 of the synthase domain (residué®X®)8and loop 474504 of the central

domain are shown as ribbons in the model of FAGItS. The dotted line indicates the path of the ammonia molecule from the site of release,
beyond the constriction formed by residues 161012 and 503504 through the tunnel lined, on one side, by loop 4 residues, to reach
2-0OG in the synthase site.

inactive

GItS is subjected to mechanisms of cross control of the
glutaminase and synthase activities, as found in other
amidotransferase2{ 7). The enzyme is unable to hydrolyze (W
L-GlIn in the absence of both 2-OG and reducing equivalents
at the synthase site. FurthermoreGIn hydrolysis, at the
glutaminase site, is tightly coupled teGlu synthesis from ﬂ
2-0G, at the synthase site, so that the rate Gfu production ]
from L-GIn matches that of-Glu produced from 2-OG.
Finally, in FAGItS, reduced Fd in complex with the reduced

enzyme is also required in order to activate the glutaminase o
site 2—4, Figure 1).

L-GI

Y

Comparison of the crystallographically determined struc- .
tures of the single subunit of FAGItS (Figure 2) and of the
homologousa subunit of NADPH-GItS showed that the L-GI

structures of these enzymes are similar to each o@er (
10). In all cases the ammonia tunnel connecting the glutami-
nase and synthase domain is fully formed, but it appears t0ggge 3: Minimal model for the activation of FAGIS glutaminase
be obstructed at the entry point (toward the glutaminase site)site effected by 2-OG binding and cofactor reduction in the synthase
by main chain atoms of residues at the C-terminus of loop site. The enzyme consists of a catalytically competent synthase site
4 of the synthase domain (residues 1011 and 1012 of loop 4(large circle) regardless of the ligation and redox state of the enzyme
. cofactors (FMN, oval; [3Fe-4S] cluster, cube). The glutaminase site
in Fd(_BItS) and of the 42—37_86 loop of the so-called central (in the GAT domain) is proposed to exist in an inactive conforma-
domain (residues 503604 in FAGItS, Figure 2). Further-  ton (rectangle), which is converted to the active conformation (oval)
more, the Q-loop, conserved on all type 1l amidotransferases,upon 2-OG binding to the synthase site and reduction. 2-OG binding

which is believed to shield bound glutamine from solvent and cofactor reduction is also proposed to cause the opening of
the ammonia tunnel entry point. In FAGItS, binding of reduced Fd

in order to prevent the escape of the released ammonia, e 3_electron reduced enzyme (with FMN in the hydroquinone

molecule from the glutaminase site, is in an open conforma- tom and the reduced [3Fe-4S] cluster) seems required for activation
tion in all available GItS structures. Thus, on the basis of (13).

GItS known catalytic and structural properties, the enzyme

has been proposed to exist in at least two conformations, As depicted in Figure 3, in the free enzyme, 2-OG may
which differ for the fine structure of the glutaminase site bind to the synthase site and the cofactors can be reduced.
and of the tunnel entrance. In this state the glutaminase site is in an inactive conforma-




Role of E1013 in Activation and Coupling of FAGItS

L-r.im o L-Gin
— @
BT e et
HZN:_} 2 H,NH H,N C1—S—C—[-ga
L-Glu ® HZI!IH/\:NHZ
L-Gllu ® e
Ci—s NH H,0
AN /1” 2
, HO O
HN: L-c|s|u ® L»Gllu
® |o1—s'f\—c|:£ob<— <|:1—s;—c:/.=I
HZNH() OH N HAo
® |

Ficure 4: Proposed mechanism of the glutaminase reaction of type
Il amidotransferase. Step 1: Deprotonation of C1 thiol effected by
the N-terminal amino group. Step 2: Formation of the first transient
tetrahedral intermediate upon attack of C1 thiolate aBin C(5)
carbon favored by the oxyanion hole formed by Asn 227 side chain
amide nitrogen atom and G228 backbone amide group. Step 3:
Decay of the transient intermediate with release of ammonia,
assisted by proton transfer from the N-terminal nucleophile, and
formation of the Cysl-glutamyl thioester intermediate. Step 4:

Formation of the second transient tetrahedral intermediate, favored
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may also interact with N227 amide nitrogen (Figure 2), which
forms with G228 an oxyanion hole conserved in all type Il
amidotrasferases and believed to promote the formation of
the covalent Cl-glutamyl thioester intermediate and its
subsequent hydrolysis. Finally, E1013 side chain may also
play a role in the precise geometry of the tunnel entry point.
As shown in Figure 2 (right), one of its side chain oxygen
atoms may interact with both E1013 main chain amide
nitrogen and S1011 side chain hydroxyl group. Because of
this network of interactions of E1013 at the C-terminus of
loop 4 of the synthase domain, binding of 2-OG and cofactor
reduction at the synthase site may induce small conforma-
tional changes to the glutaminase site that activate the
reaction through repositioning of E1013 side chain. The same
changes might cause the tunnel to open and favor ammonia
transfer to the synthase site.

In order to test this hypothesis, E1013 was substituted with
D, N, and A residues in FAdGItS by site-directed mutagenesis
of glsF, the gene encodin@ynechocystisp. PCC6803,
cloned into a pUC18 derivativelp).

The wild-type FAGItS and the three protein variants were
produced irEscherichia colicells and purified to homogene-

by the presence of the oxyanion hole and assisted by C1 free amindty With a similar purification procedure. Their characteriza-

group. Step 5: Formation of the-Glu product and (step 6)
regeneration of the free enzyme.

tion that may bind glutamine, but is unable to hydrolyze it.

tion showed that the D, N, and A substitutions of E1013 led
to enzyme forms altered with respect to their ability to
hydrolyzeL-glutamine, to the coupling between the glutami-
nase and the synthase reaction, and to their sensitivity to

2-OG binding and cofactor reduction at the synthase site (asy,o presence of 2-OG and reducing equivalents at the

well as association with reduced Fd in the FAGItS) should
induce limited but significant conformational changes that
result in (i) activation of the glutaminase site toward
glutamine hydrolysis and (ii) opening of the ammonia tunnel
to promote ammonia diffusion to the synthase site with
concomitant (iii) closure of the Q loop to prevent ammonia
from escaping into the solvent. While crystallography failed
to reveal the conformation of the enzyme at various stages
of the catalytic cycle, it indicated which residues may be
part of the mechanism of cross-control and coordination of
activities of the GAT and synthase si@2{4). Among them,
E1013 of FAGItS seems to be at a key position (Figure 2,

synthase site. In particular, the E1013D/FdGItS variant
revealed that-GIn may participate in the activation of the
glutaminase reaction of glutamate synthase during the
catalytic cycle, completing the effect brought about by 2-OG
binding and cofactor reduction at the synthase site.

EXPERIMENTAL PROCEDURES

Enzyme ProductiorRlasmid pFN14, a pUC18 derivative
containing the 9.5 kbClal fragment of Synechocystis
PCC603 DNA including theglsF gene, was used for the
production of FAGItS 11). pFN14 was also used as the

right). This residue is conserved in all GItS and is at the template in site-directed mutagenesis experiments designed
C-terminus of loop 4 (residues 968013 of FAGItS) that  to produce the E1013D, E1013N, and E1013A variants of
emerges from the synthase domain, where it contacts residue§dGItS. The QuikChange site-directed mutagenesis kit
involved in 2-OG binding and residues that interact directly (Stratagene) was employed according to manufacturer’s
with the redox cofactors. Loop 4 forms part of the wall of instructions to obtain the desired pFN14-E1013D, pFN14-
the ammonia tunnel and contributes with residues 1011 andE1013N, and pFN14-E1013A plasmids. The same protocols

1012 to the constriction of the tunnel at the GAT end. E1013,
which is the only residue of the synthase domain making

were used for production and purification of wild-type
enzyme and the E1013D, N, and A variariiscoli CLR207

contacts with residues of the glutaminase site, has beencells were transformed with pFN14 or its derivatives.

proposed to play a major role in activating glutamine
hydrolysis and ammonia transfer through the tunnel in
response to 2-OG binding and cofactor reduction at the
synthase site2—4).

Close inspection of the crystallographic structures of GItS
shows how this residue may play multiple roles in the
enzyme. In all FAGItS structures E10d2arboxylate group
appears to interact with the @tamino group, which is the
proposed active site base that participates in glutamine
hydrolysis (Figure 4). E1013 also interacts with the R31 NH1
nitrogen, which, in turn, seems important for the correct
positioning of C1 through an interaction with its main chain
carboxylic oxygen atom. E1013 side chain carboxylate group

Approximately 100 colonies of transformants, which were
selected on LuriaBertani (LB) plates containing 0.1 mg/
mL ampicillin, were transferred to nen2 L Erlenmeyer flasks
containing 500 mL of LB broth supplemented with ampicillin
(0.1 mg/mL) each. Cells were grown at 3Z for 20 h under
orbital shaking (220 rpm) without inducer. Cells were
harvested by centrifugation and stored frozen until used for
enzyme purification. Approximately 15 g of cells was
resuspended in 30 mL of 50 mM imidazole/HCI buffer, pH
7.5, 1 mM EDTA, 1 mM 2-OG, 100 mM KCIl and 1 mM
phenylmethylsulfonyl fluoride. After sonication for a total
of 5 min in a Branson Sonifier model 250 (output 35 W),
and centrifugation at 18000 rpm for 60 min in a Sorval RC5C
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centrifuge (SS34 rotor), protamine sulfate (0.3%, w/v) was Scheme 1: Summary of Catalytic Activities of FAGItS

added to the crude extract. Precipitated nucleic acids wereL{u-4cj-Gin + 2-0G + Fd,, — L-{U-“C}-Glu + L-Glu + Fd,,

removed by centrifugation at 15000 rpm for 10 min. The
supernatant was slowly diluted 2-fold with 25 mM Hepes/
KOH, pH 7.0, 1 mM EDTA, 1 mM 2-0OG, 10% glycerol
(buffer A) containirg 2 M ammonium sulfate. After equili-
bration for approximately 30 min and removal of precipitated
proteins by centrifugation at 15000 rpm for 10 min, the

Fd-GItS activity
MV-GItS activity
NH;-dependent activity

L-{U-C]-GIn + 2-0G + MV, o — L-{U-4C]-Glu + L-Glu + MV,
NH, + 2-[U-1¥CJ-OG + Fd o — L-[U-1C-Glu + MV,,,
L-{U-1C]-GIn — L-[U-"¥C]-Glu + NH,
L-Glu + INT,, — 2-0G + NH, + INT

glutaminase activity
L-Glu:INT oxidoreductase activity

buffer. The sample was loaded by gravity onto a Q-Sepharose

supernatant was loaded by gravity onto a Phenyl Sepharoserast Flow column (1.6 cnx 10 cm, 20 mL) equilibrated

High Performance column (1.6 cnx 10 cm, 20 mL)
equilibrated with buffer A containipl M ammonium sulfate.

with 25 mM Hepes/KOH buffer, pH 7.5 (buffer C). The
column was rinsed with the equilibration buffer and buffer

Unbound proteins were removed by washing the column with C containing 0.2 M NacCl, in the cold room. The column

200 mL of equilibrating buffer. The column was then

was then connected to the Akta apparatus and developed by

connected to an Akta (GE Healthcare) apparatus andapplying a NaCl gradient from 0.2 to 0.4 M in 100 mL and

developed at 1.5 mL/min by applying 1 column volume
of buffer A containig 1 M ammonium sulfate, followed by
a 200 mL linear gradient from ©t0 M ammonium sulfate
in buffer A. FAGItS enriched fractions, which were found at
approximately 0.5 M ammonium sulfate, were pooled,
concentrated by ultrafiltration in an Amicon cell equipped
with a YM30 membrane, and dialyzed overnight against
2 L of buffer A containing 1 mM DTT. The protein solution

from 0.4 to 0.6 M in 200 mL at 1.3 mL/min. Fd eluted at
approximately 0.5 M NaCl. The Fd-containing fractions were
pooled and slowly diluted 2-fold with buffer C containing 3

M ammonium sulfate. After equilibration on ice for 30 min,
the sample was centrifuged to remove precipitated material
and the supernatant was loaded onto a Phenyl Sepharose
CL4B column (1.6 cmx 10 cm, 20 mL) equilibrated with
buffer C containing 1.5 M ammonium sulfate. Under these

was then loaded onto a Q-Sepharose Fast Flow columnconditions Fd is only retarded by the resin. When Fd was

(2.6 cm x 9.5 cm, 50 mL) equilibrated with buffer A.

near the bottom, the column was connected to the Akta

Unbound and weakly bound proteins were eluted by rinsing apparatus and a gradient from 1060t M ammonium sulfate

the column with the equilibration buffer and with the same
buffer containing 0.1 M NaCl (106150 mL) at 0.5 mL/

in buffer C in 200 mL was applied at a flow rate of 1 mL/
min. Fractions were pooled on the basis of fag/Ax7sratio

min by gravity. The column was then connected to the Akta (<0.9) in order to remove nucleic acids that at this stage

apparatus and developed at 1.3 mL/min by flowing buffer
A containing 0.1 M NaCl (50 mL) followed by a gradient
from 0.1 to 0.2 M NaCl in 50 mL and from 0.2 to 0.4 M
NaCl in 250 mL. FAGItS eluted at approximately 0.3 M

seemed to be the main contaminants of the sample. After
concentration by ultrafiltration in an Amicon cell equipped
with a YM3 membrane, the Fd solution was gel filtered
on a Sephadex G75 column (1.8 can80 cm, 190 mL)

NaCl. Enzyme containing fractions were concentrated by equilibrated and eluted with buffer C. Fractions withad

ultrafiltration and loaded on a Ultrogel AcA34 column
(2 cm x 80 cm, 190 mL) equilibrated and eluted with
25 mM Hepes/KOH buffer, pH 7.5, 1 mM EDTA, 1 mM
2-OG and 10% glycerol (buffer B) at 10 mL/h. FAGItS
containing fractions were pooled on the basis of tihgiy
Ayzgratio (<8), concentrated by ultrafiltration, and dialyzed
overnight agains2 L of buffer B containing 1 mM DTT.
After centrifugation the enzyme was stored frozen at
—80 °C after rapid freezing in liquid nitrogen. In some
instances, SDSPAGE analysis of the resulting sample

Azzgratio <0.8 were pooled and concentrated by ultrafiltra-
tion. Aliquots were stored at80 °C after flash freezing in
liquid nitrogen. Also during the purification of Fd, the
temperature was kept at®® and buffers were equilibrated
with nitrogen.

Activity Assays. Glutamate:iodonitrotetrazolium Oxi-
doreductase Actity. The increase of absorbance at 490 nm
of 1 mL reactions containing 0.1 mM iodonitrotetrazolium
(INT), 20 MM L-Glu in 50 mM CAPS/KOH buffer, pH 9.5,
was measured at 28C (13). An extinction coefficient of

showed the presence of two contaminating proteins of 18.5 mM™t cm~! was used to calculate the activity, which
approximately 80 and 60 kDa, respectively, which could be is expressed asmol of INT reduced per min pezmol of
removed by a second Phenyl-Sepharose chromatographynzyme (i.e.. apparent turnover number in m)n

using a small column (1.6 cm 2.5 cm, 5 mL). During the

Glutamate Synthase Adtiies. The physiological Fd-

entire purification procedure, the working temperature was dependent glutamate synthase reaction (FdGItS activity,

5 °C and buffers were equilibrated with nitrogen.
Production and Purification of Synechocystis PCC6803
Ferredoxin. SynechocystBCC6803 ferredoxin was over-
produced inE. coli DH5a cells transformed with pCK2
plasmid (L2). Colonies of freshly transformes. coli DH5a
cells were transferred to 4 2 L Erlenmeyer flasks
containing 500 mL of LB broth supplemented with 0.1 mg/
mL ampicillin and 50uM FeSQ. After 20 h growth at
37 °C under orbital shaking, cells were harvested by
centrifugation, washed with 10 mM Tris/HCI buffer, pH 8.0,
1 mM EDTA (TE buffer), and stored frozen. Typically, cells

Scheme 1) was initially measured by incubating FdGItS
forms (0.004uM to 9 uM) in the presence af-[U-14C]-GIn
(2.34 mM, 7290 dpm/nmol), 2-OG (2.5 mM), Fd (201),
dithionite (4 mM from a 100 mM stock solution in 25 mM
Hepes/KOH buffer, pH 7.5, 1 mM EDTA, 10% glycerol that
had been made anaerobic) in 50 mM Hepes/KOH buffer,
pH 7.5, at 25°C in 125-250uL assays under anaerobiosis
conditions as previously describe3f. The assays were set
up in reacti-vials sealed with a Teflon septum. Anaerobiosis
was made by bubbling oxygen-free nitrogen for 20 min into
the assay mixture lacking proteins and dithionite, which were

(8 g) were resuspended in TE buffer (16 mL) and subjected added in rapid succession through the Teflon septum with

to five 1 min cycles of sonication. The crude extract was
obtained by centrifugation after addition of 8 mL of TE

gastight Hamilton microsyringes to start the reaction. The
assay was kept at 2% in the dark with nitrogen flowing
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on the solution surface for 20 min, after which an aliquot
(100 uL) was withdrawn and loaded anta 1 mL Dowex
1X8 column (acetate form) equilibrated in water and eluted
with 6 x 1 mL aliquots of water, 8 1 mL of 0.3 M acetic
acid, and 6x 1 mL aliquots & 1 M acetic acid. Either
fractions were individually collected in pico-vials (Packard)
or the water, 0.3 M acetic acid, @i M acetic acid eluates
were separately pooled and counted. Quantification of the
radioactive species was done with a Packard Tri-Carb 2
100TR scintillation counter using Ultima Gold (Packard) as
the scintillation fluid. Under these conditions residudbin

was recovered in the water fractionsGlu in the 0.3 M
acetic acid fractions, and part of 2-OG inetd M acetic
acid wash. The latter was detected when 240}OG
(2.5 mM, 8178 dpm/nmol) was used instead“-labeled
L-GIn to monitor GItS activity.

To measure initial velocities of reactions, 30800 uL
assays were set up. At different times (typically 4, 8, 12,
and 20 min for assay setup and, later, 3, 6, and 9 mir) 70
140 uL aliquots were withdrawn and 50 or 1Q0. were
loaded on the Dowex 1X8 columns for quantification of
L-[U-*C]-Glu formed fromL-[U-“C]-GlIn or 2-[UC]-OG.

The enzyme concentration used in the assays was determined

in order to obtain a linear increase BiGlu concentration
for at least 5-10 min. The nmol oL-Glu formed in the 50

or 100uL aliquots were plotted as a function of time (in
min), and the activity was calculated from the slope of the
best fit of the initial data to a straight line. All activities are
expressed as apparent turnover number imhtmnormalize

for protein concentration.

In order to determine the values of the apparent Michaelis
constant Ky) for the enzyme substrates and maximum
velocity (expressed as apparent turnover numkgg, in
min~1), L-GIn or 2-OG concentrations were varied as detailed
in the relevant tables or figures.

The Grafit 4.0 software package (Erythacus Software Ltd)
was used to fit the initial velocity values)(as a function of
the varied substrate concentratio) to the Michaelis-
Menten (eq 1), LineweaveiBurk (eq 2), or Hill equation
(eq 3) and to obtain the values and the associated errors o
the steady-state kinetic parametdfsis Ky in eq 1 and 2
and the value of the concentration of substrate at which
equals half of the maximum velocity) in eq 3. In eq 3n
is the Hill coefficient (4).

v=(x S)IK+9 (1)
v=1N + (KIV)(1/9 2)
v=(Vx S)K+S) (3)

A similar scheme was used to measure the methylviologen
(MV)-dependent glutamate synthase reaction (MV-GItS
activity, Scheme 1) except for the substitution of Fd with
0.4 mM MV (from a 10 mM stock in water). MV was added
to the reaction mixture prior to equilibration with oxygen-
free nitrogen.
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nmol) in the presence of (iii) ammonium chloride (100 mM
from a 1 M NH,Cl stock at pH 9.3) as the ammonia donor.

Glutaminase Actiity. To measure the glutaminase activity
of GItS, reaction mixtures were similar to those described
above, but Fd (or MV), dithionite, and 2-OG were omitted.
The assays were carried out in the presence of oxygen.

pH Dependence of Glutamate Synthase /Atgti The pH
dependence of the initial velocity of the Fd-dependent
glutamate synthase reaction was measured at fixed substrates
concentrations (2.34 miM-GIn, 2.5 mM 2-OG, and 2@M
Fd) in 50 mM Hepes/KOH buffers adjusted to pH values
between 7.0 and 8.5. The ionic strength of the assays was
kept constant at 50 mM with KCI.

The initial velocity values as a function of pH were fitted
to egs 4 and 51(4). Equation 4 describes the case in which
activity decreases from a maximum limiting vali4 ét high
pH as one group dissociates. Equation 5 describes the case
in which activity increases as one group dissociates to reach
a maximum, pH independent valu€)(

v=(V x 10°"PKa/1PHPKa + 1) (4)

(5)

Fd-Sepharose Affinity Column and Study of the Fd/FAGItS
Interaction. Synechocystigp PCC6803 Fd was covalently
linked to Sepharose 4B using the method described in ref
15. The resin (1 mL) was packed in a C10/10 column (GE
Healthcare) and connected to the Akta apparatus. The column
was equilibrated with 25 mM Hepes/KOH buffer, pH 7.5.
200 uL of FdAGItS (0.1-0.2 mg) was injected onto the
column, which was developed by flowing 2 mL of equili-
brating buffer followed by a NaCl gradient from 0 to 1.0 M
in the same buffer in 10 mL. The flow rate was 0.1 mL/
min, and the absorbance at 280 nm of the eluate was recorded
continuously.

Attempts To Trap the Enzyme-Glutamyl Thioester
Intermediate.In order to attempt to trap the postulated
y-glutamyl thioester intermediate (Figure 4) the wild-type

v=(V x 107 PHyaoPkaPH + 1)

gnzyme and the E1013D/N/A variants 48, 1.5 mg/mL)

were incubated with-[U-14C]-GIn (2.34 mM, 7292-50000
dpm/nmol) alone or, anaerobically, under turnover conditions
in the presence of 2-OG (2.5 mM), Fd (2tM), and
dithionite (4 mM) in 50 mM Hepes/KOH buffer, pH 7.5, in
150 uL, as described for activity assays. In order to obtain
separation between the enzyme and fr€&ln two methods
were used. In the first case centrifugal gel filtration was used
(16). 0.5 and 10 min after the addition of the enzyme to the
reaction mixture equilibrated at at 2&, 50uL aliquots of

the solutions were withdrawn and loaded onto Bio-Spin
columns (BioRad) containing Bio-Gel P6 that had been
equilibrated with 100 mM Hepes/KOH buffer, pH 7.5. The
column was subjected to centrifugation at 1§@6r 1 min

in the cold room in a Heraeus Labofuge 400 centrifuge
equipped with a 8172 swing-out rotor. The column was
rinsed 5x 50 uL aliquots of equilibrating buffer followed
by 7 x 100 uL and 2 x 200 uL aliquots. Fractions were

The ammonia-dependent glutamate synthase activity wascollected in Eppendorf tubes. 20 of each fraction were
measured anaerobically in the presence of ferredoxin andcounted, and 510 uL aliquots were used to determine their

dithionite as described above, with the following modifica-
tions: (i) assays were run in 50 mM CHES/KOH buffer,
pH 9.3; (ii) 2-[U-1C]-OG was used (2.5 mM, 8178 dpm/

protein content with the Bradford Reagent (Amresco). As
controls, mixtures lacking-[U-*“C]-GIn or the enzyme, or
containing BSA (1.5 mg/mL) or NADPH-GItS (M)
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Table 1: Catalytic Activities of Wild-Type FdGItS and the E1013D/N/A Variants

initial velocity, min-t

activity FdGItS FdGItS/E1013D FdGItS/E1013N FdGItS/E1013A
Fd-dependent glutamate synthase 3356+ 400 19+5 0.60+0.18 0.25+ 0.10
MV-dependent glutamate synthase 86.7t 7.4 12.7£ 0.4 0.27+0.04 0.32+ 0.02
NHs-dependent glutamate synthase 130+ 3.0 140.8+ 20 110+ 10 128+ 6.1
glutaminase 94.2+ 2.7 3.1+ 0.04 0.13+ 0.06 0.11+ 0.04
L-Glu:INT oxidoreductase 220+ 4.0 203+ 2.4 284+ 4.5 188+ 0.8

aWild-type and E1013D/N and A variants of FAGItS (0.68®xM) were incubated anaerobically with[U-1“C]-GIn (2.34 mM, 7300 dpm/
nmol), 2-OG (2.5 mM), Fd (2@M) or MV (0.4 mM), dithionite (4 mM) in 50 mM Hepes/KOH buffer, pH 7.5. At different times, A0aliquots
were chromatographed on 1 mL Dowex 1X8 (acetate form) columns, which were eluted with water, 0.330@CH 1 M CH;COOH.L-Glu was
found in the 0.3 M CHCOOH eluate. The initial velocities were calculated from plots of nmal-&lu formed as a function of the incubation
time.? For the NH-dependent reaction-GIn was substituted by N4€I (0.1 M). 2-[U14C]-OG (2.5 mM, 8200 dpm/nmol) and 50 mM CHES/
KOH, pH 9.3 were used. The glutaminase reaction was measured in the presencfst*C]-GIn alone.? TheL-Glu:INT oxidoreductase activity
was assayed spectrophotometrically by measuring the initial velocity of reduction of INT (0.1 mM) at 490 nm in the preseGbe @0 mM)
in 50 mM CAPS/KOH buffer, pH 9.5, at 2%C.

instead of FAGItS, were treated as described above. Underfor FAGItS/E1013N, and 254 1.0 mM*cm™ for FAdGItS/
these conditions, greater than 90% of the applied protein EL013A compare well with that determined for the wild-
eluted in the first 3 fractions, well separated from frejgJ- type enzyme (24.4 mM cm%, 13). Furthermore, the FAGItS
14C]-GIn that was recovered in fractions-20. The second  variants showed a behavior similar to that of the wild-
method of separation consisted of trichloroacetic acid (TCA) type enzyme also during sulfite titrations of the FMN
precipitation of the protein. In this case 400 incubation cofactor and anaerobic reductive titrations with dithionite
mixtures were set up. At different times 1580 aliquots were (not shown).

added to cold 15@L of 20% (w/v) TCA. The samples were  catalytic Properties of FdGItS E1013D/N/A Variante
incubated for 30 min on ice. The protein was recovered by physiological Fd-dependent glutamate synthase activities
centrifugation in a minifuge at 13000 rpm for 10 min and (Scheme 1) of the wild-type enzyme and of the FdGItS

4 °C. The pellet was washed 2 times with 1 mL aliquots of £1013D/N/A variants were initially determined by measuring
an acetone:1 M HCI mixture (48/1 acetone/HCI ratio) aqd the initial velocity of production of -[U-14C]-Glu in anaero-

recovered after each rinse by centrifugation. After drying in pic reaction mixtures as described in the Experimental
a Speed-Vac the final pellet was transferred to a scintillation prgcedures section and in the legend of Table 1. Under these
vial containing 1 mL of Ultima Gold scintillation fluid, and  ¢ongitions, the turnover number of FAdGItS was 3356 Thin

the 1“C content was determined by scintillation counting. The E1013D substitution was found to cause B50-fold

As a control BSA (1.5 mg/mL) was substituted for FAGItS. decrease in activity, while the E1013N and E1013A FdGItS

Miscellaneous TechniqueAbsorbance spectra were re- yariants exhibited a-5000-10000-fold lower activity than
corded with a HP8453 diode-array spectrophotometer. Spec-the wild-type enzyme.

trophotometric activity assays were carried out using Cary
219 or Cary 100 (Varian) spectrophotometers. Flavin and
iron content as well as the extinction coefficients of the
proteins were determined as previously descrildg] 17).

When MV was substituted for Fd in the assay mixtures
as the reductant, the glutamate synthase activity of wild-
type FAGItS was approximately 40-fold lower than that
measured in the presence of ferredoxin, confirming the
RESULTS stimulatory effect of bound reduced Fd on the glutamate

synthase reactiorlg). The MV-dependent activities of the

General Properties of FAGItS E1013D/N/A Varianthe E1013D and E1013N variants were approximately 2-fold
wild-type FAGItS and its EL1013D/N/A variants could be lower than the corresponding Fd-dependent reaction, while
overproduced irk. coli CLR207 cells at similar levels. The  for FAGItS/E1013A this activity was very low and similar
same purification procedure allowed us to obtain-l5ng to that measured with Fd. The glutaminase activity of FAGItS
per gram of cell paste of homogeneous preparations of thewas similar to the MV-dependent activity. Also this activity
four enzyme species with 225% vyields. Throughout was significantly affected in the E1013D/N/A variants
the purification the enzyme was quantified by measuring the decreasing te-3 min~* for the E1013D variant and to barely
L-Glu:INT oxidoreductase activity (Scheme 1), which takes detectable levels for the E1013N and E1013A FAGItS forms.
place within the synthase site (FigurelB). The wild-type On the contrary the Npdependent glutamate synthase
enzyme and the E1013D/N/A FdGItS variants showed similar activity and theL.-Glu:INT oxidoreductase reactions, which
behavior and yields during all chromatographic steps and solely involve the synthase site, appeared unaffected by the
similar L-GIu:INT oxidoreductase specific activities at all amino acyl substitutions. The lack of effect of the E1013D/
purification steps. The values of the final preparations were N/A substitutions on the properties of the synthase site was
also similar, ranging from 1.1 to 1.3 U/mg in different confirmed by determining the apparent maximum velocity
preparations. The absorbance spectra of the final enzyme(V) and Ky values forL-Glu and INT for theL-Glu:INT
preparations were indistinguishable from each other with oxidoreductase reaction (Table 2). This finding, together with
maxima at 278, 369, and 438 nm and minima at 328 and the unaltered redox and sulfite reactivity of the protein
384 nm, andAydAuss ratios between 7.5 and 8. The variants, rules out that the E1013 substitutions have a
calculated extinction coefficients at 438 nm of 26:51.5 significant effect on the redox properties of the enzyme
mM~* cm™? for FAGItS/E1013D, 26.6t 2.0 mM* cm™? cofactors bound at the synthase site.
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Table 2: Comparison of the Steady-State Kinetic Parameters af@latamate:INT Oxidoreductase Activity Exhibited by Wild-Type and

E1013D/N and A Variants of FAGIES

FdGItS L-Glu, mM INT, mM V, min~1 Ki—clu, MM Kint, MM VIK —gly, MM~ min~1
wild-type 0.05-2 0.2 220+ 4 0.0444 0.005 5000+ 575
1 0.07~0.5 366+ 14 0.12+ 0.010
E1013D 0.051 0.2 203t 2.4 0.059+ 0.0025 3440t 151
0.2 0.05-1 376+ 6 0.144 0.008
E1013N 0.051 0.2 284+ 4.5 0.045+ 0.003 6311t 433
0.2 0.05-1 337+ 5 0.104 0.006
E1013A 0.05-1 0.2 188+ 0.8 0.019+ 0.0005 9744 256
0.2 0.05-1 200+ 3 0.094 0.005

a Assays were carried out spectrophotometrically at@5n CAPS/KOH buffer, pH 9.5 (50 mM) and at the stated substrate concentrations or

concentration ranges.

Furthermore, the lack of effect of the amino acyl substitu-
tions on the activities that do not involve the glutaminase
site indicates that the E1013 substitutions specifically affected
the catalytic properties of the glutaminase site of FAGItS.

In order to test if the low Fd-dependent glutamate synthase
activity of the E1013D/N/A variants and the low stimulation
of the velocity of glutamate synthesis fromGIn brought
about by Fd, as compared to the reaction in the presence of
MV, might be due to an effect of the E1013 substitutions
on the interaction between the enzyme forms and Fd, we
measured the Fd-dependent glutamate synthase activity of
the four protein forms in the presence of 10 and.40 Fd.

in

v, 1/m

3000.0

2000.0

1000.0

0.0

T

Fd-GItS

.................. O

o

»>

Q

*, Fd-GItS/E1013D

Fd-GItS/E1013N |

Y
\

5.0

6.0

7.0

pH

8.0

9.0

30.0

10.0

J 00
10.0

identical to those measured in the presence oi«RDFd

catalyzed by wild type and E1013D/N and A variants of FAGItS.

(not shown) indicating that the amino acyl substitutions had Open symbols: Initial velocities of reactions containinfiJ-“C]-

GIn (2.34 mM, 7300 dpm/nmol), 2-OG (2.5 mM), Fd (201),

not caused a significant increase of the appakgntalue : kbl ;

. L sodium dithionite (4 mM) in 50 mM Hepes/KOH buffer at the
for reduced ferredoxin. That the E1013D/N/A substlltuuons indicated pH values were determined using wild-type FAGItS
had no detectable effect on the Fd/FAGItS interaction was (circles, left axis), the EL013D (squares) and the E1013N variant
also tested by affinity chromatography. This method has been(triangles). Closed triangles: Initial velocities of reactions in the
recently used, for example, to establish the binding affinity presence of-Gin (2.5 mM) and 2-[U“C]-OG (2.5 mM, 8200 dpm/
of various ferredoxins toToxoplasma gondiferredoxin: nmol) and the E1013N FdGItS variant. The values obtained with

. . the wild-type enzyme are plotted using the left axis; those obtained
NADP™ reductaseX(®) in that the NaCl concentration needed it the £1013D FdGItS variant are plotted using the right axis;
to elute the enzyme from the Fd-Sepharose affinity column the values obtained with the E1013N variant arfU-1“C]-GIn
correlates with the dissociation constant of the Fd/enzyme have been multiplied by 20 and those obtained with 24C}-0G
complex. Affinity chromatography was adopted to investigate by 40, and the right axis is used. The dotted line shows the
the interaction between Fd and FdGItS instead of direct theoretical curve obtained by assuming that the reaction velocity
. o of wild-type FAGItS decreases from an upper value of 3100 fin
absorbance- or fluorescence-monitored titrations because theg 5 group with alf, value of 8.6 dissociates. The thick line through
observed changes of the signal brought about by addition ofthe E1013D FdGItS data shows the expected curve if the reaction
Fd were found to be too small to give any reliable indication velocity increases to an upper value of 20 as a group with p
of binding due to the high background absorbance (or value of 6.8 dissociates. The line through the E1013N data
. (triangles) shows the theoretical curve that describes the case in
quoreSf:ence) of free FAGIS. FAGIS was f(_)un(_j to bind to which the reaction velocity increases to an upper value of 9 as a
the resin and to elute when NaCl concentration in the buffer group with K, value of 6.5 dissociates.

was 0.44 M. Similar results were obtained by chromato-
graphing the E1013D/N/A variants under identical condi- velocities were measured at fixed concentrations of all
tions, demonstrating that the E1013 substitutions had no reagents at pH values between 7 and 8.5, where the enzyme
detectable effect on the binding interaction with Fd. In control gnd Ed are stable. The initial velocities of the reaction
experiments also the interactions betw&smechocystisd catalyzed by wild-type FAdGItS decreased as the pH increased
and NADPH-GItS and itsx subunit were studied. These (Figure 5) The data are reasonab|y described by a curve
proteins did not bind to Fd-Sepharose, confirming the that assumes that the velocity decreases as a group with a
specificity of the Fd/FdGItS interaction. pK. of 8.6 dissociates (Figure 5). The trends of initial
pH Dependence of the Fd-Dependent Glutamate Synthasevelocities of reactions catalyzed by the E1013D and E1013N
Activity of FAGItS and Effect of the E1013D/N/A Substitu- variants of FAGItS as a function of pH were similar to each
tions.The hypothesis that the decrease of glutamate synthasether and increased at increasing pH with an apparknt p
activity observed on removal of the carboxylate group of of ~6.5-6.8. However, the absolute initial velocity values
E1013 from the glutaminase site of FAGItS could be due to of the E1013D variant were-40-fold higher than those of
an effect of E1013 substitutions on the pH dependence ofthe E1013N/FdGItS form when activity was monitored with
the reaction velocity was tested. Because of the difficulty to radiolabeledL-GIn, reflecting the differences of activity
carry out anaerobic and discontinuous activity assays, initial measured at pH 7.5 (Table 1).
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Experiments were not done with the E1013A FdGItS also in this enzyme form the glutaminase and synthase
variant because of the low activity. The data collected here reactions are tightly coupled (Figure 6, middle). It was also
are not sufficient to make hypotheses on the identity of confirmed that the maximum velocity of the reaction is
residues whose protonation state is important for substrateapproximately 2 orders of magnitude lower than that
binding or catalysis in the wild-type FAGItS and in its measured with the wild-type enzyme (Figure 6, Table 3).
variants. However, the different pH dependence of the The dependence of the initial reaction velocity on 2-OG
activity of the wild-type enzyme as opposed to the E1013 concentration was hyperbolic although withka oc higher
variants can be explained by taking into account that the than that measured with the wild-type enzyme. On the
E1013 substitutions mainly affect the glutaminase segmentcontrary, the initial velocities obtained at varyingGln
of the overall reaction so that it is not surprising that the concentrations and 2.5 mM or 5 mM 2-OG revealed that
protonation state of different groups governs the reaction in the data were better described by a sigmoid function (eq 3),
the wild-type and mutant enzmes. On the other hand, theas also confirmed by double reciprocal plots that showed a
similar pH dependence observed with the E/D and E/N deviation from linearity at lowL-GIn concentrations
variants suggests that the negative charge of the 1013 residuérigure 7). When 2-OG concentration was lowered to
does not influence the acitbase properties of the glutami- 0.25 mM, the data were reasonably fitted with a hyperbole
nase active site and, at the same time, reinforces the concepwith a deviation from linearity of the double reciprocal plot
that the glutaminase reaction determines to a great extent(Figure 7) only at the lowest-GIn concentration used. The
the measured turnover with these FAGItS variants. For K _gin value estimated from the linear part of the double
practical purposes, the main conclusion that can be drawnreciprocal plot (Figure 7) was approximately 10 mM, only
from these measurements is that, in spite of the fact that the5-fold higher than that determined with the wild-type
pH profile of FAGItS activity is dramatically altered by the enzyme.

E1013 substitutions, kinetic analyses of wild-type and mutant ~ With the E1013N FdGItS variant the dependencies of
forms of FAGItS can be carried out at pH 7.5 where the initial reaction velocities on-GIn or 2-OG concentrations
enzyme is stable, and, from this experiment, the pH is were hyperbolic (Figure 6, bottom). However, the values
reasonably close to the optimal value for all enzyme species.obtained using -[U-“C]-GIn were systematically approxi-

Effect of E1013 Substitutions on the Kinetic Parameters Mately twice those obtained with 2-[U€]-OG as the
of FAGItS Reactionin order to establish if the low activity ~ radiolabeled substrate, confirming the results obtained during
measured for the glutamate synthase and glutaminase reache study of the pH dependence of the activity (Figure 5).
tions of the E1013D/N/A variants of FAGItS is mainly due The calculated,_og values were only 24-fold higher than
to an effect of the amino acyl substitutions on substrate those measured with the wild-type enzyme. Kaesi, value
binding or to an effect on following steps of the glutaminase Was of the same order of magnitude as that measured for
reaction, we measured the kinetic parameters of the Fd-the wild-type enzyme regardless of the radiolabeled substrate
dependent glutamate synthase reaction for all the four Used. Itwas confirmed that the maximum velocity witft-
enzyme forms. Because of the technical difficulty of carrying Cl-GIn, at saturating 2-OG concentration, is almost 4 orders
out the anaerobic and radioactive assays of this reaction,0f magnitude lower than that of the wild-type enzyme.
measurements were done at constant Fd concentration While the origin of the sigmoid kinetics observed with
L-glutamine (or 2-OG) and varied concentrations of the Discussion section, it is confirmed here that the E1013
second substrate. substitutions have a significant effect on the maximum
velocity of the reaction, but affect thi€y values for the
substrates only to a limited extent. Although g is not
always a direct measure of the dissociation constant of the
enzyme-substrate complex, the measured values strongly
indicate that the E1013D and N substitutions do not
dramatically weaken glutamine binding to the enzyme.
Removal of the net negative charge carried by either E or D
leads to partial uncoupling of the glutaminase and synthase
reactions of FAGItS, besides causing the observed dramatic
drop in maximum velocity. This conclusion was confirmed
with the E1013A FAGItS variant. Because of its low activity
the determination of the steady-state kinetic parameters of

The initial velocities of reactions with the wild-type FAGItS
showed hyperbolic dependence on batlglutamine and
2-OG concentrations (Figure 6, top, Table 3). TKeoc
value determined in the presence of 2.36 mMG3In
(100uM) is approximately 10-fold lower than that reported
previously @, 11), but only 5-fold higher than thKy value
determined spectrophotometrically during backtitrations of
the FdGItS/sulfite complex (17.4M, 13). The K. —gn
(2.4 mM), which was determined in the presence of saturat-
ing 2-OG (2.34 mM), was instead similar to that previously
reported (2.5 mM3, 11).

~ When reactions were carried out using 241¢]-OG  the reaction catalyzed by this enzyme form could not be
instead of -[U-“C]-GIn, the initial velocities were essentially  carried out. However, at fixadGln and 2-OG concentrations
identical to those obtained using radiolabele®In, con- (2.5 mM each), the initial reaction velocity was 0.125 ndin

firming that glutamine hydrolysis at the glutaminase site is ith radiolabeled -GIn and below detection witHC-labeled
tightly coupled toL-glutamate synthesis from 2-OG at the 2.0G, with 9.5uM enzyme in parallel assays. This result
synthase site in wild-type FAGItS, with a 1:1 stoichiometry jndicates that in the E1013A variant of FdGItS the glutami-
of glutamine hydrolyzed at the glutaminase site ar@lu nase and synthase sites are even less coupled than in the
formed from 2-OG at the synthase site. E1013N enzyme form.

Under similar conditions, similar initial velocities were Attempts To Trap the-Glutamyl Thioester Intermediate
measured using either radiolabeledsIn or radiolabeled in the Wild-Type and E1013D, N, and A FdGItS Species.
2-0OG with the E1013D variant of FAGItS, demonstrating that The decrease of activity measured with the E/D and the E/N
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FIGURE 6: Steady-state kinetic analyses of the FAGItS E1013D/N/A variants. Reactions were carried out in 50 mM Hepes/KOH buffer, pH
7.5 in the presence of 2AM Fd, 4 mM sodium dithionite, and FAGItS (19 nM, top), FAGItS/E1013xK2 middle), or FAGItS/E1013N

(4 uM, bottom). The amount af-Glu formed fromc-[U-14C]-GIn (open symbols) or 2-[34C]-OG (closed symbols) was determined after
chromatography on Dowex 1X8 of 14 aliquots of the reaction mixtures withdrawn at 1, 3, 6, 9 min. Circles: The concentration of the
fixed substrate was 2.5 mM (2-OG) or 2.34 mMGIn). With FAGItS/E1013D, assays at varyingsIn concentration were also carried out

in the presence of 0.25 mM (triangles) and 5 mM 2-OG (squares). The curves shown correspond to the best fit of the data to the-Michaelis
Menten equation except for the center left panel, which shows the fit to the Hill equation.

Table 3: Summary of the Steady-State Kinetic Parameters Calculated for the Wild-Type and the E1013D and E1013N Forms?of FAGItS

enzyme 2-0G, mM L-GIn, mM eq V (min~?1) Ks—o0s, MM K-, mM n
wild-type 2.34 0.6-3 1 7508+ 1145 2.4+ 0.7
0.080-10.0 25 1 3868- 106 0.0984 0.019
E1013D 2.5and'5 0.58-7.0¢ 3 844+ 9.2 15.6+ 1.7 1.75+0.17
2.5and 5 25-7.0¢ 2 1284 46° 9.6+ 3.8
0.25 0.58-5.85 2 424 ¢ 55+ 1.2
0.31-5 2.5 1 22.42.24 0.62+ 0.25
E1013N 2.34 0.544.3 (“C)y 1 1.23+0.14 1.52+ 0.45
2.34 (“C)d 0.66-4.3 1 0.54+ 0.06 1.06+ 0.39
0.58-3.33 2.5 ¢y 1 1.01+ 0.05 0.18+ 0.064
0.53-3.6 (“C)? 2.5 1 0.42+0.035 0.42+:0.18

a Assays were carried out in 50 mM Hepes/KOH buffer, pH 7.5, at@%s described in the legend of Table 1. The data are shown in Figures
6 and 7. The complete datasets obtained with 2.5 and 5 mM 2-OG were fitted together to the Hill equation (eq 3, Figafe6)nspection of
double reciprocal plots (Figure 7) the reciprocal velocity values that showed a linear dependence on the reciprGtalooihcentration were
fitted to eq 2. The errors of the estimated parameteendK were calculated according to Bevingta?0). ¢ The radiolabeled substrate used is
indicated.

FAGItS variants, in the absence of effects on the propertieseters of the reaction catalyzed by the FAGItS variants also
of the synthase site, supported the hypothesis that theindicated that the E/D and E/N substitutions had a limited
negative charge contributed by thecarboxylate group of  effect on L-GIn binding but a dramatic effect on the
E1013 is important for catalysis of the glutaminase segmentmaximum velocity. Because of E1013 position in the
of the FAGItS reaction. Determination of the kinetic param- glutaminase site (Figure 2) this residue may be important to
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[ B L B The amino acyl replacements had no detectable effect on
v the activities associated with the synthase site, namely, the
ammonia-dependent reaction and th@lu:INT oxidoreduc-
L ° tase activity, nor on the interaction with Fd, confining their
L effect to the properties of the glutaminase site and of the
0.2 - ¢ 7 . ammonia tunnel.
e Both the glutaminase and the glutamate synthase activities
B St 1 decreased of about 2 orders of magnitude with the E/D
0.0 ,@9‘31 T A substitution and almost 4 orders of magnitude with the E/N
0 0.5 1 1.5 2 replacement even at saturatingIn concentrations indicat-
1/[L-GIn], 1/mM ing that both substitutions mainly affect the glutaminase
Ficure 7: Nonlinear double reciprocal plot of FAGItS/E1013D at  Segment of the GItS reaction and that it is the net negative
varied L-GIn and fixed 2-OG. The reciprocal values of initial charge of E1013 that is important for the catalysis of
velocity of reactions catalyzed by FAdGItS/E1013D in the presence glutamine hydrolysis in FAdGItS. Since the E1013 substitu-
of varyingL-GIn and fixed concentrations of 2-OG (squares, 5mMM; tions have a limited effect on th&,, value for L-GIn

circles, 2.5 mM; triangles, 0.25 mM, see Figure 6) are plotted as a ,: .
function of the reciprocal of-GIn concentration. The dashed line (Figure 6, Table 3), E1013 does not seem to play a major

is the best fit of the data obtained aGIn concentration greater ol in glutamine binding. The low reaction rate may be due
than 2.5 mM at 2.5 mM and 5 mM 2-OG with eq 2. The dotted to a role of E1013 substitutions on the acidity of the C1
line is the best fit to eq 2 of the data obtained-&In concentrations  o-amino group, the N-terminal nucleophile, to disruption of

greater than 1 mM with 0.25 mM 2-OG. The calculated kinetic ; ; ;
parameters/ andK are in Table 3. Open symbols, data obtained the oxyanion hole through removal of the interaction between

with L-[U-4C]-GIn; closed symbols, data obtained with 2-HG]- E1013 and N227 amide nitrogen, or, less s_pecificajly, to an
0oG. altered overall geometry of the glutaminase site. The

experiments presented here, which are limited by both the
assist the hydrolysis of the enzymeglutamyl thioester  low activities of the E1013 variants and the difficulties of
intermediate (Figure 4, step 4). If this step had been the discontinuous and anaerobic assays, do not allow to
selectively slowed down by the amino acyl substitutions, in distinguish among the hypotheses. However, the pH depend-
the E1013D and, especially, the E1013N and E1013A encies of the initial velocities of the FAGItS reaction catalyzed
variants of FAGItS, the reaction velocity might be limited by the E1013D and E1013N variants are similar to each
by the hydrolysis of the intermediate, and the low rate of other, regardless of the radiolabeled substrate used to monitor
decay of this species might allow us to isolate it. Therefore, the reaction, arguing against a direct or indirect role of the
the wild-type and the three E1013 variants of FAGItS were residue in acig-base catalysis of the glutaminase reaction.
incubated with_-[U-14C]-glutamine alone or under turnover ~Furthermore, we were unable to isolate theglutamyl
conditions and the proteins were rapidly separated from freethioester intermediate ruling out that the FAGItS variants are
L-[U-14C]-glutamine by either centrifugal chromatography or trapped as the covalent intermediate. With this in mind, one
TCA precipitation. The levels of radioactivity associated with would favor the hypothesis that E1013 is important either
the wild-type and mutant enzymes were similar to each other for the precise geometry of the glutaminase site or, more
and never exceeded a stoichiometry of 0.01 mol of ligand interestingly, for the formation of the oxyanion hole through
per mol of enzyme. These results rule oupecificeffect its interaction with N227 amide nitrogen. However, address-
of E1013 substitutions on the hydrolysis of theglutamyl ing these issues would require a detailed analysis of the
thioester intermediate. Rather, it must be concluded that, kinetics and mechanism of the glutaminase reaction, which
regardless of which step(s) is (are) affected by the amino was outside the scope of the present work.
acyl substitutions, also in the E1013D, N, and A FdGItS  In the wild-type enzyme and in the E1013D variant of
variants the rate of hydrolysis of the covalent intermediate FAGItS the velocity of production af-Glu from L-[U-14C]-
is significantly faster than that of formation. GIn and that from 2-[UC]-OG are essentially the same

under all conditions tested (Figure 6), while with the E1013N
DISCUSSION and the E1013A variants the rate of glutamine hydrolysis is

As detailed in the introduction, E1013 belongs to loop 4 at least twice that of production ofGlu from 2-OG at the
of FAGItS and is the only residue of the synthase domain synthase site (Figure 5 and 6, Table 3). These results confirm
engaged in a number of interactions with residues of the that in the wild-type FAGItS the glutaminase and synthase
glutaminase site of the enzyme (Figure 2, right panel). sites are tightly coupled (i.e.: with a 1:1 stoichiometry of
Therefore, the hypothesis was made that small, but signifi- L-Glu produced from-GIn andL-Glu from 2-OG) and show
cant, conformational changes that alter the position of E1013 how the negatively charged carboxylate group of E1013 (or
in the FAGItS glutaminase site may be part of the mechanismD1013 in the E1013D variant) is sufficient to maintain
of activation of the glutaminase reaction as a function of coupling. Coupling requires that when 2-OG is bound at the
the ligation and redox state of the synthase site during the synthase site, the cofactors are reduced and reduced Fd is
catalytic cycle (Figure 3). Furthermore, E1013 may determine bound, the catalytically competent conformation of the
the geometry of the entry point of the ammonia tunnel by glutaminase site is obtained and, at the same time, the tunnel
interacting with its backbone nitrogen and S1011 side chain entrance widens to promote ammonia transfer to the synthase
hydroxyl (Figure 2, right). site. The higher rate of glutamate production froi@In than
Substitutions of E1013 with D, N, and A residues that from 2-OG in the E/N and E/A protein variants is

confirmed the role of E1013 in various properties of FAGItS, consistent with a role of E1013 in ensuring opening of the
which will be discussed separately for clarity. tunnel entrance. E1013 is suitably positioned to interact with
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Ficure 8: Schemes consistent with the sigmoidicity exhibited by the dependence of initial velociglotamine concentration by FAGItS/
E1013D. Panel A: Nonequilibrium random bireactant systéd). Panel B: Application of the general mechanism of panel A to FAGItS.
Panel C: Substrate-induced enzyme isomerization under non-rapid equilibrium conditions giving rise to sigmoid activity versus substrate
concentration curvesl8) and application to FAGItS (panel D).

its own backbone N atom and with S1011 side chain electrons loaded on the cofactors and bound reduced Fd) may
hydroxy! potentially forming H bonds in which one of the take place in the isolated FAGItS monomer, the interpretation
E1013 carboxylate oxygens is the donor (Figure 2, right). of the sigmoid kinetics observed with-GIn does not
Shortening of the side chain at this position with the E1013D necessarily require the presence of FAGItS dimers. The
substitution may maintain these interactions, while substitu- aggregation state of GItS is still a matter of active investiga-
tion of the negatively charged E or ® (or y)-carboxylate tion. While gel filtration chromatography and small-angle
with the neutral carbamide side chain of N may abolish them. X-ray scattering experiments showed that FAGItS is a
A third requirement for coupling between the glutaminase monomer in solution, the asymmetric unit of FAGItS crystals
and the synthase sites is that the glutaminase site is shielded¢ontains a dimer of identical subunits and oligomers have
from solvent so that ammonia cannot diffuse into the solvent. been detected by mass spectromet®+4). However,
E1013 does not seem to be sufficiently close to residues ofsigmoid velocity-versus-substrate curves can be observed in
the Q loop (residues 216231) to affect its conformation.  monomeric enzymes, as reviewed in fief whenever the
Unexpectedly, with the E1013D substitution, a sigmoid expression of initial velocity is in the form of eq 6, where
dependence of the initial velocity of reactions upoefsin i, k, I, andm are combinations of rate constants, wiiti >
concentration was observed at 2.5 and 5 mM 2-OG. At low jl andki > mj.
(0.25 mM) 2-OG the activity versusglutamine curve was
instead mainly hyperbolic (Figures 6 and 7). VI[E], = ([SP+][S)/(k+ I[SPF+mS])  (6)
This finding is consistent with the hypothesis that the
glutaminase site exists in at least two conformations Cases that originate sigmoid curves are observed in
(Figure 3) and, interestingly, reveals a role of glutamine in random bi bi systems if the rapid equilibrium conditions do
the activation of the GItS glutaminase site. As depicted in not apply and one route to the central complex leading to
Figure 3, it has been proposed that binding of 2-OG to the products is kinetically more favorable than the other as
synthase site (as well as cofactor reduction and associatiordepicted in Figure 8A. If this were the case with FAGItS,
with reduced Fd) may induce a change in the glutaminaseone could postulate that what makes one branch kinetically
site, through loop 4 residues including E1013, which favored over the other is the rate of isomerization of the
stabilizes its fully active conformation. In the native enzyme, enzyme from the inactive to the active conformation of the
2-OG binding, cofactor reduction, and association with glutaminase site when 2-OG binds to the synthase site. In
reduced Fd seem sufficient to determine the full transition the wild-type enzyme, 2-OG binding would induce a fast
between the inactive and active conformations of the conversion, making the reaction proceed only through the
glutaminase site yielding a hyperbolic dependence of reactionlower branch of the kinetic scheme (Figure 8B) that implies
velocity uponL-GIn concentration. The sigmoid kinetics binding of 2-OG, rapid conversion to the fully active form
observed with the E1013D FdGItS variant suggest that whenand binding of.-GIn with L-GIn hydrolysis (and/or subse-
D replaces E1013, the communication between the synthasequent steps) being the slow step in the process. In the
and glutaminase sites is less efficient and the ligation stateE1013D variant, the isomerization step induced by 2-OG
of the synthase site may cause GItS to exist in a conforma-binding to the free enzyme may have become extremely
tional equilibrium between the inactive and active conforma- slow. However, when 2-OG binds to the enzymeGIn
tions of its glutaminase site. Binding afGIn appears to  complex, the conformational change may be faster. As a
shift the equilibrium toward the active conformation. The result, a branched kinetic scheme like the one depicted in
two species do not seem to differ dramatically for their Figure 8A,B would become operative with the E1013D
affinity for L-GlIn, but for the velocity at which-glutamine enzyme species, with the lower branch of the path being the
is hydrolyzed. kinetically unfavored one. At fixed 2-OG concentrations,
While the allosteric effect of 2-OG (and of the other partitioning between the lower (kinetically unfavored) and
ligands of the synthase site, which will not be mentioned upper (favored) branches of the pathway would depend on
any longer in the following discussion for simplicity, i.e.: L-GIn concentration yielding the observed hyperbolic kinet-
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ics. However, if this scheme were operative, when 2-OG is mains but unrelated synthase domains, may support the
varied in the presence of subsaturatinlIn, the velocity proposal that amidotransferases can be viewed as a case of
would initially increase hyperbolically to a maximum convergent evolution2).

value at a given concentration of 2-OG. At higher 2-OG
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