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In Escherichia coli, the ammonia channel AmtB and the Py
signal transduction protein GInK constitute an ammonium sen-
sory system that effectively couples the intracellular nitrogen
regulation system to external changes in ammonium availabil-
ity. Binding of GInK to AmtB apparently inactivates the channel,
thereby controlling ammonium influx in response to the intra-
cellular nitrogen status. We designed an N-terminally histidine-
tagged version of AmtB with a native C-terminal region in order
to purify the AmtB-GInK complex. Purification revealed a stable
and direct interaction between AmtB and GInK, thereby show-
ing for the first time that stability of the complex does not
require other proteins. The stoichiometry of the complex was
determined by two independent approaches, both of which indi-
cated a 1:1 ratio of AmtB to GInK. We also showed by mass
spectrometry that only the fully deuridylylated form of GlnK
co-purifies with AmtB. The purified complex allowed in vitro
studies of dissociation and association of AmtB and GInK. The
interaction of GInK with AmtB is dependent on ATP and is also
sensitive to 2-oxoglutarate. Our in vitro data suggest that in vivo
association and dissociation of the complex might not only be
dependent on the uridylylation status of GInK but may also be
influenced by intracellular pools of ATP and 2-oxoglutarate.

Under nitrogen-limiting conditions, the uptake of ammo-
nium into the cells of many organisms is mediated by a class of
ubiquitous membrane proteins, designated Amt (ammonium
transporter) proteins (1). They are present in bacteria, archaea,
fungi, and plants, whereas in animals, from nematodes to
humans, they are represented by the closely related Rh (Rhesus)
proteins. The most studied Amt protein is Escherichia coli
AmtB, which is a stable homotrimer in the cytoplasmic mem-
brane and retains this structure when purified and reconsti-
tuted in two-dimensional crystals (2, 3). The first 22 residues of
E. coli AmtB encode a signal peptide (1, 4) that is cleaved from
the preprotein upon membrane insertion so that the mature
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protein has an N, and C,, topology (1, 5, 6). The x-ray crystal
structures of E. coli AmtB and Archaeoglobus fulgidus Amt-1
have been solved and are very similar (5-7). They are both
trimers in which each subunit is formed by 11 transmembrane
helices (TMH).? The structure has a pseudo-2-fold symmetry
with the 2-fold axis in the middle plane of the membrane, relat-
ing helices TMH1 to TMH5 and TMH6 to TMH10, with
TMH11 across the lipid-accessible face of each monomer. In
the E. coli AmtB structures, the last 20 amino acids, which are
predicted to constitute a cytoplasmic region, are disordered.
However, the equivalent region of A. fulgidus Amt-1 was
resolved, and it folds into two short a-helices (7). The Amt
structures revealed that transport occurs through a narrow
mainly hydrophobic pore located at the center of each mono-
mer. Computer simulations and structural and energetic data,
together with in vivo and in vitro assays, indicate that ammo-
nium is the substrate recognized by AmtB but that ammonia is
the translocated species (5, 6, 8 —10). Therefore, the Amt pro-
teins have been described as ammonia gas channels, as previ-
ously proposed (11).

Almost all bacteria and archaea encode at least one Amt pro-
tein, and, with very few exceptions, the structural gene (amtB)
is genetically linked to a second gene (glnK) that encodes a small
cytosolic signal transduction protein (12). GInK is a member of
the P;; protein family, of which E. coli encodes two members,
GInK and GInB. These proteins act as sensors of the cellular
nitrogen status in prokaryotes, and they have also been identi-
fied in plants (13). In a variety of organisms, P; proteins have
been shown to regulate the activities of other proteins by pro-
tein-protein interaction (13-15). Py; targets are diverse and
have different functions (including enzymes and transcription
factors), different structures, and different cellular localizations
(cytosol and membrane). Among the Pj; crystal structures
determined so far, those of E. coli GInB and GInK have both
been solved, and they are very similar (16-18). Both proteins
are homotrimers of 112 amino acids that form a compact barrel
of ~50 A in diameter and 30 A high. Each monomer consists of
a four-stranded B-sheet that packs against two helices. A rela-
tively unstructured loop (the T-loop), connecting strands (32
and B33, protrudes from the upper surface. Two other notable
loops are present in the structure: the B-loop connecting helix
a2 and strand B4, and the C-loop regrouping the C-terminal
residues. A lateral cleft between each subunit is formed

2 The abbreviations used are: TMH, transmembrane helix; LDAO, n-dodecyl-
N,N-dimethylamine-N-oxide; 2-OG, 2-oxoglutarate; WT, wild-type.
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TABLE 1
Plasmids used in this study
Plasmid Protein phenotype” Genotype Reference/Source

pAD2 GInK APAVAH-AmtB glnK amtB33 in pMODULES3 This work
pAD4 AGInK APAVAH,-AmtB amtB33 in pESV2 (AglnK) This work
pAD5 GInK AmtB glnK amtB in pBAD18 This work
pAD6 GInK(Y51F) AmtB glnK12 amtB in pBAD18 This work
pAJ1002 GInK AmtB-DL glnK amtB1 in pPBAD18 Ref. 31
pAJ1023 GInK(Y51F) AmtB-DL glnK12 amtBI in pBAD18 A. Javelle
pESVO pACYC184 derivative Ref. 31
pESV4E GInK APAVAH-AmtB-DL glnK amtBP6H1 in pACYC184 E. Severi
pJTé6 GInK AmtB-DH¢ glnK amtB9 in pACYC184 Ref. 31
pJT6E GInK AmtB-DL glnK amtB15 in pACYC184 E. Severi
pMODULES3 GInK AmtB glnK13 amtB16 in pESVO E. Severi
pMM285 AmtB-DH," amtB3 in pT7-7 Ref. 2
pSTUART GInK AmtB ginK amtB14 in pACYC184 E. Severi

“ Modifications to proteins are shown in boldface type.

? There is no linker between the AmtB C terminus and the His tag in AmtB, as previously stated (2).

between the T- and B-loops of one subunit and the C-loop of
another subunit. Biochemical analysis of E. coli P, revealed that
the T-loops are involved in the interaction with Py; target pro-
teins (19-22), and more precisely, T-loops interact directly
with GInD (uridylyltransferase) (20, 21) and the histidine pro-
tein kinase (nitrogen regulation protein; NtrB) (23). In pro-
teobacteria, including E. coli, Py; activity is regulated by cova-
lent modification. This is catalyzed by uridylyltransferase, the
activity of which is regulated by the intracellular glutamine
pool, a signal of cellular nitrogen status (24). The conserved
residue, Tyr-51, at the apex of the T-loop is uridylylated in cells
that are subjected to nitrogen starvation, and this modification
is reversed in nitrogen sufficiency (21, 25, 26).

In addition, 2-oxoglutarate (2-OG) binds noncovalently to
both GInB and GInK and regulates their activity (21, 27-30). To
date, there is no crystal structure of P;; complexed with 2-OG.
However, GInK, like GInB, appears to bind one molecule of
2-OG with a high affinity and is apparently allosterically regu-
lated by 2-OG (21). Moreover, the binding of additional effector
molecules at high 2-OG concentrations may cause a change of
GInK conformation that would explain its inability to interact
with NtrB or GInE (adenylyltransferase) (21). P; proteins also
bind ATP, and the crystal structure of the E. coli GInK-ATP
complex revealed three ATP-binding sites per trimer, located
in the lateral clefts between the subunits (16), with residues of
B- and C-loops interacting with ATP. ATP could potentially
influence the interactions of GInK with its receptors by affect-
ing the structure and mobility of the T-loop but also because
ATP changes the charge distribution of GInK (16).

The conserved transcriptional linkage between g/nK and
amtB suggested an interaction between the GInK and AmtB
proteins (12). Subsequent ixn vivo experiments in E. coli sup-
ported this concept and indicated that formation of the AmtB-
GInK complex is controlled by the uridylylation state of GInK,
which is in turn dependent on the nitrogen status of the cell (31,
32). In response to an increase in the cellular nitrogen status,
GInK is deuridylylated and binds to AmtB, thereby apparently
inactivating the channel. This association is sensitive, rapid,
and reversible (31). Furthermore, deletion of the cytoplasmic
C-terminal region of E. coli AmtB prevents the interaction with
GInK (32). Membrane sequestration of GInK in an AmtB-de-
pendent fashion is not unique to E. coli and has also been shown
in Azotobacter vinelandii (32), Bacillus subtilis (33), Coryne-
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bacterium glutamicum (34) and Azospirillum brasilense (35).
The ubiquity of this process led to the suggestion that AmtB
and GInK constitute an ancestral prokaryotic nitrogen control
system (36).

To date, there has been no biochemical analysis of the mech-
anism of interaction between AmtB and GInK. A docking
model of a potential complex between A. fulgidus Amt-1 and a
modeled structure of A. fulgidus GInB-1 (the P protein
encoded adjacent to amt-1) was recently reported, although
there is presently no direct biological evidence of an interaction
between those two proteins (7). In this paper, we describe the
purification of the intact E. coli AmtB-GInK complex from
ammonium-shocked cells, thereby allowing us to characterize
the complex biochemically.

EXPERIMENTAL PROCEDURES

Strains and Plasmids—The bacterial host strain used
throughout this work was E. coli strain GT1000 (rbs lacZ::IS
gyrA hutC, AginKamtB) (32). We also used E. coli B strain C43
for production of AmtB from plasmid pMM285 (2). The plas-
mids used are listed in Table 1. E. coli strains were routinely
grown in Luria medium, and for nitrogen-limited growth, an
M9 medium (M9GIn) was used in which ammonium was
replaced by 200 wg/ml glutamine. The carbon source was 0.2%
glucose or 0.4% glycerol plus 0.05% arabinose when working
with pBAD-based plasmids, pAD5 and pAD6. Cells were har-
vested before or after an ammonium shock achieved by the
addition to the medium of 30 mm NH,ClI for 15 min at 30 °C.
Antibiotics were used at the following concentrations: ampicil-
lin, 100 ug/ml; chloramphenicol, 15 ug/ml.

Plasmid pAD2 encodes GInK APAVAH,-AmtB (modifica-
tions to proteins are shown in boldface type throughout), where
AmtB has a wild-type (WT) C terminus and an AVAH
sequence inserted in the N-terminal region, two residues
downstream from the natural signal peptide cleavage site and
before TMHI. To construct pAD2, the Ndel/Dralll fragment
from pESV4E was cloned into Ndel/Dralll-cut pMODULES3.
To construct pESV4E, a Hisg-encoding linker with PstI-com-
patible ends (made by annealing oligonucleotides 5 -GTG-
GCCCATCACCACCATCACCATTGCA-3" and 5-TGGT-
GATGGTGGTGATGGGCCACTGCA-3") was inserted into
Pstl-cut pJT6E. pMODULES3 was constructed by replacing the
Pvul-Sall fragment of pMODULES] with the equivalent Pvul-
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Sall fragment of pSTUART1. pAD4 was derived by cloning the
Ndel/BamHI fragment of pESV2 (31) into Ndel/BamHI-cut
pAD?2. To construct pAD5 (WT GInK) and pAD6 (Y51F GInK),
the BstXI/BamHI PCR fragment of pAD2 was amplified using
the oligonucleotides 5'-ACGGCGTTTGTGGCATTGTC-
GGC-3’ (forward) and 5'-CCGGATCCTTACGCGTTATAG-
GCATTCTCGC-3’ (reverse; BamHI site underlined). The PCR
product was inserted into the BstXI/BglII sites of pAJ1002 (31)
and pAJ1023, respectively. pAJ1023 was derived from pAJ1004
(31) by reversing an unexpected point mutation found in
pAJ1004 that causes a Phe-55 to Ser-55 substitution. The
QuikChange™ multisite-directed mutagenesis kit (Strat-
agene) was used with the oligonucleotide 5'-CGGAATTCAG-
CGTCAATTTCCTGCCAAA-3' so that pAJ1023 now encodes
GInK Y51F and not Y51F,F55S.

Protein Purification—T o purify the AmtB-GInK complex, we
used GT1000 as the host strain (32) to avoid any contamination
with the host-derived AmtB. GT1000(pAD2) cells were grown
aerobically overnight at 30 °C in M9GIn containing 15 ug/ml
chloramphenicol. Before harvesting the cells, a 30 mM ammo-
nium chloride shock of 15 min was performed. The cell pellet
was resuspended in 50 mMm Tris-HCI, pH 8.0, 100 mm NaCl and
lysed by two passages through a French pressure cell, 15,000 psi
at4 °C. The extract was clarified by centrifugation for 30 min at
43,000 X g in a SS-34 Sorvall rotor at 4 °C. The supernatant
(whole cell extract) was centrifuged at 210,000 X gin a Kontron
TFT 65-13 rotor for 1 hat4 °C. The membrane pellet was resus-
pended to 1.5 mg/ml protein in 50 mMm Tris-HCI, pH 8.0, 100
mMm NaCl, 10% (v/v) glycerol and frozen overnight at —80 °C.
The membranes were thawed on ice and solubilized with
2% (w/v) n-dodecyl-N,N-dimethylamine-N-oxide or LDAO
(Anatrace) at 4 °C for 2 h. The complex was also purified using
the nonionic detergents n-octyl-B-p-glucopyranoside and n-
dodecyl-B-p-maltopyranoside, but the complete characteriza-
tion of the complex utilized material solubilized in LDAO.

The solubilized membranes were centrifuged at 210,000 X g
for 1 h. The resultant supernatant was applied to a Hi-Trap
chelating column (Amersham Biosciences) prepared by satura-
tion with 100 mm NiCl, and equilibrated with 50 mm Tris-HCl,
pH 8.0, 100 mm NacCl, 10% (v/v) glycerol, 0.05% (w/v) LDAO
(buffer A) containing 5 mm imidazole at 1 ml min~". The elu-
tion was performed after a two-step gradient with buffer A con-
taining 80 mM imidazole and 300 mm imidazole. For Superose
12 10/300 GL (Amersham Biosciences) size exclusion chroma-
tography, the AmtB-GInK fraction eluting from the Ni** col-
umn was concentrated with a 50,000 cut-off Centricon filter
(Millipore). A 500-ul sample was then loaded onto the S12 col-
umn preequilibrated with buffer A and run at 0.2 ml min™".

APAVAH,-AmtB was purified from GT1000(pAD4) as
described for the complex purification, except that no ammonium
shock was performed before harvesting the cells, and the protein
was eluted from the Ni** column after a step gradient with buffer
A containing 300 mM imidazole. APAVAH-AmtB was quantified
by amino acid composition analysis and used as standard for titra-
tion gels. AmtB-DHy was purified from C43(pMM285) as
described previously (2). Native E.coli GInK was purified as
described previously (26). It was used as a standard for titration
gels and as a control for mass spectrometry analysis.
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Analytical Size Exclusion Chromatography—The molecular
mass markers (100 ul) and samples (usually 500 wl) were eluted
at room temperature in 50 mm Tris-HCI, pH 8.0, 100 or 250 mm
NaCl, 10% (w/v) glycerol, 0.05% (w/v) LDAO at a flow rate of 0.2
ml min~', on a Superose 12 10/300 GL column. The molecular
mass standards (Sigma and Amersham Biosciences) used for
the calibration were as follows: B-amylase, 200 kDa; aldolase,
158 kDa; bovine serum albumin, 67 kDa; carbonic anhydrase,
29 kDa; cytochrome ¢, 12.4 kDa.

Effect of Small Effectors on the AmtB-GInK Complex—To
study the influence of small effectors on stability of the AmtB-
GInK complex, we immobilized the purified complex (100 pg)
on HIS-Select spin columns (Sigma) previously equilibrated
with buffer A containing 5 mm imidazole. The flow-through
was collected, and unbound proteins were removed by three
washes with the same buffer. Three additional washes were
carried out in buffer A with 5 mm imidazole in the absence or
presence of effectors: 0.1, 1, or 2 mm 2-OG; 3.5 mm ATP; 5 mm
MgCl,. As a control, the immobilized complex was dissociated
by treating with 600 mm NaCl. For each condition tested, a
single column was used. Elution of APAVAH,-AmtB or
APAVAH-AmtB-GInK complex was performed by the addi-
tion of buffer A containing 500 mm imidazole. The washed frac-
tions, collected after applying effectors, and the eluted fraction
were loaded on 12.5% SDS-polyacrylamide gels and stained
with Coomassie Blue.

For in vitro reconstitution of the complex, AmtB and GInK
were obtained by purifying the complex, as described previ-
ously, and then dissociating the proteins from a Ni** column in
the presence of 600 mm NaCl. In those conditions, GInK was in
the unbound fraction, and AmtB was subsequently eluted using
increasing concentrations of imidazole. The two proteins were
then loaded independently on a size exclusion chromatography
column (Superose 12 10/300) in buffer A. Pure AmtB and GInK
were preincubated in a molar ratio of 1:2 in buffer A with 5 mm
imidazole in the absence or presence of effectors (0.1, 1, or 2 mm
2-0G; 3.5 mm ATP; 5 mm MgCl,) for 15 min at 30 °C. The
mixture was then loaded onto a HIS-Select spin column
(Sigma) previously equilibrated with 5 mm imidazole in buffer
A containing the same effectors as in the initial reaction mix-
ture. For each condition tested, one column was used. The flow-
through was collected, and unbound proteins were removed
after three washes with the same buffer containing the effec-
tors present in the reaction mixture. Elution was performed
with 500 mm imidazole in buffer A, and the eluted fractions
were analyzed for the presence of AmtB and GInK by West-
ern blotting.

Protein Quantification—Pure proteins, cell extracts, and sub-
cellular fractions were assayed with Bradford reagent (Sigma)
using bovine serum albumin (Sigma) as a standard. Concentra-
tions of proteins used as standards for Coomassie-stained gels
were determined by quantitative amino acid composition at
the Protein and Nucleic Acid Chemistry (PNAC) Facility in
Cambridge.

Amino Acid Composition—The amino acid compositions of
the purified AmtB-GInK complex, of GInK, and of AmtB were
determined after a 22-h acid hydrolysis at 115 °C, according to
the method described previously (37). The free amino acids
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were separated on an ion exchange resin (sodium system) elut-
ing with a series of buffers over the pH range 3.20-6.45 on an
amino acid analyzer (Amersham Biosciences Alpha Plus Series
II). Peak detection was achieved by mixing the eluate with nin-
hydrin at 135 °C and measuring the absorbance (at 570 and 440
nm). Quantitation was performed using Chromeleon software
and calibration curves for each amino acid of interest.

Quantitative Coomassie Gels—Samples were subjected to
SDS-PAGE (10 and 15% for AmtB and GInK analysis, respec-
tively) and stained with Coomassie Blue. The intensity of bands
was converted to a protein concentration by using a calibration
curve of pure protein present on each gel. Each Coomassie-
stained gel was loaded with seven different dilutions of a protein
standard (AmtB (27.6,23.6,19.7,15.8,11.8,7.9, and 3.9 pmol of
trimer) and GInK (163.2,122.3, 81.6,40.8, 20.4, 10.2, and 5 pmol
of monomer)) and six different dilutions of the pure complex (5,
4, 3,2, 1, and 0.5 ng). Accurate concentrations of AmtB and
GInK used as standards were determined by amino acid com-
position. The signal was scanned and quantified with Gene-
Tools software (Syngene).

Data Analysis—To calculate the AmtB/GInK stoichiometry,
we used a mathematical model in which we compared the val-
ues of the experimental amino acid composition of the complex
with the respective amino acid compositions of AmtB and
GInK. Asparagine and glutamine are converted to aspartate and
glutamate, respectively; therefore, Asx and Glx correspond to
the amount of Asp + Asn and Glu + Gln, because Asn and Gln
are deamidated following the acid treatment. Norleucine was
used as an internal standard but is not reported.

We used the data from two different amino acid composition
estimations to calculate the stoichiometry (s) of the AmtB-
GInK complex, with s representing the number of GInK mol for
1 mol of AmtB (AmtB/s GInK). The value of s was calculated by
using the Solver tool in Microsoft Excel to minimize the mean
square deviation between the calculated fractions of each
amino acid in the complex and the fractions obtained with the
experimental data. The calculated fraction was obtained using
the following equation,

n;\amtB—GInK néamtB + (S X nSaInK)

AMTB-GInK = NATE 1 (5 % NCIK)

(Eq. 1)

where n,_, is the number of one particular amino acid in AmtB,
GInK, or AmtB-GInK, and N is the number of all of the amino
acids used for the calculation in AmtB, GInK, or AmtB-GInK.
All of the amino acids reported in supplemental Table S1 were
included in the calculation. Valine and isoleucine data were not
used, because upon acidic hydrolysis, the peptide bonds of Ile-
Ile, Val-Val, Ile-Val, and Val-Ile are only partially cleaved, and
consequently, the values obtained for Val and Ile can be under-
estimated. AmtB and GInK do not have comparable numbers of
those peptide bonds; therefore, we did not consider those two
residues for estimation of the stoichiometry.

N-terminal Sequence Determination—This was carried out
using an Applied Biosystems Procise 494 Protein Sequencer to
analyze the complex from a polyvinylidene fluoride membrane
(PNAC, Cambridge, and Krebs Institute Sequencing and Syn-
thesis Facility, University of Sheffield).
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Mass Spectrometry Analysis—Free GInK was isolated from
the AmtB-GInK complex after two chromatographic steps
(Ni*" affinity followed by size exclusion chromatography) in
the presence of high salt buffer. The protein was eluted from the
Superose 12 10/300 GL in 50 mm Tris-HCI, pH 7.6, 250 mMm
NaCl, 10% (v/v) glycerol, and 1 mm EDTA. Its mass was com-
pared with that of a purified deuridylylated form of GInK. The
intact mass of the proteins was then analyzed by mass spec-
trometry using sinapinic acid as matrix on an UltraFlex
MALDI-TOF/TOF from Bruker (Coventry, UK) at the IFR-JIC
Proteomics Facility.

Western Blotting—W estern blotting was performed as previ-
ously described (32), and proteins were detected with either
anti-E. coli GInK or anti-E. coli AmtB (31) antibodies.

[ C]Methylammonium Transport Assays—Unwashed assays
were performed at room temperature as described previously (9).

RESULTS

Characterization of an N-terminally Histidine-tagged AmtB—
To optimize and mimic the natural interaction between AmtB
and GInK, we constructed a plasmid (pAD2) to express WT
GInK and APAVAH-AmtB under the control of the native
promoter of the glnKamtB operon. Expression of glnK amtB is
consequently inducible by nitrogen limitation. AmtB hasa WT
Cterminus and an AVAH sequence inserted in the N-terminal
region, two residues downstream from the natural signal pep-
tide cleavage site and before TMH1. Using this construct, we
first checked expression of GInK and AmtB, in vivo uptake of
methylammonium, and the correct cellular localization of the
two proteins.

Expression of GInK and AmtB was induced by growing cells
overnight in nitrogen-limited conditions. As shown on West-
ern blots, APAVAH4-AmtB was located in the membrane and
run on a 10% SDS-polyacrylamide gel at ~90 kDa and with the
same mobility as AmtB-DHy that is known to run as a stable
trimer on SDS-PAGE (2) (Fig. 1A). Therefore, APAVAH;-
AmtB apparently also folds into a homotrimer. Furthermore,
the additional residues in the N-terminal region do not dramat-
ically affect the interaction between the subunits, because nei-
ther dimeric (~66 kDa) nor monomeric (~33 kDa) forms were
observed on the Western blot. The trimeric form of an equiva-
lent protein carrying only the histidine tag and not the AVA
insertion (APH4-AmtB) was less stable on reducing SDS-PAGE
when compared with APAVAH,-AmtB (data not shown).

After an ammonium shock, GInK, expressed together with
the APAVAH,-AmtB from pAD2, was sequestered efficiently
to the membrane, and no GInK was detected in the cytoplasm
(Fig. 1B). By contrast, there was still some GInK in the cytosol
when using AmtB derivatives with extra residues at the C ter-
minus of AmtB (i.e. AmtB-DHg (pJT6) and AmtB-DL (pJT6E))
(Fig. 1B). For all three AmtB constructs, there was no major
difference in the levels of AmtB in the membrane (Fig. 1C) or in
the total amounts of GInK in the whole cell extracts (data not
shown). Hence, the reduced binding of GInK to the membrane
with some AmtB variants could be due to a decreased interac-
tion with AmtB, because of the extra residues present at its C
terminus. Alternatively, the different AmtB variants could
affect the intracellular nitrogen status following an ammonium
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FIGURE 1. Expression of an N-terminally histidine-tagged AmtB (APA-
VAH,-AmtB) and GInK sequestration. A, lanes 7-3, whole cell extracts (5
ng), cytoplasmic (5 wg), and membrane (0.5 ng) fractions, respectively, pre-
pared from GT1000(pAD2), expressing GInK APAVAH4-AmtB, after an ammo-
nium shock, were subjected to 10% SDS-PAGE followed by Western blotting
using anti-AmtB antibodies (1:10,000). Lane 4, pure AmtB-DHg (10.5 ng) puri-
fied from C43(pMM285) and used as a control. Molecular mass marker posi-
tions (kDa) are shown on the left. B, 5 ug of cytoplasmic (Cyt) and membrane
(Mem) fractions prepared from GT1000(pAD2):APAVAH,-AmtB (lane 1),
GT1000(pJT6):AmtB-DH¢ (lane 2), and GT1000(pJT6E):AmtB-DL (lane 3),
before (—N) and after (+N) an ammonium shock were subjected to 15% SDS-
PAGE followed by Western blotting using anti-GInK antibodies (1:5000). C,
membrane (5 png) fractions as described above (B) were subjected to 10%
SDS-PAGE followed by Western blotting using anti-AmtB antibodies
(1:10,000).

shock, thereby leading to a difference in the uridylylation status
of GInK.

Methylammonium uptake activity was assayed after grow-
ing cells overnight under nitrogen-limiting conditions. The
activity of APAVAH,-AmtB co-expressed either with
(pAD2) or without (pAD4) GInK was 82 = 9 and 100 * 7%,
respectively (n = 3), of that of a nontagged version of AmtB
encoded on pSTUART or AmtB-DL encoded on pJT6E. All
AmtB variants were correctly localized in the membrane
fraction (Fig. 1C and data not shown).

Purification of the AmtB-GInK Complex—Purification was
carried out using GT1000(pAD2) grown overnight in M9GIn
and then subjected to an ammonium shock to deuridylylate
GInK and target it to the membrane (31, 32). The membrane
fraction was solubilized in a zwitterionic detergent (LDAO),
and the complex was purified after two-step chromatography:
Ni** affinity and size exclusion. The complex was also purified
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FIGURE 2. Purification of the AmtB-GInK complex. SDS-PAGE (12.5%) show-
ing fractions from the complex purification steps. Lanes 1-7, whole cell
extracts (5 ug), insoluble membrane fraction (5 ug), soluble membrane frac-
tion (3 ug), positive fractions pooled after Ni*"-column (5 ug), positive frac-
tions pooled after S12-column (2.5 pg), pure AmtB (2.8 png), and pure GInK
(1 ng), respectively. Molecular mass markers (M) in kDa are shown on the left.

and stable in the nonionic detergents n-octyl-3-p-glucopyran-
oside and n-dodecyl-B-p-maltopyranoside (data not shown),
but this material was not further characterized.

After the Ni** column, two major bands were obtained on a
12.5% SDS-PAGE gel: the upper band at ~97 kDa and the lower
one at ~14 kDa, masses that match those of pure trimeric
AmtB and monomeric GInK, respectively (Fig. 2). We also con-
firmed the identities of these proteins as AmtB and GInK by
Western blotting (data not shown). Co-elution of the two pro-
teins after size exclusion chromatography (Fig. 34) confirms
that GInK does not bind nonspecifically to the Ni** matrix but
is complexed with AmtB. Further evidence that GInK is bound
to AmtB is derived from the range of the observed volume for
the co-elution of AmtB and GInK (10.5-12.5 ml) (Fig. 34),
which is distinct from the elution volume of native trimeric
GInK (~13.5 ml) (Fig. 3B). Successful co-purification of GInK
and AmtB without any detectable contaminating proteins con-
firms a stable and direct interaction between those two proteins
(Figs. 2 and 3A). The identity of AmtB and GInK in the complex
was also confirmed by N-terminal sequencing using automated
Edman degradation. A single sequence was obtained for GInK
giving MKLVTVI as the first seven residues. Two N-terminal
sequences were obtained for AmtB, the major one being APA-
VAH for the first six residues and the second much more minor
sequence being PAVAHH, confirming that maturation of
APAVAH -AmtB occurs at the expected cleavage site (1, 4, 5).
Interestingly, the protein is not recognized by anti-His tag anti-
bodies (Qiagen) on a Western blot, suggesting that the N-ter-
minal tag is not accessible to the antibodies.

Status of GInK in the Complex—The whole cell extract and
the cytosolic fraction from the culture used to purify the com-
plex were analyzed by Western blotting of native polyacrylam-
ide gels using anti-GInK antibodies. Whole cell extracts of
GT1000(pAD6) and GT1000(pAD5) expressing GInK(Y51F)
AmtB and GInK(WT) AmtB were used as controls for the
deuridylylated and the fully uridylylated status, respectively.
This revealed that only one form of GInK was present and that
this form ran exactly as deuridylylated GInK(Y51F) used as con-
trol (Fig. 4). To confirm that analysis of whole cell extracts by
native PAGE correctly reflects the form of GInK co-purifying
with AmtB, we used mass spectrometry to investigate the status
of GInK that had been dissociated from the purified complex.
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FIGURE 3. Size exclusion chromatography of the purified complex. Chromatography was performed on a Superose 12 10/300 GL column using 50 mm
Tris-HCl, pH 8.0, 10% (v/v) glycerol, 0.05% (w/v) LDAO, and 100 mm NaCl (A) or 250 mm NaCl (B) as buffer. The elution volumes indicated are an average of four
independent runs. The Superose 12 10/300 GL was calibrated with a range of molecular mass standards (Sigma and Amersham Biosciences), and their elution
volumes are reported in parentheses: B-amylase, 200 kDa (10.98 ml); aldolase, 158 kDa (11.53 ml); bovine serum albumin, 67 kDa (12.25 ml); carbonic
anhydrase, 29 kDa (14.13 ml); cytochrome ¢, 12.4 kDa (15.22 ml). The injected sample (Pool) and the eluted fractions were analyzed for the presence of AmtB and

GInK on a 12.5% SDS-polyacrylamide gel.

Only one peak was obtained, indicating that only one form of
GInK co-purifies with AmtB. Two independent analyses gave
an average mass of 12,260.53 = 2.72 Da that compares with a
mass for purified deuridylylated GInK of 12,260.69 Da (data not
shown) and is in very good agreement with the predicted value
0f 12,259 Da, assuming an error in the method of 0.01% (£1.23
Da). Hence, we conclude that only the deuridylylated form of
GInK co-purifies with AmtB.

Size Exclusion Chromatography Analysis of the Complex—
We compared the elution profiles from size exclusion chroma-
tography of the complex with those of free AmtB and free GInK.
In a 100 mMm NaCl buffer (Fig. 34), AmtB and GInK co-eluted in
a single peak at an elution volume of 11.21 = 0.03 ml (n = 4).
Calibration of the column showed this to equate to an apparent
molecular mass of 153 kDa. However, in the presence of 250
mMm NaCl buffer (Fig. 3B), AmtB and GInK dissociated and
eluted in two distinct peaks at 11.38 * 0.03 ml (# = 4) and
13.52 + 0.02 ml (n = 4), respectively. The elution volume of
AmtB (11.38 ml) from the complex was very close to the elution
volume (11.40 *£ 0.02 ml, n = 4) of AmtB purified from
GT1000(pAD4), which expresses only AmtB, when run in
exactly the same conditions (data not shown). The apparent
molecular masses of the proteins dissociated from the complex
were calculated to be 137 kDa for AmtB and 34.9 kDa for GInK,
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FIGURE 4. Status of GInK. Native PAGE was followed by Western blotting
using anti-GInK antibodies (1:5000). Whole cell extracts (W) of GT1000(pAD6)
and GT1000(pAD5) expressing GInK(Y51F) AmtB and GInK AmtB, respec-
tively, were used as controls for the deuridylylated and the fully uridylylated
status. The whole cell extract and cytoplasmic (C) fraction prepared from
GT1000(pAD2) expressing GInK APAVAH,-AmtB were analyzed. Cells were
harvested before (—N) or after an ammonium shock (+N).

which are close to the expected values of 130 and 36.8 kDa,
respectively.

Stoichiometry of the Complex—W e investigated the stoichi-
ometry of the AmtB-GInK complex by two approaches: first
using the amino acid composition and second using titration on
gels revealed by Coomassie Blue staining. The AmtB/GInK stoi-
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FIGURE 5. Quantitation of AmtB/GInK stoichiometry by SDS-PAGE. Each
gel contains a standard curve for the protein and dilutions of the complex for
quantitation as described under “Experimental Procedures.” A, AmtB (10%
SDS-PAGE; B, GInK (15% SDS-PAGE).

chiometry calculated from the amino acid composition of the
purified complex was 1:1.1 (see supplemental Table S1). As
explained under “Experimental Procedures,” this value was cal-
culated using the data obtained for all of the amino acids
detected by the method except for Val and Ile. The stoichiom-
etry calculated using quantitative Coomassie gels was also
1:1.1 = 0.2 (n = 4) (Fig. 5), using four values that fell within the
standard curves (bearing in mind that AmtB runs as a trimer
and GInK as a monomer on SDS-PAGE). Hence, both methods
gave an AmtB/GInK stoichiometry of 1:1, indicating that after
purification of the complex, in the presence of detergent, AmtB
and GInK are equimolar.

In Vitro Influence of Small Effectors on the AmtB-GInK
Complex—The successful purification of the complex allowed
us to study the in vitro requirements for dissociation and asso-
ciation of the component proteins. Efficient dissociation of
GInK, as deduced by its presence in the 5 mm imidazole wash
fractions (Wash 1 and 2), required 2-OG (1 or 2 mm), ATP (3.5
mu), and MgCl, (5 mm) together (Fig. 6, A and B, lanes 4 and 5,
and supplemental Table S2). Dissociation was also observed in
the control conditions using 0.6 M NaCl (Fig. 6, A and B, lane 2,
and supplemental Table S2). However, when the 2-OG concen-
tration was reduced to 0.1 mm, with ATP and MgCl,
unchanged, the majority of GInK coeluted with AmtB (Fig. 6, A
and B, lane 3, and supplemental Table S2). Sensitivity of disso-
ciation to the 2-OG concentration was only observed in the
presence of both MgCl, and ATP. However, significant disso-
ciation was also observed in the presence of MgCl, with or
without 2-OG (0.1 and 2 mwm) (Fig. 6, A and B, lanes 9, 11, and
13, and supplemental Table S2).

The complex was stable in the absence of effectors, in the
presence of ATP alone, or when ATP was present with either
2-OG or MgCl, (Fig. 6, A and B, lanes 1, 8, 10, 12, and 14, and
supplemental Table S2). Likewise, when only 2-OG was added,
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FIGURE 6. Effect of small effectors on stability of the AmtB-GInK complex.
12.5% SDS-PAGE of the Wash 1 fraction collected in the absence or presence
of small effectors (A) and the eluted fraction (B). The Wash 2 fraction was also
analyzed by SDS-PAGE, and in most fractions some GInK was still present (see
supplemental Table S2). The table at the bottom reports the composition of
the buffers applied to the column after immobilization of the purified com-
plex on the Ni?* matrix. Gels were stained with Coomassie Blue.

the majority of GInK still coeluted with AmtB, irrespective of
the 2-OG concentration (Fig. 6A, lanes 6 and 7, and supplemen-
tal Table S2).

To examine the conditions required to reconstitute the
AmtB-GInK complex in vitro, we used exactly the same combi-
nations of effectors as those used for dissociation, except that
the control condition in the presence of 0.6 M NaCl (lane 2 for
the dissociation experiment) was not included. GInK coeluted
with AmtB in the presence of MgCl, (5 mm), ATP (3.5 mm), and
2-0G (0.1 mm) (Fig. 7B, lane 3). However, in the same condi-
tions, if the 2-OG concentration was =1 mM, GInK did not
associate with AmtB (Fig. 7B, lanes 4 and 5). Interestingly,
higher amounts of GInK were coeluted with AmtB in the pres-
ence of ATP with or without 2-OG (0.1 or 2 mm) or MgCl, (Fig.
7B, lanes 8, 10, 12, and 14). The amount of AmtB present in the
eluted fraction was similar for all of the conditions tested (Fig.
7A); therefore, the different amounts of GInK eluted are specific
for the effectors added. Furthermore, we confirmed that bind-
ing of GInK was specific to AmtB, because in the absence of
AmtB no GInK was eluted (data not shown).

DISCUSSION

The co-purification of GInK with AmtB from ammonium-
shocked E. coli cells definitively demonstrates that these two
proteins form a functional complex with a stoichiometry of 1:1.
No other protein component is closely associated with the
complex, although we cannot exclude the possibility that in vivo
there could be circumstances where other less tightly bound
proteins could also interact. In addition to the GInK-NifA,
GInK-NifL, and GInK-NifA-Nifl. complexes (38), the AmtB-

VOLUME 281+NUMBER 40-OCTOBER 6, 2006

9002 'Z 1990100 U0 AYVHEIT IHLNID SINNI NHOC ¥e 610°0g mmm woly papeojumoq


http://www.jbc.org

The Journal of Biological Chemistry

6

A 13 4 5 6 7 8 9 10111213 14

AMIB —F e e e e — e e e —

4 5 6 7 8 9 1011 12 13 14

- v » =

1 3 4 5 6 7 8 9 10 11 12 13 14
2-0G 0.1 mM + + + o+
2-0G 1mM +
2-0G 2mM + + + o+
ATP 3.5 mM +: ok h + + + +
MgCl, 5mM + o+ o+ 4 4+ P

FIGURE 7. In vitro reconstitution of the AmtB-GInK complex. Reactions
were as described under “Experimental Procedures.” The eluted fraction was
analyzed by Western blot for the presence of AmtB (A) and GInK (B). The table
at the bottom reports the composition of the buffers used to preincubate the
AmtB and GInK mixture, which are identical to those used in Fig. 6, except that
the control condition (lane 2 in Fig. 6) was not repeated in this set of
experiments.

GInK complex is the second reported complex involving a Py
protein to be purified from in vivo extracts, all other studies
having involved in vitro reconstitution of the Py;-receptor com-
plexes. P, proteins are known to interact with a wide variety of
target proteins and thereby regulate many facets of nitrogen
metabolism, but to date, relatively few P;; complexes have been
studied in detail. In Synechococcus elongatus, the P;; protein
forms a complex with a key enzyme in arginine biosynthesis,
N-acetyl-L-glutamate kinase (39), and in vitro reconstitution of
this complex showed a 1:1 stoichiometry in which a single P,
trimer binds a single N-acetyl-L-glutamate kinase hexamer (40).
The same stoichiometry was recently reported for the P;-N-
acetyl-L-glutamate kinase complex from Arabidopsis thaliana
(41). The stoichiometry of one other binary complex involving
P;; has been reported in Methanosarcina mazei, where two
molecules of trimeric GInK were proposed to bind to one
dodecamer of glutamine synthetase (42).

To date, the detailed binding mode of any P;; protein with its
target has not been reported, although direct involvement of
the T-loop in the interaction has been shown for GInD-P;; com-
plexes (20, 21) and also for the GInB-NtrB complex (23). Con-
sistent with these ideas, the T-loops have also been proposed to
play an important role in the AmtB-GInK interaction (7). In a
docking model of a hypothetical complex of A. fulgidus Amt-1
and GInB-1, the authors suggest that the GInB-1 T-loops could
insert deeply into the cytoplasmic ends of the substrate chan-
nels of Amt-1 (7). Crystal structures of a number of Pj; proteins
suggest that the T-loop is highly flexible and can adopt a variety
of conformations. Furthermore, the location of the uridylyla-
tion site (Tyr-51) at the apex of the T-loop means that uridyly-
lation will significantly change this surface of the protein. In this
regard, it is notable that only fully deuridylylated GInK is pres-
ent in the purified AmtB-GInK complex, suggesting that uridy-
lylation of just a single T-loop may be incompatible with com-
plex formation. However, we cannot rule out that other forms
of GInK could also be present in vivo and only loosely bound, so
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that they are lost during the purification process. GInK must
interact with the cytoplasmic face of AmtB, and we have shown
previously that deletion of the C-terminal cytoplasmic region of
AmtB prevents GInK association (32). The docking model for
A. fulgidus Amt-1 and GInB-1 also concludes that residues in
the C-terminal region of Amt-1 are likely to be important for
GInB-1 interaction (7).

Our data show that the complex stability is sensitive to 250
mMm NaCl. Therefore, electrostatic interactions could be
involved in the interaction between GInK and AmtB. The addi-
tion of salts could also affect the interaction between GInK and
noncovalently bound effectors, as discussed later, thereby
affecting the conformation of the protein. Hydrophobic inter-
actions do not appear to be of major importance, because the
complex is not dissociated after solubilization and purification
in nonionic (n-octyl-B-p-glucopyranoside and n-dodecyl-B-p-
maltopyranoside) and zwitterionic (LDAO) detergents. These
observations are in agreement with the proposed docking
model between A. fulgidus Amt-1 and GInB-1, where it was
argued that the negative electrostatic surface potential of
GInB-1 matches the slightly positively charged cytoplasmic face
of Amt-1 (7). However, whereas E. coli AmtB also has a positive
net charge on its cytoplasmic face (5), the net surface charge of
E. coli GInK, as it occurs in the complex, cannot realistically be
calculated, because we do not know the status of small effectors,
such as 2-OG and ATP.

Biochemical studies have established that binding of ATP
and 2-OG to Pj; proteins influences interactions with their
receptors. Although the factors affecting formation of Pj;-re-
ceptor complexes have been described in a few cases, factors
affecting dissociation have only been reported for the S. elonga-
tus Py-N-acetyl-L-glutamate kinase complex (40). We have
studied the roles of these effectors in vitro in both formation
and dissociation of the AmtB-GInK complex. We find that the
AmtB-GInK interaction is sensitive to ATP, Mg>*, and 2-OG in
vitro, and consequently, deuridylylated GInK is not able to bind
to AmtB in the absence of effectors.

Complex formation occurs efficiently in the presence of ATP
alone. We believe that this effect is likely to be mediated via the
known interaction of ATP with GInK (16), although we cannot
formally exclude an interaction of ATP with AmtB. E. coli GInK
and GInB have three ATP-binding sites located in the lateral
clefts between the subunits (16, 43), and it has been suggested
that ATP binding could affect the structure and mobility of the
T-loop (16). Consistent with this, our data suggest that ATP
binding to GInK could induce a change of its conformation,
enabling the interaction with AmtB, and, as discussed earlier,
the T-loop of GInK seems likely to be involved in that
interaction.

GInK binding to AmtB is also observed in the presence of
ATP, 0.1 mm 2-OG, and MgCl,, although this binding is notably
weaker than in the presence of ATP alone or ATP with either
2-0OG (0.1 or 2 mm) or MgCl,. As with ATP, we cannot pres-
ently exclude the possibility that 2-OG acts by binding directly
to AmtB, but it seems more likely to mediate its effects through
GInK. For E. coli GInB, the binding of ATP and 2-OG is syner-
gistic (27). Such properties could explain the observed ATP
dependence of the 2-OG effects on the complex.

JOURNAL OF BIOLOGICAL CHEMISTRY 29565

9002 'Z 1990100 U0 AYVHEIT IHLNID SINNI NHOC ¥e 610°0g mmm woly papeojumoq


http://www.jbc.org

The Journal of Biological Chemis

e

E. coli AmtB-GInK Complex

The apparent interactive effects of the two effectors could
reflect the fact that their binding sites are close to each other.
No crystal structure is yet available for 2-OG bound to a P,
protein. However, based on structural comparisons of Her-
baspirillum seropedicae GInB with other a-keto acid-binding
proteins, the 2-OG binding site has been proposed to be in the
cleft and in the vicinity of the y-phosphate of ATP (44). This
suggestion is also supported by biochemical data from dephos-
phorylation studies of cyanobacterial GInB (45). Furthermore,
two different binding modes of ATP have been reported for
E. coli GInB (43), and one of these could represent a 2-OG-
bound state.

In the presence of ATP and MgCl,, the complex is sensitive
to 2-OG, such that an increase in 2-OG concentration from 0.1
to 1 mm dissociates the complex. Effects of 2-OG concentration
on the formation of a Pj;-receptor complex have been described
for the S. elongatus Pj;-N-acetyl-L-glutamate kinase complex
(40), the A. vinelandii GInK-NifL. complex (46), and the inter-
actions of E. coli GInB and GInK with their targets (21, 27-30).

It was reported that E. coli GInB (24, 27) (and suggested that
E. coli GInK (21)) binds one molecule of 2-OG with high affinity
and that up to three molecules could be bound, leading to an
altered conformation. Such a change of conformation could
potentially promote dissociation of the AmtB-GInK complex,
as proposed for the interaction of GInK with NtrB or GInE (21).
So far in E. coli, the intracellular 2-OG level has been reported
to fluctuate between 0.1 and 0.9 mm (47) in cells grown in a
glucose-limited chemostat with an ammonium excess. How-
ever, the 2-OG levels in different nitrogen conditions have not
yet been examined in E. coli, and the possible physiological sig-
nificance of the effects of 2-OG on the AmtB-GInK complex
remains to be investigated.

Finally, our in vitro studies indicate that the sensitivity to
2-0G of the AmtB-GInK complex is only apparent when MgCl,
and ATP are both present. A putative 2-OG-binding site in the
close vicinity of the ATP site, as discussed earlier, constitutes a
potential problem in accommodating the proximity of the neg-
ative charges of the ATP phosphate groups and the carboxyl
groups of 2-OG. The presence of Mg>" could serve to balance
these negative charges, thereby allowing the binding of 2-OG in
the close vicinity of ATP, as suggested by Xu et al. (16) and as
also observed for the oxalate-ATP complex with pyruvate
kinase (48).

Altogether, our data suggest that the AmtB-GInK interaction
might not be exclusively regulated in vivo by uridylylation but
that it could also be affected by ATP and 2-OG, although the
physiological relevance of these effectors has yet to be
elucidated.

The precise physiological role of the AmtB-GInK interaction
remains to be determined, although current data support the
idea that binding of GInK to AmtB inhibits the activity of the
channel (31, 32). In discussing their Amt-1-GInB-1 complex
model, Andrade et al. suggest that the T-loops of the P; protein
could inactivate the Amt protein by simple steric blocking of
the substrate channels (7). Alternatively, Zheng et al. consid-
ered a model in which AmtB can adopt at least two conforma-
tional states, one of which is a nonconducting state, and this
closed conformation might be induced by binding of GInK (6).
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In this context, it is interesting to note that in B. subtilis, GInK
(NrgB) is apparently bound to AmtB (NrgA) even under nitro-
gen-limiting growth conditions, and the activity of AmtB is not
impaired (33). Further in vivo studies in a variety of organisms
are therefore required to elucidate the precise function of GInK
binding to AmtB. Sequestration of GInK by AmtB also has the
potential to facilitate rapid control of other facets of nitrogen
metabolism by targeting other cytosolic Py; partners to the
membrane and thereby inactivating them. Such a process has
recently been suggested for the control of ADP-ribosylation of
nitrogenase in A. brasilense, where the GInK orthologue GInZ
targets DraG (dinitrogenase reductase activating glycohydro-
lase) to the cell membrane in an AmtB-dependent manner
(35).
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