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Summary

Ammonium movement across biological membranes
is facilitated by a class of ubiquitous channel proteins
from the Amt/Rh family. Amt proteins have also been
implicated in cellular responses to ammonium avail-
ability in many organisms. Ammonium sensing by
Amt in bacteria is mediated by complex formation
with cytosolic proteins of the PII family. In this study
we have characterized in vitro complex formation
between the AmtB and PII proteins (GlnB and GlnZ)
from the diazotrophic plant-associative bacterium
Azospirillum brasilense. AmtB–PII complex formation
only occurred in the presence of adenine nucleotides
and was sensitive to 2-oxoglutarate when Mg2+ and
ATP were present, but not when ATP was substituted
by ADP. We have also shown in vitro complex
formation between GlnZ and the nitrogenase re-
gulatory enzyme DraG, which was stimulated by ADP.
The stoichiometry of this complex was 1:1 (DraG
monomer : GlnZ trimer). We have previously reported
that in vivo high levels of extracellular ammonium
cause DraG to be sequestered to the cell membrane in
an AmtB and GlnZ-dependent manner. We now report
the reconstitution of a ternary complex involving
AmtB, GlnZ and DraG in vitro. Sequestration of a
regulatory protein by the membrane-bound AmtB–PII

complex defines a new regulatory role for Amt pro-
teins in Prokaryotes.

Introduction

Ammonium is the preferential nitrogen source for most
prokaryotes and its movement across biological mem-

branes is facilitated by a class of ubiquitous channel
proteins. The ammonium transport (Amt) family com-
prises the Amt proteins found in Bacteria, Archaea, fungi
and plants, and the related Rhesus proteins, which are
found in animals from nematodes to man (Merrick et al.,
2006). In Bacteria, Archaea, fungi and plants the Amt
proteins facilitate ammonium uptake when the extracellu-
lar ammonium levels are low. The 3D crystal structures of
AmtB from Escherichia coli (Khademi et al. 2004; Zheng
et al., 2004) and the related Amt-1 from Archeoglobus
fulgidus (Andrade et al. 2005a) are very similar. Both pro-
teins are homotrimers in which each subunit spans the
membrane 11 times generating a narrow channel within
each monomer that is believed to conduct unprotonated
ammonia (NH3) (Winkler, 2006).

Nitrogen metabolism in bacteria is co-ordinated by a
class of highly conserved and widely distributed signal
transduction proteins from the PII family (Arcondéguy
et al., 2001; Forchhammer, 2004). The PII proteins from
E. coli (GlnB and GlnK) have been subjected to detailed
biochemical and structural investigation (Ninfa and Jiang,
2005). These proteins are homotrimers that form a
compact barrel 30 Å high (Xu et al., 2001) and, at the top
of the barrel, each subunit extends a flexible region known
as the T-loop (Xu et al., 1998). In E. coli, and all Gram-
negative bacteria studied so far, the T-loop can be modi-
fied by uridylylation of a conserved tyrosine residue
(Tyr51), and this post-translational modification is regu-
lated according to the cellular nitrogen status (Jiang et al.,
1998). PII proteins can also bind up to three ATP and three
2-oxoglutarate (2-OG) molecules in a synergistic manner
(Kamberov et al., 1995; Forchhammer and Hedler, 1997).
The ATP binding sites are located in the lateral clefts
between the PII subunits (Xu et al., 2001). The 2-OG
binding site has yet to be identified but it has been sug-
gested that it may also be located in the lateral clefts in the
vicinity of the ATP g-phosphate (Xu et al., 1998; Benelli
et al., 2002; Gruswitz et al., 2007).

PII proteins co-ordinate nitrogen metabolism through
the regulation of transcriptional activators, key metabolic
enzymes and membrane transporters (Forchhammer,
2004; Ninfa and Jiang, 2005). This regulation is achieved
by direct protein–protein interaction and the ability of PII

proteins to interact with and regulate their targets can be
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influenced by their uridylylation status and also by ATP
and 2-OG levels (Ninfa and Jiang, 2005).

In a variety of bacteria it has been shown that, in
response to elevated levels of extracellular ammonium, PII

proteins can be sequestered to the cell membrane in an
AmtB-dependent manner (Coutts et al., 2002; Detsch and
Stulke, 2003; Strosser et al., 2004; Huergo et al., 2006a;
Zhang et al., 2006; Tremblay et al., 2007; Wolfe et al.,
2007). In E. coli this phenomenon has been studied at the
molecular level and AmtB and GlnK have been shown to
form a trimer-to-trimer complex with a 1:1 stoichiometry
(Durand and Merrick, 2006). Recently, the 3D crystal
structure of the E. coli AmtB–GlnK complex, formed either
in vivo or in vitro, was determined. The basis of the inter-
action is an intimate association of the T-loop of GlnK with
the cytoplasmic vestibule of AmtB (Conroy et al., 2007;
Gruswitz et al., 2007). Complex formation occurs only
with de-uridylylated GlnK and is regulated by ATP and
2-OG levels (Durand and Merrick, 2006).

Besides their role in ammonium uptake, Amt proteins
have also been implicated in cellular responses to extra-
cellular ammonium availability in fungi (Lorenz and
Heitman, 1998), slime moulds (Singleton et al., 2006) and
bacteria (Martin and Reinhold-Hurek, 2002; Yakunin and
Hallenbeck, 2002; Wang et al., 2005; Huergo et al.,
2006a; Zhang et al., 2006). The physiological role of
AmtB–GlnK complex formation in E. coli is to inactivate
the channel. However, complex formation also reduces
the cytoplasmic content of GlnK with potential physiologi-
cal consequences (Coutts et al., 2002) and our recent
studies have suggested that the AmtB–PII complex might
target other regulatory proteins to the cell membrane
(Huergo et al., 2006a,b).

Some nitrogen-fixing bacteria can regulate nitrogenase
activity post-translationally by ADP-ribosylation of dinitro-
genase reductase (NifH) when conditions become
unfavourable for nitrogen fixation, e.g. upon addition of
ammonium to the extracellular medium. ADP-ribosylation
is effected by the DraT enzyme and NifH can be reacti-
vated by the DraG enzyme which cleaves the ADP-ribosyl
group when the added ammonium is exhausted by cellu-
lar metabolism (Zhang et al., 1997). We have previously
shown that in Azospirillum brasilense DraG is targeted to
the cell membrane after an ammonium shock in an AmtB
and GlnZ-dependent manner (Huergo et al., 2006a). A
similar phenomenon was observed with DraG from Rho-
dospirillum rubrum (Wang et al., 2005). Based on our in
vivo studies we proposed a model for the regulation of
DraG, in which DraG is inactivated through membrane
sequestration by the formation of a ternary complex
involving AmtB, GlnZ and DraG (Huergo et al., 2006a,b).
Here we present the in vitro reconstitution and character-
ization of such an AmtB–GlnZ–DraG ternary complex in
A. brasilense. This report shows the formation of a ternary

complex between a regulatory enzyme and the AmtB–PII

complex and it identifies a potentially very significant new
regulatory role for Amt proteins in Bacteria and Archaea.

Results

Purification of an N-terminal 6His-tagged version of
A. brasilense AmtB

In order to purify A. brasilense AmtB, we constructed a
plasmid (pLHPETHisAmtB) to express an N-terminally
6His-tagged AmtB under control of the T7 promoter. The
6His insertion was placed three residues after the pre-
dicted signal peptide cleavage site. The expression of this
amtB allele in A. brasilense FAJ310 strain (amtB::km)
restored ADP-ribosylation of the NifH protein after ammo-
nium addition thus confirming that 6HisAmtB is functional
in vivo (Fig. S1). The pLHPETHisAmtB plasmid was trans-
ferred to E. coli strain C43, cells were treated with IPTG,
and HisAmtB expression and cellular localization were
investigated by probing the whole-cell, cytoplasm or mem-
brane fractions with a monoclonal anti-His antibody
(GE-Healthcare) in Western blots (Fig. S2A). We observed
three bands that reacted with anti-His with approximate
molecular mass of 35 kDa, 70 kDa and 105 kDa. All these
bands were predominantly located in the membrane frac-
tion, suggesting that they could be monomeric, dimeric and
trimeric forms of A. brasilense HisAmtB. All the Amt pro-
teins studied so far, including AmtB from Archaea and
Bacteria, show a trimeric structure and partially retain their
trimeric structure on SDS-PAGE gels (Blakey et al., 2002;
Andrade et al., 2005b). As we observe bands that might
correspond to trimers of A. brasilenseAmtB on SDS-PAGE
gels (Fig. S2A), it is very likely that the AmtB protein from
A. brasilense is also homotrimeric.

HisAmtB was purified from the membrane fraction of
E. coli C43 cells carrying pLHPETHisAmtB (Fig. S2B).
The monomeric form of AmtB was always predominant
and the appearance of the 70 kDa and 105 kDa bands of
purified HisAmtB varied from gel to gel. Bands corre-
sponding to the putative monomeric and dimeric forms
(Fig. S2B) were excised from the gel, digested with
trypsin and subjected to mass spectrometry analysis by
MALDI-TOF. Both bands yielded a similar spectra where
only two peaks were detected (mz of 1390.834, 2233.095
and 1391.375, 2233.693 for the upper and lower band
respectively) these signals match two predicted peptides
of A. brasilense AmtB (mz 1390.6961, from amino acid
residues 426 to 438 and 2233.0731, from 419 to 438,
giving a protein coverage of 4.9%).

Influence of small effectors on HisAmtB–GlnB and
HisAmtB–GlnZ complex formation in vitro

In vitro complex formation between A. brasilense AmtB
and the PII proteins GlnB and GlnZ were assayed by the
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coprecipitation technique (pull-down) using Ni2+ magnetic
beads. Native GlnB or GlnZ were purified and mixed with
HisAmtB protein in the presence of Ni2+ beads. After
extensive washes, the proteins were eluted with 0.5 M
imidazole. Control experiments indicated that GlnB and
GlnZ do not bind to the beads (data not shown) and
therefore, the presence of GlnB or GlnZ in the elution
buffer after incubation with HisAmtB is indicative of
interaction. Under specific conditions, both GlnB and GlnZ
formed a complex with HisAmtB (Fig. 1). This confirms in
vivo studies where both proteins were found membrane-
associated in an AmtB-dependent manner after an ammo-
nium shock (Huergo et al., 2006a).

Several studies have shown that the ability of PII pro-
teins to interact with their targets can be influenced by the
concentration of the PII effectors, ATP and 2-OG. Forma-
tion of both the A. brasilense AmtB–GlnB and AmtB–GlnZ
complexes responded similarly to the presence of effec-

tors (Fig. 1). In both cases formation of the complex
required ATP (Fig. 1), as previously reported for the E. coli
AmtB–GlnK complex (Durand and Merrick, 2006).
However, whereas formation of the E. coli AmtB–GlnK
complex was only inhibited by concentrations of 2-OG
of 1 mM or greater, when MgCl2 was present, the
A. brasilense complex was inhibited at either 0.1 mM or
2 mM 2-OG, but also only in the presence of Mg2+ (Fig. 1A
and B, compare lanes 1 and 7 or 2 and 9). Furthermore,
inhibition of A. brasilense complex formation was still
observed using very low concentrations of 2-OG such as
10 mM (data not shown). Hence, we conclude that
complex formation requires bound nucleotide and that the
ATP-bound form of the complex is considerably more
sensitive to 2-OG than the equivalent E. coli complex.

Recently, the crystal structure of the E. coli AmtB–GlnK
complex, formed either in vivo (Conroy et al., 2007) or
in vitro (Gruswitz et al., 2007), was determined. In both
cases, the GlnK protein was surprisingly found to have
three molecules of bound ADP, even though the in vitro-
formed complex was crystallized in the presence of ATP.
These results led us to study the effects of other adenine
nucleotides on A. brasilense AmtB–GlnZ and AmtB–GlnB
complex formation. Both ADP and AMP stimulated
complex formation (Fig. 2A) but, in contrast to the situa-
tion with ATP (Fig. 1A), 2-OG, at concentrations up to
2 mM, did not affect AmtB–GlnZ complex formation in the
presence of ADP and MgCl2 (Fig. 2B). We therefore
tested the ability of 2-OG to influence the dissociation of
the complex.

The AmtB–GlnZ complex was linked to the Ni2+ beads,
in the presence of ADP plus MgCl2, and subjected to a
wash step in buffer containing either ATP plus MgCl2 or
ADP plus MgCl2 in the presence or absence of 2-OG at
concentrations of 0.1 or 2 mM. The results, shown in
Fig. 3, indicate that the AmtB–GlnZ complex is only sen-
sitive to 2-OG in the presence of ATP, when increasing
concentrations of 2-OG promote dissociation.

Following washes with 0.1 or 2 mM 2-OG plus ATP only
50% or 25%, respectively, of the GlnZ remained bound to
HisAmtB, when compared with washing in the absence of
2-OG. In contrast, when ADP was present in the wash
buffer the addition of 2-OG did not affect complex stability
(Fig. 3).

In vitro complex formation between GlnZ and DraG is
positively influenced by ADP

We have shown previously that A. brasilense GlnZ can
form a complex with the nitrogenase regulatory enzyme
DraG in vivo (Huergo et al., 2006b). To further explore the
role of GlnZ effectors in the in vitro formation of the GlnZ–
DraG complex, we performed pull-down experiments with
Ni2+ beads using an N-terminally His-tagged version of

Fig. 1. In vitro formation of the AmtB–GlnB and AmtB–GlnZ
complexes. Complex formation was assessed by coprecipitation
using Ni2+ beads. Reactions were performed in buffer containing
50 mM Tris-HCl pH 8, 0.1 M NaCl, 0.05% LDAO, 10% glycerol,
20 mM imidazole in the presence (+) or absence of the effectors
(MgCl2, 2-OG or ATP) as indicated in the Table. Binding reactions
were conducted in 500 ml of buffer adding the purified proteins at
concentrations of 0.15 mM HisAmtB and 0.5 mM GlnZ (A) or GlnB
(B). The eluted fraction was subjected to SDS-PAGE, the gel was
Coomassie blue stained. Arrows indicate the identified proteins.
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DraG (HisDraG) and native GlnZ. We have previously
shown that the 6His-tagged version of DraG is active and
normally regulated in vivo (Huergo et al., 2005a; 2006b).

In vitro complex formation between HisDraG and either
GlnZ or GlnB was therefore assayed by coprecipitation
(pull-down) using Ni2+ magnetic beads. We added 5 mM
of MnCl2 to all buffer as Mn2+ is required for DraG activity
in vitro (Saari et al., 1984; Ljungstrom et al., 1989).
HisDraG was mixed with either GlnZ or GlnB in the pres-
ence or absence of ATP, ADP and 2-OG. The reactions
were incubated with Ni2+ beads and, after extensive
washing, the samples were eluted with 0.5 M of imidazole
and analysed by SDS-PAGE.

We observed GlnZ copurification with HisDraG in the
absence of nucleotides. Surprisingly, addition of ADP or
ATP (3.5 mM) to the buffer had opposite effects: ATP

inhibited GlnZ–DraG interaction while ADP stimulated it
(Fig. 4). The presence of 2-OG also negatively influenced
complex formation (Fig. 4). Similar results were observed
in the reverse experiment using HisGlnZ and native DraG
(data not shown).

We did not detect GlnB copurification with HisDraG or
DraG copurification with HisGlnB using the same condi-
tions tested for GlnZ (data not shown), suggesting that
DraG cannot interact with GlnB under our assay condi-
tions, confirming previous in vivo data (Huergo et al.,
2006b).

We also tested the capacity of ATP and/or 2-OG to
dissociate the DraG–GlnZ complex. The HisDraG–GlnZ
complex was linked to Ni2+ beads in the presence of ADP
and subjected to a wash step in buffer containing ADP,
ADP plus 2-OG, ATP or ATP plus 2-OG. The results in
Fig. 5 indicate that the His-DraG–GlnZ complex destabi-
lized in the presence of 2-OG or ATP and that dissociation
was substantially greater when 2-OG and ATP were used
together.

Fig. 2. ADP or AMP also allow AmtB–GlnB and AmtB–GlnZ
complex formation and 2-OG does not affect AmtB–GlnZ complex
formation in the presence of Mg-ADP.
A. Complex formation was carried out as described in Fig. 1 in the
presence of 3.5 mM ADP or AMP as indicated. HisAmtB was
incubated with GlnB (lanes 1 and 3) or GlnZ (lanes 2 and 4).
B. Formation of the AmtB–GlnZ complex in buffer containing
3.5 mM ADP, 5 mM MgCl2 in the absence of 2-OG (Lane 1) or in
the presence of 0.1 mM (Lane 2) or 2 mM of 2-OG (Lane 3). Bound
proteins eluted with imidazole 0.5 M were subjected to SDS-PAGE
and the gel was Coomassie blue stained. Arrows indicate the
identified proteins.

Fig. 3. Dissociation of the AmtB–GlnZ complex requires 2-OG and
ATP. (A) The HisAmtB–GlnZ complex was immobilized on Ni2+

beads in buffer containing 3.5 mM ADP and 5 mM MgCl2. Beads
were washed (Wash) with buffer containing ADP or ATP and 2-OG
at 0, 0.1 or 2 mM as indicated in the Table. Bound proteins were
eluted with 0.5 M imidazole (Elution). The samples were submitted
to SDS-PAGE, the gel was stained with Coomassie blue and the
signal for GlnZ was quantified by densitometry (B). Arrows indicate
the identified proteins.
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Gel filtration analysis of the DraG–GlnZ complex reveals
a 1:1 monomer : trimer stoichiometry

In order to determine the stoichiometry of the DraG–GlnZ
complex we performed gel filtration analysis of the purified
native proteins alone or together in the presence of ADP.
When applied separately to a Superose 12 gel filtration
column, purified DraG was eluted as a single peak at
12.25 ml, corresponding to an apparent molecular mass
of 34 kDa as determined by comparison with standard
protein markers (Fig. 6). This molecular mass agrees well
with that predicted for the DraG monomer (32 kDa) and
with previous data on R. rubrum DraG (Saari et al., 1984).
When GlnZ was applied to the column, a single elution
peak (12.09 ml) was detected, corresponding to 38 kDa
which also agrees with the predicted molecular mass for a
GlnZ trimer (37 kDa). When a mixture of DraG and GlnZ in

a 1:1 molar ratio (monomer to trimer respectively) was
applied virtually all protein eluted in a single peak
(10.95 ml), corresponding to 83 kDa (Fig. 6), which is
close to the molecular weight (~69 kDa) predicted for a
complex consisting of one monomer of DraG and one
trimer of GlnZ. Moreover, quantification of the bands on
an SDS-PAGE from the peak of the eluted complex
revealed a molar ratio of monomeric DraG to trimeric GlnZ
of 1:1 (Fig. 6, compare GlnZ : DraG ratio of the input with
those of 11.0 ml and 11.5 ml fractions). The data suggest
that the DraG–GlnZ complex consists of one DraG
monomer bound to one GlnZ trimer.

In contrast to the gel filtration experiment, a substoichio-
metric recovery of GlnZ in comparison to His-DraG
was obtained in the pull-down assays (compare the
GlnZ : DraG ratio on the gels of Figs 4 and 6). A similar
result was obtained when His-GlnZ was used to pull-down

Fig. 4. In vitro DraG–GlnZ complex formation is stimulated by ADP.
(A) The formation of the complexes was carried out by
coprecipitation using Ni2+ beads. Reactions were performed in
buffer containing 50 mM Tris-HCl pH 8, 0.1 M NaCl, 0.05% LDAO,
5 mM MnCl2, 1 mM MgCl2, 10% glycerol, 20 mM imidazole in the
presence (+) or absence of the effectors (2-OG, ATP and ADP) as
indicated in the Table. Binding reactions were conducted in 500 ml
of buffer adding the purified proteins at a concentration of 1 mM
HisDraG and 2 mM GlnZ. Lane 1 is a control where only GlnZ was
added. The eluted fractions were subjected to SDS-PAGE, the gel
was Coomassie blue stained and the signal for GlnZ was quantified
by densitometry (B). Arrows indicate the identified proteins.

Fig. 5. The presence of either 2-OG or ATP can partially dissociate
the DraG–GlnZ complex. (A) The HisDraG–GlnZ complex was
immobilized on Ni2+ beads in binding buffer (Fig. 4) plus 3.5 mM
ADP. Beads where washed (Wash) with buffer containing ADP or
ATP and 2-OG as indicated in the Table. Bound proteins were
eluted with 0.5 M imidazole (Elution). The samples were submitted
to SDS-PAGE, the gel was stained with Coomassie blue and the
signal for GlnZ was quantified by densitometry (B). Arrows indicate
the identified proteins.
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native DraG (data not shown). Two reasons can account
for this apparent discrepancy. First, as the GlnZ–DraG
interaction is transient and the dissociation constant not
known it is possible that some GlnZ is lost owing to
complex dissociation during the wash steps. Second, the
His-DraG is immobilized onto the solid matrix, a situation
where its binding surface may be less accessible or
unavailable to GlnZ. In the gel filtration assays the DraG–

GlnZ complex is separated from the DraG monomer
(34 kDa) and GlnZ trimer (38 kDa), and the relative abun-
dance of each protein in the fraction corresponding to the
molecular mass of the complex reflects its stoichiometry.
A similar effect has been recently reported for the Atase–
GlnB complex in E. coli (Jiang et al. 2007) where different
complex stoichiometries were observed depending on the
technique used.

In vitro formation of the HisAmtB–GlnZ–DraG
ternary complex

Having established conditions for the formation of AmtB–
GlnZ and GlnZ–DraG complexes, we investigated the
formation of the putative ternary complex between AmtB,
GlnZ and DraG. Using Ni2+ beads, native DraG was
assayed for copurification together with HisAmtB and
either GlnZ or GlnB. Figure 7 shows the result of ternary
complex formation in the presence ADP and MnCl2. As
controls we used all protein combinations in the absence
of HisAmtB, i.e. DraG alone, DraG plus GlnZ and DraG

Fig. 6. Gel filtration analysis of the DraG–GlnZ complex. Gel
filtration was performed on a Superose 12 10/30 GL column using
50 mM Tris-HCl, pH 8.0, 10% (v/v) glycerol, 0.05% (w/v) LDAO,
100 mM NaCl, 1 mM MgCl2, 1 mM ADP as buffer. Runs were
performed at room temperature at a flow rate of 0.5 ml min-1, the
column was calibrated with a range of molecular mass standards
(Sigma). Purified proteins (DraG and/or GlnZ) were incubated in
50 mM Tris-HCl, pH 8.0, 10% (v/v) glycerol, 0.05% (w/v) LDAO,
100 mM NaCl, 1 mM MgCl2, 5 mM MnCl2 and 3.5 mM ADP for
20 min on ice before loading.
A. The graphic shows the elution volume from each sample,
DraG alone = 12.25 ml, GlnZ alone = 12.09 ml and DraG plus
GlnZ = 10.95 ml. In all runs, including a control without protein, we
observed a peak of ADP at 16.48 ml as it was loaded in higher
concentration than in the running buffer.
B. When DraG plus GlnZ were loaded, samples were collected
every 500 ml and 10 ml were analysed in 12.5% SDS-PAGE gels,
the gel was stained with Coomassie blue. Arrows indicate the
identified proteins and (Pool) indicates a fraction of the loaded
sample. The table below shows the ratio of the GlnZ to DraG signal
in the gel reported as arbitrary units. nd, not determined.

Fig. 7. In vitro formation of the AmtB–GlnZ–DraG ternary complex.
Complex formation was assayed by coprecipitation using Ni2+

beads. The reactions were conducted in buffer containing 50 mM
Tris-HCl pH 8.0, 0.1 M NaCl, 0.05% LDAO, 10% glycerol, 20 mM
imidazole, 3.5 mM ADP, 1 mM MgCl2 and 5 mM MnCl2. Binding
reactions were performed in 500 ml of buffer adding the purified
proteins at the following concentrations: 0.15 mM HisAmtB and
0.5 mM GlnZ or GlnB and 1 mM DraG. Beads were washed and
bound proteins were eluted with 0.5 M imidazole (Elution).
A. The unbound (supernatant of the binding reaction) and eluted
fractions were analysed by SDS-PAGE and the gel was stained
with Coomassie blue. The arrows indicate the identified proteins.
B. Magnification of the eluted fractions in the Coomassie blue
stained gel.
C. Magnification of the eluted fractions subjected to Western
blotting using an anti-DraG antibody.
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plus GlnB. None of these combinations showed any
binding (Fig. 7B, lanes 1, 2 and 3).

In the presence of HisAmtB, DraG was not present in
the elution (Fig. 7B, lane 4) indicating that AmtB is not
capable of interacting with DraG directly. In the reaction
containing HisAmtB plus GlnB and DraG, we observed
only HisAmtB and GlnB in the elution (Fig. 7A, lane 5).
Hence, while formation of the AmtB–GlnB binary complex
occurs under these conditions, this complex is not
capable of interacting with DraG (Fig. 7B, lane 5).

In the reaction containing HisAmtB plus GlnZ and DraG,
we observed all three proteins HisAmtB, GlnZ and DraG in
the elution (Fig. 7B, lane 6). The band assigned as DraG in
Fig. 7B, lane 6 was confirmed to be DraG by Western blot
with anti-DraG antibody (Fig. 7C) and also by MALDI-TOF
mass spectrometry analysis where two peaks with a m/z of
1773.217 and 1940.250 were identified which match two
predicted A. brasilense DraG peptides (m/z 1772.918,
from amino acid residue 132 to 148 and 1939.954, from 53
to 70, giving a protein coverage of 11.8%).

These results demonstrate that DraG can interact with
the AmtB–GlnZ complex but not with the AmtB–GlnB
complex, confirming our in vitro PII–DraG interaction data
and in agreement with our previous in vivo observations
(Huergo et al., 2006b). Ternary complex formation was
not observed when ADP was substituted by ATP in the
binding buffer (data not shown). This probably reflects the
requirement of ADP for the stabilization of the DraG–GlnZ
complex (Fig. 4). We also tested the capacity of ATP or
ATP plus 2-OG to dissociate the AmtB–GlnZ–DraG
ternary complex and we found that while ATP alone had
no effect, in the presence of ATP plus 2 mM 2-OG the
ternary complex was completely dissociated (data not
shown). This effect is probably related to the instability
of the AmtB–GlnZ interaction under these conditions
(Fig. 1A and 3).

Discussion

In this study we have used an in vitro reconstitution
system with purified proteins to validate successfully our
previous model developed from our in vivo studies. Con-
sequently, we have confirmed that under appropriate
conditions the nitrogenase regulatory enzyme DraG is
sequestered to the cell membrane by formation of an
AmtB–GlnZ–DraG ternary complex. We have also estab-
lished the in vitro conditions to obtain the AmtB–GlnZ and
GlnZ–DraG binary complexes and we have evaluated the
effects of the PII effector molecules on the stability of all of
these complexes.

AmtB–PII interaction

First, we studied in vitro interactions between the
A. brasilense ammonia channel AmtB and the PII proteins,

GlnB and GlnZ. This is the third report showing in vitro
interaction between purified members of the Amt and PII

protein families; the other studies were conducted using
AmtB and GlnK proteins from E. coli (Durand and Merrick,
2006) and from the archaeon Methanococcus jannaschii
(Yildiz et al., 2007). Both previous studies showed inhibi-
tion of complex formation in the presence of Mg-ATP and
2-OG. A recent report in R. rubrum has shown that the PII

protein GlnJ can interact with AmtB1-containing mem-
branes, this interaction is disrupted in the presence of ATP
plus 2-OG (Wolfe et al., 2007). Our results with the
A. brasilense AmtB–PII complexes shows a similar
response (Fig. 1), even very low concentrations of 2-OG
are inhibitory, e.g. 10 mM which is far below the physi-
ological levels reported for E. coli (from 0.1 to 0.9 mM
accordingly to Senior, 1975) when used in combination
with Mg-ATP. Interestingly, both in E. coli (Durand and
Merrick, 2006) and in A. brasilense (Fig. 1), the inhibition
caused by 2-OG on the AmtB–PII complex formation is
only observed in the presence of Mg2+. Two possible
hypotheses can be suggested to explain the role of Mg2+.
As the ATP and 2-OG binding sites are probably close to
each other in the PII proteins as previously proposed
(Benelli et al., 2002; Durand and Merrick, 2006), a posi-
tively charged Mg2+ ion may be necessary to stabilize the
binding of the two negatively charged molecules, 2-OG
and ATP. Hence, simultaneous binding of 2-OG and ATP
to PII can only occur in the presence of Mg2+ (Durand and
Merrick, 2006). Alternatively, based on crystallographic
structures of M. jannaschii GlnK1, it was proposed that
the binding site for 2-OG is only created when Mg-ATP is
bound to GlnK1, in which case the presence of ATP alone
would not be sufficient to generate the 2-OG binding site
(Yildiz et al., 2007).

Recently, the crystal structures of the AmtB–GlnK
complex of E. coli formed both in vivo (Conroy et al.,
2007) and in vitro (Gruswitz et al., 2007) were
determined. In both cases, the GlnK protein was found in
an ADP-bound state, even though crystallization of the in
vitro-formed complex was conducted in the presence of
ATP. Bonds between main chain NH groups of GlnK and
phosphate oxygen atoms of ADP induce a tight turn in the
GlnK structure and potentially help to position the GlnK
T-loop into the cytoplasmic vestibule of the AmtB protein
(Conroy et al., 2007; Gruswitz et al., 2007). The in vitro
effects of ADP or AMP were not reported for E. coli AmtB–
GlnK complex formation (Durand and Merrick, 2006).
However, for A. brasilense we observed interaction
between AmtB–PII in the presence of ATP, ADP or AMP
(Figs 1 and 2A), suggesting that any of these adenosine
nucleotides may potentially induce such a turn and allow
complex formation.

Although bothATP andADP induceAmtB–GlnZ complex
formation, these complexes show different responses to
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2-OG. Whereas 2-OG promotes dissociation of the
complex in the presence of ATP and MgCl2 no such effect
is observed when ATP is substituted by ADP (Fig. 3). A
similar response was reported with the GlnJ–AmtB1 pair
from R. rubrum (Wolfe et al., 2007). ATP and 2-OG have
been reported to bind the E. coli GlnB protein synergisti-
cally (Jiang et al., 1998), but the same synergy has not
been observed for ADP and 2-OG (Kamberov et al., 1995;
Ruppert et al., 2002; Maheswaran et al., 2004). Hence,
one explanation for the observed difference between the
effects of 2-OG in the presence ofATP orADP could be that
Mg2+ facilitates the synergistic binding ofATP and 2-OG but
this cannot occur when ADP replaces ATP. Consequently,
2-OG only binds to GlnZ in the presence of ATP and MgCl2,
whereupon it brings about a GlnZ T-loop conformation that
is not compatible with AmtB binding and the complex
dissociates.Alternatively, bothATP- andADP-bound forms
of GlnZ could bind 2-OG equivalently but show different
conformations in the T-loop.

Taken together, our data strongly suggest that in
A. brasilense only the ADP-bound complex is stable under
physiologically relevant conditions (i.e. in the presence of
Mg2+) and this complex would be relatively insensitive to
changes in the 2-OG pool. By contrast the ATP-bound
complex is sensitive to 2-OG levels (Fig. 3). Hence, the
cellular ATP:ADP ratio and 2-OG levels appear to play
major and minor roles, respectively, in complex stability
such that a sufficient ATP pool would be a prerequisite for
2-OG-mediated dissociation of the complex.

GlnZ–DraG interaction and AmtB–GlnZ–DraG ternary
complex formation

Our previous work has indicated that in A. brasilense the
nitrogenase regulatory enzyme DraG can form a complex
with GlnZ in vivo independently of the GlnZ uridylylation
status (Huergo et al., 2006b). Here we show, for the
first time, the in vitro reconstitution of a complex of
de-uridylylated GlnZ with DraG. We observe very faint
GlnZ–DraG interaction in the absence of nucleotides. The
formation of the complex is positively influenced by ADP
(Fig. 4). It is possible that the weak interaction observed in
the absence of ADP might be the result of ADP carried
over by GlnZ during purification. A recent report has
shown a similar effect for the GlnK1 from M. jannaschii
(Yildiz et al., 2007). We observed slightly different results
for the HisDraG–GlnZ complex in the absence of nucle-
otides using different GlnZ preparations (data not shown).

The DraG–GlnZ complex can be partially dissociated by
adding either 2-OG or ATP alone: a combination of these
two effectors leads to stronger dissociation (Fig. 5). We
believe that the ADP and 2-OG effects are likely to be
mediated via the known interaction of PII proteins (in this
case GlnZ) with these effectors, although we cannot

formally exclude an interaction of ADP and/or 2-OG
with DraG. Gel filtration analysis revealed a 1:1 DraG
monomer : GlnZ trimer stoichiometry for the complex
formed in presence of ADP (Fig. 6).

Previously we observed that in vivo GlnZ–DraG complex
formation is independent of the cellular nitrogen levels,
though a stronger interaction was observed after an
ammonium shock (Huergo et al., 2006b). The physiologi-
cal relevance of the positive influence of ADP for
in vitro GlnZ–DraG complex formation is still unclear; it may
be possible thatADP increases the affinity of GlnZ for DraG
after an ammonium shock (see Discussion later). To our
knowledge, the A. brasilense AmtB–PII and GlnZ–DraG
complexes studied here are only the second and third
examples showing the effects of ADP and ATP on complex
formation by a PII protein. The other study was with the
PII–NAGK complex from Synechococcus elongatus
(Maheswaran et al., 2004), where an inhibitory effect of
ADP on complex formation was observed. The other study
was with the PII–NAGK complex from Synechococcus
elongates (Maheswaran et al., 2004), where an inhibitory
effect of ADP on complex formation was observed.
Recently Wolfe et al. (2007) also showed thatADP affected
binding of GlnJ from Rhodobacter capsulatus to AmtB1-
containing membrane fraction. In all these cases, different
effects on the complex stability were observed whether
ADP or ATP was present, offering new insights into the
energy-sensing properties of PII proteins. In all these
cases, different effects on the complex stability were
observed whether ADP or ATP was present, offering new
insights into the energy-sensing properties of PII proteins.

Having established the conditions to form both AmtB–
GlnZ and GlnZ–DraG complexes in vitro we were able to
reconstitute a ternary complex involving all three proteins
(Fig. 7). This result confirmed previous in vivo data which
suggested the formation of such a complex in
A. brasilense (Huergo et al., 2006a,b) and in R. rubrum
(Wang et al., 2005; Zhang et al., 2006).

An overview of the events following ammonium shock in
A. brasilense and the putative physiological relevance of
the PII effectors on the AmtB–PII complex formation

In vivo data from both E. coli and A. brasilense have
shown that the AmtB–PII complex formation only occurs
after an ammonium shock, when PII proteins are
de-uridylylated (Coutts et al., 2002; Javelle et al., 2004;
Huergo et al., 2006a). The addition of ammonium to
nitrogen-limited E. coli cells has been shown to cause a
10-fold drop in the intracellular ATP levels within 15 s
(Schutt and Holzer, 1972). We speculate that the ammo-
nium added to nitrogen-limited cells is rapidly assimilated
by glutamine synthetase leading to an increase in the
glutamine levels and a drop in the ATP and 2-OG levels.
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High glutamine triggers GlnD uridylyl-removing activity
leading to PII protein de-uridylylation which, together with
a decrease in the ATP : ADP ratio and 2-OG levels,
favours AmtB–PII complex formation and channel
inactivation. Simultaneously, increased ADP levels would
stimulate the interaction between de-uridylylated GlnZ
and DraG and allow ternary complex formation, targeting
DraG to the cell membrane and effectively inactivating the
enzyme, either by sequestration away from its substrate
or by conformational change. Once the added ammonium
is exhausted by cellular metabolism, the ATP and 2-OG
levels will rise allowing GlnZ to dissociate from AmtB, thus
liberating DraG to interact with its cytosolic substrate, the
ADP-ribosylated NifH. As judged by the structural data on
the E. coli AmtB–GlnK complex (Conroy et al., 2007;
Gruswitz et al., 2007), the observed role of ATP and 2-OG
in disrupting the AmtB–PII complex (Fig. 3) may be a steric
prerequisite for the accession of GlnD to the PII T-loop,
allowing PII re-uridylylation once the glutamine levels
drop.

Membrane sequestration of PII targets as a potentially
widespread regulatory mechanism

When complex formation between E. coli AmtB and GlnK
was first demonstrated, it was suggested that complex
formation might not only regulate AmtB channel activity
but could also play a role in affecting PII interaction with
other PII targets, by reducing the PII protein levels in the
cytosol (Coutts et al., 2002). Recent studies have indi-
cated that the AmtB–PII complex might sequester other PII

targets to the cell membrane, and that this could provide
a regulatory mechanism.

In addition to sequestration of DraG in either
A. brasilense (Huergo et al., 2006a,b) or R. rubrum
(Wang et al., 2005), another potentially similar regulatory
situation has recently been described in Bacillus subtilis.
In this case it was shown that the B. subtilis master
regulator of nitrogen metabolism, TnrA, is targeted to the
cell membrane under certain conditions in a GlnK and
AmtB-dependent manner, and it was therefore proposed
that membrane sequestration may regulate TnrA activity
(Heinrich et al., 2006).

In this study we have shown for the first time that a
ternary complex involving AmtB–PII and a PII target, in this
case DraG, can indeed occur. As PII proteins have a long
list of known targets in a wide range of organisms, it
seems likely that ternary complex formation involving
AmtB and PII could be a wide-spread regulatory mecha-
nism in prokaryotes. The control of regulatory or catalytic
proteins of nitrogen metabolism by AmtB–PII-dependent
membrane sequestration would provide an excellent
regulatory switch, responding not only to the nitrogen
levels, via the PII modification status, but also to the

energy and carbon levels as ATP, ADP and 2-OG regulate
the AmtB–PII interaction.

Experimental procedures

Plasmid construction

Plasmid pLHPETHisAmtB encodes an N-terminally 6His-
tagged version of A. brasilense AmtB in which the 6His tag
was inserted three residues downstream of the predicted
signal peptide cleavage sequence. The 6His insertion was
obtained by overlap PCR using genomic DNA from
A. brasilense strain FP2 (Pedrosa and Yates, 1984) as
template. The 5′ end of amtB (120 bp) was PCR-amplified
with the primers AmtB-NT 5′-AGCCTCCATGGGCCGTCT
CTTCACCCTCGC-3′ (NcoI restriction site underlined) and
AmtB-HisR 5′-GCGTGGTGGTGGTGGTGGTGGCTTTCC
TGGGCGAGGGCGG-3′. The 3′ end of amtB (1.3kb) was
PCR-amplified with the primers AmtB-HisF 5′-GCCA
CCACCACCACCACCACGCCGCCGCCGCGGCCGAACC-3′
and AmtB-CT 5′-ATGGAGAATTCAACCAGGCAGCAAGG
GTGC-3′ (EcoRI restriction site underlined). The PCR prod-
ucts were gel extracted, annealed and used as template in a
third PCR reaction with primers AmtB–NT and AmtB–CT. The
PCR product was digested with NcoI and EcoRI and ligated
to the pETBlue vector, previously digested with the same
enzymes, to yield plasmid pLHPblueHisAmtB. The NcoI–
EcoRI fragment from pLHPblueHisAmtB was transferred to
the pET28a vector digested with the same enzymes to give
pLHPETHisAmtB. The DNA insert of pLHPETHisAmtB was
fully sequenced to check its integrity.

In order to express the his-amtB allele in A. brasilense we
used our previously described strategy (Huergo et al.,
2005b). The XbaI–HindIII fragment from the pLHPETHis-
AmtB plasmid was subcloned into the pDK7 vector, generat-
ing pLHDK7HisAmtB. This plasmid was cointegrated with the
pMP220 vector generating pLHMPHisAmtB which expresses
the his-amtB gene from the ptac promoter under the control
of LacI. The pLHMPHisAmtB plasmid was inserted into the
A. brasilense FAJ310 (amtB:km) strain by conjugation as
described (Huergo et al., 2005b).

The pLHPETDraGwt plasmid, which encodes wild type
A. brasilense DraG, was obtained as follows. The draG
gene (900 bp) was PCR-amplified using genomic DNA of
A. brasilense strain FP2 as template and the primers
DraG5Nco 5′-CCGGCCCATGGCTGACCATTCCATCC-3′
(NcoI restriction site underline) and DraG3′ (Huergo et al.,
2005a). The PCR product was digested with NcoI and EcoRI
and ligated to the pET28a vector previously digested with the
same enzymes to give plasmid pLHPETDraGwt. The DNA
insert of pLHPETDraGwt was fully sequenced to check its
integrity.

The pLMA-MLV1 plasmid, which encodes an N-terminally
6His-tagged version of A. brasilense GlnB, was obtained as
follows. The glnB gene (300 bp) was PCR-amplified using
genomic DNA of A. brasilense strain FP2 as template and the
primers AbglnB5′: 5′-CTCGTACCCATGGGACATATGAAGA
AGATCGAA-3′ (NdeI restriction site underline) and AbglnB3′:
5′-TATATAGGATCCTCAGAGAGCTTCGGT-3′ (BamHI re-
striction site underline). The PCR product was digested with
NdeI and BamHI and ligated to the pET28a vector previously
digested with the same enzymes to give plasmid pLMA-
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MLV1. The DNA insert of pLMA-MLV1 was fully sequenced to
check its integrity.

Protein analysis

Electrophoresis of proteins was carried out by SDS-PAGE
and gels were Coomassie blue stained. Signals on SDS-
PAGE stained gels were quantified using the Laboratory
Works program (UVP); the results are reported in arbitrary
units. Protein concentrations were determined by the Brad-
ford assay using bovine serum albumin as standard. Western
blots were carried out as described (Huergo et al., 2006a),
using monoclonal mouse anti-His antibody (GE-Healthcare)
or polyclonal rabbit anti-DraG or anti-NifH antibody (Huergo
et al., 2005a). The ADP-ribosylation of NifH in A. brasilense
was monitored as described (Huergo et al., 2006a).

For MALDI-TOF analysis protein bands were excised from
gels, de-stained with 50% (v/v) acetonitrile containing 25 mM
NH4HCO3, dehydrated in 50 ml of acetonitrile for 10 min and
dried under vacuum for 25 min. Samples were treated with
10 ml of 25 mM NH4HCO3 containing 0.2 mg of porcine trypsin
(Promega) overnight at 37°C. The supernatant was dried
under vacuum and peptides were reconstituted in 0.1% (v/v)
trifluoroacetic acid. The sample was mixed with a-cyano-4-
hydroxycinamic acid matrix (1:1), spotted on a Maldi plate
(Bruker Daltonics) and allowed to dry. The dried sample was
analysed using a MALDI-TOF-MS Auto-flex spectrometer
(Bruker Daltonics).

HisAmtB purification

Six litres of E. coli C43 cells carrying pLHPETHisAmtB was
grown in Luria–Bertani (LB) medium supplemented with
NH4Cl 40 mM at 37°C to an OD600 of 0.5. To induce HisAmtB
expression, IPTG 0.3 mM was added and, after for 4 h, cells
were harvested by centrifugation. The pellet was resus-
pended in 60 ml of 50 mM Tris-HCl pH 8, 0.1 M NaCl, 10%
glycerol and lysed by two passages through a French pres-
sure cell, 15000 psi at 4°C. The extract was clarified by
centrifugation at 30 000 g for 30 min at 4°C. The supernatant
(whole-cell extract) was centrifuged at 200 000 g for 1 h at
4°C. The membrane pellet was resuspended in 10 ml of
50 mM Tris-HCl pH 8, 0.1 M NaCl, 10% glycerol, 2% LDAO
(n-dodecyl-N,N-dimethylamine-N-oxide) and mixed gently for
1 h on ice. After another centrifugation step (200 000 g for 1 h
at 4°C), the supernatant was applied to a 1 ml Hi-Trap chelat-
ing column prepared by saturating with 100 mM NiCl2, and
equilibrated with buffer 1 (50 mM Tris-HCl pH 8, 0.6 M NaCl,
10% glycerol, 0.05% LDAO) at 1 ml min-1. The column was
washed with 10 ml of buffer 1 and 5 ml of buffer 2 (50 mM
Tris-HCl pH 8, 0.1 M NaCl, 10% glycerol, 0.05% LDAO,
10 mM imidazole). Protein was eluted in buffer 2 containing
50, 100, 300 or 500 mM imidazole in 5 ml steps. Fractions
containing HisAmtB (peak at 300 mM imidazole) were pooled
and dialysed in 50 mM Tris-HCl pH 8, 0.1 M NaCl, 50% glyc-
erol, 0.05% LDAO. HisAmtB was more than 92% pure as
judged by densitometric analysis of a Coomassie-stained gel.

Purification of GlnB, GlnZ, HisGlnB and HisGlnZ

For purification of native PII proteins from A. brasilense, one
litre of E. coli BL21 (DE3) cells carrying pLH25PET

(expressing GlnB) (Huergo et al., 2005b) or pMSA4
(expressing GlnZ) (Araujo et al., 2004) was grown in LB
medium supplemented with NH4Cl 40 mM at 37°C to an
OD600 of 0.5. IPTG (0.3 mM) was added and, after for 4 h,
cells were harvested by centrifugation. The pellet was
resuspended in 30 ml of 50 mM Tris-HCl pH 7.5, 0.1 M KCl,
1 mM EDTA, 20% glycerol. Cells were disrupted by sonica-
tion, cell extract was clarified by centrifugation (30 000 g for
30 min at 4°C). The supernatant was loaded onto a 5 ml
Hi-Trap Heparin column (GE-Healthcare) previously equili-
brated with buffer A (50 mM Tris-HCl pH 7.5, 0.1 M KCl,
1 mM EDTA). Protein was eluted with a linear gradient up to
1.1 M KCl in buffer A. Fractions containing GlnB or GlnZ,
which peaked at 0.4 M KCl, were collected and dialysed in
50 mM Tris-HCl pH 7.5, 0.1 M KCl, 20% glycerol. GlnB and
GlnZ were more than 90% pure as judged by densitometric
analysis of a Coomassie-stained gel. The homogeneity of
the preparations were also confirmed by native gel and
MALDI-TOF analysis.

For the purification of N-terminal 6His-tagged PII proteins
from A. brasilense, the HisGlnB and HisGlnZ proteins were
overexpressed in E. coli BL21 (DE3) cells carrying pLMA-
MLV1, expressing HisGlnB, or pMSA3, expressing HisGlnZ
(Araujo et al., 2004). Protein purification was conducted as
described (Araujo et al., 2004) with the following modifica-
tions: protamine sulphate precipitation was excluded and
DTT was not included in buffers.

DraG purification

For the purification of native A. brasilense DraG, one litre of
E. coli BL21 (DE3) cells carrying pLHPETDraGwt was grown
in LB medium supplemented with NH4Cl 40 mM at 37°C to an
OD600 of 0.5. IPTG 0.3 mM was added and cells were incu-
bated for 20 h at 20°C. Cells were harvested by centrifugation
and resuspended in 30 ml of 50 mM Tris-HCl pH 8, 0.1 M
NaCl, 10% glycerol, 0.5 mM MnCl2. Cells were disrupted by
sonication and the cell extract was clarified by centrifugation
(30 000 g for 30 min at 4°C). The supernatant was loaded
onto a 5 ml Hi-Trap Heparin column (GE-Healthcare) previ-
ously equilibrated with buffer A (50 mM Tris-HCl pH 8, 0.1 M
NaCl). Protein was eluted with a liner gradient of buffer A, up
to 1.1 M NaCl. Fractions containing DraG, which peaked at
0.4 M NaCl, were collected and dialysed in 50 mM Tris-HCl
pH 8, 0.1 M NaCl, 50% glycerol, 0.5 mM MnCl2. DraG was
99% pure as judged by densitometric analysis of a
Coomassie-stained gel.

For the purification of N-terminal 6His-tagged A. brasilense
DraG, induction was performed in E. coli BL21 (DE3) cells
carrying pLHPETDraG (Huergo et al., 2005a) and the cell
extract prepared essentially as described for native DraG.
After cell extract clarification, the supernatant was applied to
a 1 ml Hi-Trap chelating column, followed by elution and
dialysis essentially as described for HisAmtB except that
LDAO was not included in buffers. HisDraG precipitated after
elution and dialysis. Precipitated samples were subjected to
centrifugation at 30 000 g for 10 min at 4°C and only the
supernatant was used for further analysis. HisDraG was
more than 99% pure as judged by densitometric analysis of a
Coomassie-stained gel.
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In vitro complex formation

In vitro complex formation was assayed using HisMagnetic
beads according to the manufacturer’s instructions
(Promega). All reactions were conducted in buffer containing
50 mM Tris-HCl pH 8, 0.1 M NaCl, 0.05% LDAO, 10% glyc-
erol, 20 mM imidazole in the presence or absence of effec-
tors (MgCl2, MnCl2, 2-OG, ATP, ADP, AMP) as indicated in
each experiment. Twenty-five microlitres of beads was equili-
brated by two washes with 200 ml of buffer. Binding reactions
were performed in 500 ml of buffer by adding purified proteins:
0.15 mM HisAmtB, 0.5 mM GlnB or GlnZ, HisGlnB or HisGlnZ,
1 mM DraG in this order. Protein concentrations were calcu-
lated assuming HisAmtB, GlnB and GlnZ to be trimers and
DraG to be a monomer. After 5 min, the beads were washed
three times with 300 ml of buffer. Elution was performed incu-
bating the beads with 50 ml of buffer containing 0.5 M imida-
zole for 5 min. Eluted samples were mixed with sample buffer
and analysed in 12.5% SDS-PAGE stained with Coomassie
blue. For complex dissociation assays, the beads were
washed with 50 ml of buffer containing the effectors prior to
elution with imidazole.

Gel filtration analysis of the DraG–GlnZ complex

Gel filtration chromatography was performed on a Superose
12 10/30 GL column using 50 mM Tris-HCl, pH 8.0, 10% (v/v)
glycerol, 0.05% (w/v) LDAO, 100 mM NaCl, 1 mM MgCl2,
1 mM ADP as buffer. The elution volumes indicated are an
average of two independent runs. The Superose 12 HR
10/30 was calibrated with following molecular mass markers
(Sigma; their elution volumes are in parentheses): a-
amylase, 200 kDa (9.49 ml); alcohol desidrogenase, 150 kDa
(10.13 ml); bovine serum albumin, 66 kDa (10.72 ml); car-
bonic anhydrase, 29 kDa (12.55 ml); cytochrome c, 12.4 kDa
(14.13 ml). Purified proteins (DraG and/or GlnZ) were incu-
bated in 50 mM Tris-HCl, pH 8.0, 20% (v/v) glycerol, 100 mM
NaCl, 1 mM MgCl2, 5 mM MnCl2 and 3.5 mM ADP for 20 min
on ice before loading. The loaded samples consisted of GlnZ
(18 mmol as trimer), DraG (18 mmol as monomer) or DraG
plus GlnZ (18 mmol each) in 200 ml. Runs were performed at
room temperature at a flow rate of 0.5 ml min-1, and 10 ml of
the collected fractions (500 ml) was analysed in 12.5% SDS-
PAGE gels.
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Note added in proof

Jiang and Ninfa reported recently (Biochemistry, doi:
10.1021/bi701062t) that ADP affects E. coli PII regulation of
ATase and NtrB, and also the uridylylation of PII by GlnD.
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