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ABSTRACT: Glutamate synthase is a complex iron-sulfur flavoprotein that catalyzes the reductive
transfer of theL-glutamine amide group to C(2) of 2-oxoglutarate, forming two molecules ofL-glutamate.
The bacterial enzyme is anRâ protomer, which contains one FAD (on theâ subunit,∼50 kDa), one
FMN (on theR subunit,∼150 kDa), and three different Fe-S clusters (one 3Fe-4S center on theR
subunit and two 4Fe-4S clusters at an unknown location). To address the problem of the intramolecular
electron pathway, we have measured the midpoint potential values of the flavin cofactors and of the
3Fe-4S cluster of glutamate synthase in the isolatedR andâ subunits and in theRâ holoenzyme. No
detectable amounts of flavin semiquinones were observed during reductive titrations of the enzyme,
indicating that the midpoint potential value of each flavinox/flavinsq couple is, in all cases, significantly
more negative than that of the corresponding flavinsq/flavinhq couple. Association of the two subunits
to form theRâ protomer does not alter significantly the midpoint potential value of the FMN cofactor
and of the 3Fe-4S cluster (approximately-240 and-270 mV, respectively), but it makes that of
FAD some 40 mV less negative (approximately-340 mV for theâ subunit and-300 mV for FAD
bound to the holoenzyme). Binding of the nonreducible NADP+ analogue, 3-aminopyridine adenine
dinucleotide phosphate, made the measured midpoint potential value of the FAD cofactor approximately
30-40 mV less negative in the isolatedâ subunit, but had no effect on the redox properties of theRâ
holoenzyme. This result correlates with the formation of a stable charge-transfer complex between
the reduced flavin and the oxidized pyridine nucleotide in the isolatedâ subunit, but not in theRâ
holoenzyme. Binding ofL-methionine sulfone, a glutamine analogue, had no significant effect on
the redox properties of the enzyme cofactors. On the contrary, 2-oxoglutarate made the measured mid-
point potential value of the 3Fe-4S cluster approximately 20 mV more negative in the isolatedR sub-
unit, but up to 100 mV less negative in theRâ holoenzyme as compared to the values of the correspond-
ing free enzyme forms. These findings are consistent with electron transfer from the entry site (FAD) to
the exit site (FMN) through the 3Fe-4S center of the enzyme and the involvement of at least one of the
two low-potential 4Fe-4S centers, which are present in the glutamate synthase holoenzyme, but not in
the isolated subunits. Furthermore, the data demonstrate a specific role of 2-oxoglutarate in promoting
electron transfer from FAD to the 3Fe-4S cluster of the glutamate synthase holoenzyme. The modulatory
role of 2-oxoglutarate is indeed consistent with the recently determined three-dimensional structure of the
glutamate synthaseR subunit, in which several polypeptide stretches are suitably positioned to mediate
communication between substrate binding sites and the enzyme redox centers (FMN and the 3Fe-4S
cluster) to tightly control and coordinate the individual reaction steps [Binda, C., et al. (2000)Structure
8, 1299-1308].

Glutamate synthase (GltS,1 EC 1.4.1.13) is a complex
iron-sulfur flavoprotein, which catalyzes the reductive

transfer of theL-glutamine amide group to C(2) of 2-oxo-
glutarate (2-OG) yieldingL-glutamate (for a recent review,
see ref1). On the basis of sequence analyses and comparison
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of known biochemical properties of GltS from different
sources, three classes of GltS have been identified in bacteria,
photosynthetic cells, and other eukaryotes.Azospirillum
brasilenseGltS is the current model of bacterial GltS, which
are NADPH-dependent, are formed by two subunits (the 162
kDa R subunit and the 52.3 kDaâ subunit for theA.
brasilenseenzyme), and contain one FAD, one FMN, and
three iron-sulfur clusters per catalytically activeRâ pro-
tomer. During catalysis, NADPH binds at site 1 of GltS (on
the â subunit) where it is oxidized with parallel reduction
of the enzyme FAD cofactor on this subunit. The electrons
flow from FAD to FMN (on theR subunit) through at least
two of the three Fe-S centers of GltS [one 3Fe-4S cluster,
on theR subunit, and at least one of the two 4Fe-4S centers
of the enzyme at an unknown location (2)]. At site 2, FMN
reduces the postulated 2-imino acid intermediate formed upon
addition of ammonia (fromL-Gln hydrolysis at the amidot-
ransferase site of theR subunit) and 2-OG (bound at site 2).
The eukaryotic pyridine nucleotide-dependent form of GltS
is proposed to be structurally and mechanistically similar to
the bacterial enzyme in light of the fact that it seems to derive
from the fusion of a polypeptide similar to the bacterialâ
subunit at the C-terminus of a polypeptide similar to the
bacterialR subunit. Furthermore, the bacterial GltSR subunit
is structurally similar to the ferredoxin-dependent form of
GltS of photosynthetic cells. Indeed, in the bacterial enzyme,
L-glutamine-dependent glutamate synthesis takes place within
the enzymeR subunit (3) and theâ subunit functions as an
FAD-containing NADPH-dependent oxidoreductase (4),
which has been recruited to make the reducing equivalents
available to theR subunit for glutamate synthesis (1). In
addition, theâ subunit appears to be essential for the for-
mation of the 4Fe-4S clusters of the GltS holoenzyme, of
which at least one is required for electron transfer between
the flavin sites of the enzyme (2, 5). Furthermore, association
of theR andâ subunits in theRâ holoenzyme has an effect
in modulating the properties of theR subunit (3). In
particular, hydrolysis of glutamine at the amidotransferase
site of theR subunit in the absence of 2-oxoglutarate and
reductant is abolished in the holoenzyme (1, 3). Finally, the
â subunit is the first identified member of a novel class of
FAD-dependent NAD(P)H oxidoreductases that form
subunits or domains of other complex enzymes, in which
theâ subunit-like polypeptide also determines the presence
of Fe-S clusters with low to very low redox potentials
(1, 6, 7).

To contribute to the understanding of the electron-
transfer pathway during the GltS catalytic cycle, we have
measured the midpoint potential values of its flavin cofactors
and of its 3Fe-4S cluster in the isolatedâ andR subunits
and in the recombinantRâ holoenzyme. To determine if,
and to what extent, the state of occupancy of the enzyme
catalytic subsites may influence the redox properties of
the enzyme cofactors, as also suggested by the recently
determined three-dimensional structure of the GltSR subunit
(8), the experiments were extended to the study of the effect
of the presence of enzyme substrates (or substrate analogues)
on the oxidoreduction properties of the enzyme cofactors.

MATERIALS AND METHODS

Enzyme Preparation, Protein, and ActiVity Assays.Prepa-
rations of the GltSR andâ subunits and of the recombinant
GltS holoenzyme were obtained as described in refs3-5.
Prior to each experiment, the enzyme was gel filtered through
a Sephadex G-25 (medium) column equilibrated with 25 mM
Hepes/KOH buffer (pH 7.5), 10% glycerol, and 1 mM
EDTA. Protein concentrations were determined using the
Amresco protein assay reagent based on the method of
Bradford (9) and bovine serum albumin as the reference
protein or the known extinction coefficients of the enzyme
species [ε454 ) 11 300 M-1 cm-1 for the â subunit (4), ε446

) 21 200 M-1 cm-1 for theR subunit (3), andε444 ) 62 660
M-1 cm-1 for the GltS holoenzyme (5, 10)]. Activity assays
were carried out as described previously (3, 4, 11).

Absorbance Spectroscopy. Absorbance spectra were re-
corded at 20°C using a Cary 219 or a Hewlett-Packard
HP8453 diode-array spectrophotometer model. Anaerobiosis
was achieved using the apparatus and glassware described
by Williams et al. (12).

Redox Potential Measurements.Redox potential measure-
ments were carried out spectrophotometrically by performing
anaerobic reductive titrations of each enzyme species (5-
10 µM) in 25 mM Hepes/KOH buffer (pH 7.5), 10%
glycerol, and 1 mM EDTA at 20°C in the presence of a
redox indicator dye and a mediator dye (13). Different
reduction methods were used. Photoreduction was effected
by illuminating with a standard projector light the solution,
which contained 6-7 mM EDTA and 1 µM 5-carba-5-
deazariboflavin [5-deazaflavin (14)]. Alternatively, dithionite
was added anaerobically from approximately 1 mM anaero-
bic solutions in the Hepes buffer described above. In some
experiments, the xanthine/xanthine oxidase system described
by Massey (15) was used. The indicator dyes that were found
to be suitable for redox potential measurements of GltS
cofactors because of their midpoint potential and spectral
properties were safranin T [ST,Em ) -302 mV, pH 7.5,n
) 2 (16)] and phenosafranin [PS,Em ) -266 mV, pH 7.5,
n ) 2 (16)]. They were included at concentrations of 5-15
µM. Benzyl viologen [BV,Em ) -359 mV, n ) 1 (17)]
and methyl viologen [MV,Em ) -440 mV, n ) 1 (17)]
were used as mediators at concentrations between 0.5 and
10 µM. Control reductive titrations were carried out in the
absence of the indicator or of both indicator and mediator
dyes.

Data Analysis.For the determination of the midpoint
potential of the FAD cofactor bound to the GltSâ subunit,
absorbance values at 408 nm (where the STox/STred couple
has an isosbestic point) were used to monitor the extent of
reduction ofâ subunit-bound FAD. Absorbance values at
521 nm, where theâ subunit does not contribute to absor-
bance, were used to monitor the redox state of the indicator
dye. From the rearrangement of the Nernst equations describ-
ing the redox behavior of the enzyme-bound FAD (eq 1)
and of the indicator dye (eq 2), when the two systems are at
equilibrium,nâ was determined from the slope of the log-
log plot (eq 3) and the difference between theEm values of
theâ subunit cofactor and of the indicator dye was calculated
from the vertical intercept of the line (13, 15).
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In the equations, the nomenclature is according to Clark (17).
All values were calculated for 20°C and pH 7.5. Subscripts
indicate the species involved;εobs is the apparent extinction
coefficient at 408 nm obtained by dividingA408 values during
the titration by the enzyme concentration after subtraction
of the constant contribution of the indicator dye.

With benzyl viologen as the indicator, the absorbance
changes at 454 nm were used to monitor enzyme reduction
after correction for the contribution of reduced benzyl
viologen. Data were fitted to both eqs 3 and 4. The latter
equation correlates the extinction coefficient of the enzyme
at a given wavelength (454 nm in this case) to theEh,
calculated with eq 2 from absorbance changes observed at
600 nm during BV reduction, and allows the calculation of
the midpoint potential of the cofactor under analysis and the
correspondingn. The extinction coefficients at 454 nm used
for FAD bound to theâ subunit were as follows:εox )
11 300 M-1 cm-1 andεred ) 1470 M-1 cm-1.

For theR subunit, where two cofactors (the FMN flavin
and the 3Fe-4S cluster) contribute to the absorbance changes
observed throughout the reductive titration of the enzyme,
absorbance changes at 408 and 521 nm were again used to
monitor the redox state of the enzyme and of the indicator
dye, respectively. The contribution of each cofactor to
absorbance changes observed at 408 nm depends on the
relative concentrations of oxidized and reduced species as a
function of the redox potential (Eh) and theEm value of the
cofactor (eq 4). Therefore, the absorbance values at 408 nm
measured throughout the titration were converted to apparent
extinction coefficients (εobs), and the data were fitted to eq
5, which takes into account the contribution of both enzyme
chromophores to the absorbance at 408 nm. The extinction
coefficients of the various species at 408 nm were calculated
from separate experiments (Table 1).εFMNox andεFMNhq were
calculated from reductive titrations of free FMN, which were
found to yield extinction coefficients similar to those
observed duringL-glutamate reduction of the FMN cofactor
of the GltS R subunit and during flavin bleaching on
formation of the FMN-sulfite adduct in the GltSR subunit
(3). εFeSoxandεFeSredwere calculated from dithionite titrations
of the GltSR subunit after subtraction of the contribution

of the oxidized and reduced FMN cofactor (ref3 and this
work). nFMN was assumed to be 2, since no absorbance
changes that indicated formation of flavin semiquinone
species could be detected during control experiments.nFeS

was assumed to be 1. Absorbance values at 521 nm were
used directly to determine theEh value of the system (eq 2)
since theR subunit contributes very little to the absorbance
of the solution at this wavelength.

For the GltS holoenzyme experiments, eq 5 needed to be
expanded to include the contribution of the oxidized and
reduced FAD cofactor (eq 6). The extinction coefficients of
oxidized and reduced FAD at 408 nm (εFADox and εFADhq,
respectively) were determined from reductive titrations of
the isolatedâ subunit (refs4 and18 and this work; Table
1). Those of the cofactor in theâ subunit-AADP complex
were calculated from a photoreduction of theâ subunit
(approximately 10µM) in the presence of a 10-fold molar
excess AADP. Since no flavin semiquinone radicals were
detected during reduction of theâ subunit or of the GltS
holoenzyme,nFAD was set to 2.

For the measurement of the midpoint potential values of
GltS and of its complexes with substrates or their analogues,
prior to calculation ofEh values, absorbance changes at 521
nm were corrected to take into account absorbance changes
due to reduction of the enzyme or the enzyme-ligand
complex, as determined during control reduction experiments
in the absence of dyes. Control experiments also determined
that no absorbance changes were induced by binding of
L-MetS or 2-OG to the enzyme species used (namely, GltS
and its isolatedR subunit), and that these ligands did not
lead to stabilization of flavin semiquinone species or charge-
transfer complexes during reduction.

Excel (Microsoft) or Grafit (Erythacus Software) were
used for data analysis.

RESULTS AND DISCUSSION

Midpoint Potential of the FAD Cofactor Bound to the GltS
â Subunit. The GltSâ subunit could be efficiently reduced
photochemically, with dithionite or with the xanthine/
xanthine oxidase system. No significant absorbance changes
attributable to formation of flavin semiquinone species were
observed during reductive titrations of the enzyme in the
absence or presence of benzyl or methyl viologen. The
enzyme was photoreduced in the presence of phenosafranine,
safranine T, or benzyl viologen as the indicator dye and
methyl viologen as the mediator. Reduction of phenosa-

Eh ) Em,â + (59/nâ) log(âox/âred) (1)

Eh ) Em,dye+ (59/ndye) log(dyeox/dyered) (2)

log(âox/âred) ) (Em,dye- Em,â)(nâ/59) +
(nâ/ndye) log(dyeox/dyered) (3)

εobs) [εox × 10(Eh - Em)(n/59) + εred]/[1 + 10(Eh - Em)(n/59)]
(4)

εobs) [εFMNox × 10(Eh - Em,FMN)/29.5 + εFMNhq]/

[1 + 10(Eh - Em,FMN)/29.5] + [εFeSox× 10(Eh - Em,FeS)/59 +

εFeSred]/[1 + 10(Eh - Em,FeS)/59] (5)

εobs) [εFMNox × 10(Eh - Em,FMN)/29.5 + εFMNhq]/

[1 + 10(Eh - Em,FMN)/29.5] + [εFeSox× 10(Eh - Em,FeS)/59 +

εFeSred]/[1 + 10(Eh - Em,FeS)/59] + [εFADox ×
10(Eh - Em,FAD)/29.5 + εFADhq]/[1 + 10(Eh - Em,FAD)/29.5] (6)

Table 1: Summary of Extinction Coefficients Calculated for the
GltS Cofactors at 408 nma

ε408 (M-1 cm-1)

cofactor oxidized reducedb

FAD 6300( 400 (14) 3070( 230 (3)
FADc 8120 3280
FMN 7330( 240 (17) 3090( 200 (3)
3Fe-4S 11800( 460 (8) 9390( 940 (5)

a The values were calculated from several separate experiments
(whose number is indicated in parentheses) as described in the text.
b For FAD and FMN, the extinction coefficients quoted are those of
the hydroquinone form.c Extinction coefficient of FAD bound to the
â subunit-AADP complex from a photoreduction experiment with the
enzyme.
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franine preceded that of theâ subunit-bound flavin cofactor,
indicating that the midpoint potential value of the enzyme
FAD was significantly more negative than that of phenosa-
franine (not shown). Although safranin T also appeared to
have a midpoint potential less negative than that of the FAD
bound to theâ subunit, it was possible to obtain enough
data to correlate the extents of enzyme and dye reduction
(Figure 1) and construct a log-log plot (eq 3, Figure 1 inset),
which yielded a straight line with a slope of 1 and a
calculated midpoint potential for bound FAD of approxi-
mately -340 mV (Table 2). A similar midpoint potential
value was obtained by using benzyl viologen as the indicator
dye and the xanthine/xanthine oxidase system as the reducing
system. However, the log-log plot was linear but with a
slope of approximately 1.3 (Figure 1 inset). A direct fit of
the data to eq 4 yielded a midpoint potential for the enzyme
of approximately-347 mV with a noninteger number of
transferred electrons (n ) 1.4, Table 2). Because of the
observed non-Nernstian behavior of the enzyme in the
presence of benzyl viologen, in the absence of indication of
the formation of flavin semiquinone species, we decided to
abandon the use of this dye as the indicator.

To test the effect of the presence of the pyridine nucleotide
substrate and/or product on the redox behavior of the GltS
â subunit, redox titrations were repeated in the presence of
excess AADP, a nonreducible analogue of NADP+, which
binds tightly to the GltSâ subunit (Kd ) 1.1 µM) and
perturbs the flavin absorbance spectrum (18). In a control
experiment, theâ subunit-AADP complex was photochemi-
cally reduced in the absence of the indicator dye. A small
absorbance increase at wavelengths of>515 nm was
observed. This absorption band was attributed to formation
of a charge-transfer complex between FADhq and AADP
rather than to accumulation of flavin semiquinone because

of the shape of the band and because of the fact that it did
not disappear at long irradiation times, which would have
led to full reduction of a flavin semiquinone to the hydro-
quinone species. The data obtained during redox titrations
of theâ subunit-AADP complex in the presence of safranin
T as the indicator dye (Figure 2) were analyzed with
particular care to determine the effect of the absorbance
changes at wavelengths above 515 nm on the calculation of
the extent of dye reduction. Log-log plots constructed using
absorbance changes at several wavelengths between 512 and
540 nm to monitor dye reduction gave essentially the same
results. The calculated midpoint potential value was ap-

FIGURE 1: Measurement of the midpoint potential value of FAD
bound to the isolatedâ subunit of GltS. The GltSâ subunit (10
µM) was photoreduced anaerobically in the presence of 3.3µM
safranin T in 25 mM Hepes/KOH buffer (pH 7.5), 6 mM EDTA,
0.4 µM 5-deazaflavin, 1µM methyl viologen, and 10% glycerol.
The spectra obtained at different times (up to 195 s) of irradiation
are shown. The inset shows (O) a log-log plot constructed with
the data obtained during the reductive titration shown in the main
panel. The data were fitted to eq 3, yielding a line with a slope of
1.1 ( 0.03 and an intercept of 1.3( 0.05. The inset also shows
(0) data obtained during a reductive titration of 11µM â subunit
in the presence of 10µM benzyl viologen, 1.8µM methyl viologen
in 25 mM Hepes/KOH buffer (pH 7.5), 1 mM EDTA, and 10%
glycerol. Reduction was achieved by the inclusion of xanthine (287
µM) and xanthine oxidase (5 milliunits). The fit of the data to eq
3 yielded a line with a slope of 1.3( 0.02 and an intercept of 0.04
( 0.01.

Table 2: Summary of the Midpoint Potential Values Calculated for
the Flavin Cofactors and the 3Fe-4S Cluster of GltSa

Em (mV)

enzyme ligand dye
FAD

(n ) 2)
FMN

(n ) 2)
3Fe-4S
(n ) 1)

â subunit none ST -340( 1.5
â subunitb none BVb -347( 0.5b

â subunit AADP ST -307( 0.4
â subunit AADP ST -313( 0.2
â subunit ADPRP ST -351( 2.4
R subunit none PS -236( 1.4 -264( 3.0
R subunit L-MetS PS -249( 1.9 -251( 4.3
R subunit 2-OG PS -237( 1.4 -285( 3.0
GltS none PS/ST -299( 4.7 -237( 3.6 -280( 11.2
GltS AADP PS/ST -308( 1.6 -229( 2.7 -259( 5.3
GltS L-MetS PS/ST -305( 2.8 -230( 2.8 -261( 6.6
GltS 2-OG PS/ST -299( 1.0 -267( 1.4 -188( 9.2

a All measurements were carried out at pH 7.5 and 20°C under
conditions described in detail in the text.n is the number of transferred
electrons during reduction of the cofactor.b The GltSâ subunit was
reduced with the xanthine/xanthine oxidase system in the presence of
benzyl viologen as the indicator dye and methyl viologen as the
mediator (15). Data from two separate experiments were fitted directly
to eq 4 using absorbance changes at 600 nm to determineEh according
to eq 2. A value fornFAD of 1.4 was obtained.

FIGURE 2: Effect of AADP and of ADPRP on the redox properties
of the GltSâ subunit. In the main panel, 11.7µM â subunit was
photoreduced in the presence of 68µM AADP, 3.1 µM safranin
T, 6 mM EDTA, 0.9µM deazaflavin, 1.3µM methyl viologen in
25 mM Hepes/KOH buffer (pH 7.5), and 10% glycerol at 20°C.
For the sake of clarity, only some of the spectra obtained during
the photoreduction experiment (up to a total of 200 s of irradiation)
are shown in the figure. The inset shows (O) a log-log plot of the
data obtained during the experiment shown in the main panel. The
line is the best fit of the data to eq 3 that yielded a slope of 1.1(
0.02 and an intercept of 0.2( 0.01. The inset also shows (0) a
log-log plot of the data obtained during a reductive titration of
the GltSâ subunit (8.3µM) in the presence of ADPRP (140µM).
All other conditions were similar to those of the experiment shown
in the main panel. The line is the best fit of the data to eq 3 and
has a slope of 1.0( 0.05 and an intercept of 1.7( 0.1.

5536 Biochemistry, Vol. 40, No. 18, 2001 Ravasio et al.



proximately-310 mV (Table 2), thus 30 mV less negative
than that measured with the free enzyme.

In contrast with the effect of binding of AADP to the
enzyme on both the absorbance spectrum and the redox
properties of the GltSâ subunit, ADPRP, the NADP(H)
analogue lacking the nicotinamide ring, did not induce any
absorbance changes when it was added to the enzyme
solution at a concentration of up to 140µM (not shown),
although it is known to inhibit the GltSâ subunit [Ki ≈ 20
µM (4, 18)]. The redox behavior of the enzyme-bound flavin
also appeared to be unaffected by ADPRP, and the calculated
midpoint potential of the bound flavin was-351( 2.4 mV
(inset of Figure 2 and Table 2).

Overall, in theâ subunit, there appears to be a specific
effect of the charge-transfer interaction between the reduced
flavin isoalloxazine ring and the NADP(H) nicotinamide ring,
which stabilizes the hydroquinone form of the flavin. This
effect suggests that it is through formation of a charge-
transfer complex between the reduced flavin and the pyridine
nucleotide that electron transfer from the pyridine nucleotide
to the enzyme FAD cofactor is favored during catalysis.

Midpoint Potential of the FMN Cofactor and of the 3Fe-
4S Cluster Bound to the GltSR Subunit. During reductive
titrations of the GltSR subunit, we found that photoreduction
led to enzyme inactivation (3), which is most likely due to
destruction of the enzyme 3Fe-4S cluster as judged by
comparison of absorbance spectra of the native enzyme and
of that recovered after photoreduction and air reoxidation.
Dithionite was instead found to reduce the enzyme redox
centers efficiently with essentially complete recovery of both
the initial absorbance spectrum of the enzyme and enzyme
activity at the end of the experiments. Therefore, the enzyme
was titrated with dithionite in the presence of safranin T or
phenosafranine, the latter being the dye that allowed us to
determine the midpoint potential values of GltSR subunit
cofactors in the free enzyme and in the GltS-L-MetS or
GltS-2-OG complexes (Figure 3). Absorbance changes at
408 nm could be fitted to eq 5, which yielded estimates of
the midpoint potential values of the bound FMN cofactor
and the 3Fe-4S cluster (Table 2). In this equation, the
following assumptions were made: (a) No FMN semi-
quinone species is formed throughout the titration, as shown
by control redox titrations under a variety of conditions and
in the absence of the indicator dye, so thatn for the flavin
was set to 2, and (b) the flavin and the Fe-S cluster were
reduced independently from each other. The latter assumption
was supported by the observation that the two redox centers
of theR subunit of GltS do not seem to be able to equilibrate
with each other (3) and by the fact that eq 5 fitted the data
well. The calculated midpoint potential values for the free
R subunit were approximately-240 mV for FMN and-260
mV for the 3Fe-4S cluster (Table 2).L-MetS, a glutamine
analogue, and 2-OG had no significant effect on the
calculated midpoint potential of the FMN cofactor (Table 2
and Figure 3).L-MetS also had little effect on the midpoint
potential of the 3Fe-4S cluster (Table 2 and Figure 3). On
the contrary, the midpoint potential of the 3Fe-4S center
was sensitive to the presence of 2-OG, which caused an
approximately 20 mV decrease in the measured value (Table
2 and Figure 3).

As a whole, these experiments confirm that in the freeR
subunit the midpoint potential values of FMN and of the

3Fe-4S cluster do not differ from each other sufficiently to
be reduced in well-separated phases (3). It is also confirmed
that the two centers appear to be reduced independently from
each other and that no detectable amounts of flavin semi-
quinones accumulate during reduction. The latter observation
indicates that the midpoint potential of the FMNox/FMNsq

couple must be at least 100-120 mV more negative than
that of the FMNsq/FMNhq couple; with a 120 mV separation
in potential, up to approximately 5% of a flavin semiquinone
species would have accumulated during the titration (17) and
could have been detected during our experiments. Thus,
assuming that the two redox couples are separated by 120
mV, we can estimate from the midpoint potential of the
FMNox/FMNhq couple of the free enzyme (approximately
-240 mV) that theEm values of the FMNox/FMNsq and
FMNsq/FMNhq couples are approximately-300 and-180
mV, respectively. These values, together with that of the
3Fe-4S cluster, which ranges from-250 to -285 mV,
depending on the state of ligation of theR subunit (Table
2), provide a thermodynamic explanation for the fact that
when the GltSR subunit was reduced with excessL-
glutamate we could observe reduction of FMN but not of
the 3Fe-4S cluster (3). Indeed, one-electron transfer from
reduced FMN to the oxidized 3Fe-4S cluster is most likely
prevented by the at least 70 mV unfavorable potential
difference of the species involved (FMNsq/FMNhq and 3Fe-
4Sox/3Fe-4Sred couples). The data presented here may also
explain, at least in part, the observation that when the
dithionite-reducedR subunit was reacted with a molar excess
of 2-OG andL-glutamine only FMN oxidation was observed
(3). The one-electron-transfer process between the reduced
3Fe-4S cluster and oxidized FMN (to yield FMNsq) would
be unfavored due to the 15-50 mV difference existing
between the redox couples that are involved. However,

FIGURE 3: Measurement of the midpoint potential value of the FMN
cofactor and of the 3Fe-4S center bound to the isolatedR subunit
of GltS. In the main panel, the GltSR subunit (7.3µM) was
anaerobically titrated with a dithionite solution (0.74 mM) in the
presence of 3.9µM phenosafranin and 1µM benzyl viologen. The
inset shows the absorbance changes at 408 nm, after correction for
the dye contribution and normalization, plotted as a function of
solution potential (in millivolts), as determined from absorbance
changes at 521 nm. The curves are the best fit of the data to eq 5
using the extinction coefficients summarized in Table 1. TheEm
values shown in Table 2 were obtained. (O) Data from three
separate titrations of theR subunit similar to the one shown in the
main panel. (0) Data from the titration of theR subunit in the
presence of 1 mML-MetS (the apparent extinction coefficients and
the fitted curve have been offset by 2 units). (4) Data from a
titration of the GltSR subunit in the presence of 1 mM 2-OG (the
apparent extinction coefficients and the fitted curve have been offset
by 4 units for clarity).
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electron transfer may indeed take place from the reduced
3Fe-4S cluster and the oxidized FMN cofactor generating
FMNsq against a potential difference provided the (unstable)
FMNsq could be converted to the (stable) FMNhq species by
acquiring a second electron directly or indirectly (e.g.,
through the Fe-S cluster) from anotherR subunit molecule.
The fact that this does not happen in our experiment implies
that intermolecular electron transfer is not possible in a GltS
R subunit solution.

Midpoint Potential of the FAD and FMN Cofactors and
of the 3Fe-4S Cluster of the GltS Holoenzyme. The midpoint
potential values calculated for FAD bound to the isolatedâ
subunit and for FMN and the 3Fe-4S cluster of theR subunit
were sufficiently separated from each other so that two
different indicator dyes had to be used: safranin T for FAD
and phenosafranine for FMN and the 3Fe-4S cluster. We
reasoned that if the association of the two subunits in the
GltSRâ protomer did not lead to major changes in the redox
behavior of the cofactors, it could be possible to determine
the midpoint potential values of FMN and of the 3Fe-4S
cluster of the GltSRâ holoenzyme by using phenosafranine
as the indicator dye, and of FAD by performing reductive
titrations in the presence of safranine T. Photoreduction (5)
of the GltSRâ holoenzyme suggested that this was the case.

Indeed, it took place in three phases. First, absorbance
changes similar to those observed during reduction of the
isolated R subunit were obtained. These changes were
followed by absorbance changes similar to those observed
during reduction of the GltSâ subunit. Finally, reduction of
the enzyme 4Fe-4S clusters seemed to take place. The
results are in agreement with previous low-temperature EPR
spectroscopy experiments on GltS prepared fromAzospir-
illum cells (2). Both 4Fe-4S clusters of GltS exhibited low
to very low midpoint potentials; center II was only partially
reduced by anaerobic addition of a molar excess NADPH
and quantitatively reduced in the presence of a NADPH-
regenerating system and by the light/deazaflavin system. The
second 4Fe-4S cluster of GltS (center III) could only be
reduced photochemically so that its role in the enzyme-
catalyzed reaction is still unclear. Dithionite reduction of the
recombinant GltSRâ holoenzyme yielded results similar to
those observed during photochemical reduction with respect
to the first two parts of the reduction, but it did not seem to
reduce the 4Fe-4S clusters of the enzyme, in agreement with
previous results (2).

As expected, the redox potential range explored by using
phenosafranin as the indicator dye, and dithionite or the light/
deazaflavin system as the reductant, allowed us to monitor
reduction of the FMN and 3Fe-4S cluster bound to theR
subunit, while changes observed during redox titrations in
the presence of safranin T monitored mainly FAD reduction
(Figures 4-6). The redox behavior of the enzyme was found
to be independent of the reduction method used (dithionite
reduction or photoreduction) as well as of the concentrations
of the indicator dyes, of varying concentrations of methyl
viologen, and of the additional presence of benzyl viologen
at a low concentration. Finally, the enzyme reductive titration
appeared to be reversible; in some cases, the fully reduced
solution was allowed to slowly reoxidize over a period of

FIGURE 4: Determination of the midpoint potential of the GltS-
2-oxoglutarate complex in the presence of phenosafranin. GltS (7.6
µM) was photoreduced anaerobically in 25 mM Hepes/KOH buffer
(pH 7.5) and 10% glycerol in the presence of 1 mM 2-OG, 8.9
mM EDTA, 1 µM 5-deazaflavin, 16µM phenosafranin, and 0.5
µM methyl viologen. Spectra obtained at equilibrium after up to
720 s of irradiation are shown.

FIGURE 5: Determination of the midpoint potential of the GltS-
L-methionine sulfone complex in the presence of safranin T. GltS
(8. 2 µM) in 25 mM Hepes/KOH buffer (pH 7.5), 1 mM EDTA,
10% glycerol, 1 mML-MetS, 13µM safranin T, and 0.4µM methyl
viologen was made anaerobic and reduced by adding aliquots of
an anaerobic dithionite solution (3.2 mM). Shown are the dilution-
corrected spectra obtained at equilibrium after addition of up to 26
µL of dithionite solution.

FIGURE 6: Determination of the midpoint potential values of the
flavin cofactors and the 3Fe-4S cluster of the GltS holoenzyme
free or in complex with substrates or substrates analogues. The GltS
holoenzyme (4-8 µM) was photoreduced (in the presence of 7-8
mM EDTA and 1 µM deazaflavin) or chemically reduced with
dithionite (from 1 to 3 mM solutions) in the presence of methyl
viologen (0.5-1 µM) as the mediator dye and either phenosafranin
(4-16µM, white symbols) or safranin T (5-15µM, black symbols)
as the indicator dye. The curves are the best fit of the data to eq 6
using the extinction coefficients shown in Table 1 and yielding the
values summarized in Table 2. For the GltS holoenzyme, data from
three separate experiments with each dye were fitted together to
eq 6 (circles). GltS in the presence of 1 mML-MetS (squares).
The data and the fitted curve have been offset by 6 units for clarity.
GltS in the presence of 90µM AADP (diamonds). The data and
the curve have been offset by 12 units. GltS in the presence of 1
mM 2-OG (triangles). The data and the curve have been offset by
18 units for clarity.
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24 or even 48 h due to reaction with oxygen that leaked
into the cuvette over long periods of time. The data obtained
during such reoxidations were essentially superposable with
those gathered during reduction. However, only data obtained
during reductive titrations were used forEm value calculations
to avoid artifacts due to minor protein inactivation and/or
denaturation or dye degradation during incubation for 1-2
days at 20°C. The data from several experiments were
analyzed using eq 6, which includes the contribution of the
three redox centers to the observed absorbance changes at
408 nm. The estimated values of the midpoint potentials of
FAD, FMN, and the 3Fe-4S cluster are approximately
-300,-240, and-280 mV, respectively (Table 2). These
values are similar to those calculated for the same cofactors
in the isolated subunits (Table 2) with the exception of the
calculated midpoint potential value of FAD, which was
approximately 40 mV less negative in the holoenzyme with
respect to the isolatedâ subunit. At variance with the isolated
â subunit, the effect of the presence of AADP was negligible
(Table 2). AADP binding to the GltS holoenzyme is indeed
tight (Kd ≈ 2 µM, not shown) and induces absorbance
changes that are qualitatively and quantitatively similar to
those observed with theâ subunit (18), indicating that the
mode of binding of AADP to the pyridine nucleotide site of
GltS is similar to that of theâ subunit. The lack of an effect
of AADP on the measuredEm of the holoenzyme as opposed
to the isolatedâ subunit may rather correlate with the
different tendency of the two enzymes to form a stable
charge-transfer complex between FADhq and NADP+ or its
analogue, AADP. The reduced isolatedâ subunit forms a
stable charge-transfer complex with NADP+ (4) and, as
reported above, with AADP. Reduction of the GltS holoen-
zyme with NADPH led to essentially no formation of a
similar charge-transfer complex, and photoreduction of GltS
in the presence of AADP brought about absorbance changes
at long wavelengths that were hardly detectable, thus much
lower than those observed with theâ subunit (Figure 2).

As observed for the isolatedR subunit,L-MetS had no
dramatic effect on the behavior of the enzyme redox centers
(Table 2). In contrast with what was observed with the
isolatedR subunit, 2-OG induced marked changes in the
calculatedEm values of the 3Fe-4S cluster and of the FMN
cofactor. In the presence of 2-OG, the 3Fe-4S center of
GltS exhibited a midpoint potential significantly less negative
(Em ≈ -190 mV) than in the absence of the substrate (Em

≈ -280 mV), while that of FMN was lowered by ap-
proximately 30 mV. This observation was confirmed by a
dithionite titration of the GltS-2-OG complex in the absence
of the indicator dyes; during the early stages of reduction,
absorbance changes were consistent with reduction of the
cluster only (not shown) as opposed to concomitant reduction
of one enzyme flavin and the 3Fe-4S center observed with
the free enzyme (ref5 and this work) or in complex with
other substrate analogues (not shown). How the 2-OG effect
may favor catalysis during GltS reaction will be discussed
below.

CONCLUSIONS

The midpoint potential values of the FAD and FMN flavin
cofactors of GltS and of its 3Fe-4S cluster have been
determined. Only the value of the midpoint potential of FAD
is significantly affected by the association of theR and â

subunits of the enzyme in forming the GltSRâ protomer;
such a value becomes less negative, and thus, the change is
in a direction that favors GltS reduction by NADPH. This
finding is consistent with the proposal that limited but
significant conformational changes do take place on associa-
tion of the two subunits to form the catalytically activeRâ
holoenzyme (1, 3).

The calculated midpoint potential values of GltS flavins
and the 3Fe-4S cluster are consistent with overall electron
transfer from NADPH to FAD (at site 1 of GltS on itsâ
subunit) to the 2-iminoglutarate intermediate (at site 2 on
the R subunit) through FMN, and with the participation of
the 3Fe-4S cluster of the enzyme in the intramolecular
electron-transfer process between the flavin sites. The
midpoint potential values calculated for FMN and the 3Fe-
4S cluster of GltS are also in the range of values reported
for the spinach ferredoxin (Fd)-dependent enzyme, support-
ing the overall functional and structural similarity between
the GltS R subunit and the single-subunit Fd-dependent
enzyme. However, for spinach Fd-dependent GltS, the two
centers were reported to be equipotential (-225 mV; 19),
while with the GltS holoenzyme and itsR subunit, we could
distinguish between FMN and 3Fe-4S cluster reduction and
detect differences in their midpoint potential values (Table
2).

AADP appears to form a stable charge-transfer complex
with reduced FAD bound to theâ subunit, which, in the
isolated subunit, favors flavin reduction. This complex, as
well as the charge-transfer complex between reduced FAD
and NADP+, is formed to a very low extent in the GltS
holoenzyme, and may explain why the presence of AADP
has no detectable effect on theEm value of FAD bound to
the holoenzyme.

L-MetS causes no significant changes in the midpoint
potential of the redox centers of theR subunit in both the
isolated subunit and the holoenzyme. On the contrary,
2-oxoglutarate, which binds at site 2 of GltS next to FMN
and the 3Fe-4S center (8), has a different effect on the redox
behavior of FMN and of the 3Fe-4S cluster depending on
the protein species under analysis. In the isolatedR subunit,
the presence of 2-OG has no effect on FMN but lowers the
3Fe-4S clusterEm value. In the holoenzyme, 2-OG causes
a significant (≈100 mV) increase in theEm value of the 3Fe-
4S cluster and a 30 mV decrease in that of the FMNox/FMNhq

couple.
The effect of the ligands of theR subunit on theEm values

of the cofactors of this subunit is particularly interesting in
light of the three-dimensional structure of the GltSR subunit,
which has been recently obtained by X-ray diffraction
analysis of protein crystals (8). As described in detail
elsewhere (8), it appears that several loops of theR subunit
may have a role in communicating the correct ligation and
redox state between the glutamine amidotransferase site and
the site of glutamate synthesis so that only when substrates
are bound and reducing equivalents are available, glutamine
hydrolysis takes place at the amidotransferase site, ammonia
is transferred to the 2-oxoglutarate site through the solvent-
shielded intramolecular tunnel, and the 2-iminoglutarate
intermediate is reduced to yield theL-glutamate product. The
experiments presented here clearly demonstrate that in the
holoenzyme the redox behavior of the enzyme flavins and
of the 3Fe-4S cluster are essentially insensitive to the state
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of occupancy of the amidotransferase domain and of the
pyridine nucleotide binding site. No structural information
is available yet about theâ subunit of GltS or about the GltS
Râ holoenzyme so that no comments can be made at this
stage about how the presence of the pyridine nucleotide may
be sensed by site 2 and by the glutamine amidotransferase
site of GltS. However, with the structure of theR subunit at
hand (8), the lack of an effect ofL-MetS on the redox
properties of theR subunit cofactors indicates that despite
the presence of a loop (residues 470-520), which makes
contacts with residues in the glutamine and 2-OG binding
sites and residues interacting with the redox centers (8), the
state of occupancy of the glutamine site has no marked
regulatory effect on the redox properties of the enzyme
cofactors. The data presented here, however, clearly indicate
that 2-OG may be mainly responsible for regulation of the
redox reactivity of the enzyme cofactors within theR subunit
at the site of 2-OG binding andL-glutamate synthesis, and
that the 2-OG effect plays a relevant role in GltS catalysis.

Again this finding is consistent with structural data (8),
which show that 2-OG binds in front of the FMN isoallox-
azine ring and is held in place by several electrostatic
interactions with residues of loops 4 and 6 of the GltSR
subunit (8), which form (or are in contact with) the FMN
cofactor and the 3Fe-4S cluster binding sites.

A scheme describing the electron-transfer process, which
takes place during the GltS reaction, can indeed be proposed
by taking into account the data gathered during the experi-
ments described here (Figure 7). In this scheme, theEm

values of the NADP+/NADPH and (2-OG+ NH3)/L-Glu
couples are set to approximately-340 and -126 mV,
respectively (20). Second, estimates for the flavinox/flavinsq

and flavinsq/flavinhq couples could be calculated from theEm

values of the corresponding flavinox/flavinhq couples by taking
into account the fact that no flavin semiquinone species could
be detected during these experiments. The observation is
consistent with the fact that the midpoint potential value of
each flavinox/flavinsq couple is at least 100-120 mV more
negative than that of the corresponding flavinsq/flavinhq

couple (17). Using 120 mV as theEm difference between
the couples, we can calculate approximate midpoint potential
values for the FADox/FADsq (-360 mV), FADsq/FADhq

(-240 mV), FMNox/FMNsq (-300 mV in the free GltS
holoenzyme and-330 mV in the complex with 2-OG), and
FMNsq/FMNhq couples (-180 mV for free GltS and-210
mV for the 2-OG complex). Finally, it is assumed that the
3Fe-4S cluster and one of the 4Fe-4S centers of GltS [FeS
in Figure 7, corresponding to GltS center II, the 4Fe-4S
cluster that is reduced with NADPH (2)] are involved in the
process. With this information and the values of the midpoint
potential of the 3Fe-4S cluster, we can propose the
following pathway for electrons during GltS reaction.
NADPH bound at site 1 of GltS is oxidized with parallel
reduction of FAD to the hydroquinone species (step 1 of
Figure 7). One-electron transfer from FADhq to the 3Fe-4S
cluster takes place in step 2, which is unfavored in the
absence of bound 2-OG (Figure 7A) but strongly favored in
its presence (Figure 7B). This one-electron-transfer process
generates FADsq at a potential low enough to reduce center
II of GltS in step 3. At this stage, the potential of center II
can be sufficiently negative (perhaps in the range of-360
mV) to allow electron transfer to FMN, generating the

(unstable) FMNsq species (step 4). In step 5, FMNsq is
converted into FMNhq by receiving one electron from the
reduced 3Fe-4S center. This step is thermodynamically
uphill if 2-OG is bound, or if the 2-iminoglutarate intermedi-
ate (2-IG) formed on addition of ammonia from glutamine
hydrolysis to 2-OG has the same effect as 2-OG on the
midpoint potential of both the 3Fe-4S center and FMN
(Figure 7B), but it may be driven by the subsequent
reoxidation of FMN upon two-electron transfer to 2-IG (step
6). In this case, the loweredEm of the FMNox/FMNhq couple
in the presence of 2-OG may help in driving the reaction.
Alternatively, 2-IG may be formed between steps 4 and 5,
and it may cause a shift in potential, which brings back the
values to those measured in the free enzyme (Figure 7A).
In this case, both steps 5 and 6 would be thermodynamically
favored.

Indeed, this scheme is consistent with data available so
far on the GltS reaction mechanism. In particular, it is
consistent with the tight control exerted by the enzyme on
release of ammonia from glutamine, its transfer to the 2-OG
site, with formation of the imino acid intermediate, which
is efficiently converted toL-glutamate. As a result, wasteful
consumption of glutamine (or even reducing equivalents) is
avoided (21).

FIGURE 7: Proposed electron-transfer pathway during the GltS-
catalyzed reaction. (A) Midpoint potential values determined with
free GltS or with GltS in complex with AADP orL-MetS. (B)
Midpoint potential values calculated for the GltS-2-OG complex.
Numbers indicate reaction steps as described in the text. FeS
represents center II of GltS, the 4Fe-4S center that is reduced with
NADPH (2) whose midpoint potential is low but undetermined as
indicated by the horizontal dashed line. Also, the estimates of
midpoint potential values of the flavinox/flavinsq and flavinsq/flavinhq
couples are indicated with dashed lines.
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The recent identification of conditions that allow us to
produce significant amounts of recombinantAzospirillum
GltS should make possible the extension of these studies to
the in-depth characterization of the 4Fe-4S clusters of GltS
and the application of rapid reaction techniques to the study
of this complex iron-sulfur flavoprotein.
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