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ABSTRACT: Phosphinothricin is a potent inhibitor of the enzyme glutamine synthetase (GS). The resolution
of the native structure of GS fromSalmonella typhimuriumhas been extended to 2.5 Å resolution, and
the improved model is used to determine the structure of phosphinothricin complexed to GS by difference
Fourier methods. The structure suggests a noncovalent, dead-end mechanism of inhibition. Phosphinothricin
occupies the glutamate substrate pocket and stabilizes the Glu327 flap in a position which blocks the
glutamate entrance to the active site, trapping the inhibitor on the enzyme. One oxygen of the phosphinyl
group of phosphinothricin appears to be protonated, because of its proximity to the carboxylate group of
Glu327. The other phosphinyl oxygen protrudes into the negatively charged binding pocket for the substrate
ammonium, disrupting that pocket. The distribution of charges in the glutamate binding pocket is
complementary to those of phosphinothricin. The presence of a second ammonium binding site within
the active site is confirmed by its analogue thallous ion, marking the ammonium site and its protein
ligands. The inhibition of GS by methionine sulfoximine can be explained by the same mechanism. These
models of inhibited GS further illuminate its catalytic mechanism.

Glutamine synthetase (GS)1 catalyzes the ATP-dependent
condensation of ammonium and glutamate to form glutamine,
ADP, and free phosphate. This biosynthetic reaction may
be written

where n1 and n2 are either magnesium or manganese ions.
The reaction proceeds through the tightly bound, activated
intermediateγ-glutamyl phosphate (Glu∼P) (1-5) formed
when the terminal phosphate of ATP is transferred to the
carboxylate side chain of the substrate glutamate (4). In a
second step, a bound ammonium ion is deprotonated, forming
ammonia which attacks the carbonyl carbon of Glu∼P to
form a tetrahedral intermediate at the transition state and
subsequently releases free phosphate to yield glutamine (4).

The structure of glutamine synthetase (GS) from a mutant
Salmonella typhimuriumstrain, unable to adenylylate GS (6),
was initially determined to 3.5 Å resolution by X-ray
crystallography (7). The structure was refined subsequently

and the resolution extended to 2.9 Å (8, 9). Salmonella
typhimuriumGS has a molecular mass of 620 kDa and is a
dodecamer with 622 symmetry (7, 10), formed from two
hexameric rings stacked on top of one another. Each of the
12 active sites is formed between every two adjacent subunits
within a ring and is described as a “bifunnel”. ATP enters
the bifunnel from the exposed top surface of the dodecamer,
near the 6-fold axis of symmetry. Glutamate enters the
bifunnel at the bottom, the interface of the hexameric rings,
near the 2-fold axes. At the joint of the bifunnel are the n1
and n2 divalent cation binding sites.

Structural changes in GS along the reaction pathway of
reaction 1 have been inferred in part from its inhibition by
phosphinothricin (PPT) and methionine sulfoximine (Met-
Sox). As illustrated in Figure 1, PPT and MetSox are
structural analogues of glutamate and compete with glutamate
for binding in the active site (5, 11). In the presence of ATP,
either is phosphorylated by GS and becomes an essentially
irreversible, noncovalent inhibitor of the enzyme (12, 13).
The tight binding has been attributed to the apparent
resemblance of the phosphorylated inhibitors with the
tetrahedral adduct at the transition state in reaction 1 (14-
16). In the case of MetSox, where theS-isomer is the more
inhibitory isomer (17), the nitrogen (Nε) of the sulfonimide
group forms a covalent linkage toγP-ADP, while the methyl
of the sulfonimide group has been speculated to occupy the
ammonia binding site, based on early computerized math-
ematical analysis (14).

The binding of PPT or MetSox on GS has been further
characterized by the following properties which underscore
the mechanism of inhibition. (1) The binding of PPT is slow,
4 times slower than that of ATP (11). (2) The formation of
the inactivation complex strengthens subunit-subunit inter-
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actions (18, 19), and tryptophan fluorescence is changed, as
shown with MetSox (20). (3) The inactivation can be
reversed by a variety of nondenaturing conditions, such as
lowering the pH to 3.5-4.6 in 1 M KCl which protonates
carboxylate groups or by brief heating which causes structural
perturbations (21). The net result is the release of the metal
ions, MetSox∼P, and ADP. GS can be reinactivated by
returning the pH to 7 which results in the rebinding of these
components to the enzyme and reflects a well-ordered
mechanism of inactivation and subsequent reactivation (21).

EXPERIMENTAL PROCEDURES

Escherichia coli Strains and Culture Conditions. S. typh-
imuriumGS was expressed in anE. coli recombinant system
using glutamine auxotroph strain YMC21E ofE. coli (∆-

[glnA-glnG], glnE::TN5) (22, 23). This strain lacks adenyl-
yltransferase activity and yields fully unadenylylated GS
(24). All transformations were performed as described by
Hanahan (25). Cultures were grown with the YMC21E strain
in LB medium containing 50µg/mL ampicillin and 50µg/
mL kanamycin, using a 150-L New Brunswick IF250
fermentor.

Purification of Recombinant S. typhimurium GS.Recom-
binant GS was purified by the procedure described by
Woolfolk et al. (26) for E. coli GS isolation, omitting the
following steps: heat treatment, acetone precipitation, and
the second ammonium sulfate precipitation. An affigel-blue
(Bio-Rad, 100-200 mesh) affinity column was used as the
final purification step, as described by Janson et al. (27) for
S. typhimuriumGS isolation. This was followed by dialysis

FIGURE 1: Glutamate analogues that inhibit GS. The compounds that are shown suggest that the presence of an H-bond donor at the
ε-position is a characteristic of a good inhibitor for GS; MetSox, PPT, NH-DABA, 5OH-Lys, ACPS, and APBA are inhibitors of GS
having dissociation constants in the low micromolar range. The X-ray crystallographic structures of PPT and MetSox bound in the active
site of GS demonstrate that the H-bond donor at theε-position on each inhibitor interacts with the Glu327 flap which sits at the glutamate
entrance to the active site and closes the cavity. Binding of 5OH-Lys, of NH-DABA, of ACPS, and of APBA are predicted also to close
the flap with their H-bond donor groups at theε-position. Methionine sulfone and methionine sulfoxide display weaker binding for GS,
having dissociation constants in the low millimolar range, perhaps reflecting the lack of a H-bond donor at theε-position and thus an
inability to interact with the flap. The binding of serine supports the hydrogen bond interaction between the inhibitor and the Glu327 flap;
serine stabilizes the flap with its hydroxyl group as observed in the X-ray crystal structure of the GS-serine complex, whereas the electron
density for the flap remains disordered in the GS-alanine complex (9). The difference in position between the hydroxyl group of serine (on
theâ-position) and the tighter binding inhibitors (on theδ-position) may explain the weaker dissociation constant for serine (9). 1Estimated
from the double-reciprocal plot in ref51. 2Sheep brain GS.3Soybean GS.
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against 15 mM imidazole (pH 7) and 2.2 mM MnCl2 until
all the nucleotide from the elution buffer was removed as
judged spectrophotometrically (28).

Crystal Soaking and Data Collection.GS crystals were
grown by the hanging drop method of vapor diffusion and
contained ADP (9). To prepare crystalline complexes,
thallium acetate (1-5 mM) or D,L-phosphinothricin (100
mM) was dissolved in synthetic mother liquor and the
solution slowly added to crystal-containing drops over a
period of 5 min. Thallium-GS crystals when frozen for
cryogenic data collection have essentially the same unit cell
dimensions as the native form. X-ray data were recorded on
an R-Axis IV detector with a rotating anode X-ray generator.
The crystal-to-detector distance was set to 200 mm, and a
helium box was used to reduce the level of air absorption.
Exposure times were 30 min, and the oscillation angle was
set to 1.1°. For the phosphinothricin soak, cryogenic data
were collected at the X12C beamline at the National
Synchrotron Light Source (Brookhaven National Laboratory,
Upton, NY). Data were indexed and processed with the
programs DENZO and SCALEPACK (29). Statistics for data
collection are given in Table 1.

Fourier Difference Map Calculations.Twelve-fold NCS-
averaged difference maps, using the Fourier coefficient
relationship|Fo(GS-inhibitor)| - |Fo(GS)|, were calculated using
either the program XtalView (30) or the program suit RAVE
(31). Phases from the refined structure ofS. typhimurium
GS at 2.5 Å were used in the calculation of the maps of the
binary complexes. Atomic refinement was performed using
the program XPLOR 3.843 (32), yielding the statistics listed
in Table 1. The coordinates of the Tl+-GS model, the PPT-
GS complex, and the 2.5 Å native structure have been
deposited to the Protein Data Bank as entries 1F1H, 1FPY,
and 1F52, respectively.

RESULTS

Two Main Tl+ Binding Sites per ActiVe Site

To define the ammonium ion binding sites of GS more
completely, X-ray data were collected from crystals of GS
complexed with the ammonium analogue, thallous ion (33).
Figure 2a shows the difference electron density map com-
puted with coefficients [|Fo(GS-Tl)| - |Fo(GS)|] after 12-fold
NCS averaging. Two density peaks are visible within each
GS monomer. Panels b and c of Figure 2 show these peaks
superimposed on a backbone chain representation of the
dodecamer. The difference density peaks are situated in the
bifunnel-like active sites. One of the peaks coincides with
the ammonium substrate binding site as described by Liaw
et al. (34). This peak is modeled as Tl473. The location of
the other Tl+ ion peak, modeled as Tl474, coincides with
the site of binding of the ammonium group of the substrate
glutamate. Table 2 gives the separation of these cation
binding sites. This second thallium peak was observed in
weak density by Liaw et al. (34), with Asn264, Gly265, and
Glu131 suggested as its ligands. The new map shows a strong
peak at this same site and suggests that one water molecule
also coordinates the ion, giving a total of four strong protein
interactions with the thallium ion. Side-chain movements
toward Tl474 are observed for Asn264 and Glu131. In
addition, the side chain of Gln218 may also weakly
coordinate the second thallium ion. All four of the residues
that coordinate Tl474 are completely conserved in all known
GS sequences.

Charge Asymmetry

A charge division within the bottom half of the bifunnel
creates a positively charged pocket which stabilizes the
substrate glutamate and a connecting negatively charged

Table 1: Summary of Diffraction Data and Atomic Refinement for Inhibited GS Moleculesa

GS-ADP-Tle GS-ADP-PPT GS-ADP

unit cell dimensions 231.1 Å× 132.8 Å× 196.8 Å,
â ) 102.4°

230.6 Å× 132.5 Å× 195.9 Å,
â ) 102.4°

230.6 Å× 132.5 Å× 195.9 Å,
â ) 102.4°

data
resolution (Å) 2.67 2.89 2.49
no. of unique reflections (N) 130547 87421 196568
completeness (%) 82 70 98
Rmerge

b (%) 13 7.4 8.4
Riso

c (%) 15 20 N/A
Bwilson 44 53 46

no. of atoms in model
protein (non-hydrogen) 43644 47280 43644
metal 48 24 24
water 840 1836 3504

refinement parameters
resolution range (Å) 32-2.67 15-2.89 34.9-2.49
R-factord (%) 23.3 24.8 24.3
Rfree (%) 26.4 26.3 25.2
Bave 46.3 49.0 52.2

deviation from ideality (rmsd)
bonds (Å) 0.015 0.012 0.012
angles (deg) 2.22 1.9 1.91
dihedrals (deg) 25.4 24.9 25.0
impropers (deg) 1.87 1.82 2.03

a The models were refined with strict 12-fold NCS constraints. Regions of the backbone with poor electron density correspond to highly flexible
loops as discussed in the text and by Eisenberg et al. (43). b Rmerge) Σ(I - 〈I〉)2/ΣI2, whereI values are intensity measurements.c Riso ) Σhkl(|Fderivative

- Fnative|)/Σhkl|Fnative|. d R ) 100(Σ|Fo - Fc|)/(ΣFo), whereFo andFc are the observed and calculated structure factors, respectively.e The thallium
data set was taken in-house using an R-axis IV detector with a rotating anode generator, and compared to a similarly recorded native GS data set.
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pocket that stabilizes ammonium (Figure 3). The ligands that
form the negatively charged ammonium pocket include
Glu212, Tyr179, Asp50’, and Ser53’, where the apostrophe
means that the residue is on the adjacent subunit (34), and
are confirmed by the map in Figure 4d. Another negatively
charged pocket forms the binding site of Tl474 (Figure 4c);
this site serves to bind the amino group of the substrate
glutamate in the biosynthetic reaction. Both negatively
charged pockets are situated on the same side of the bottom
half of the bifunnel. The other side of the bottom half, which
is positively charged, stabilizes theR- and γ-carboxylate
groups of the substrate glutamate. This positively charged
pocket is created by Arg331, Arg339, Arg344, Arg359,
His269, and His270.

Phosphinothricin-GS Complex

Electron Density Map.Figure 4a shows the electron
density of a 12-fold NCS-averaged GS-PPT difference
electron density map, with a model of PPT built into it. The
electron density of PPT was found to lie in the bifunnel, in
the vicinity of the Tl+ ions, overlapping the glutamate binding
site (9). Figure 4b shows the electron density of PPT in the
bifunnel of GS, illustrating the effect of PPT binding on
nearby residues. These affected residues have moved from
their native positions, as shown by difference electron

density. The loop containing Glu327 (the Glu327 flap) is
bound by the phosphinyl end of PPT, as is the side chain of
Asn264. The Glu212 side chain shifts away from the polar
site where Tl473 binds and is now rotated to the other side
of the Mn469 ion. A pronounced shift turns the Tyr179 side
chain away from the inside of the bifunnel. And the side
chain of Asp50’ appears to have moved away from the
pocket as suggested by the difference density along the main
chain. All residues displaying significant difference density
are completely conserved in all known GS sequences.
Residues Glu327, Glu212, Tyr179, and Asp50’ but not
Asn264 have been described to form the polar pocket which
binds the ammonium substrate in the biosynthetic reaction
(5).

Glu327 Flap and Orientation of the Phosphinyl Group in
Phosphinothricin Binding.The orientation of the phosphinyl
group can be inferred by the Glu327 flap stabilization. The
Glu327 flap is defined as the loop segment consisting of
residues 324-329 that guards the glutamate entrance into
the bifunnel. The electron density for the Glu327 flap is not
visible in the GS native structure or in the glutamate-GS
complex (5). However, a strong density peak for the flap
consistently appears when MetSox or PPT binds to GS.
Because a major difference between glutamate and these
inhibitors is their δ-groups, this suggests that there is
interaction between the phosphinyl group of PPT with the
Glu327 flap. For this reason, we oriented one phosphinyl
oxygen (Oε2) of PPT toward the Glu327 flap, shown in
Figure 5a. Using bond lengths for PPT obtained from the
small molecule structure determination (35), we are able to
estimate the distance between Oε2 and the carboxylate
oxygen of Glu327 as 2.6 Å, the separation expected for a
strong hydrogen bond. To form such a hydrogen bond, either
Oε2 of PPT or the closer carboxylate oxygen of Glu327 must
be protonated to provide a hydrogen bond donor. A proto-
nated PPT is in agreement with the small molecule structure
solutions of PPT, crystallized in an ethanol/water mixture
(35) and in an aqueous solution with excess 20% hydro-
chloric acid (36).

FIGURE 2: Thallium binding sites in each active site of GS. (a) Twenty-four electron density peaks are shown at a 14σ contour level in the
GS-Tl+ dodecameric complex in the 12-fold NCS-averaged [Fo(GS-Tl) - Fo(GS)] Fourier difference map.Fo(GS-Tl) is the observed structure
factor from the GS-thallium ion binary complex data set, andFo(GS) is the observed structure factor from the native GS data set. One of
the pair of closely spaced peaks is 39σ above the mean, and the other is 34σ above the mean. The peaks are the two highest in the averaged
difference map, with the next highest peak 14σ above the mean. The higher of the two corresponds to the ammonium binding site where
Tl473 binds, and the lower corresponds to a second ammonium ion binding site. (b and c) Top and side views, respectively, of the GS
dodecamer are superimposed on the difference map, showing that the peaks lie in the active sites (or bifunnels) of GS. The black circle
represents the mouth of a bifunnel on the upper hexameric ring and the gray circle that on the lower hexameric ring. The illustration was
made using the program XtalView (30), and the peak heights were calculated with the program PEAKMAX (56).

Table 2: Metal-Metal and Metal-Ligand Separations inS.
typhimuriumGS

peak A peak B
distance

(Å)a peak A peak B
distance

(Å)a

Mn470 Mn469 5.5 Asn264 (OD1) Tl474 3.1
Mn470 Tl473 7.4 Gly265 (O) Tl474 3.0
Mn470 Tl474 8.6 Glu131 (Oε1) Tl474 3.6
Mn469 Tl473 3.8 Glu131 (Oε2) Tl474 2.7
Mn469 Tl474 5.2 Gln218 (Oε1) Tl474 4.2
Tl473 Tl474 5.6

a The error in atomic coordinates is(0.38 Å, as estimated by a
Luzzati plot (50).
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As illustrated in Figure 5a, the placement of the other
phosphinyl oxygen (Oε1) and the methyl group of PPT are
restricted once Oε2 has been oriented toward the Glu327
flap. The shift of Glu212 and Tyr179 away from the first
ammonium binding site hints that the electronegative Oε1
atom repels them. Furthermore, by orienting Oε1 as shown
and accepting the phosphinyl bond angles from the small
molecule solution, we find the distance between Mn469 and
Oε1 to be 2.4 Å, affording significant electrostatic attraction.
Alternatively, Oε1 could be oriented toward the positively
charged side of the bifunnel, where Arg339, Arg359, or
His269 could act as a hydrogen bond donor to Oε1. This
would also make chemical sense, but perhaps weaker
hydrogen bonding.

Flap Closure. Depicted in Figure 6, the Glu327 flap
occludes the bottom entrance of the bifunnel, but only after
PPT binds. The atomic displacement (B) factors in the native
model for flap residues Gly325, Tyr326, and Glu327 are 100
Å2, suggesting many conformations for the loop. Computa-
tional deletion of the Glu327 flap increases the total surface
area of the enzyme by 300 Å2, reflecting an increased
opening of the active site cavity. In the PPT-GS complex,
however, both PPT Oε2 and Asn264 Nd1 stabilize Glu327
Oε1 and Oε2, respectively. The averageB-factor for the
Glu327 flap in the PPT-GS complex drops to 50 Å2, with
partial occupation of the active sites by the inhibitor. The
stabilizing interactions of Glu327 with PPT are supported
by further interactions along the bottom rim of the entrance
site (Gly325 with Lys176, Tyr326 with Lys256 and Gly262),
making the electron density for the entire loop visible. The
entryway into the cavity is narrower and better complements
the contour of the flap than in the native model. In short,
PPT buries itself in the enzyme.

DISCUSSION

What Is the Similarity between PPT and MetSox Binding?
Our model of PPT binding suggests the orientation of the
sulfonimide group of MetSox on GS. Both PPT and MetSox
binding stabilize the Glu327 flap and the Asn264 loop and
in similar ways. Hence, we adjust the model of MetSox
bound in the active site of GS from Liaw et al. (5) to parallel
our model of PPT binding (Figure 5b). That is, the protonated
Nε atom of MetSox hydrogen bonds with a carboxylate
oxygen of Glu327. The carboxylate oxygen of Glu327 and
the protonated Nε atom of MetSox are within hydrogen
bonding distance. A distance of 2.6 Å was reported by Liaw
et al. (5) as the closest distance between inhibitor density
and the flap. This value is the same as the distance reported
here between one of the carboxylate oxygens of Glu327 and
Oε2 of PPT. In addition, theδ-amino group of Asn264
hydrogen bonds with the other carboxylate oxygen of Glu327
(5). The rest of the sulfonimide group is modeled using the
crystal structure of MetSox (37). The Oε-S-Nε angle of
120° places the Oε atom in proximity to the Mn469 ion,
with the protonated Nε atom oriented directly toward Glu327.
The methyl group faces away from the ammonium site. This
fixes the Oε and methyl groups around theδ-atom of the
inhibitors in similar orientations in both models. Notice that
this adjustment does not necessarily orient Nε of the
sulfonimide group away from the ATP binding site, because
ATP extends toward this site from above.

What about Other Orientations of the Sulfonimide Group?
Previously suggested orientations (5, 14) depicted in panels
c and d of Figure 5 do not account for the Glu327 flap
stabilization, nor do they complement the left to right charge
division of the active site or the placement of the n1 metal
ion. The early computer-assisted model in Gass et al. (14),

FIGURE 3: Charge asymmetry around the GS glutamate binding site. (a) The placement of all active site residues around the glutamate
substrate binding site is shown from the native model, looking down thez-axis. The blue atoms represent nitrogens with hydrogens attached
and the red atoms oxygens, and the green represents the secondary structures of the enzyme. Notice the charge separation, with positive
charge on the left and negative on the right. (b) Two binding pockets are formed in the active site, one that binds the substrate glutamate
(yellow) and one that binds Tl473 (blue). The H-bond donor and acceptor groups on glutamate complement the charge asymmetry in the
active site, as does the positive charge of Tl473.
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on which both these orientations are based, described MetSox
as a bifunctional reagent, apparently attaching to the enzyme
at the sites for both glutamate and ammonia substrates. To
arrive at this conclusion, Gass et al. (14) assumed features
of substrate binding sites on GS. The most fundamental was
that the location of the ATP binding site had to permit
phosphorylation of the Nε group of MetSox from an adjacent
site, the location of which relative to glutamate was deduced
on the basis of binding studies of methyl-substituted,
glutamate stereoisomers (38). The ammonia binding site was

placed with the help of another assumption: with the Nε

group oriented toward this putative ATP binding site, the
direction of the methyl group would then face toward the
ammonia site, allowing for further speculation that the nature
of the site had to be hydrophobic to accommodate the methyl
group and shaping the idea that the methyl group acts as a
substrate analogue for ammonia. MetSox binding would,
therefore, mimic the tetrahedral geometry formed at the
transition state, with the nucleophilic attack site occupied
by the methyl of the sulfonimide group. With the attack site

FIGURE 4: Phosphinothricin bound in an active site of GS. (a) The electron density of phosphinothricin (PPT) is shown as a 12-fold
NCS-averaged [Fo(GS-PPT) - Fo(GS)] Fourier difference map.Fo(GS-PPT) is the observed structure factor amplitude from the GS-PPT binary
complex crystal, andFo(GS) is the observed structure factor amplitude from the native GS crystal. The resolution of the map is 2.89 Å and
is presented at a 10σ contour level. The highest peak of the entire map was found to lie in the top half of the density and the second highest
peak in the lower half. The respective peak heights were 26σ and 18σ, with the next highest peak being 14σ above the mean. Superimposed
in the density is a model of PPT. Model building of the main chain of PPT into the map was done by the phosphorus atom at the highest
peak and the CR atom at the second highest peak. Notice the placement of atoms around the phosphorus atom. Because the three groups
of atoms around the phosphorus are isoelectronic, the groups were placed by chemical reasoning (see the text). (b) The same map as in
panel a, contoured at 6σ, shows the movements of active site ligands caused by the presence of PPT. The shapes of the densities make for
easy identification of residues, although they are not apparent in this two-dimensional view. (c) With the same view of the active site as
in panel b, the thallium complex map is shown, contoured at 14σ. For illustration, the model and electron density of PPT are superimposed
on the thallium difference map. Notice that the amino group of PPT protrudes into the electron density of Tl474, a second ammonium
binding site marked here by Tl+. Notice also the proximity of the electron density of Tl473 to theδ-position of PPT. (d) The coordination
of the Tl473 ion is shown in the same orientation as in panel b. The dotted arrows represent the direction of movement of the ligands which
coordinate the polar pocket once PPT binds, as shown in panel b. The maps were made using the program XPLOR 3.843 (32), averaged
with the program suit RAVE (31), and the peak heights were calculated with the program PEAKMAX (56).
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now known to be a negatively charged pocket having protein
ligands placed tetrahedrally, an ammonium ion rather than
ammonia is believed to be the substrate (34). And because
the polar pocket stabilizing the ammonium binding site is
destroyed when the inhibitor interacts with the Glu327 flap,
the need for MetSox to mimic tetrahedral geometry at the
transition state is unnecessary for explaining the strong
inhibition.

How Is PPT∼P Tightly Bound in the ActiVe Site?The
Glu327 flap appears to account for the tight binding of both
PPT∼P and MetSox∼P to GS. Once phosphorylated, the
inhibitors presumably retain essentially the same orientation
in the active site as the nonphosphorylated models presented
here. Additional support for this placement comes from EPR

studies which suggest that the Oε group of MetSox∼P
interacts with Mn469 (39). This is the same orientation as
our model of MetSox. In particular, the Nε group is oriented
toward the entrance of the glutamate binding site. Low-
resolution X-ray crystallographic studies of MetSox∼P
indicated that the residues comprising the flap became visible
(40). Because the Nε group of MetSox interacts with a closed
flap and becomes phosphorylated, the phosphate could “lock”
the flap closed by hydrogen bonding. By locking we mean
that the inhibitor is hydrogen bonded to the Glu327 flap and
possibly the Asp50’ loop. Once phosphorylated, the proto-
nated Nε atom of MetSox might donate its proton to Glu327,
releasing itself of the net positive charge, but the now
protonated Glu327 could still he held in position by the

FIGURE 5: Proposed models for the orientation of theδ-groups of PPT and MetSox in the active site of GS. (a) The orientation of the
phosphinyl group of PPT in the active site of GS is represented as a two-dimensional projection onto the page. To permit a hydrogen bond
with Glu327, the Oε2 phosphinyl oxygen is protonated and is oriented toward Glu327. The other phosphinyl oxygen (Oε1) is oriented
toward the ammonium pocket, marked by Tl473, maximizing the interaction with Mn469. The distance between Oε1 and the Tl473 site is
1.5 Å which is less than the sum of the van der Waals radii of ammonium (∼2 Å) and oxygen (∼1.4 Å), reflecting the disruption of the
pocket by PPT. The movements of the ligands which coordinate the pocket are shown by the directions of arrows. (b) The sulfonimide
group of MetSox is remodeled from Liaw et al. (5) to parallel the orientation of the phosphinyl group of PPT in panel a. This orientation
permits hydrogen bond interaction between the nitrogen of the sulfonimide group and the carboxylate side chain of Glu327, as well as
electrostatic interaction between the oxygen atom of the sulfonimide group and Mn469. (c) The sulfonimide group is oriented with the
methyl group protruding into the ammonium (Tl473) pocket as described by Gass et al. (14). If the methyl group truly blocks the site of
nucleophilic attack in the second step of glutamine biosynthesis by occupying this site, one would expect an apolar pocket at this site.
However, the fact that Tl473 can bind there demonstrates that the site is a negatively charged one, having several oxygens surrounding it.
This implication has lead us to believe that it is an ammonium ion rather than ammonia which binds to this site (34). (d) The sulfonimide
group is oriented with the methyl group facing Glu327 as described by Liaw et al. (5). If the methyl group points toward Glu327, the
distances between theγ-carboxylate group of Glu327 would be too far (∼6 Å) for interaction, in general, with either Nε or Oε atom of the
sulfonimide group which are the only possible atoms capable of interacting with Glu327. Furthermore, the atoms would be facing away
from the flap which does not allow for H-bonding. In short, the protonated Nε atom is the only possibility for the sulfonimide group to act
as an H-bond donor to Glu327. To do so, the Nε atom needs to face the flap as illustrated in panel b.
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FIGURE 6: Open and closed models of the Glu327 flap and the GS active site. In panels a and b, the bottom entrance into the bifunnel is
viewed, shown as a surface representation with the enzyme colored light green. The 6-fold axis of the enzyme is near vertical. The Glu327
flap is situated at the entrance and is shown as the white atomic model consisting of residues 325-328 of the enzyme. The catalytic
manganese ions are represented by the violet spheres that are partially visible. The mechanism for the tight binding of PPT∼P is illustrated
by the comparison of the free enzyme (a) with the PPT-GS complex (b). In panel a, the Glu327 flap is seen to be down, allowing substrate
entry into the active site (open). In panel b, PPT is shown trapped inside the cavity with Mn469 behind it (closed). If the flap were also a
surface representation rather than an atomic model, the view into the cavity would now be seen to be completely blocked. Notice that the
hydroxyl group at theε-position of PPT faces Glu327 of the flap as if shutting the flap behind itself upon entry. By reference to the MetSox
model described in the text, phosphorylation occurs on the oxygen of this hydroxyl group which creates an electrostatic attraction between
the inhibitor and the carboxylate of Glu327 of the flap, thereby tightly binding PPT∼P to GS. Notice also that the internal cavity seems to
be less occluded than the native model. This reflects the movements of the loops which comprise the ammonium site ligands away from
the ammonium binding site due to the proximity of PPT binding, that is, the disruption of the ammonium pocket. Panels a and b were made
using the program GRASP (57). (c) The top view of the bifunnel is shown, with the 6-fold axis vertical as in Figure 2c. Because the
bifunnels are formed between adjacent subunits within a ring of a hexamer, the green secondary structures are contributed by one subunit
and the gold secondary structures are contributed by the adjacent subunit. To provide a clear view into the active site, theâ-sheets on the
gold subunit have been narrowed. The figure illustrates the binding of GS substrates and inhibitors, and suggests the movements of catalytic
loops. Superimposed are models of the substrates ATP and glutamate (purple), the Tl474 ion (dark blue), and a model of a generic tetrahedral
inhibitor (light blue) which is used to closely represent PPT, MetSox, or APBA binding in the bifunnel. In the case of MetSox, the black
ball at theε-position is the protonated Nε atom, the white ball is a methyl group, and the gray ball is an oxygen atom. PPT differs from
MetSox in that the black ball represents a hydroxyl group.
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phosphate group through hydrogen bond contacts, or by the
electrostatic attraction between the electronegative Glu327
and the positive charge on the phosphorylated Nε atom. The
biosynthetic reaction in the presence of MetSox or PPT
comes to a dead end because the site for ammonia has been
disrupted and nucleophilic attack on theδ-atom (the second
step of reaction 1) can no longer occur.

What PreVents the Hydrolysis of the Enzyme-Bound
Biosynthetic Intermediate?The closing of the Glu327 flap
is the structural reason that the intermediate of reaction 1
remains stably bound to the enzyme. As the flap traps PPT
and MetSox in the active site, the flap also shields the
intermediate from aberrant hydrolysis. A possible mechanism
for the closure of the Glu327 flap in reaction 1 can be seen
in Figure 7. ATP enters from the top of the bifunnel, closing
the Asp50’ loop over the active site (a). Because Trp57’ is
located on this loop, the observed tryptophan fluorescence
enhancement due to nucleotide binding (18, 20, 41) supports
this conformational change in the Asp50’ loop. This may
position Ser52’ to provide a hydrogen bond donor for the
Glu327 flap. Glutamate now enters and binds above the
Glu327 flap (still in the open position) and the Asn264 loop
(b). The amino group of glutamate coordinates with the
γ-carboxyl group of Asn264 (5). Both theγ-amino group
of Asn264 and the hydroxyl group of Ser52’ provide
hydrogen bond donors for theγ-carboxylate of Glu327,
thereby acting as “latches” for the flap. The flap completes
the closure of the entry into the active site (c). The
intermediate is formed and is shielded from solvent by the
enzyme (42). In this process, Asp50’ and Glu327 of the flap
complete the upper polar pocket and increase the affinity
for ammonium binding, allowing the second step of reaction
1 to proceed (d). In the absence of NH4

+, this intermediate
decomposes to ADP, free Pi, and glutamate (20), following
opening of the flap over time. This model is supported by
mutation of catalytic residues Asp50’ and Glu327 which
destabilize the formation of the intermediate and decrease
the affinity for the NH4

+ substrate (42). A cartoon of the
mechanism in Eisenberg et al. (43) illustrates the complete
reaction.

How Does PPT Binding Compare with That of Other
Known GS Inhibitors?Figure 1 compares known inhibitors
of GS to PPT and MetSox. Two in particular, ACPS and
APBA, have been described as dead-end inhibitors of GS
(3). The mechanism of inhibition of ACPS and APBA is

similar to that of MetSox and PPT in that they become
phosphorylated by GS in the presence of ATP (3, 13). ACPS
and APBA share two features with MetSox and PPT around
theδ-position. Each has a group that can act as a hydrogen
bond donor to theγ-carboxylate group of Glu327, and each
has an electronegative atom to interact with Mn469. The
structural similarity may be reflected in the similarKi values
(see Figure 1) for PPT and MetSox, in the low micromolar
range, at least 2 orders of magnitude lower than theKm for
the substrate glutamate inE. coli GS. However, despite the
resemblance among these inhibitors, a significant difference
is that ACPS∼P and APBA∼P dissociate from GS in
overnight dialysis at pH 7 (3, 13), whereas MetSox∼P and
PPT∼P remain tightly bound. A possible explanation for this
difference can be seen in Figure 6c. Notice that an oxygen
atom on theδ-group of ACPS and APBA have replaced the
methyl group in PPT and MetSox. This oxygen provides
another site for phosphorylation. The oxygen (the white ball)
overlaps with one of the two possible phosphorylation sites
on the substrate glutamate (the red ball). Unlike the case of
MetSox, where the methyl group occupies this space,
phosphate transfer onto this oxygen of ACPS or APBA does
not create electrostatic attraction to Glu327 of the flap. This
difference in chemistry may cause the different rates of in-
activation and dissociation of these inhibitors, because ACPS
and APBA are not locked (11) in the active site by the flap.

How Common Are Catalytic Flaps and How Often Are
They Associated with Tight Binding Ligands?A list of 12
enzymes containing catalytic flaps that close over their active
sites can be found in Kempner (44). In common with the
GS model presented here, the flaps have been described to
trap ligands and limit active site exposure to solvent water.
For example, the flaps in glutathione synthetase and in
RuBisCo close over the active site to protect unstable
intermediates formed during the course of their reactions (45,
46). Support for flap-closing mechanisms comes from tight
ligand-protein complexes which mimic the intermediary
states of catalysis. Another example is streptavidin which
binds biotin tightly. A comparison of the crystal structures
of streptavidin complexed to biotin and the apo structure
revealed that a surface flap orders upon biotin binding,
forming a hydrogen bond between biotin and the flap (47).
In more recent examples, the structure of human hypoxan-
thine-guanine phosphoribosyltransferase is described as
containing a catalytic loop that moves∼25 Å to cover the

FIGURE 7: Mechanism of flap closure during glutamine synthesis. A cartoon of one active site of GS outlines our proposed mechanism for
the first step in reaction 1. The gray circles at the neck of the bifunnel represent the metal ions; the dashed loop represents the Asp50 latch,
and the black loop respresents the Glu327 flap. The mechanism is described in the text.
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active site upon binding a strong inhibitor (48). And, pepsin
A (49) is described to have an essential H-bond between
the inhibitor and the flap which aligns the substrate and
facilitates the transition state.

In summary, the bottom half of the GS bifunnel is guarded
by two main flexible loops, both destabilized in the holo
form. Upon ATP and glutamate binding, the Asp50’ latch
cooperates with the Glu327 flap to close the active site,
protecting the intermediate and completing the ammonium
binding site. The PPT∼P[ADP] complex whose structure is
detailed here mimics the intermediate complex (Glu∼P-
[ADP]) of reaction 1.
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