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ABSTRACT. As part of our studies oAzospirillum brasilensglutamate synthase, a complex iresulfur
flavoprotein, we have overproduced the two enzyme subunits separakdgherichia coli Thef subunit

(53.2 kDa) was demonstrated to contain the site of NADPH oxidation of glutamate synthase and the FAD
cofactor, which was identified as Flavin 1 of glutamate synthase, the flavin located at the site of NADPH
oxidation. We now report the overproduction of the glutamate synthamgbunit (162 kDa), which is
purified to homogeneity in a stable form. This subunit contains FMN as the flavin cofactor which exhibits
the properties of Flavin 2 of glutamate synthase: reactivity with sulfite to yield a fld{g)-sulfite addition
product Kq = 2.6+ 0.22 mM), lack of reactivity with NADPH, reduction hyglutamate, and reoxidation

by 2-oxoglutarate and glutamine. Thus, FMN is the flavin located at the site of reduction of the
iminoglutarate formed on the addition of glutamine amide group to the C(2) carbon of 2-oxoglutarate.

The glutamate synthasesubunit contains the [3Fe-

48] cluster of glutamate synthase, as shown by low-

temperature EPR spectroscopy experiments. The glutamate syatkabenit catalyzes the synthesis of
glutamate from.-glutamine and 2-oxoglutarate, provided that a reducing system (dithionite and methyl
viologen) is present. The FMN moiety but not the [3Fe-4S] cluster of the subunit appears to participate
in this reaction. Furthermore, the isolat®dubunit of glutamate synthase exhibits a glutaminase activity,
which is absent in the glutamate synthase holoenzyme. These findings support a model for glutamate
synthase according to which the enzymes prepared from various sources share a common glutamate synthase
function (thea subunit of the bacterial enzyme, or its homologous polypeptide forming the ferredoxin-
dependent plant enzyme) but differ for the chosen electron donor. The pyridine nucleotide-dependent
forms of the enzyme have recruited a FAD-dependent oxidoreductase (the batsetiminit) to mediate
electron transfer from the NAD(P)H substrate to the glutamate synthase polypeptide. However, it appears
that the presence of the enzyrfiesubunit and/or of the additional irersulfur clusters (Centers Il and

) of the bacterial glutamate synthase is required for communication between Center | (the [3Fe-4S]
center) and the FMN moiety within the subunit, and for ensuring coupling of glutamine hydrolysis to

the transfer of the released ammonia molecule to 2-oxoglutarate in the holoenzyme.

Glutamate synthase (EC 1.4.1.13glutamate:NADP
oxidoreductase (transaminating), Gjt8atalyzes the reduc-

by NADH in the yeast and plant NADH-dependent GItS
(NADH-GItS). The enzyme plays an essential role in

tive transfer of the glutamine amide group to the C(2) carbon nitrogen metabolism in all organisms where the presence of

of 2-oxoglutarate (2-OG). The reducing equivalents are
provided by NADPH in the bacterial enzyme (NADPH-

GItS), by reduced ferredoxin in the ferredoxin-dependent
form of GItS (Fd-GItS) found in photosynthetic tissues, and
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this enzyme has been demonstrated. Interestingly, the
distribution and role of glutamate synthase in higher eu-
karyotes is still unclearl( 2).

1 Abbreviations: GItS, glutamate synthase; NAD(P)H- or Fd-GItS,
nicotinamide adenine dinucleotide (phosphate) dependent or ferredoxin
dependent GItS, respectively; IPTG, isoprogyb-thiogalactopyrano-
side; SDS, sodium dodecyl sulfate; PMSF, phenylmethanesulfonyl
fluoride; Pipes, piperazini;N'-bis(2-ethanesulfonic acid); Caps, 3-(cy-
clohexylamino)-1-propanesulfonic acid; Tapktris(hydroxymethyl)-
methyl]-3-aminopropanesulfonic acid; Hepel;(2-hydroxyethyl)-
piperazineN'-(2-ethanesulfonic acid); 2-OG, 2-oxoglutarate; INT, 2-(4-
iodophenyl)-3-(4-nitrophenyl)-5-phenyltetrazolium chloride; AADP,
3-aminopyridine adenine dinucleotide phosphate; MV, methyl viologen;
5-deazaflavin, 5-deaza-5-carbariboflavin; FPLC, fast protein liquid
chromatography; EPR, electron paramagnetic resondhagjicates,
depending on the context, the Michaelis constant or the dissociation
constant Kq) of the compound indicated as the subscrigt;is the
inhibition constant.
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Glutamate Synthase Subunit

Studies from this laboratory on the GItS Afospirillum
brasilensea Gram-negative nitrogen-fixing bacterium, have

Biochemistry, Vol. 37, No. 7, 1998829

comprisinggltD andgltB genes %) was used as the starting
material for the construction of an expression system for the

demonstrated that the bacterial enzyme is composed of twogltB gene encoding the Glt$ subunit. The 1.3-klEcdRV—

dissimilar subunitsd subunit, 162 kDa3 subunit, 52.3 kDa)
which form the activeas protomer 8—5). The latter
contains two flavin cofactors (one FAD and one FMN) and
three different iron-sulfur centers: one [3Fe-%S]cluster
(Center 1) and two [4Fe-45]2" centers (Centers 1l and 1)

(6). We have proposed a model for the active center of GItS,

Scd fragment was subjected to a site-directed mutagenesis
experiment using the Sculpture in vitro mutagenesis system
produced by Amersham. As a resulNad restriction site
was introduced within the ATG codon aofltB. The
EcdRV—Scd fragment of one of the clones obtained from
the mutagenesis experiment, which exhibited the correct

based on a series of kinetic and equilibrium spectroscopy nucleotide sequence, was substituted for the corresponding

studies on the enzyme froAzospirillumcells (Scheme | of
ref 6). According to the model, NADPH binds at Site 1 of
GItS, and it is oxidized on electron transfer to Flavin 1
located at this site. The electrons flow through Centers |
and Il to Flavin 2 at Site 2 where reduction of the imino-
glutarate, formed from addition of the amide group.&&In
to 2-OG, takes place. The role of Center Il of GItS is still
unknown; its potential seems too low for it to be certainly
involved in the intramolecular electron transfer process.
The cloning of GItS structural genegitD encoding thes
subunit andgltB encoding thea subunit, allowed us to
deduce the enzyme primary structufs. ( Through com-

fragment of p1605. The 10.2-Kiddd —BanHI fragment of
this plasmid, containingltB, was ligated into pET11&9j
digested with the same enzymes. In this wgiB is suitably
positioned downstream from the strong promoter and the
ribosome binding site of pET11a. The resulting plasmid
(PESTA4) was transferred . coliBL21(DE3). All DNA
manipulations were carried out using standard protoddls (
11), and sequencing was carried out with the T7 sequencing
kit (Pharmacia) using 7-deaza-dGTP and 7-deaza-dATP to
resolve band compressions in sequencing gels due to the high
GC content ofAzospirillumDNA (5).

Overproduction of the GIt$x Subunit in E. coli BL21-

parison with those of other GItS's, we reached the conclusion (DE3) Harboring pESTA4 E. coli BL21(DE3) cells harbor-

that GItS from various sources is very conserveq. (

ing pESTA4 were stored at80 °C as glycerol stocks9j.

Furthermore, sequence comparison of GItS and enzymesCells were plated on solid LB medium containing 1§/
using the same substrates and cofactors allowed us tomL ampicillin and were allowed to grow overnight at 30

tentatively identify functional regions within the enzyme
subunits §). The overproduction oAzospirillum GItS S
subunit inEscherichia coliallowed its purification and its
kinetic and spectroscopic characterizati8p (This subunit
contains the GItS NADPH binding site and one FAD, which
was identified with Flavin 1 of GItS. We demonstrated that
the 8 subunit of GItS contains the functional Site 1 of GItS.

°C. A single colony was used to inoculate 100 or 500 mL
of LB medium containing 10@g/mL ampicillin. When the
absorbance at 600 nm of the cultures reached 0.8, cells
were harvested by centrifugation in the cold, resuspended
in fresh culture medium, and used to inoculate 1.5 or 12 L
of LB medium supplemented with ampicillinin 1.5 or 12 L
fermentors (New Brunswick Scientific Co., NJ). When the

Thus, it acts as a FAD-dependent NADPH oxidoreductase absorbance of the culture reached-0183, isopropyl/-o-
and serves to catalyze electron transfer from NADPH to the thiogalactopyranoside (IPTG) was added for a final concen-

o subunit where the actual synthesiste6lu from L-GIn

tration of 0.1 mM. Growth was carried out at 25 or 3D,

and 2-OG should take place. On the basis of these resultsand aeration was set at +:2 L/min and stirring at 400 rpm.

a common model for all GltS’s could be proposed: they all Before and at different times after IPTG addition, aliquots
share a polypeptide harboring the glutamine amidotransferaseof cells were harvested and then lysed by incubation at 100
and glutamate synthase activities (the bactaxiaubunit, ~ °C for 5 min in 62.5 mM Tris-HCI, pH 6.8, 2% sodium
the single polypeptide that forms the Fd-GItS or the corre- dodecyl sulfate (SDS), 10% glycerol, 5% (v/v) 2-mercap-
sponding part of the NADH-GItS). Vice versa, the enzyme toethanol, and 0.01% (w/v) bromophenol blue. These total
species differ in the electron donor chosen. Reduced cell extracts were analyzed by SDS electrophoresis on 10%

ferredoxin interacts reversibly with Fd-GItS, while the minigels. During preliminary experiments, 6:% g of cells
pyridine nucleotide dependent GItS has recruited a FAD- Was also harvested before and at different times after IPTG
dependent NAD(P)H oxidoreductase. This is the small addition. They were homogenized with glass beads (see
subunit of bacterial GItS, which in yeast and plants is fused below), and after centrifugation at 40@pér 60 min, the

at the C-terminus of the actual glutamate synthase yielding Supernatant was used to determine the specific activity of
the single long polypeptide chain of NADH-GItS. the GltSa subunit in cells and the electrophoretic pattern in

We report here the overproduction of the brasilense e presence of SDS. _ _
GItS o subunit inE. coli A purification procedure is Purification of the Recombinant Glt& Subunit. Cells

described that yields homogeneous preparations which al-(8 20 9) were resuspended in 50 mM imidazole/HCI buffer,
lowed kinetic and spectroscopic characterization of the pH 7.5, 1 mM EDTA, 0.1 M KCl, 1 mM phenylmet_hane—
protein. The results are discussed in light of the known Sulfonyl fluoride (PMSF), and 0.01 mg/mL deoxyribonu-

properties of the GItS holoenzyme and of the Fd-GltS, which €l€ase (buffer A, 2 mL/g of cells). The suspension was

should be evolutionary related to the bacterial Gitsubunit,. ~ Mixed with glass beads (0.2%.3 mm OD, 6 g/g of cells),
and cells were disrupted by agitation. For2-g aliquots

of cells, the homogenization was carried out in glass test
tubes and cells were disrupted with five 1-min cycles on a
Vortex. For larger quantities a Vibrogen Zellmuehle (Bueler,
Tuebingen) thermostated af@ was used. The homogenate
was diluted with buffer A (6 mL/g of cells) and centrifuged

MATERIALS AND METHODS

Construction of pESTAA4 for the Expression of the @ltS
Subunit in E. coli p1605 plasmid, the pUC18 derivative
containing the 10 kliEcoRI fragment ofAzospirillumDNA
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at 5°C at 4000@ for 60 min. In the final procedure, the Increasing the INT concentration above 0.1 mM led to
supernatant was diluted 2-fold with 10% glycerol and directly inhibition, and only data obtained at lower INT concentra-
loaded on a Ix 32 cm Q-Sepharose fast-flow column (bed tions were used for further analysis. Double reciprocal plots
size, 27 mL) equilibrated with buffer B (25 mM Pipes/KOH, showed that the data at INT concentrations below 0.1 mM
1 mM EDTA, 10% glycerol, 1 mM 2-OG), pH 7.5. intersected in the upper left quadrant. Data were thus fitted
Unbound proteins were removed by washing with the with eq 2, which describes a ternary complex mechanism:
equilibration buffer, followed by the same buffer at pH 7.0.
Weakly bound proteins were then removed using 5 volumes v = (VAB/(KipKg + KgA + KgA + AB) 2
of buffer B, pH 7.0, containing 50 mM NaCl. The elution
of the GltSo subunit was then achieved by applying a50  where vy is the initial reaction velocityA and B are the
500 mM NacCl gradient in buffer B, pH 7.0, in 200 mL. The concentrations of the varied substrate and of the substrate
GItS o subunit was eluted in a single peak between 150 and held at constant levels, respectivelf, and Kg are the
250 mM NaCl. Fractions containingsubunits were pooled  Michaelis constants for A and B, respectively; akd is
on the basis of their activity content and their spectral the calculated dissociation constant of the enzywe
properties. The pooled fractions were concentrated by complex, assuming that A binds first.
ultrafiltration in an Amicon apparatus equipped with a YM In order to determine the effect exerted by 2-OQ.e@lu
30 membrane and chromatographed on an Ultrogel AcA 34 oxidation, initial velocities were measured on reaction
(LKB) column (1.5 cm x 120 cm; bed size 210 mL) mixtures containing-Glu (20 mM), INT (0.1 mM), and
equilibrated with buffer B, pH 7.5, lacking 2-OG. Fractions increasing concentrations of the effector in 50 mM Caps/
from the gel filtration were pooled on the basis of the quality KOH, pH 9.5. For the determination of the inhibition
of the absorbance spectrum in the visible and UV region constant exhibited by 2-OG, initial velocity measurements
and their specific activity. After concentration by ultrafil- were carried out by varying-Glu (1-20 mM) in the
tration, aliquots were frozen in liquid nitrogen and stored at presence of INT (0.1 mM) and different levels of the
—80 °C. inhibitor. The linearity and pattern of double reciprocal plots
Activity Assays.Glutamate synthase activity assays were were determined visually, and then the data were fitted to
carried out as described?). The activity of the GltSa eq 3,
subunit was assayed routinely by measuring the initial
velocity of reduction of 2-(4-iodophenyl)-3-(4-nitrophenyl)- Vo= (VOI(K(L+ I/K)) + 9 3
5-phenyltetrazolium chloride (INT, 0.1 or 0.5 mM) at 490
nm in the presence afGlu (20 mM) in 50 mM Caps/KOH where the symbols used are the same as those defined for
buffer, pH 9.5, at 25C. An extinction coefficient for INT eq 1,1 is the inhibitor concentration held constant at different
at 490 nm of 18.5 mM! cm™ was used. levels, andK; is the inhibition constant.
Protein Determination.The biuret method1(3) was used In order to determine the effect ofGIn and 3-aminopy-
to determine protein concentration in crude extracts. The ridine adenine dinucleotide phosphate (AADP, a nonreduc-
Bradford protein assay reagent (Amresitd) was used in ible analog of NADP, 17) on theL-Glu:INT oxidoreductase
all other instances. Bovine serum albumin was the standardactivity of the GltSa subunit, activity measurements were
protein. carried out usingL-Glu (5 mM), INT (0.1 mM), and
Electrophoretic TechniquesSDS electrophoresis was increasing concentrations of the effector (up to 20 mM) in
carried out using 10% acrylamide/bis(acrylamide) minigels 50 mM Caps/KOH, pH 9.5, or 50 mM Taps/KOH, pH 8.5.
(15) in a Hoefer apparatus. Protein samples were denaturedSimilar measurements were carried out using a solution of
by diluting them in 4X sample buffer (0.5 M Tris-HCI, pH  GItS holoenzyme.
6.8, 8% (w/v) SDS, 40% (v/v) glycerol, 0.005% (w/v) Characterization of the Reaction Products of the GitS
bromophenol blue, 20% (v/v) 2-mercaptoethanol) and by Subunit Aliquots of theo subunit or of the GItS holoenzyme
incubating them at 100C for 5 min. Gels were stained were incubated under anaerobiosis witG-labeledL-GIn
with Coomassie Blue (0.1% (w/v) Coomassie Blue R-250 or 2-OG under various conditions. In all cases, a 280-
in 40% (v/v) methanol, 10% (v/v) acetic acid) and thoroughly reaction mixture containing-GIn and 2-OG in 50 mM Tris-
destained by diffusion on immersion in 40% (v/v) methanol, HCI buffer, pH 8.0, was prepared in a Reacti-Vial equipped
10% (v/v) acetic acid. with a Teflon septum. NADPH or methyl viologen (MV)
Steady-State Kinetic Measuremeniihe kinetic param-  was added as specified in Tables 3 and 5. When anaerobiosis
etersV, K —ai, andKint were determined by measuring the was required, needles were inserted in the Teflon septum to
initial velocities of reaction mixtures containing varying allow bubbling of oxygen-free nitrogen gas into the solution.
concentrations oi-Glu (1-20 mM) in the presence of  After 30 min, an aliquot of an anaerobic dithionite solution
constant levels of INT (0.030.5 mM) in 50 mM Caps/KOH, (100 mM in 100 mM Tris-HCI buffer, pH 8.0) was added,
pH 9.5. After visual analysis of double reciprocal plots, followed by an aliquot of enzyme solution. The reaction
which were linear, the steady-state kinetic parameters werevessel was protected from light with aluminum foil, and a
determined by fitting the primary data to eq 16]. nitrogen stream was maintained on top of the reaction
— mixture during the time of the assay. After 20 min of
v =(VIK+S (1) incubation at room temperature (2&), the vessel was
where v is the initial reaction velocity; V is the apparent opened to air and the reaction mixture was directly loaded
maximum velocityK is the apparent Michaelis constant for onto a 1-mL Dowex 1-X8 column (acetate form) equilibrated
the varied substrate; ar®is the concentration of the varied  with water (L8, 19). Glutamine was eluted by washing the
substrate. column with five 1-mL aliquots of water; glutamate was
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eluted with five 1-mL aliquots of 0.3 M acetic acid. Under 10% glycerol. For the sulfite titration of the GltSsubunit,
these conditions, 2-OG remains bound to the resin. Eachl-uL aliquots of a 0.1 M and subsequeanfl M solution of
fraction was directly collected in a scintillation vial, and after sodium sulfite were added. Spectra were recorded at
addition of 4 mL of Ultima Gold (Packard) scintillation fluid,  different times from each sulfite addition. Whenever a faint
radioactivity was counted in a PackardTri-Carb 2, 100TR turbidity developed, the solution was centrifuged in a
scintillation counter. Counting efficiency was always 94%. microcentrifuge in order to remove it prior to spectral
Experiments were carried out using[U-'C]glutamine measurements. The fractional changes of absorbance at 440
(26 300 dpm/nmol, Amersham) or 2-oxo-f¥c]glutarate nm at the different sulfite concentration®\{(— Ao)/(Ar —

(26 300 dpm/nmol, New England Nuclear), as described later Ag)) were used to determine th& of the flavin—sulfite
(see legend of Table 3). The identification of the glutamate complex (eq 4):

product of the GItS holoenzyme and of iissubunit was

carried out as described previoushg) as specified in the (A= A)/(As — Ag) = LI(Ky + L) (4)
legend to Table 4 using. coli L-glutamate decarboxylase

(type V, Sigma) to convent-glutamate to 4-aminobutyrate. where A, is the absorbance after a given addition of the
In the quantitation of the reaction product, a correction was ligand; A is the initial absorbance of the solutiofy; is the
made for the loss of/s of the radioactivity of 2-oxo-[U- absorbance value at the end of the titratibns the ligand
1Clglutarate as C@if 2-OG had been indeed converted to concentration; andy is the dissociation constant of the
L-[U-¥C]glutamate by GItS holoenzyme or the GltS enzyme-ligand complex.

subunit. The sulfite was displaced from the enzyme flavin on

N-Terminal Sequence AnalyseEhe N-terminal sequence ~ addition of aliquots of 25 mM and latd M 2-OG solution
of the o subunit was determined as previously described on t© thea subunit (54M) in the presence of 58 mM sullfite.
samples of thex subunit @). An apparent dissociation constant for the enzyiRe

) . oxoglutarate complex<- in the presence of 58 mM

Flavin and Iron AnalysesAliquots (300-500xL) of the xogiu plexkk-oc app | p

. . i sulfite was calculated using eq 4. The values of the
asupumt solution wer.e'gel-flltere'd through aSephadex G-25 jissociation constant of the enzymsulfite complex Ks)
(medium) column eqwhbrgtgd with 10 mM Tris-HCI buffer, determined during the enzyme titration with sulfite (see
pH 7.5. Fractions containing the subunit were pooled,

d ali dtod ine th ; above) and oK;-og app determined during the back titration,
and aliquots were used to determine the protein concentra, e ysed to calculate an estimate of the dissociation constant
tion, the activity in the.-Glu:INT oxidoreductase reaction,

N . . of the enzyme-2-oxoglutarate complexXt_og) using eq 5
and the iron or flavin content. If necessary, the protein y ¢ Plexe-oc) geq

6):
solution was concentrated by centrifugation in a Centricon- ©
30 prior to analysis. For the ironlassa.y.s th_e method described Ky 06.app= K, oa(l+ IKg (5)
before @) was used. For the identification of the flavin ’
bolun_d to tr;ea S‘;b“f‘"' the emlsdsmt)jnbspectrum 002 “'\(Aj 600 whereS s sulfite concentration.
solutions ofa subunit was recorded between 450 an The reactivity of the GltSo. subunit with L-Glu was

hm with excitation at 440 nm in a J?"SCO FP-777 spgctro- determined by adding 500 nmol ofGlu from the side arm
photofluorometer at 15C. A 250uL aliquot of the protein ¢ oy anaerobic cuvette that containedM o subunit (1.1

solu_tion was denatured by heating in the dark at ‘i’KD_Oor . mL). The spectrum of the solution was recorded before and
5 min. The denatured protein was removed by centrifugation at different times after the-Glu addition at 15°C.

in a microcentrifuge. The supernatant was transferred to the Photoreduction of the Glt& subunit was carried out by
200uL fluorescence cuvette, and the emission spectrum of irradiating anaerobic solutions of subunit (5 xM) in the

the solutign was recorded again._ _Fin_ally_, shake venom presence of 5 mM EDTA, LM 5-deazaflavin, in 25 mM
phosphodiesterase was added (3 milliunits) in order to dEteCtHepes/KOH, pH 7.5, 10% glycero2®). Reduction of the

any FAD present§ 20). For the determination of the Gyt o subunit was also obtained using dithionite. Aliquots
stoichiometry of the FMN bound to the Gltssubunit, the of an anaerobic solution of sodium dithionite—& mM,

absorbance spectrum of thesubunit solutions used for the | hose concentration was determined as described 2jef
oo i . et o P e e oD soonachuut Sy
: a-raM using a gas-tight syringe fitted on a side arm of the anaerobic
HPO153A diode array spectrophotometer. An extinction ¢yette.” Spectra were recorded before and at different times
coefficient of 12.2 mM* cm™ was used for free FMNX). after each dithionite addition. In different experiments,
Spectroscopic TechniquedJV—vis absorbance spectra aliquots of solutions containing-Gln (500 nmol) and/or
were recorded with Cary 219 or Hewlett-Packard HP8452A 2-OG (500 nmol) were added from a side arm of the
or 9153A diode array spectrophotometers thermostated atanaerobic cuvette. At the end of the experiment the cuvette
15 °C. When necessary, anaerobiosis was obtained aswas opened to air, and the spectrum of the air-reoxidized
described previouslyg( 8) by subjecting samples to cycles enzyme was recorded.
of equilibration with oxygen-free nitrogen and evacuation = EPR spectroscopy was performed as described previously
(22). Anaerobic solutions of other reagents were prepared (6) on 12-24 uM solutions of theo subunit, as isolated, or
in the same way and transferred with gas-tight syringes reduced by irradiation after addition of 5 mM EDTA and 2
(Hamilton). All experiments were carried out using 10 uM 5-deazaflavin or after anaerobic addition of 100-fold
uM solutions of thea subunit that had been gel-filtered excess-Glu. Measurements were carried out using a Bruker
through a Sephadex G-25 column equilibrated with 25 mM ER-200-D-SRC spectrometer equipped with an Oxford
Hepes/KOH buffer, pH 7.5, containing 1 mM EDTA and Instruments continuous flow cryostat in Atlanta or a Bruker
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Table 1: Purification of the Glts Subunit

total purifn
act. protein spact. yield factor
sample (unit) (mg) (unit/mg) (%) (fold)
crude extract 11.3 5385 0.021 100 1
Q-Sepharose concentrate 7.7 46 0.17 68 8.1
Ultrogel AcA34 concentrate 4.2 *3 0.57 37 27

2 The table summarizes the results of the purificatioAndspirillum
GItS o subunit fromE. coli BL21 (DE3) cells harboring pESTA4
plasmid (8 g). One unit of activity is the amount of enzyme that reduces
1 umol of INT/min in the standard assay (0.1 mM INT, 20 mMGlu
in 50 mM Caps/KOH, pH 9.5) at 2%C.  The biuret method was used
to determine the protein concentratidr8). ¢ The Bradford method was
used to determine the protein concentratitd)(

ER 200 D equipped with a home-built helium-flow cryostat
in Wageningen. Quantification by double integration was
versus external Custandard solutions.

Data Analysis. The Grafit (Erythacus Software Ltd) and
Excel (Microsoft) programs installed on a Zenith Z-425/SX
personal computer were used for data analysis.

RESULTS AND DISCUSSION

Overproduction and Purification of the Recombinant GItS
o Subunit In a preliminary series of experiments, the
recombinantE. coli BL21(DE3) strain harboring pESTA4
was grown in LB medium supplemented with 109/mL
ampicillin at 25 or 30°C. IPTG was added to a final
concentration of 0.1 mM when the culture was in the
exponential phasédpo= 0.7—1.5). Cells harvested before
and at different times after the IPTG addition were analyzed
by SDS electrophoresis of whole cell extracts and their
soluble fractions and by measuring theGlu:INT oxi-
doreductase specific activity in the soluble fraction. Maximal
specific activity was obtained with cells grown at 3G,
IPTG was added when the cultufge was= 1, and cells
were harvested after-913 h. Cells grown under these
conditions were used for the preparation of the GitS
subunit.

Preparations of electrophoretically homogeneous @GltS

Vanoni et al.

sequence of the isolated protein is identical with that of the
maturea. subunit of GItS prepared fromazospirillumcells,
starting with Cys14). This demonstrates thgt coliis able

to correctly process thgltB gene product by removing the
36-residue propeptide and exposing Cysl: this residue is
within the PurF-type glutamine amidotrasferase domain of
GItS (5) and is essential for GItS catalytic activity with its
physiological substrate,.-GIn (24). The mass of the
recombinanta. subunit was also identical to that of tle
subunit resolved from the GItS holoenzyme, as judged by
SDS electrophoresis (not shown). Furthermore, the recom-
binanta subunit eluted from the Ultrogel AcA34 column
well after the void volume of the column. Given the
fractionation interval of this resin (20 06@340 000), we can
conclude that the GIt& subunit is isolated as a monomer.
Also the GItS g subunit behaved as a monomes).(
Therefore, it appears that the ability of the GItS holoenzyme
to aggregate to form am), tetramer of approximately 800
kDa at protein concentrations above (0.2 mg/mL) is a
property of theoS protomer rather than of one of the two
subunitd (4). Another property that seems to depend on
specific interactions between the and § subunits in the
GItS holoenzyme is the binding of GItS td,2-ADP-
Sepharose. GItS is purified by affinity chromatography on
such a resin 3). We have observed that the isolated
recombinang subunit does not interact with ADP-Sepharose,
although it binds to Reactive Red, a ligand specific for the
NADP(H) binding site of enzymes8). During the present
study, we also observed that the recombinarsubunit of
GItS does not bind to ADP-Sepharose.

Cofactor Content of the GIt& Subunit. The purifieda
subunit of GItS exhibits the absorption spectrum of an+ron
sulfur flavoprotein (Figure 1) and &sd/Aqqo ratio of 7. The
extinction coefficient at 440 nm was calculated to be 21 200
+ 1100 Mt cm! (8 determinations), when protein content
was estimated using the Bradford method. TBheubunit
also exhibits fluorescence properties typical of a flavoprotein.
The flavin cofactor can be extracted by heat denaturation in
the dark, under conditions that preserve the integrity of the

subunits were obtained by ion-exchange and gel-filtration flavin present. The solution containing the released flavin
chromatographies, as described in Materials and Methodsexhibits a 12.7-fold higher fluorescence with respect to that
(Table 1). The major obstacles encountered in the purifica- of the native protein. Addition of snake venom phosphodi-
tion of the protein were, initially, the instability af subunit esterase does not cause any change in the flavin fluorescence,
preparations and the presence of a heme-containing condeading us to the conclusion that the flavin in thesubunit
taminant, which chromatographed very close todtgibunit. is FMN, not FAD. This was anticipated by the finding of a
Instability of thea subunit preparations was circumvented potential FMN binding site in the GIt& subunit §) and by
by (a) abolishing initial ammonium sulfate precipitation steps, the presence of the GItS FAD cofactor in the GRSubunit
and subsequent dialysis; (b) inclusion of 10% glycerol in (8). Furthermore, these data independently support the
all buffers; and (c) equilibration of all buffers used with presence of only one type of flavin (FMN) also in the Fd-
nitrogen. The heme-containing contaminant eluted from the dependent GItS from spinach which was initially proposed
Q-Sepharose column right before thesubunit when the  to contain both FAD and FMN (see discussion in r@&nd
column was developed using buffer at pH 7.5. A series of 25). Measurement of the absorbance spectra of the FMN
experiments using a MonoQ column in the FPLC allowed released from the. subunit also allowed us to determine a
us to determine that, in order to obtain good resolution stoichiometry of 0.94t 0.12 FMN bound pett subunit (3
between the contaminant and @asubunit, it was sufficient  independent experiments), a value consistent with the pres-
to lower the pH of the buffer used for this chromatography ence of 1 FMN pera subunit. Solutions of the Glt®&
from 7.5 to 7. In any case, in both the ion-exchange and subunit were also analyzed by EPR spectroscopy at low
the gel-filtration chromatographies, fractions were pooled on temperature. As shown in Figure 2, the Gt$ubunit, as
the basis of their absorption properties, thus sacrificing yield
for purity.

The identity of the overproduced protein with the GitS
subunit was assessed in several ways.

2 The concentration of the subunit before gel filtration was always
_ greater than &M, and that of the8 subunit was always well above 10
The N-terminaluM.
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Ficure 1: Sulfite reactivity of the FMN cofactor of the Gl subunit. The spectrum of a8V solution of the GltSo subunit in 25 mM
Hepes/KOH, pH 7.5, 1 mM EDTA, 10% glycerol was recorded before and after the addition of increasing amounts of sulfite, yielding
(from top to bottom) the final concentrations shown in the left inset. The left inset shows the plot of the fractional change of absorbance
at 440 nm measured after each sulfite addition as a function of sulfite concentration. The curve is the best fit of the data to eq 4, which
allowed the calculation of a dissociation constant of 2.0.3 mM for the covalent complex between FMN bound to the @ltSubunit
and sulfite. To the solution obtained at the end of the sulfite titration, which contained 58 mM sulfite, increasing amounts of a 2-oxoglutarate
solution were added. Recovery of absorbance to yield a spectrum in the visible region indistinguishable from that ofcteelfueét was
obtained with 11.4 mM 2-OG, once dilution was taken into account. The right inset shows the dependence of the fractional changes of
absorbance at 440 nm observed after each 2-OG addition, as a function of 2-OG concentration. The curve shows the best fit of the data to
eq 4, which allowed us to calculate an apparent dissociation constant for the er2yoreglutarate complex of 0.76 0.18 mM. Since
both theKy of the enzyme-sulfite complex and the sulfite concentration in the solution are known, eq 5 allows the calculatiét fifra
the enzyme-2-OG complex of 34M.

isolated, exhibits anS = Y, EPR spectrum, which is of the same order of magnitude as that determined for the
characteristic for a [3Fe-4S] cluster in the loxidized state. GItS holoenzyme (1.3 mMg). Addition of 2-OG to then

The spectrum is essentially identical to that of the [3Fe-4S] subunit-sulfite complex displaced sulfite from the flavin,
center of the GItS holoenzym8)( The low-field absorption  leading to recovery of an absorbance spectrum indistinguish-
feature peaks ay = 2.020; it has a remarkably small line able from that of the initialo subunit preparation, once
width, and relaxational broadening is observed even at dilution of the sample was taken into account. A dissociation
temperatures below 10 K. Quantification of the 5.5 K constant for thex subunit-2-OG complex o&34 uM was
spectrum versus a ®uwstandard shows 0.72 spins per calculated. Again this value is only slightly higher than that
subunit. This value is in agreement with the analytical iron calculated for the GItS holoenzyme (84, 6).

determination, which yielded 2.9 iron atoms pesubunit, The involvement of the FMN cofactor in the oxidation of
and allows us to reach the conclusion that one 3Fe-4S clustelglutamate catalyzed by the GltSsubunit was determined

is present in the Glt® subunit. Anaerobic photoreduction at pH 7.5 by absorption spectroscopy. AMl solution of

of the protein preparation led to the loss of the signal in the the a subunit was made anaerobic, and an aliquot of an
g = 2 region, as expected for the reduction of the cluster. anaerobic solution af-Glu was added from the side arm of
Furthermore, no other signal appeared in this region, ruling the cuvette (Figure 3). Absorbance changes were complete
out the presence of other iresulfur centers in the Glt& within 5 min of L.-Glu addition and were consistent with the
subunit. This result agrees well with the fact that the spinach reduction of the FMN cofactor but not of the 3Fe-4S center
Fd-GItS contains a single Fe-S cluster, a [3Fe-4S] ce@®r (  of the enzyme. A similar result was obtained with the GItS
and that the primary structure of the GiSsubunit contains ~ holoenzyme during early experiments (unpublished). That
only a conserved cluster of cysteines (residues 1102, 1108the 3Fe-4S cluster of the Glt& subunit is not reduced on
and 1113 in theAzospirillum o subunit), with a spacing  addition ofL-Glu was confirmed in a similar experiment in
similar to that of cysteines involved in the formation of which the EPR spectrum of a 28/ solution of thea subunit
cluster 3 of fumarate reductase and succinate dehydrogenasayas measured before and after the anaerobic addition of 100-
the [3Fe-4S] cluster of these enzymé&. ( fold excess.-Glu (data not shown).

Properties of the FMN Cofactor Bound to the GS The 3Fe-4S center and the FMN cofactor of the GitS
Subunit The FMN cofactor in thex subunit of GItS should ~ subunit could be reduced by irradiation of the enzyme in
exhibit the properties of Flavin 2 of GItS holoenzyn®). ( the presence of EDTA and deazaflavin (not shown). During
This hypothesis was confirmed experimentally. Figure 1 reduction no evidence for formation of flavin semiquinone
shows the spectral changes obtained on addition of sulfitewas observed. However, when photoreduaesibunit was
to a 5uM solution of o subunit. From a plot of fractional  reoxidized on exposure to air, the recovery of the initial
absorbance changes at 440 nm as a function of sulfitespectrum and of enzyme activity was partial. This result
concentration, a dissociation constant for the enzymudfite was unexpected because both the GItS holoenzyme and the
complex of 2.7+ 0.3 mM was determined. Such a value is recombinant$ subunit can be photoreduced with full
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Ficure 2: EPR spectrum of the GIt& subunit as a function of
temperature. The “as isolated” (oxidized) GltSsubunit was 25
uM in 25 mM Hepes/KOH buffer, pH 7.5, 1 mM EDTA, 10%
glycerol. The amplitudes of the spectra have been normalized with
respect to microwave power, amplification, and temperature. EPR
conditions: microwave frequency, 9396 MHz; microwave power,
0.5, 5, 5 mW,; modulation frequency, 100 kHz; modulation
amplitude, 0.4, 1.0, 1.2 mT,; and temperature, 5.5, 9, 14 K,
respectively.

0,10

0,08 F
0,06 |

0,04

Absorbance

0,02

0,00

-0,02 ! L L L
300 400 500 600 700 800
Wavelength (nm)

Ficure 3: Reactivity of the GItSx subunit withL-glutamate. A 4

uM solution of the GltSa subunit in 25 mM PIPES/KOH buffer,

pH 7.5, 1 mM EDTA, 10% glycerol was made anaerobic (thick
line). A 50uL aliquot of a 10 mM solution of-glutamate was
added from the side arm of the anaerobic cuvette and allowed to
react with the GltSx subunit (dashed line). The difference spectrum
between the oxidized and theglutamate-reduced GIt& subunit
(thin line) is consistent with the reduction of the enzyme-bound
flavin but not of the iron-sulfur center.

recovery of the initial absorbance and activity at the end of
the experiment. Thet subunit could instead be reduced
chemically using dithionite, with full recovery of absorbance
and catalytic activity at the end of the experiment. The
absorbance changes (Figure 4) observed at different wave
lengths did not indicate the formation of flavin semiquinone
species, nor that the redox potentials of the flavin cofactor

Vanoni et al.

and of the 3Fe-4S center are very different. A 1.7-fold molar
excess of dithionite was calculated to be sufficient to fully
reduce the enzyme, in agreement with the cofactor content
of this protein. Dithionite-reducedr subunit was not
reoxidized when either 2-OG ar-GlIn alone was added.
However, when the two compounds were added together,
absorbance changes in the visible region corresponding to
the oxidation of the enzyme flavin were immediately
observed (Figure 5). This result demonstrates that the FMN
cofactor of the GltSa subunit is directly involved in
iminoglutarate reduction. Thus, we can conclude thabthe
subunit of GItS contains Site 2 of the enzyme and that Flavin
2 of GItS is the FMN cofactor of the enzyme. The lack of
reactivity of the reduced subunit with 2-OG is in agreement
with the proposed reaction mechanism of GItS: the imino-
glutarate, formed on amide transfer franGin to 2-OG, is

the acceptor of electrons from FMN at Site 2 of GItS. In
light of the high degree of similarity of the bacterial GKS
subunit and Fd-GItS, one would expect a similar behavior
for the two enzymes with respect to the reactivity of the
dithionite-reduced enzyme with theGIn and 2-OG sub-
strates. Instead, it is reported that dithionite-reduced Fd-
GItS from various sources (e.g., r&f7) is reoxidized
following anaerobic addition of 2-OG alone. These enzymes
thus appear to possess a 2-OG reductase activity, a fact that
is puzzling.

In our reoxidation experiment of the dithionite-reduced
GItS a subunit withL-GIn and 2-OG, only exposure of the
enzyme solution to air allowed recovery of the absorbance
due to the 3Fe-4S center of the enzyme. Also during reaction
of the protein with.-Glu only the FMN moiety was reduced.
Thus, in the isolated. subunit electron transfer between the
iron—sulfur center and the FMN cofactor in thesubunit
does not take place. At the present stage, this observation
can be explained by remembering that in no case did the
reduction of thea. subunit of GItS (this work) and of the
Fd-GItS from spinach2b) lead to formation of detectable
amounts of flavin semiquinone. Thus, one electron transfer
between the ironsulfur center and the FMN moiety may
not take place due to thermodynamic reasons. Interestingly,
when the photoreduced GItS holoenzyme was reacted with
L-GIn and 2-OG, the spectrum of the fully oxidized enzyme
was immediately obtainedl®). Thus, it appears that the
GItS B subunit is required to allow communication between
the redox centers on the subunit. This may be effected
through conformational changes due to protginotein
interaction, which may alter the redox potential of the iron
sulfur center and flavin cofactor and/or their relative
positioning. The GIt$3 subunit is also necessary to allow
the formation of Centers Il and Il of the GItS holoenzyme.
Center Il, which appears to be involved in the intramolecular
electron transfer proces$)( may be required to ensure
electron transfer between the redox active centers of GItS.

Catalytic Properties of the GIt& Subunit As expected,
the purified GltSo. subunit exhibited no NADPH-dependent
GItS activity in the presence af-GIn (or ammonia) and
2-0OG. In search of a suitable activity assay for the GItS
subunit, we remembered that GItS activity staining in
nondenaturing polyacrylamide gels is easily obtained by
incubating the gel slabs in a solution containinGlu and
INT at pH 9.5. With this information, we set up a rapid
and sensitive spectrophotometric assay of GltSubunit,
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Ficure 4: Dithionite reduction of the Glt$ subunit. A 5.4uM solution of the GltSa subunit in 25 mM Hepes/KOH buffer, pH 7.5, 1

mM EDTA, 10% glycerol was made anaerobic. The absorbance spectrum was recorded before and after the addition of aliquots of a 1.32
mM dithionite solution corresponding to (from top to bottom) 0.81, 1.2, 1.62, 2.02, and 2.43 molar excess with respect to the GItS
subunit. The inset shows the plot of the fractional absorbance changes at 440 nm as a function of the dithidnitdt molar ratio.
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Ficure 5: Reactivity of the dithionite-reduced Gltssubunit withL-glutamine and 2-oxoglutarate. A &8/ o subunit solution (1.2 mL)

in 25 mM Hepes/KOH, pH 7.5, 1 mM EDTA, 10% glycerol was made anaerob)c Up to 4uL of a 4.2 mM dithionite solution were

added anaerobically to achieve full reduction of the enzyme solution); A 64-fold molar excess each pfglutamine and 2-oxoglutarate

(in 50 uL) was added from the side arm of the anaerobic cuvette. Immediate partial recovery of the absorbance spectrum was observed
(— —). The cuvette was then opened to air, and the spectrum of the oxidized enzyme was recevededlfe inset shows from top to

bottom the difference spectrum between the oxidizeslibunit and the dithionite-reducedsubunit (); the difference spectrum between

the air-reoxidizedx subunit, at the end of the experiment, and the dithionite-reduced enzymg;(the difference between the spectrum

of the a subunit after addition of-Gln and 2-OG and the spectrum of the dithionite-reduced enzyme)( and the difference between

the spectrum of the air-reoxidized enzyme and the spectrum of the enzyme reoxidizedGilittand 2-OG -—).

exploiting INT as the acceptor of the electrons released determine both the kinetic mechanism of the reaction and
during oxidation ofL.-Glu. TheL-Glu:INT oxidoreductase  the extrapolated values of, K __gu, and Knr. Double
activity of the isolated Glt$t subunit was found to increase reciprocal plots intersected in the upper left quadrant, and
from pH 7.5 to 9.5, and to decrease above it, whe@lu the data were best fitted assuming a ternary complex
and INT concentrations were held constant at 20 and 0.5 mechanism with-Glu binding first. Since the FMN cofactor
mM, respectively. At pH 9.5, the steady-state kinetic of the oo subunit is indeed reduced hyGlu (Figure 3), a
parameters of the-Glu:INT oxidoreductase activity cata- ping-pong mechanism was expected for the&Iu:INT
lyzed by the GltSx subunit were determined (Table 2). For oxidoreductase activity of the GIt& subunit. However,
comparison, similar assays were carried out using the GltSintersecting lines may derive from the fact that flavin
holoenzyme (Table 2). With the GIt& subunit, L.-Glu reduction byL-Glu is unfavored, and thus an equilibrium
concentration was varied in the presence of constant con-may be established in the enzyme reductive half reaction,
centrations of INT. This experiment revealed that INT which abolishes the irreversible step between the binding of
concentrations above 0.1 mM are inhibitory. Thus, the data L-Glu and the binding of INT responsible for the parallel
obtained at INT concentrations below it were used to double reciprocal plots typical of a ping-pong mechanism
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Table 2: Steady-State Kinetic Parameters Exhibited by the &IEibunit and the GItS Holoenzyme in theGlutamate:INT Oxidoreductase
Activity Assay?

L-Glu (mM) INT (mM) effector (mM) effect eq V(min) K—ci, (MM) Kint («M) Ki (mM)
GItS o Subunit
1-40 0.1 1 73+ 0.9 1.05+ 0.03
1-40 0.03-0.1 2 79+ 3 0.73+0.13 9.3+ 2.0
1-40 0.1 2-0G, 6-0.5 C 3 109+ 2 1.1+01 0.11+ 0.01
3-30 0.1 2-0G, 6-1 C 3 154+ 6 3.1+ 05 0.26+ 0.05
3-30 0.1 2-0G, 6-1;.-GIn, 5 C 3 191+ 8 3.0+ 04 0.18+ 0.03
GItS Holoenzyme
1-40 0.1 1 196+ 5 0.65+ 0.11
2-20 0.1 2-0G, 6-0.5 C 3 236+ 2 1.1+ 0.08 0.19+ 0.02
5 0.l L-GIn, 0-20 none 188

a All assays were carried out in 50 mM Caps/KOH, pH 9.5, at’@5 The substrates concentrations or concentration ranges are indicated. C
stands for competitive inhibitior?. Activity value measured in the absenceLeGIn.

(16). The maximal velocity of the reaction of tlesubunit

; . . Table 3: Glutamate Synthase Activity of the GSSubunit
is approximately 2-fold lower than that measured using the y y

GItS holoenzyme (Table 2), while th& g, value is of the +C dpmin
- . enzyme L-Gin 0.3 M acetic
same _ord_er_ of magnitude. AADP, a NADP(H) an_alog,_ iSa pmoly  (mM) reducing syst acid eluate (%)
good inhibitor of GItS holoenzyme in the physiological oIS, 12.6 NADPH. 0.4 mM 673
reaction, and it is competitive with respect to NADPH, with GItS. 12.6 none 0.07
a calculated; of 2.4+ 0.4uM (Vanoni, M. A,, and Stabile, GItS, 12.6 NADPH, 0.4 mM 0.16
H., unpublished). AADP had no effect on theGlu:INT a,12.3 NADPH, 0.4 mM 0.09
oxidoreductase reaction of the subunit or of the GltS — ® 123 none 0.07
holoenzyme at concentrations up to 1 mM. This result ﬁ(’)rlé'? ':'SE:H’OA mM 0(')016
demonstrated that theGIu:INT oxidoreductase activity of  gits, 12.6 dithionite, 4 mM 0.78
GItS holoenzyme takes place at Site 2, which is withiriits ~ GItS, 12.6 dithionite, 4 mM; MV, 0.12 mM 46
subunit. In full agreement with this model, 2-OG was a GltS, 12.6 dithionite, 4 mM; MV, 0.12 mM 0.17
GltS, 12.6 MV, 0.12 mM 0.07

competitive inhibitor with respect to-Glu, using both the GItS. 21.8

- ; dithionite, 4 mM; MV, 0.12 mM 61
GItS holoenzyme and the recombinantsubunit. ThekK; Glts. 33

dithionite, 4 mM; MV, 0.12 mM 61

cuocuUUUBImuiou;eQoTUo uul

values determined with the two enzymes are similar to each a, 247 none 35
other and of the same order of magnitude of the dissociation & 247 dithionite, 4 mM 34
constant of theo subunit-2-oxoglutarate calculated from % 247 dithionite, 4 mM; MV, 0.12 mM 18

- . . o, 247 dithionite, 4 mM; MV, 0.12 mM 0.12
the back titration of the enzymsesulfite complex. Alsothe ' 247 MV, 0.12'mM 3.0
effect ofL-GIn on theL-GIu:INT reaction was tested. With ¢, 247 MV, 0.12 mM 0.1

GItS holoenzyme, no effect of up to 10 mMGIn was a All assays were carried out by incubating the enzyme in 50 mM
observed in assays containing 5 mhMGlu and 0.1 mM INT Tris-HCI, pH 8.0, at 25°C in the presence of 5 mM-GIn and 0.3
in 50 mM Caps/KOH buffer, pH 9.5. When assays were mM 2-[U-“Cloxoglutarate (26 300 dpm/nmol). Anaerobiosis was
repeated in 50 mM Taps/KOH buffer, pH 8.5, a small achieved by bubbling oxygen-free nitrogen in the assay mixture, prior
. : o i to the addition of 1QuL of the anaerobic solution of dithionite (100

)
increase (approx_lmately 15%) of activity was o_bserved at \Min 100 mM Tris-HCI, pH 8.0) and of 410 uL of the enzyme
L-GIn concentrations above 1 mM. With the 'S_Olated solution. In control experiments;Gln and/or the reducing system were
subunit, the activation effect af-GIn was approximately  omitted. After 20 min the reaction was stopped by opening the vessel
20% at both pH 9.5 and 8.5. This result prompted us to to air, and the reaction components were separated by ion-exchange
determine the effect of the presence of L-glutamine on both chromatography on a 1-mL Dowex 1 X8 column (acetate form)

_ . - . equilibrated with water. Unbound material was removed by washing
the K —cu and thekK| exhibited by 2-OG with thet subunit. the column with five 1-mL aliquots of water (always less than 1% of

As Shown in_ Table 2-_th_e effe‘?t afGlIn (5 mM) on the the total radioactivity loaded)-Glu was eluted with 0.3 M acetic acid.
reaction maximal velocity is confirmed, while both e g, b The reactions were carried out in the presence of air.

and theK; for 2-OG are similar within the experimental error.
Thus, binding of -GIn to the GltSa. subunit appears to have alone is unable to support the glutamate synthase activity of
no effect on the binding of 2-OG. either the GItS holoenzyme or tleesubunit. Inclusion of
Glutamate Synthesis by the GiSSubunit In order to methyl viologen greatly increased the conversion of 2-oxo-
assess the ability of the GIt& subunit to catalyze the [U-“C]glutarate to glutamate. The activity of the GItS
synthesis oi-Glu in the presence af-GIn and 2-OG, we holoenzyme is much greater than that exhibited by dhe
carried out a series of experiments usifig-labeled.-GIn subunit. The'C-labeled compound produced by the two
or *C-labeled 2-OG under various conditions. In a first enzymes was identified with-[U-“C]glutamate since it was
series of assays we wished to determine[if*C]glutamate guantitatively converted to 4-aminobutyrate iIbglutamate
could be formed from-GIn and 2-oxo-[U¥C]glutarate in decarboxylase (Table 4). The requirement for methyl
the presence of NADPH (Table 3). As expected, GItS viologen to support glutamate synthase activity in these
holoenzyme converts 2-OG teGlu in the presence afGIn assays has been observed also withSkeechococcuBd-
and NADPH, while thex subunit does not. A second series GItS (27), but the reason is unclear. In the static spectro-
of experiments was carried out anaerobically using sodium photometric experiments (Figure 4), we observed a facile
dithionite as the reductant. As shown in Table 3, dithionite reduction of the enzyme with dithionite, and the FMN
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Table 4 Identification of the Reaction Product of the G#tS Table 5: Glutaminase Activity of the GIt& Subunit
Subunit 14C dpm in
source of.-[U-1“C] L-[U-*C]glutamate  4-aminobutyrate enzyme 2-OG 0.3 M acetic
glutamate (nmol) (nmol) (pmol)  (MmM) reducing syst acid eluate (%)
commercial 6 5.9 noné 2.5 NADPH, 0.4 mM 1.8
GItS reactn 54 5.2 GltS,3% 2.5 NADPH,0.4mM 48
o subunit reactn 1.77 1.76 GltS,3% 2.5 none 35
. — Glts, 3% 0 none 3.6
a Parallel assay mixtures (72Q.) containing 5 mML-GIn, 0.3 mM o, 247 25 NADPH, 0.4 mM 34

2-oxo-[U+C]glutarate (26 300 dpm/nmol), and 0.12 mM MV in 50 o 247 25  none 275

mM Tris-HCI buffer, pH 8.0, were set up and made anaerobic by o 247 0 none 41
bubbling oxygen-free nitrogen. An aliquot (3fL) of an anaerobic néne 25 dithionite. 4 mM: MV. 0.12 mM 0.8
solution of dithionite (100 mM) was added along with either al2- GItS. 33 25 dithionite’ 4 mM" MV’ 0.12 mM 67
aliquot of GItS solution (65 pmol) or a 12t aliquot of a solution of GItS’ 33 0 none ' ' ’ 5.3
the a subunit (740 pmol). After 20 min of incubation, the components GItS’ 229 2.5 dithionite. 4 mM: MV. 0.12 mM 66
of the reaction mixtures were separated on 1-mL Dowex 1 X8 columns. GItS‘ 229 0 none ' ' 7 12
The'C-containing fractions eluted with 0.3 M acetic acid were pooled, a, 247 2.5 dithionite, 4 mM; MV, 0.12 mM 77
lyophilized, and resuspended in water. Aliquots were incubated in 0.1 o 247 0 dithionite, 4 mM; MV, 0.12 mM 73
M NaC,HsO, buffer, pH 4.8, at 37C for 1 h in thepresence or absence ¢, 247 0 none 62
of 0.3 unitL-glutamate decarboxylase. After neutralization with the ¢ 31 2.5 dithionite, 4 mM; MV, 0.12 mM 125
addition of 40uL of 1 M NaOH to the 10QsL reaction mixtures, the a, 31 0 none 9.3

samples were brought to 500 with water and loaded on a 1-mL
Dowex 1 X8 column (acetate form) equilibrated with water. 4-Ami-
nobutyrate formed by-glutamate decarboxylase elutes, under these
conditions, by washing the column with water, while residual glutamate
(or radioactive material different fromglutamate) is eluted with 0.3

M acetic acid. A control experiment was carried out using commercial 7= h -
L-[U-24C]glutamate (22 719 dpm/nmol). In the absence-gfutamate dithionite (4 mM) and MV (0.12 mM) were included as the reducing

decarboxylase, all radioactive material was recovered, as expected, inSyStem, and the assays were carried out anaerobically as described in
the 0.3 M acetic acid eluate. the legend of Table 3. At the end of the incubation period, reaction

components were analyzed as described before (see TaI&3).
periments carried out in the presence of atmospheric oxygen.

aGItS or the GltSa subunit was incubated for 20 min at 26 in
the presence or absence of 0.62 mijU-1C]glutamine (26 300 dpm/
nmol) and/or 2.5 mM 2-OG in 50 mM Tris-HCI buffer, pH 8.0. In a
series of assays that were carried out in the presence of air, 0.4 mM
NADPH was used as the reducing system. In a second series of assays,

cofactor appears directly involved in the reaction with the
iminoglutarate intermediateglutamate product couple (Fig-  Yield theL-glutamate product is much looser in the isolated
ures 3and 5). Thus, in the absence of additional information, & subunit with respect to the holoenzyme. Interestingly, with
it can be suggested that, during catalytic turnover, access ofthe a subunit, a lower percent conversion of 2-oxo-{tZ]-

dithionite to the FMN cofactor may be prevented, while glutarate was observed in comparison to that obtained with
methyl viologen is able to effect electron transfer to the the GItS holoenzyme in the experiments summarized in Table

enzyme cofactor(s) under these conditions. 3. This may be due to a lower reaction velocity of the
Glutaminase Actity of the GltSo. Subunit. We have subunit under the_ experim_erltal conditiops we adopted orto
shown that theA. brasilenseGItS holoenzyme is devoid of ~ the strong glutaminase activity: hydrolysis of glutamine may
glutaminase activity, a fact that is at variance with what has Preduce significant amounts efglutamate product, which
been reported earlier for other glutamate synthak®s (Ve may inhibit the glutamate synthase reaction.
Wlsheq to determine if also in the re_comblnant_ Gt_ts CONCLUSIONS
subunit, release of the glutamine amide group is tightly
coupled to its transfer to 2-oxoglutarate and reduction of the  Analysis of the properties of thédzospirillum GItS
postulated iminoglutarate intermediate to yieldlutamate. subunit, overproduced i&. coli, demonstrated that it contains
Toward this goal, a series of experiments were performed the functional Site 1 of GItS8). The present study of the
using L-[U-*C]glutamine. As shown in Table 5, it was recombinant GltSx subunit leads to the conclusion that it
confirmed that the GItS holoenzyme does not exhibit contains the site of glutamine binding and hydrolysis and
significant glutaminase activity, while it is able to convert Site 2 of the enzyme, the site where the actual glutamate
L-[U-*C]glutamine intoL-glutamate, provided that 2-oxo- synthesis takes place. As predicted, the GitSubunit
glutarate and a reducing system (NADPH or dithionite plus contains the FMN cofactor of GItS, which exhibits the
methyl viologen) are present. The small increase of glutamateproperties of Flavin 2 of the holoenzyme, and the 3Fe-4S
produced in the presence of GItS holoenzyme with respectcenter of GItS. The model proposed for the distribution of
to the value obtained in the absence of enzyme, in fact, is substrates’ and cofactors’ binding sites on the GItS subunits
not proportional to the amount of GItS holoenzyme added is thus fully confirmed (see introduction). However, it
(it only doubles when GItS is increased 7-fold). The same appears that th@ subunit of the enzyme is responsible for
measurements were also carried out using the recombinanmany of the properties of the GItS holoenzyme: it not only
GItS a subunit. In contrast with what was observed with provides reducing equivalents for the overall oxidoreduction
the holoenzyme, a large proportion ofglutamine was reaction but also ensures both communication between the
converted into glutamate in the absence of 2-OG and/or the3Fe-4S center and the FMN cofactor within ihesubunit,
reducing system. Such activity is high, proportional to the and the tight coupling between amide transfer from glutamine
amount ofa. subunit present in the assay, and independent to 2-oxoglutarate and reduction of the iminoglutarate inter-
of the presence of 2-OG or the reducing system. Therefore,mediate to form the-glutamate product. It may be proposed
it can be proposed that coupling between amide transfer tothat (a) the3 subunit induces conformational changes of the
2-0OG and reduction of the iminoglutarate intermediate to a subunit through proteiaprotein interaction and/or (b) the
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S subunit is required for the incorporation of centers Il and
Il of GItS, and that they are responsible for communication

between the redox cofactors on theubunit and/or control

of the glutaminase/glutamate synthase activity. Evidence for
long-range conformational changes taking place within the

o subunit on binding of the pyridine nucleotide to the

subunit was indeed gathered from a series of limited

proteolysis experiments on the GItS holoenzyr28).(
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