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Abstract 

Glutamine  synthetase  (GS)  catalyzes  the  ATP-dependent  condensation  of  ammonia  and  glutamate  to yield gluta- 
mine,  ADP,  and  inorganic  phosphate in the presence of divalent  cations. Bacterial GS is an  enzyme of 12 identi- 
cal subunits,  arranged in two rings  of 6, with the active  site between each pair of  subunits in a ring. In earlier work, 
we have reported  the  locations within the  funnel-shaped  active site of  the  substrates  glutamate  and  ATP  and of 
the  two  divalent  cations,  but  the site for  ammonia (or ammonium)  has  remained elusive. Here we report  the dis- 
covery by X-ray  crystallography  of a binding site on  GS  for  monovalent  cations, T1+ and cs+, which is proba- 
bly the  binding  site  for  the  substrate  ammonium  ion.  Fourier  difference  maps  show  the following. (1) TI+ and 
Cs+ bind  at essentially the  same  site, with ligands being Glu 212, Tyr 179, Asp 5 0 ,  Ser 53’ of the  adjacent  sub- 
unit,  and  the  substrate  glutamate.  From its position  adjacent  to  the  substrate  glutamate  and  the  cofactor  ADP, 
we propose  that this monovalent  cation site is the  substrate  ammonium  ion binding site. This  proposal is supported 
by enzyme kinetics. Our kinetic measurements  show  that T1+, Cs+, and  NH4+  are  competitive  inhibitors to 
N H 2 0 H  in the  y-glutamyl  transfer  reaction. (2) GS is a trimetallic  enzyme  containing  two  divalent  cation sites 
(n l  , n 2 )  and  one  monovalent  cation site  per subunit.  These  three closely spaced  ions  are all at  the  active site: the 
distance between n l  and n2 is 6 A, between n, and  TI+ is 4 A, and between n2 and  TI+ is 7 A .  Glu 212 and  the 
substrate  glutamate  are  bridging  ligands  for  the n ,  ion  and Tl’. (3) The presence of a monovalent  cation  in  this 
site may  enhance  the  structural  stability  of  GS, because  of  its effect of balancing  the negative charges of the  sub- 
strate  glutamate  and its ligands  and  because of strengthening  the  “side-to-side”  intersubunit  interaction  through 
the  cation-protein  bonding. (4) The presence  of the  cofactor  ADP increases the TI’ binding to  GS because ADP 
binding  induces  movement of Asp 50‘ toward  this  monovalent  cation  site, essentially forming  the  site.  This  ob- 
servation  supports a two-step  mechanism with ordered  substrate binding: ATP  first  binds  to  GS,  then  Glu  binds 
and  attacks  ATP  to  form y-glutamyl phosphate  and  ADP, which complete  the  ammonium  binding site. The  third 
substrate,  an  ammonium  ion,  then  binds  to  GS,  and  then loses  a proton  to  form  the  more  active species ammo- 
nia, which attacks  the  y-glutamyl  phosphate  to yield Gln. ( 5 )  Because the  products  (Glu or Gln) of the  reactions 
catalyzed by GS  are  determined by the molecule  (water or ammonium)  attacking  the  intermediate y-glutamyl  phos- 
phate,  this negatively charged  ammonium  binding  pocket  has been  designed naturally  for high affinity  of  ammo- 
nium  to  GS,  permitting  glutamine  synthesis  to  proceed in aqueous  solution. 
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Glutamine  synthetase (GS) is a  primary  biological  catalyst in  the 
sense  that it  catalyzes the first step  at which nitrogen is brought 
into cellular metabolism:  glutamate + NH4’ + ATP + gluta- 
mine + ADP + Pi.  The  product  glutamine is a source  of  nitro- 
gen  in the  biosynthesis of many  other  metabolites  (Stadtman, 
1973). The  reactant  ammonia, released by nitrate  reduction, 
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amino acid degradation,  and  photorespiration, is toxic and must 
be removed. In most plants,  the  glutamine synthetase/glutamate 
synthase  pathway is the  only  efficient way t o  detoxify  the  am- 
monia  (Miflin & Lea, 1980). In  animals, GS is found  predomi- 
nantly  in  brain,  kidney,  and liver. Moreover, GS is of special 
importance in the  vertebrate  nervous system;  it is a key enzyme 
in the  “small  glutamate  compartment”  and is involved  in the re- 
cycling  of amino  acid  neurotransmitter  molecules,  such  as glu- 
tamate  and  y-aminobutyrate, released by physiologically  active 
neurons  (Hamberge et al., 1979). In  short, in addition  to  gluta- 
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mine biosynthesis, GS also  provides a mechanism  for  ammonia 
assimilation and  detoxification  and a  mechanism for  termination 
of  neurotransmitter  signals  (Cooper & Plum, 1987; Derouiche 
& Frotscher, 1991). 

A 3.5-A atomic  model  for 5,616 amino  acid residues of  do- 
decameric  unadenylylated  GS  from Salmonella typhimurium 
was  initially determined by X-ray  crystallography  by  Almassy 
et al. (1986) and  refined by Yamashita  et  al. (1989), and 2.8-A 
refined  models  for  both S.  typhimurium and Escherichia coli 
were determined by Liaw  et al. (1993~). Bacterial GS consists 
of 12 identical  subunits with 622 symmetry,  arranged  as  two 
face-to-face benzene rings, with unusual  subunit  contacts.  The 
funnel-shaped  active sites are  located  at  the  subunit  interfaces 
in the  same ring. The  funnel is about 30 A wide at its top,  about 
I O  A wide at  the  bottom,  and 45 A deep,  and is open  at  both 
top  and  bottom.  About  halfway  down  each active  site is a shelf 
formed  by  the  two divalent cations  and their ligands.  The metal 
ions MnZ+ or Mg2+  are  required for the  activity  and  for  the 
structural  stability  of  GS  (Ginsburg & Stadtman, 1973; Liaw 
et  al., 1993~). ATP  binds  at  the  top of the  active  site cavity and 
the  glutamate binds at  the  bottom,  adjacent  to  the n ,  ion  (Liaw 
& Eisenberg, 1994). However,  the  binding site of the  third  sub- 
strate,  ammonia,  has  remained elusive. 

The  reactions  catalyzed by bacterial  dodecameric GS (GSI) 
and  mammalian  octameric  GS  (GSII)  are generally the  same 
(Stadtman & Ginsburg, 1974), and  similar  catalytic  chemical 
steps in glutamine  synthesis  have been proposed  for  both GSI 
and GSII (Meek & Villafranca, 1980; Meister, 1980). In  our 
earlier  studies by X-ray  diffraction  methods, we proposed a 
structure-based  model  for  the enzymatic  mechanism of  GS  (Liaw 
& Eisenberg, 1994) in which we suggested that  an  ammonium 
ion  rather  than  an  ammonia initially binds to  GS,  then is depro- 
tonated  by  Asp 50' of  the  adjacent  subunit,  forming  the  more 
active species ammonia  to  attack  the  intermediate  y-glutamyl 
phosphate  to yield glutamine.  This  proposal is also  supported 
by kinetic studies  of  Alibhai  and  Villafranca (1994). To provide 
structural  support for our  proposal, we have  sought  the  ammo- 
nium  ion  binding site on  GS. In fact,  the existence of  monova- 
lent cation sites on  GS was proposed because monovalent  cations 
were found  to  stabilize  the  quaternary  structure  of GS (Gins- 
burg & Stadtman, 1973), and because alkali  ions were found  to 
compete partially with NH20H in the y-glutamyl transfer reac- 
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tion  (unpubl.  data of P.Z.  Smyrniotis & E.R.  Stadtman, cited 
in Stadtman & Ginsburg [1974]). 

The  electron-dense  ion T1+ (80 electrons)  has been employed 
to  study  effects  of  monovalent  cations  on  protein  activity 
(Suelter & Snell, 1977; Stellwagen & Thompson, 1979; Hill & 
Castellino, 1986; Takada et al., 1990) and  on  ion  channels (Ur- 
ban  et  al., 1980; Zeiske & van  Driessche, 1983; van Driessche 
& Zeiske, 1985), and  to  probe  the  binding sites of  monovalent 
cations  (Urry et  al., 1982; Markham, 1986; Hill  et al., 1987; 
Gursky  et  al., 1992). In all  these studies of  effects  of  monova- 
lent cations  on enzymes, ion carriers, and ion channels, T1+ has 
been found  to  bind  at  known K +  or NH4+ binding sites. For 
example, in studies by protein  crystallography,  Gursky  et  al. 
(1992) found  that TI+ and  NH4+  bind  to  the  monovalent  alkali 
cation  binding site  in cubic insulin  crystals. In pioneering work, 
Stroud et al. (1974) found  that T1+ ions  on  trypsin  can be re- 
placed by K +  and  Rb+.  Therefore, T1+ is used here  with  Fou- 
rier difference  methods to  define  the  NH4+ binding  site on  GS. 
Also,  the heavy monovalent  alkali  cation Cs+ (54 electrons) is 
used to  infer  whether TI+ binds to  the  monovalent  alkali  cat- 
ion site on  GS. 

Results 

TI+ and Cs+ binding sites 

Figure 1A shows  the  only  density  peak per GS  subunit  in  the 
Fourier difference map of the GS-TI+ complex,  in the presence 
of  saturated  thallous  acetate,  at  the 30 contour level, and Fig- 
ure 1B shows  the  only peak  in the  Fourier  difference  map of the 
GS-Cs+ complex, in the presence of 30 mM CsCl, at  the 1.7% 
contour level. At these contour levels, there  are no other signif- 
icant  peaks  for  either T1+ or Cs+. These  difference  maps  show 
that  the  peaks  for T1+ and  for  Cs+  are  superimposed, suggest- 
ing that  this  common  binding site  is the  monovalent  cation site 
(named M'). There is one  M+ per subunit. 

Ligands for the monovalent cation 

The  protein  ligands for the TI+ and Cs' ions  are  Glu 212, 
Tyr 179, Ser 53', and  Asp 50' of the  adjacent  subunit.  The 
y-carboxylate  group  of  the  substrate  glutamate, or the  y-imino 

Fig. 1.  Strongest peaks in the 12-fold averaged Fourier difference maps of GS-monovalent  cation  complexes. A: - 

F o ~ s ) ,  at 3u contour level. B: (F,,GS-,-~+ - FOGS), at 1.750 contour level. These density peaks show that T1+ and Cs+ bind at 
the same site. C: (Fo~~-TI+-NH4+ - F,&, at lo  contour  level.  This map suggests that there may be a second weak site for TI+ 
at the amino  position  of the substrate glutamate binding site (see Results). 
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Fig. 2.  Monovalent  cation  site M' on GS drawn by the  program 
MOLSCRIPT  (Kraulis, 1991). Thc nl and n2 ions are  the  two  divalent 
cations.  The five ligands to the TI+ ion are  shown  as  atomic  models: 
substrate  glutamatc,  Scr 53'. Asp 5 0  (from  the  neighboring  chain), 
Glu 212, and  Tyr 179. Implications of this  monovalent  cation  binding 
site are discussed in thc  tcxt. 

group of MetSox, a transition-state  analogue,  or  the  active  site 
water molecule replaced by glutamate or MetSox (Liaw & Eisen- 
berg, 1994) can serve as a nonprotein ligand for  this  monova- 
lent cation site (Fig. 2; Kinemage 1; Table 1). These  nonprotein 
ligands and Glu 212 also bind to  the n ,  ion. 

ADP binding enhances TI' binding IO GS 

In the  presence of saturated  thallous  acetate  and 1.6 mM 
Na.ADP,  the  Fourier  difference  map of the  GS-TI+-ADP 
complex  shows  only a  single density  peak  appearing  at  the TI' 
site at  the 7 0  contour level, the highest  peak  ever observed 
among  our 30 GS difference maps to date,  and a clear ADP peak 
appearing at the 1 a contour level. Thus,  the presence of ADP 
greatly increases TI' binding to GS. The  reason  for this en- 
hancement is probably  that  ADP binding  induces the movement 
of  Asp  5O'toward  the TI+ site,  as  has been previously  observed 
in the  GS-ADP complex  (Fig. 3; Liaw & Eisenberg, 1994). Thus, 
the  binding of ADP  completes  the  formation of the TI+ site. 

In the  presence of saturated  thallous  acetate  and 30 mM 
ammonium  acetate, in addition to the peak at  the  M+ site at  the 
3a contour level, there is a second peak at  the  amino  position 
of the  substrate  glutamate  binding site at the la contour level 
(Fig. IC). The side chains of Glu 131 and Asn 265, and  the  car- 
bonyl  group of Gly 265, appear  to be the  ligands. In the  com- 
plex of GS with substrate Glu (Liaw et al., 1993b), the  amino 
group  of  the  substrate  glutamate  forms  hydrogen  bonds with 
Glu 131 and Gly 265. As  noted above (Fig. ]A), this second peak 
is not  observed in the  Fourier  difference  map  of  the GS-TI' 
complex,  perhaps  due  to  the low solubility of thallous  acetate 

Table 1. Geometry of fhe monovalenf cation site (M)" 

Angle Value (") Length (A) Value (A) 
~~ 

E2120EI-M-D50OD2 
EZIZOEI-M-S53'OG 
E2I2OEI-M-Yl790H 
E~I~OEI-M-GIUOE 
E2I20E2-M-DS0'0D2 
EZIZOE2-M-S53'OG 
E2I2OEZ-M-YI790H 
EZIZOEZ-M-GIUOE 
D50'0D2-M-S53'OG 
50OD2-M-Y  l790H 
D~O'ODZ-M-GIUOE 
S53'OG-M-Y 1790H 
S53'0C-M-CluOE 
Y 1790H-M-GluOE 

I72 
138 
92 
83 

I46 
I04 
I03 
I09 
46 
83 
95 
73 

139 
121 

n,-n?  
M-n, 
M-n2 
M-EZIZOEI 
M-E2120E2 
M-D50OD2 
M-S53'OG 
M-Y l790H 
M-GluOE 

6.0 
4.0 
7.4 
2.9 
3.1 
3 .3  
3 .3  
3 .8  
2.6 

'' Notice that thc "ligand distances are  about  the 3.5 A expected for 
hydrogen  bonding of NH, + to ligands. The  angles suggest slightly dis- 
torted  bipyramidal  bonding.  The  symbol Glu refers to the  substrate 
glutamatc. 

(< 1 mM).  This site is a  possible minor  ammonium  binding site 
because GS catalyzes the irreversible formation  of ATP, carbon 
dioxide,  and  ammonia  from  carbamyl  phosphate  and  ADP 
(Stadtman & Ginsburg, 1974), and  because  this  minor site is 

Fig. 3. The  native GS ( 2 F ,  - 4.) map,  shown in dashed  lines,  and  the 
(ZF, - F,) map of the  GS-TI+-ADP  complex  shown in solid lines. In 
addition to inducing  the movement of  Asp 5 0  toward  the TI+ site, ADP 
binding  orders  Arg 339: there is virtually no  density  observed  for resi- 
due  Arg 339 in GS, but  the  density  for  Arg 339 is seen in the  map of 
the  GS-TI+-ADP  complex.  Thus,  the ADP binding not only completes 
the  substrate  ammonium  ion  binding  site,  but  also  orients  Arg 339 to 
interact with the intermediate. y-glutamyl  phosphate  (Liaw & Eisenberg, 
1994). 
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close to  the  amino  position  of  the  carbamyl  phosphate  binding 
site  (S.-H.  Liaw & D. Eisenberg,  manuscript in prep.). 

Kinetic measurements 

To learn  whether  substrate  ammonium  ion  binds  at  the  mono- 
valent cation site M+, we investigated the  inhibition of GS ac- 
tivity by monovalent  alkali  cations  using  the  transferase  assay. 
Our kinetic data suggest that  TI+,  Cs+,  and  NH4+  are  compet- 
itive inhibitors with  respect to   NH20H. Figure 4 shows a clas- 
sical Lineweaver-Burke  plot of I/velocity plotted  as a function 
of  I/[NH,OH],  for  NH4+ with the  indication of  a common in- 
tercept on I/velocity  axis,  suggestive  of competitive  inhibition. 
Similar  plots  are  observed  for  TI+,  Cs+,  and  Li+.  The esti- 
mated K,n value  for N H 2 0 H  is 0.67 mM,  and  the k, values for 
T1+, Cs', Li+,  and  NH4+  are 0.15, 0.51, 2.0, and 2.9 mM, re- 
spectively. Also, in  single reciprocal  plots  ([NH20H]/velocity 
versus [NH20H]  at various monovalent  cation  concentrations), 
parallel lines are  observed with slopes  of  20 k 0.6,  again sug- 
gesting competitive inhibition.  Thus, kinetic  studies support  our 
structural  studies  that  indicate  that T1+, Cs+, Li+,  and  NH,+ 
bind  at  the  same  site. 

Discussion 

TI+ binding site 

The TI+ ion  binds within the  funnel-shaped  active site of GS, 
in a pocket  surrounded by oxygen ligands.  This  pocket is remi- 
niscent of those  that  bind TI+ in trypsin  (Stroud  et  al., 1974) 
and subtilisin (Drenth et al., 1972). T1+ in GS is five- or sixfold 
coordinated  to  oxygen; it is uncertain if both oxygen atoms 
of  the  y-carboxylate  group  of  Glu 212 bind  the  thallous  ion 
(Fig. 2). In contrast,  the  thallous ion on subtilisin is coordinated 
to  three oxygen atoms,  and  the site is far removed from  the  cat- 
alytic  center.  The  two  thallous  ions  on  trypsin  are 2.5 A apart; 
they  can be replaced by K +  and  Rb+,  and  are  three-  and five- 
fold  coordinated  to  oxygen.  The  binding  of  an  electron-dense 
thallous  ion  at  the  monovalent  cation site on S.  typhimurium 
GS (GSI) offers  the possibility of  using T1+ as a heavy-atom 
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derivative for  the  structure  determination of the  eukaryotic GS 
(GSII). 

Does NH,' bind at the monovalent cation site M + ?  

The  Fourier  difference  maps of GS-Tl+  and GS-Cs+ com- 
plexes show  that TI+ binds  at  an  alkali  monovalent  cation  site. 
We propose  that  an  ammonium  ion  also binds at this  site on  the 
basis  of the  following. ( I )  T1+ and  NH4+  are  K+  analogues 
(Naslund & Hultin, 1981;  Zeiske & van  Driessche, 1983). Of- 
ten these three  ions  bind  to  the  same site on  proteins (see Intro- 
duction). (2) The T1+ binding site  is a position  from which an 
ammonium  ion  can  attack  the  intermediate  y-glutamyl  phos- 
phate  to yield glutamine.  The  distance  from  the T1+ site to  the 
putative  site for  the vulnerable 6C atom  of  the y-glutamyl  phos- 
phate is 3.4 A. (3) Kinetic measurements suggest that T1+, Cs+, 
and  NH4+  compete with NH20H  for  the  monovalent  cation 
site. 

GS is a trimetallic enzyme 

There  are few protein  chains  known  that bind three metal ions. 
Among these are  alkaline  phosphatase,  phospholipase  C,  and 
PI nuclease, which have  similar  trimetallic  (three zinc ions) con- 
stellations in the  active site (Coleman, 1992). However, GS is 
unusual in that  the active  site, at  the  subunit  interface,  contains 
two  divalent  cation sites ( n , ,   n 2 )  and  one  monovalent  cation 
site, which we term M' (Fig. 2;  Kinemage 1). The  distance be- 
tween n ,  and n2 is 6.0 A ,  between n, and  M+ is 4.0 A , between 
n2 and  M+ is 7.4 A. Ions  that  occupy these three closely spaced 
ion sites are  required  for GS activity: the n ,  metal  ion is impor- 
tant  for  stabilization of the  active  conformation of the  enzyme 
(Ginsburg & Stadtman, 1973; Liaw  et al.,  1993~);  both n ,  and 
nz participate in the  binding  of  the negatively charged  sub- 
strates,  glutamate  and  ATP  (Liaw et al., 1993b, 1994), and in 
the  phosphoryl  transfer  from  ATP  to  glutamate  (Liaw & Eisen- 
berg, 1994) and  then  the  glutamyl  transfer  from  y-glutamyl 
phosphate  to  ammonia.  The  monovalent  cation site is the likely 
binding site of the  third  substrate,  an  ammonium  ion,  as ex- 
plained below. 

Fig. 4. Kinetic measurements  by  the 
y-glutamyl transferase assay for fully un- 
adenylylated E. coli GS-Mn. Double- 
reciprocal plot in  which 1 /velocity is plotted 
as  a  function of l/[NHzOH] in the pres- 
ence of  NH4+. These  data  suggest that 
NH4+ competes with NH,OH for its bind- 
ing site. 

- 2  - 1  0 1 

l / [ N H 2 0 H ]  

2 
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Functions of the  monovalent cation site on GS 

On  the basis of  the  structures of the GS-TI+, GS-TI+-ADP, 
and  GS-Cs+  complexes, we propose  two  functions  for  the 
monovalent  cation site. The  first is stability.  The positively 
charged  monovalent  cation  contributes  to  the  structural  stabil- 
ity of GS. Ginsburg  and  Stadtman (1973) concluded  that dodec- 
americ E. coli GS is stabilized by Mn2+  and Mg2+, and  that 
monovalent  cations stabilize of  the  quaternary  structure of GS. 
Structural  stabilization  of GS by divalent cations, especially by 
the n ,  ion,  has been ascribed  to  the  attraction  of  their positive 
charges to  the  negative  charges  of  glutamate  and  ATP  and of 
their ligands  (Liaw et al.,  1993~).  Stabilization by the  monova- 
lent cation  may  be  due  both  to  the  electrostatic  effects  of its 
positive charge  and  to  other  components  of  the  energy of the 
metal-protein  bonding.  Interactions of the positively charged 
monovalent  cation with the negatively charged  substrate  gluta- 
mate,  Glu  212, Ser 53’, and  Asp 50’ could  strengthen  the  active 
conformation. Because Ser 53’and  Asp 50’reside at  the  subunit 
contact  surface,  the  monovalent  cation  enhances  the  “side-to- 
side” intersubunit  interaction. 

The second function is to  enhance  the binding of the  substrate 
ammonium  ion  to GS during  the  reaction.  Ammonium binds to 
GS more  strongly  than  does  water,  because  the  NH4+ positive 
charge  interacts  favorably  in its negatively charged pocket.  This 
is crucial to  GS catalysis  because  the  products  of  the  reactions 
catalyzed by GS are  determined by the molecule attacking  the 
y-glutamyl  phosphate:  the  product is glutamine if an  ammonia 
attacks,  whereas  the  product is glutamate if  a water molecule 
attacks  the  intermediate.  Therefore,  the high affinity of ammo- 
nium to GS overcomes the high concentration of water, permit- 
ting glutamine biosynthesis to  proceed  in  aqueous  solution. 

Implications of the NH,+ site for  the reaction mechanism 

An ammonium ion is the initial substrate 
The discovery of  the  NH4+ site on GS confirms  earlier  con- 

jectures  (Alibhai & Villafranca, 1994;  Liaw & Eisenberg, 1994) 
that  a positively charged ammonium is the species initially bind- 
ing to  the negatively charged  pocket on GS, before  a  more ac- 
tive ammonia,  from  a  deprotonated  ammonium,  completes  the 
reaction  (Colanduoni et al., 1987). 

A two-step ordered substrate binding mechanism 
The observations that  the presence of ADP induces  movement 

of  Asp 5 0  toward  the  NH4+ site, and  that  the y-glutamyl  phos- 
phate  can  serve  as  a  ligand  for  the  NH,+  ion,  suggest  that 
the  NH4+ site  is  fully formed  after  binding of both  ADP  and 
y-glutamyl  phosphate.  Thus,  identification  of  the  NH4+ site 
supports  our  earlier  structure-based  model  to  explain  the  two- 
step  glutamine synthesis by GS (ordered  substrate  binding with 
ATP  first,  then  glutamate,  then  ammonium).  The  model sug- 
gests that  ammonium  binds  to GS strongly  only  after  the  first 
step, in  which glutamate  attacks  ATP to form  ADP  and  the  in- 
termediate  y-glutamyl  phosphate  (Liaw & Eisenberg, 1994). 
Then,  in  the  second  step,  ammonia  attacks  the  intermediate 
from its nearby  site,  to yield glutamine. 

Functions of Asp 50‘ 
The active site  of GS is located  at  the  subunit  interface  and 

is constituted  mainly by the  C  domain  of  one  subunit.  Most 

residues  involved  in enzymatic catalysis are located at  the  C  do- 
main, but Asp 50 is contributed  from  the N domain of the  other 
subunit.  The  function  of  Asp 50’ is controlled by the  binding 
of  ADP: (1) The  binding  of  ADP  induces  the  movement of 
Asp 50’ to stabilize Arg 339 (Fig. 3) to  enhance  the “side-to-side” 
intersubunit  contact.  Arg 339 interacts with the  phosphorylated 
reaction  intermediates. (2) The  ADP binding  also  induces Asp 5 0  
to move toward  the  ammonium  binding site to  enhance  the  am- 
monium  binding,  and  then  to  deprotonate  the  ammonium  ion 
to  form  the active ammonia  to  attack  the y-glutamyl phosphate 
(Alibhai & Villafranca, 1994). 

Functions of  Glu 327 
On  the basis  of the  structure  of  the GS-MetSox complex 

(Liaw & Eisenberg, 1994), the  ammonium  ion site was proposed 
to lie near the methyl group  of MetSox and near Glu 327, Glu 212, 
Tyr 179, and  Asp 5 0 ,  which were expected to  participate in am- 
monium  binding.  However,  the  segment  of GS around  Glu 327 
is not  ordered in the presence of TI+ and  ADP, suggesting that 
Glu 327 is not involved  in ammonium  ion  binding. Residues 
324-328 are  stabilized  only by MetSox, a transition-state  ana- 
logue, and by no  other  effector of the 30 GS-effector complexes 
we have studied.  This suggests that  the  glutamate  binding  flap, 
residues 324-328, may be stabilized only in the presence of  the 
tetrahedral  transition-state  intermediate,  perhaps by forming a 
salt link from  Glu 327 to  the positively charged  y-amino  group 
of  the  intermediate.  Therefore, we conclude  that  the  function 
of  Glu 327 is to stabilize the  transition-state  intermediate  and 
to  accept  a  proton  from  the  y-amino  group of the  intermediate 
to  yield glutamine. 

Extended structural model for  glutamine 
synthesis catalyzed by GS 

On  the basis  of the  X-ray  structures  presented  here, we expand 
our earlier  model  for  structure-based  glutamine  synthesis  cata- 
lyzed by GS (Fig. 5 and  Kinemage 2; our  detailed  schematic 
structural  model, including the essential amino acid residues, is 
shown  in  Figure  4 of Liaw & Eisenberg [1994]). This  structure- 
based  model  also rests on  much  earlier  biochemical  work  from 
other  laboratories,  as  summarized by Liaw  and  Eisenberg 
(1994), including the kinetic studies  of Colanduoni et al. (1987). 
The  two steps  of the  reaction  are  as follows: (1) ATP  binds first 
at  the  top  of  the funnel-shaped  active  site  cavity. The movement 
of Arg 359 toward  the  glutamate  site,  induced by ATP  binding, 
enhances  glutamate  binding.  Then  glutamate  binds  at  the  bot- 
tom of the active  site near  a flexible loop, residues 324-328 
(Fig.  5A  and  Kinemage 2). The  y-carboxylate  group  of  gluta- 
mate  attacks  the  y-phosphate  of  ATP  to  produce  y-glutamyl 
phosphate  and  ADP.  The presence of  ADP induces movements 
of  three residues: Arg 359 and  Arg 339 interact with the y-glu- 
tamyl phosphate,  and  Asp 5 0  moves toward  the  ammonium site 
(Fig. 5B and Kinemage  2). (2) The  third  substrate,  ammonium, 
binds to its now fully formed binding site. Ammonium is depro- 
tonated by Asp 50’, permitting  the resulting  active ammonia  to 
attack  the  y-glutamyl  phosphate,  forming a tetrahedral  inter- 
mediate.  This  tetrahedral  intermediate stabilizes the  glutamate 
binding  flap, residues 324-328, because of  interaction of its y- 
amino  group with Glu 327, covering  the  path  of  glutamate  en- 
try  (Fig. 5C  and Kinemage 2). Phosphate leaves and Glu 327 ac- 
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Fig. 5. An  expanded  structural  model  for  the  mechanism of glutamine  synthesis  catalyzed by GS, drawn by the  program  MOL- 
SCRIPT  (Kraulis,  1991).  A full schematic  structural  model  for  the  reaction,  including  the  essential  amino  acid  residues,  was 
given in Figure  4 of Liaw and  Eisenberg  (1994). In A, C, and D, the  active  site is viewed from  outside  the GS dodecamer with 
the  noncrystallographic  sixfold  axis  vertical.  The  funnel-shaped  active  site is formed by two  “side-by-side”  adjacent  subunits. 
Residues of the  adjacent  subunit,  including Lys 47‘or  Asp SO’, belong to the  darker  fragment.  Panel A shows  that  ATP  binds 
at  the  top of the  active  site  and  induces  the  movement of Arg 359 to increase  the  binding  affinity of the  second  substrate  gluta- 
mate,  shown  below  metal  ions nl  and n z .  The  y-carboxylate  group of glutamate  attacks  the  y-phosphate of ATP to produce 
y-glutamyl  phosphate  and  ADP.  Panels R and C show  the  progressing  reaction  at  the  glutamate  pocket.  In  panel R, the  mol- 
ecule is rotated  slightly to give the least obscured views of the  important  atoms,  and in panel C, residues 338-340 are  removed. 
Panel R shows  that  the presence of ADP induces the movement of Asp 5 0  to stabilize the  interaction of Arg 339 with the y-glutamyl 
phosphate,  and to complete  the  ammonium ion site. I t  is here  that  the  third  substrate  ammonium  binds,  and  then is deproton- 
ated by Asp 50’10 form  the  more  active  ammonia.  Panel C shows  that  ammonia  attacks  the  y-glutamyl  phosphate to yield a 
tetrahedral  intermediate,  +NH,-GIu-P.  The  tetrahedral  intermediate  stabilizes  residues 324-328 through  the  interactions of its 
NH,’ group with  Glu 327. Phosphate leaves and  Glu 327 accepts  a  proton  from  the  tetrahedral  intermediate to yield the  prod- 
ucts  glutamine  (Gln)  and  phosphate  (Pi),  as  shown in panel I).  
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Table 2. Summary of X-ray diffraction  data for  complexes of glutamine synthetase with monovalent cations 

Resolution  Uniqueltotal 
Crystal (A) reflections  Complete Rsyma ( A F ) / ( F ) ~  

~ ~ "_ . -~~ 

GS-TI+ 2.8 58,661/73,834 39%  7.8% 14.4% 
GS-Tl+-ADP 2.8 87,370/126,467 58% 6.3% 14.1 Vo 

.. 

GS-TI+-NH4+ 3.0  51,436/64,112 42 yo 9.0%  14.2% 
GS-Cs+ 3.0  65,123/78,536 53 To 11.4%  14.8% 

a On intensity. A measure  of  the  precision  of  data  collection. 
Mean  fractional  isomorphous  difference: 

cepts  one  proton  from  the  y-amino  group of the  intermediate 
to yield glutamine  (Fig.  5D  and Kinemage 2).  The  absence of 
biosynthetic activity of fully  unadenylylated  GS-Mn (Ginsburg 
& Stadtman, 1973) may be due to the  strong  interactions of the 
products  ADP,  Pi,  and  glutamine with the fully unadenylylated 
GS-Mn (Liaw & Eisenberg, 1994). 

Materials and methods 

Enzyme  activity assay 

The  transferase assay was described  originally by Levintow and 
Meister  (1954). For  the  transferase  assay, 250 pL of reaction 
mixture, 100 mM  triethanolamine, 50 mM  dimethylglutarate, 
I O  mM KAsO,, 20 mM L-glutamine,  0.4 mM  NaADP, 0.4 mM 
MnCl,, and  variable  concentrations  of  inhibitors  and  hydrox- 
ylamine, pH 7.0, are  combined with 100 pL  of GS (1.5 pg/mL) 
at 37 "C  to  start  the  reaction.  After I O  min,  the  reaction is 
stopped by adding 1 mL  of 3.3% FeCI3, 2% trichloroacetic 
acid,  and 0.25 N HCl.  The  optical  density  at 540 nm is read  on 
a Beckman DU-640 spectrophotometer 10 min  later to determine 
the  amount of glutamylhydroxamate  produced. 

Crystal soaking and data collection 

Fully unadenylylated GS  from S ,  typhirnurium was isolated by 
ammonium  sulfate  precipitation  and a Cibracon  blue  affinity 
column in the presence  of Mn2+.(Liaw  et  al., 1993b). GS crys- 
tals were grown by the hanging drop  method of vapor diffusion 
(Liaw et al., 1993a). Thallium  acetate (with or  without  ADP) 
or CsCl was dissolved  in the  synthetic  mother  liquor  and  added 
to crystal-containing  drops  (Liaw et al., 1993b). Thallium ace- 
tate was saturated,  and  the  estimated  final  concentrations  of 
CsCl  and  Na-ADP were 30  mM  and 1.6 mM, respectively. 
X-ray  data  from  these  GS-monovalent  cation  complexes were 
collected with an RAXIS-I1 (Rigaku)  image  plate  detector  (Ta- 
ble 2) at  room  temperature. All  of these  complex  crystals were 
isomorphous with  respect to  native GS crystals, having space 
group  C2  and  unit cell dimensions a = 235.5 A, b = 134.5 A, 
c = 200.1 A ,  and p = 102.8'. 

Fourier difference maps and refinement 

Fourier  difference  maps, 12-fold averaged,  using  Fourier  coef- 
ficients - FOGS), were calculated by using CCP4  pro- 

grams  (SERC  Daresbury  Laboratory, 1994) implemented on a 
DEC VAX 4000 at  UCLA.  The  initial  phases of the 2.8-A na- 
tive GS model were  used as  phases  of  the  complexes,  as  justi- 
fied by the  crystal  isomorphism.  Refinement of the  atomic 
model  to  the X-ray data was performed using the  program 
XPLOR 3.1 (Brunger et al., 1990). The  final  R-factor  for  the 
GS-TI+-ADP  complex is 23%,  with  RMS  deviations  for  bond 
lengths  being 0.12 A,  and  for  bond angles  being  3". 
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