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P; proteins are one of the most widespread families of signal
transduction proteins in nature, being ubiquitous throughout
bacteria, archaea, and plants. They play a major role in coordi-
nating nitrogen metabolism by interacting with, and regulating
the activities of, a variety of enzymes, transcription factors, and
membrane transport proteins. The regulatory properties of
P;; proteins derive from their ability to bind three effectors:
ATP, ADP, and 2-oxoglutarate. However, a clear model to inte-
grate physiological changes with the consequential structural
changes that mediate P; interaction with a target protein has so
far not been developed. In this study, we analyzed the fluctua-
tions in intracellular effector pools in Escherichia coli during
association and dissociation of the Pj; protein GInK with the
ammonia channel AmtB. We determined that key features pro-
moting AmtB-GInK complex formation are the rapid drop in
the 2-oxoglutarate pool upon ammonium influx and a simulta-
neous, but transient, change in the ATP/ADP ratio. We were
also able to replicate AmtB-GInK interactions in vitro using the
same effector combinations that we observed in vivo. This com-
prehensive data set allows us to propose a model that explains
the way in which interactions between GInK and its effectors
influence the conformation of GInK and thereby regulate its
interaction with AmtB.

Ammonium (in this work, the term is used in a general sense
to include both NH; and NH,,) is the preferred nitrogen source
for Escherichia coli and is easily assimilated through the activi-
ties of either glutamate dehydrogenase or the glutamine syn-
thetase/glutamate synthase cycle. Historically, it was consid-
ered that ammonium enters the cell by unfacilitated membrane
diffusion, but later studies demonstrated facilitated diffusion
through ammonia channel proteins that are present in all
domains of life (1-3). E. coli AmtB, which is a high-affinity low-
capacity ammonia channel (10-10,000 molecules/s) (4, 5), is
the paradigm for the whole Amt protein family (3). Its three-
dimensional structure reveals a stable homotrimer in which
each monomer has a cleavable signal peptide, so the mature
protein has 11 transmembrane helices with an extracytoplas-
mic N terminus and a cytoplasmic C terminus (5-7). Each sub-
unit of AmtB has a narrow, predominantly hydrophobic, pore
containing a number of highly conserved residues that play crit-
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ical roles in periplasmic NH, binding, NH, deprotonation,
and NH, translocation (5, 7-9).

In E. coli and most prokaryotes, the gene encoding AmtB
(amtB) is in an operon together with a second gene (g/nK)
encoding a member of the P family (10). P;; proteins are one of
the most widespread signal transduction proteins in nature
(11). They play a major role in coordinating the regulation of
nitrogen metabolism by interacting with, and regulating the
activities of, a variety of enzymes, transcription factors, and
membrane transport proteins. E. coli has two P}; proteins, GInB
and GInK, and their homologs are commonly found in other
bacteria (12). The conserved genetic linkage between glnK and
amtB suggested a functional association between GInK and
AmtB (10), and indeed an increase in cellular nitrogen status
leads to AmtB-GInK association and consequent inactiva-
tion of AmtB (13, 14). Definitive evidence for iz vivo complex
formation between GInK and AmtB was obtained by purifi-
cation of the intact complex from the membrane fraction of
E. coli cells that had been subjected to a prior ammonium
shock (15). A series of subsequent studies in other bacteria sup-
ported the proposition that this interaction is conserved among
prokaryotes (16 —19).

Like all Py; proteins, GInK is a homotrimer. Each subunit
contains 112 amino acids and is a compact, cylindrically shaped
molecule from which three long exposed loops (the T-loops)
protrude. The T-loops are significantly conserved in sequence
but are structurally very flexible. They are vital for P, interac-
tions with many of their targets and are also sites of reversible
covalent modification (20). In addition to the T-loops, P}, pro-
teins are also characterized by three lateral intersubunit clefts
within which are two smaller loops (the B- and C-loops).

Functionally, E. coli GInK can be regarded as a signal integra-
tor that has two modes of signal perception. First, like many
(but not all) P;; proteins, GInK is subject to covalent modifica-
tion through the action of the bifunctional enzyme (GInD) that
covalently modifies GInK by uridylylation or deuridylylation of
Tyr>! in the T-loop (20). GInD activity is regulated by the cel-
lular glutamine pool; hence, the modification state of GInK
reflects the cellular glutamine status. The second mode of sig-
nal perception by GInK, which is apparently conserved in all P,
proteins, consists of the binding of effector molecules ATP,
ADP, and 2-oxoglutarate (2-OG)? (12, 20, 21). X-ray crystal
structures have shown that ATP or ADP binds in the lateral
clefts between the subunits, where the B- and T-loops from one
subunit and the C-loop from another contribute to a nucleo-

2 The abbreviations used are: 2-OG, 2-oxoglutarate; ITC, isothermal titration
calorimetry.
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tide-binding pocket (22, 23). The binding site for 2-OG, which
is expected to be conserved in all P;; proteins, has been elusive.
However, a recent crystal structure of Azospirillum brasilense
GInZ revealed that both ATP and 2-OG bind in the lateral
clefts, where they participate in the coordination of a Mg®" ion
(24). This is consistent with the observation that MgATP bind-
ing to GInB and GInK of E. coli is synergistic with the binding of
2-0G (20, 21).

Complex formation between E. coli GInK and AmtB provides
an excellent model system in which to explore, at the molecular
level, the way that effector ligands control the interaction of
a Pj; protein with its target. Deuridylylation of GInK, as a
consequence of ammonium shock, coincides with its mem-
brane sequestration by AmtB (14). The E. coli AmtB-GInK
complex has a stoichiometry of 1:1, and all molecules of
GInK within the complex are fully deuridylylated (15). The
crystal structure of the AmtB-GInK complex revealed that
ADP and not ATP is present in all three lateral clefts of GInK
and that 2-OG and Mg>" ions are absent (23, 25). The confor-
mation of the GInK T-loop is also critical for AmtB-GInK inter-
action, and it appears that ADP may be required to favor the
extended T-loop conformation that facilitates successful com-
plex formation (23, 24).

In vitro studies of ligand effects on the E. coli AmtB-GInK
complex showed that high levels of 2-OG play a critical role in
complex dissociation (15). Studies of homologous AmtB-Py;
complexes have also implicated 2-OG and the ATP/ADP ratio
in the regulation of complex formation (16-19). However,
although these various studies have given some indications as
to the roles of effectors in regulating the interaction of GInK
with AmtB, it has not yet been possible to link such effects to
metabolic changes within the cell or to conformational changes
in GInK.

In the work reported here, we determined the intracellular
pools of ATP, ADP, and 2-OG in E. coli and established the
relationship between those metabolites and cellular nitrogen
status under conditions that promote either association or dis-
sociation of the AmtB-GInK complex. We also studied the
influence of physiologically relevant concentrations of Mg>",
ATP, ADP, and 2-OG on in vitro interactions between purified
GInK and AmtB. A combination of these in vivo and in vitro
data allows us to propose a molecular mechanism whereby
changes in intracellular effector pools control the ability of
GInK to regulate ammonium influx through AmtB.

EXPERIMENTAL PROCEDURES

Strains and Plasmids—The following strains of E. coli were
used: ET8000 (rbs lacZ:1S1 gyrA hutC,) (26), GT1000 (ET8000
AglnKamtB) (14), and JW3841 (ECK3863 ginA:Km) (27).
ET8009 (ET8000 glnA::Km) was constructed by P1 transduc-
tion of the glnA:Km allele from strain JW3841 into ET8000.
Construction and verification of “scar” strain ET8010 (ET8000
AglnA) were carried out using plasmid pCP20 (28). Plasmid
pAD2 was expressed in GT1000 and used for His,-AmtB-
GInK complex purification (15). Plasmid pJT25 in E. coli
BL21(DE3)pLysS (29) was used for overexpression of GInK. It
was constructed by digesting plasmid pMODULES3 (15) with
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Ndel and PstI and ligating the resulting 338-bp g/nK gene into
expression vector pT7-7 (30).

Protein Quantification and Western Blotting—Whole cell
extracts were prepared from overnight cultures of ET8000
grown in M9GIn medium (4) at 30 °C and assayed with Coo-
massie Plus™ protein assay reagent (Thermo Scientific) using
an albumin standard (Thermo Scientific). Pure AmtB and GInK
at concentrations of 5, 10, 20, and 40 ng/lane and whole cell
extracts at concentrations of 1, 2, 4, 8, 16, and 32 ug/lane were
separated by SDS-PAGE on a 12.5% gel and analyzed by West-
ern blotting as described (14). Proteins were detected using an
appropriate primary antibody: anti-E. coli GInK (31) or anti-
E. coli AmtB (13) raised in rabbits. The ECL Plex Western blot-
ting detection system (GE Healthcare), ECL Plex Cy5-labeled
goat anti-rabbit IgG secondary antibody (GE Healthcare), an
FLA-7000 fluorescent image analyzer (Fujifilm Life Science),
and the Gene Tools v.3.06 image analysis system (Syngene)
were used for protein quantification. Integration parameters
were as follows: base-line correction method, lowest slope;
base-line correction offset, yes; color filtration options, no filter;
Savitsky-Golay smoothing order 2, width 3; type, absorption;
and image dimensions, whole membrane filter. Final data were
obtained from three independent experiments.

In Vivo AmtB-GInK Complex Formation and Cell Frac-
tionation—1-ml aliquots of membrane and cytoplasmic ex-
tracts were prepared from 120 ml of culture grown in M9GIn
medium at 30 °C and subjected to ammonium shock by the
addition of NH,Cl to a final concentration of 50, 100, 200, or
300 uM for 30 s, 1 min, 2 min, 5 min, 10 min, and 15 min.
Membrane and cytoplasmic fractions were prepared as de-
scribed previously (14), and membrane fractions were sub-
jected to two high-salt washes (600 mm NaCl) prior to analysis.

Analysis of Intracellular 2-OG—Overnight cultures grown in
MO9GIn medium at 30 °C were subjected to ammonium shock.
Portions of cultures (8 ml) taken prior to ammonium shock and
30 s, 2 min, 3 min, 5 min, 10 min, and 15 min after ammonium
shock were immediately filtered through 0.45-um pore size
membrane filters (25-mm diameter) with vacuum suction.
Extracts for measurement of 2-OG were prepared as described
previously (32). 2-OG concentrations were determined by
fluorometric reactions (32) using an LS55 fluorescence spec-
trometer (PerkinElmer Life Sciences). Data are the result
of three independent experiments. Effectors concentrations
(nmol/mg of total cell protein) were converted to intracellular
concentrations (mM) based on an intracellular volume of 6.6
wnl/mg of total cell protein.

Analysis of in Vivo ATP and ADP Levels—Quantitative detec-
tion of ATP and ADP was based on luciferase-driven biolumi-
nescence and was carried out using the ATP Bioluminescence
Assay Kit HS II (Roche Applied Science) and a SpectraMax
Gemini XS microplate spectrofluorometer (Molecular De-
vices). Overnight cultures were grown in M9GIn medium at
30 °C. Aliquots (1 ml) were taken prior to ammonium shock
and 15s, 30 s, 1 min, 2 min, 3 min, 5 min, 10 min, and 15 min
after ammonium shock and frozen in liquid N,,. Cells were lysed
according to the manufacturer’s protocol, and the supernatant
of each lysate was divided into two 50-ul aliquots. One aliquot,
for ATP measurement, received 50 ul of buffer containing 200
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mM triethanolamine (pH 7.6), 2 mm MgCl,, 240 mMm KCl, and
4.6 mM phosphoenolpyruvate. The second aliquot, for ADP
measurement, received 50 ul of the same buffer containing 3
units/ml pyruvate kinase. All samples were incubated at 37 °C
for 10 min, placed on ice, and analyzed immediately.

Purification of the AmtB-GInK Complex—This was per-
formed as described previously (15) with minor modifications.
Before harvesting, the cells were subjected to a 10 mM ammo-
nium chloride shock. AmtB-GInK complex was eluted from a
HisTrap HP 1-ml column (GE Healthcare).

Effects of 2-OG, ATP, and ADP on the AmtB-GInK Complex—
The stability of the AmtB-GInK complex when treated with
effectors was studied as described previously (15) with some
modifications. To simulate the in vivo environment for each
condition tested, physiologically relevant concentrations of all
three effectors were added to the washing buffer. The washed
fractions were collected after applying effectors, and the eluted
fractions were loaded on 15% SDS-polyacrylamide gel and
stained with Instant Blue (Expedeon Ltd.).

Purification of His;-AmtB and GlnK Proteins—Both proteins
were obtained by purifying the complex as described previously
(15), immobilizing it on a HIS-Select spin column, and subse-
quently dissociating it using 600 mm NaCl.

Effects of 2-OG, ATP, and ADP on His;-AmtB and GInK
Proteins—AmtB (400 ng) was immobilized on a HIS-Select spin
column previously equilibrated with buffer A (50 mm Tris-HCI
(pH 8.0), 100 mm NaCl, 10% (v/v) glycerol, 0.05% (w/v) n-dode-
cyl-N,N-dimethylamine N-oxide) containing 5 mm imidazole.
The flow-through fraction was collected, and unbound pro-
teins were removed by two washes with the same buffer. Three
additional washes were carried out in buffer A containing 5 mm
imidazole, 300 wg of GInK protein, and physiologically relevant
concentrations of effectors (see “Results”). As a control, buffer
A containing 5 mm imidazole, 300 ug of GInK protein, and 0.6 M
NaCl was used. The molar ratio of AmtB to GInK was ~1:3. A
single column was used for each condition tested. Elution of
Hiss-AmtB or His,-AmtB-GInK complex was performed by the
addition of buffer A containing 500 mm imidazole. The eluted
fractions were analyzed on 15% SDS-polyacrylamide gel.

Isothermal Titration Calorimetry (ITC)—Experiments
were performed in an iTC,,, isothermal titration calorime-
ter (MicroCal) at 28 °C in a cell volume of 0.2 ml. GInK solu-
tions (60120 uM trimer concentration) or equimolar solu-
tions of GInK plus AmtB (40 —43.5 uM trimers) were titrated
with ATP or ADP in the presence of 0.1 or 1.0 mm 2-OG.
Ligand concentrations were adjusted, according to the con-
centration of GInK trimer, to obtain an optimal binding iso-
therm. 20 X 2-ul injections of ligand were performed with a
stirring rate of 1000 rpm. Buffer conditions were 50 mm Tris-
HCI (pH 7.5), 200 mm KCl, 10 mm MgCl,, 10% (v/v) glycerol,
and 0.03% (w/v) n-dodecyl-B-p-maltoside. Dissociation con-
stants were obtained by fitting the data to a sequential binding
site model, assuming existence of three sites, using the Origin 7
software supplied by MicroCal. Final data were obtained from
at least two independent experiments.

Purification of GInK for ITC—Strain BL21(DE3)pLysS pJT25
was grown in 20 ml of LB broth supplemented with 100 ug/ml
carbenicillin for 8 h at 37 °C. This culture was inoculated into 1
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liter of autoinduction medium (ForMedium Ltd.); grown over-
night at 37 °C; harvested at 6000 X g; and resuspended in 50 mMm
Tris-HCI (pH 7.5), 100 mm KCl, and 20% glycerol. Whole cell
extracts of the culture were heated to 80 °C for 4 min, cooled on
ice for 10 min, and harvested by centrifugation at 28,000 X g.
The supernatant was loaded onto a 5-ml HiTrap heparin HC
column (GE Healthcare), equilibrated with 50 mm Tris-HCl
(pH 7.5) and 100 mMm KCI, and run at 1 ml/min. GInK was eluted
with 50 mm Tris-HCI (pH 7.5) and 1 m KCl at 2 ml/min using a
two-step gradient (15 ml, 5%; and 25 ml, 10%). Pure fractions of
GInK were identified on 12.5% SDS-polyacrylamide gel and
stored at —80 °C.

RESULTS

AmtB and GInK Protein Quantification—Previous analysis of
the AmtB-GInK complex purified directly from E. coli cells
revealed an AmtB:GInK stoichiometry of 1:1 (15), but the in
vivo cellular levels of GInK and AmtB have not been deter-
mined. Our Western blotting quantification of ET8000 samples
gave values of 1353 = 255 AmtB molecules of trimer/cell (2.7 =
0.5 ng of AmtB/ug of total cell protein) and 11,387 * 2398
GInK molecules of trimer/cell (6.7 = 1.4 ng of GInK/ug of total
cell protein). Thus, the in vivo stoichiometric ratio of AmtB to
GInK is ~1:8 in E. coli.

Conditions for GInK Membrane Sequestration—To define a
set of conditions in which a complete in vivo cycle of AmtB-
GInK complex formation and dissociation occurs, we examined
a range of ammonium concentrations added to nitrogen-
limited cells. We determined that an extracellular NH,Cl
concentration of 200 um triggered relatively rapid (30 s) mem-
brane sequestration of GInK (Fig. 14). The highest level of
membrane-bound GInK was found at 2 min post-ammonium
shock, and within 15 min, gradual ammonia assimilation elic-
ited complete AmtB-GInK complex dissociation. The levels of
AmtB in the membrane remained constant both pre- and post-
ammonium shock (Fig. 14). An ammonium concentration of
200 M and a time frame of 15 min were used in all subsequent
experiments.

In Vivo Uridylylation and Deuridylylation of GInK upon
Ammonium Shock—We monitored the uridylylation status of
GInK following an ammonium shock of 200 um. As expected,
prior to the shock, GInK was fully uridylylated. Deuridylylation
of GInK occurred within 2 min, followed by slow reuridylylation
of GInK within 15 min (Fig. 1B). GInK deuridylylation/uridyly-
lation events coincided with the membrane association status
of GInK (Fig. 1, compare A and B) such that formation of the
AmtB-GInK complex was directly proportional to the amount
of GInK deuridylylation.

In Vivo Pools of 2-OG, ATP, and ADP in Pre- and Post-am-
monium-shocked Cells—A number of studies have suggested
that in vivo formation of an AmtB-P;; complex is influenced by
the intracellular pools of MgATP, ADP, and 2-OG metabolites
(15-17,23). To establish the relationship between these metab-
olites and the cellular nitrogen status, we determined the intra-
cellular pools of ATP, ADP, and 2-OG in E. coli over a period of
15 min following a 200 um ammonium shock.

In nitrogen-limited ET8000 cells, the intracellular pool of
2-0G was ~1.4 mm. However, it was rapidly depleted upon
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FIGURE 1. Response of GInK to ammonium shock. A, membrane sequestra-
tion of GInK by AmtB. 200 um NH_,Cl was added at t, to a culture of E. coli strain
ET8000 growing under nitrogen limitation (M9GIn medium), and samples
were taken at the times shown. B, reversible uridylylation/deuridylylation of
GInK following the same treatment. Membrane and cytoplasmic fractions (A)
were analyzed by 12.5% SDS-PAGE, and whole cell extracts (B) were analyzed
by native 12.5% PAGE. Gels were subjected to Western blotting with anti-
GInK antibodies (A and B) and anti-AmtB antibodies (A).

addition of ammonium and, after 2 min, was reduced to 0.3 mm.
Due to ammonium utilization, this rapid depletion was fol-
lowed by a gradual increase in 2-OG concentration, and within
15 min, the 2-OG pool had reverted to the original level prior to
ammonium shock (Fig. 24).

The ATP and ADP pools of ET8000 cells were stable prior to
ammonium shock (Fig. 34), and the averages for two separately
prepared extracts from each of at least four different cultures
were 2.1 £ 0.5 mm for ATP and 0.3 = 0.1 mM for ADP. Two
significant changes in adenine nucleotide pools took place in
post-ammonium-shocked cells. The first change happened
within 2 min after introduction of ammonium. Fig. 34 shows
that 30 s after ammonium addition, the ATP pool had
decreased to 1.8 = 0.5 mM, whereas the amount of ADP had
increased reciprocally to 0.6 = 0.1 mm. This change was tran-
sitory because 2 min later, the ATP and ADP levels were
restored to values close to the levels of pre-ammonium-
shocked ET8000 cells. The second change in ATP/ADP pools
happened more gradually. A progressive increase was observed
in both pools as the added ammonium was gradually metabo-
lized. By 15 min, there was a 2-fold increase in both the ATP and
ADP pools (Fig. 3A).

Comparison of these in vivo changes in effector pools with
the concomitant changes in GInK localization revealed that the
membrane sequestration of GInK by AmtB coincided with an
~5-fold decrease in the 2-OG pool, a slight decrease in the ATP
pool, and an ~2-fold increase in the ADP pool, changing the
ATP/ADP ratio from ~7 to ~3 within 30 s. The subsequent
dissociation of the AmtB-GInK complex occurred as the 2-OG
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FIGURE 2. Measurements of the in vivo 2-OG pool. The experimental con-
ditions were identical to those described in the legend to Fig. 1, but data were
collected for both wild-type E. coli ET8000 (A) and a Ag/nA mutant strain,
ET8009 (B). The ammonium shock was applied at 0 min as indicated by the
arrows. The data are the average of at least four independent experiments.

level slowly returned to the pre-ammonium shock level, during
which time there was an ~2-fold increase in ATP and ADP
pools, changing the ATP/ADP ratio back to ~7-8.

2-0G, ATP, and ADP Pools in a glnA Mutant—A rapid
reduction in the cellular ATP pool of E. coli following ammo-
nium shock was reported in a previous study (33). It was sug-
gested that this drop was due to the transiently elevated activity
of glutamine synthetase following the increased uptake of
ammonium and that the ammonium-induced inactivation of
glutamine synthetase by adenylylation is necessary to protect
the cell from an unsustainable drain on the ATP pool (33, 34).
However, others have argued that the primary function of glu-
tamine synthetase adenylylation is to protect the cellular gluta-
mate pool and that other mechanisms exist to protect the ATP
pool (35).

To investigate whether glutamine synthetase played a role in
the observed changes in ATP and ADP pools, we analyzed the
same effector pools in an E. coli glnA mutant (strain ET8009)
that had been subjected to an identical ammonium shock. As
expected, given the defective glutamine synthetase/glutamate
synthase ammonium assimilation pathway in this strain, the
2-OG pool remained unchanged at 1.4 mm after ammonium
shock (Fig. 2B). Likewise, the gradual increase in the ATP and
ADP pools following ammonium influx was also dependent on
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FIGURE 3. Measurements of in vivo adenosine nucleotide pools. The
experimental conditions and strains used were as described in the legend to
Fig. 2. The data represent concentrations of ATP and ADP (mwm) at each time
point and are the average of four independent experiments.

ammonium assimilation by glutamine synthetase (Fig. 3B).
However, the transient fluctuation in the intracellular levels of
ATP and ADP that occurred within the first 2 min after ammo-
nium shock could not be attributed to glutamine synthetase
activity because strain ET8009 showed a similar profile to the
wild type (Fig. 3, compare A and B).

AmtB-GInK Complex Association/Dissociation in Vitro—
Having established the in vivo concentrations of different effec-
tors during the association/dissociation cycle, we examined
whether the apparent effects of the in vivo fluctuations could be
replicated in vitro. In selecting concentrations of effectors to
use in these in vitro studies, we were guided by the intracellular
concentrations determined iz vivo.

Initially, we examined the effects of ATP, ADP, or 2-OG indi-
vidually and in combinations on both association and dissocia-
tion of the AmtB-GInK complex. Dissociation of the preformed
complex was observed only when both MgATP and 2-OG were
present (Fig. 4A, lanes N and O). Conversely, association of
GInK and AmtB was completely dependent on the presence of
ADP (Fig. 4B, lanes E, F, and I-L) unless high 2-OG and MgATP
were also present (lane O). In a previous study (15), we reported
that ATP was sufficient to promote complex formation. How-
ever, in those experiments, we preincubated the proteins with
the effectors for 15 min at 30 °C. It has been reported that prep-
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FIGURE 4. Effects of ATP, ADP, 2-0OG, and Mg>* on the association and
dissociation of the AmtB-GInK complex. Proteins were applied to a HIS-
Select spin column in the presence of different combinations of effectors as
listed in the table. In each case, the proteins retained on the column after
washing were eluted and analyzed by 12.5% SDS-PAGE. A, to assess dissocia-
tion, purified Hisg-AmtB-GInK complex was applied to the spin column. The
absence of GInK on the gel indicates complex dissociation. B, to assess asso-
ciation, Hiss-AmtB and GInK (at a molar ratio of 1:3) were applied to the spin
column. The presence of GInK on the gel indicates complex formation.

aration of P;; proteins is prone to ATPase contamination (36).
We therefore consider that our previous observations were due
to hydrolysis of ATP to ADP by an ATPase contaminant.

ATP and ADP are expected to compete because they share
the same GInK-binding site, and consequently, the ATP/ADP
ratio could have a significant effect on association or dissocia-
tion. Hence, we examined the effects of the extreme ADP con-
centrations determined in our iz vivo studies (0.35 and 0.75
mwm) combined with either high (1.5 mm) or low (0.3 mm) 2-OG
and either high (4.5 mm) or low (2 mm) ATP (Fig. 5).

ADP had a very significant impact on the stability of the pre-
formed AmtB-GInK complex. The presence of 0.75 mm ADP
completely prevented dissociation, even in the presence of high
concentrations of 2-OG and ATP, which would otherwise pro-
mote dissociation both in vitro and in vivo (Fig. 5A, lanes A-D).
However, at 0.35 mMm ADP, dissociation was effectively deter-
mined by the 2-OG concentration (Fig. 54, lanes E-H). By con-
trast, when association of the individual proteins was examined,
the dominant effector was a high concentration of 2-OG (1.5
mwm) (Fig. 5B, lanes A, B, E, and F). When the concentration
of 2-OG was low (0.3 mm), the presence of ADP was suffi-
cient to promote complex formation, although 0.75 mm ADP
was notably more effective than 0.3 mm ADP (Fig. 5B, lanes
C, D, G, and H).

We then examined whether the specific combinations of
intracellular effector concentrations measured in vivo would
replicate in vitro the association or dissociation of the complex.
Starting with the purified complex, we were able to re-enact the
intracellular events that led to complex dissociation within 15
min after ammonium shock (Fig. 6A4). Complex dissociation
began at the equivalent of the 3-min time point, and the gradual
increase in 2-OG and ATP led to complete AmtB-GInK disso-
ciation (Fig. 6A4). Conversely, by starting with the individual
proteins and using identical combinations of effector concen-
trations, we were able to re-enact the intracellular events that
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Effectors [mM] A B c D E F G
ATP 4.50 - + + - - + " _
ATP 2.00 + - - + + - - +
ADP 0.75 + + + + - - - —
ADP 0.35 - o [ = =T+ + |+ | +
2-0G 1.50 + + - - + + - -
2-0G 0.30 - - + + - - + +
A A B © D E F G H
amts —»[d — e
GINK —p|m —— —— — —
GINK —p — et i
B A B c D E F G H
AmtB —p- E
GInK —>‘_ — —

FIGURE 5. Effects of varying ADP concentrations on the stability of the
AmtB-GInK complex. A, purified Hisg-AmtB-GInK complex was applied to a
HIS-Select spin column in the presence of different combinations of effectors
as listed in the table. Washed and eluted fractions were analyzed by 12.5%
SDS-PAGE. The presence of GInK in the washed fractions (W) indicates condi-
tions under which GInK dissociated from AmtB. Conversely, GInKin the eluted
fractions (E) indicates that the His,-AmtB-GInK complex remained associated.
B, AmtB and GInK proteins were applied separately to the column. The pres-
ence of GInK in the eluted fractions indicates conditions under which GInK
associated with AmtB.

led to complex association. AmtB-GInK association was opti-
mized by a low ATP/ADP ratio (<6.0) combined with a low
2-OG concentration (0.3—0.4 mwm) (Fig. 6B).

E. coli GInK-Ligand Binding Constants Determined by Iso-
thermal Calorimetry—One of the major factors in determining
the effects of fluctuating intracellular ligand concentrations on
the behavior of GInK is the affinity of the protein for these
ligands alone or in combination. We used ITC to determine the
binding constants of E. coli GInK for ATP and ADP in the pres-
ence of high (1 mm) and low (0.1 mM) concentrations of 2-OG
(Fig. supplemental S1, A, B, D, and E). Furthermore, because
complex formation between GInK and AmtB occurs only at
low 2-OG, we also examined binding of both ATP and ADP
to GInK in the presence of low 2-OG and AmtB (Table 1 and
supplemental Fig. S1, C and F).

Under all of the conditions, the best fit to the data was
obtained using a model with three classes of binding sites. Bind-
ing of ATP to GInK was ~11-fold greater in the presence of
high 2-OG compared with low 2-OG (Table 1 and supple-
mental Fig. S1, A and B). Binding of ADP to GInK showed recip-
rocal properties to ATP, being 4-fold less in the presence
of high 2-OG compared with low 2-OG (Table 1 and
supplemental Fig. S1, D and E). The presence of AmtB had
no marked effect on binding of ADP or ATP (Table 1 and
supplemental Fig. S1, C and F).

When the 2-OG concentration was high, ATP had an 8-fold
greater affinity for GInK compared with ADP, whereas at low
2-OG, ADP had a 5-fold greater affinity compared with ATP
(Table 1 and supplemental Fig. S1). Examination of the total
Gibbs free energy (AG) is consistent with this pattern. At high
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Effectors  [mM] A B C D E F G
2-0G 0.3 - - + - - - -
2-0G 0.4 + + - + - - -
2-0G 1 ~ - - + + -
2-0G 1.5 - - - - - - +
ATP 2 + + + - - - -
ATP 2.6 - - - + - - -
ATP 3.3 n - - n + . n
ATP 4 - - - - - + -
ATP 45 N N = = - N +
ADP 0.3 + - - + - -
ADP 0.4 - - + - - - -
ADP 0.5 - - - - + + -
ADP 0.6 - + - - - - +
A A B c D E F G
amts— 3
=
»
GInNK —» |
Wi
GInK—» | .. i
B A B c D E F G
Amie— 3
_—
e
e
GInNK — > |l —— e —

FIGURE 6. Interactions between AmtB and GInK in response to physiolog-
ically relevant concentrations of ATP, ADP, 2-OG, and Mg>* effectors.
A, purified Hisg-AmtB-GInK complex was applied to a HIS-Select spin column
in the presence of different combinations of effectors. The effector concen-
trations used reflect the measured in vivo values at 30 s, 1 min, 2 min, 3 min, 5
min, 10 min, and 15 min post-ammonium shock (lanes A-G). Washed and
eluted fractions were analyzed by 12.5% SDS-PAGE. The presence of GInKin
the washed fractions (W) indicates conditions under which GInK dissociated
from AmtB. Conversely, GInK in the eluted fractions (F) indicates that the
Hiss-AmtB-GInK complex remained associated. B, individual AmtB and GInK
proteins were applied to the column. The presence of GInK in the eluted
fractions indicates conditions under which GInK associated with AmtB.

TABLE 1

Thermodynamic parameters of ATP and ADP binding to E. coli GInK
For both ATP and ADP, experiments were performed in the presence of high 2-OG
(1 mm), low 2-OG (0.1 mm), and low 2-OG plus AmtB. Gibbs energy (AG) values for
each binding site were calculated using AG = —RTInK, = AH — TAS (data not
shown). The AG values are the sum of the values for all three sites.

Binding molecule Ky Ky K3 AG
M M M keal/mol
ATP
GInK/2-OG (1 mm) 72*0 289 * 3.4 141.3 = 41.1 —18.7+0.2
GInK/2-OG (0.1 mm) 812 £6.1 36223 326.0 £ 76.7 —16.6 = 0.2
GInK/AmtB/2-OG 45.5* 164 1456 =129.1 101.3 =28.3 —16.7 £ 0.8
(0.1 mm)
ADP
GInK/2-OG (1 mm) 569 = 11.4 135.9 £ 30.2 347.1 £ 489 —16.0 = 0.3
GInK/2-OG (0.1 mm) 149 + 6.9 90.3 = 25.1 3775 *16.3 —17.0+0.3
GInK/AmtB/2-0G 89+ 04 21.4 *20.4 1475+ 1645 —-191*1.6

(0.1 mm)

2-0OG and in the absence of AmtB, formation of the GInK-ATP
complex was favored compared with GInK-ADP by 2.7 kcal/
mol, whereas at low 2-OG and in the presence of AmtB, the
reciprocal situation pertained, with formation of the AmtB-
GInK-ADP complex favored by 2.4 kcal/mol (Table 1).
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FIGURE 7. Comparison of the structures of the P, ligand-binding site. A, the equivalent of nitrogen-suffi-
cient conditions when P, is not complexed with AmtB (A. brasilense GInZ with 2-OG and MgATP bound; Protein
Data Bank code 3MHY). B, nitrogen-limited conditions when the AmtB-P, complex is formed (E. coli GInK with

ADP bound and complexed with AmtB; Protein Data Bank code 2NUU).

These data for E. coli GInK are largely consistent with similar
studies of ligand binding to E. coli GInB, which was assessed
using an alternative technique (16). GInB also shows negative
cooperativity of ATP binding and synergistic binding of ATP
and 2-OG. However, unlike our data for GInK, ADP binding to
GInB was not suggestive of multiple classes of sites and was also
not influenced by the presence of 2-OG.

DISCUSSION

It has long been recognized that the interactions of Py; pro-
teins with their targets are controlled by changes in the intra-
cellular concentrations of key metabolites: ATP, ADP, and
2-OG (12, 20). However, the manner in which these metabolites
interact to regulate the association and dissociation of P;; and
its targets has not been understood at the molecular level for
any P;; complex. In this study, we have determined in vivo fluc-
tuations in effector levels as they occur in concert with associ-
ation and dissociation of a specific P;; complex. By combining
this with in vitro studies and recent knowledge of how 2-OG
binds to Py, proteins, we have been able to develop a model that
explains the signal transduction process that underlies AmtB-
GInK complex formation and dissociation.

Changes in GInK Effector Concentrations— The inherent dif-
ficulties in measuring intracellular effector concentrations, in
particular with regard to nucleotide pools, are well documented
(37-39). It is also not possible to distinguish free and macro-
molecule-bound metabolites. However, given that the mea-
sured total metabolome concentration of 300 mm greatly
exceeds the reported total protein concentration of 7 mm (40),
it is likely that our measured values largely reflect free metabo-
lites. Furthermore, our ability to replicate in vitro quite accu-
rately the behavior of GInK with regard to its interaction with
AmtB, by using our calculated intracellular effector concentra-
tions, provides a robust validation of our in vivo analyses.

The very significant and rapid drop that we observed in the
2-OG pool within 1 min of ammonium shock (Fig. 2) agrees
well with a recent metabolomic study (34) and with the previ-
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ously reported reciprocal rise in the
glutamine pool (33, 34). As AmtB-
GInK complex formation occurs in
vitro only at a low 2-OG concentra-
tion (0.1 mm), this drop in the 2-OG
pool appears to be a major factor
facilitating GInK sequestration by
AmtB. However, the highly con-
served property of Pj; proteins to
bind ATP or ADP and the ob-
servation that, in the AmtB-GInK
complex purified directly from
ammonium-shocked cells, all the
nucleotide-binding sites of GInK are
occupied by ADP, clearly implicate
ATP/ADP binding as also playing a
key role. Previous studies of ATP/
ADP pools following ammonium
shock of nitrogen-limited cells have
produced varied results, ranging
from a very rapid drop in the intra-
cellular ATP pool (33) to no detectable fluctuation in nucleo-
tide pools (34, 39). However, the culture conditions and the
sampling methods used in all of those experiments were quite
different from those used in this study.

The high affinity of P}, proteins for ATP (K, in the range of
1-50 uMm) (21) previously led to the view that, given intracellular
ATP concentrations between 2 and 5 mm, ATP could play no
regulatory role in vivo (41). However, it has recently been deter-
mined that, in E. coli, the concentration of ATP typically
exceeds the K, values for enzymes to which it binds by >10-
fold (40). Indeed, the absolute concentrations of >100 metab-
olites in E. coli exceed the relevant K, values for most sub-
strate-enzyme pairs (40). Nevertheless, it has been proposed
that, in such cases, competition for binding at active sites can
still allow sensitivity of flux to substrate concentration (34, 40).
Conceivably, a similar rationale (in this case, competition
between ATP and ADP for binding to Pj;) might explain how
these signal transduction proteins achieve responsiveness to
relatively small changes in nucleotide pools.

In our study, a significant feature is the transient drop in the
ATP/ADP ratio from ~7.0 to nearly 3.0 at the same time that
the intracellular 2-OG concentration drops by 5-fold (compare
Figs. 2A and 3A). Our in vitro studies emphasized the antago-
nistic effects of ADP and 2-OG in controlling complex associ-
ation/dissociation. Furthermore, our ITC studies (Table 1 and
supplemental Fig. S1) and other assessments of GInK-ligand
interactions (21) show that the affinity of GInK for ATP is sig-
nificantly reduced when the availability of 2-OG is low. Conse-
quently, given the synergy of 2-OG and ATP binding, a drop in
2-0OG together with a simultaneous decrease in the ATP/ADP
ratio will facilitate competition between ADP and ATP, leading
to replacement of 2-OG and MgATP by ADP.

The key role of 2-OG in this signal transduction process is
likely to be common to interactions of P; proteins with most (if
not all) of their targets. However, for regulation of AmtB-GInK
complex formation, the antagonistic effect of ADP on 2-OG
binding also appears to be critical. Many authors have proposed
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A. Low [NH,"] B.

AN

l

200 e

High [NH,*]

A ATP, ° Mg?*, @ 2-0G, A ADP

FIGURE 8. Model describing the role of the GInK effectors (ATP, ADP, Mg?™", and 2-OG) in regulating
complex formation between GInK and AmtB. A, when the extracellularammonium concentration is low, the
intracellular glutamine level is also low, leading to a high uridylyltransferase (UTase) activity of GInD. The
intracellular 2-OG concentration is high, and the ATP/ADP ratio is high. Under these conditions, ATP, Mg?*, and
2-0G are bound to GInK, which is fully uridylylated and unable to form a complex with AmtB. B, a rise in
extracellular ammonium results in an increase in the intracellular glutamine concentration due to the activity
of glutamine synthetase. The increased glutamine pool promotes deuridylylation of GInK by the uridylyl-
removing (UR) activity of GInD. There is also a concomitant fall in the 2-OG pool and a transient decrease in the
intracellular ATP/ADP ratio. As a consequence, GInK s fully deuridylylated, its 2-OG-binding site is unoccupied,
and MgATP is replaced by ADP. These changes favor complex formation with AmtB, which is completely
reversible. As the cellular nitrogen status falls again and the 2-OG pool increases, MgATP and 2-OG can replace

ADP on GInK, leading to its dissociation from AmtB.

that Py; proteins can sense changes in adenylate charge (16, 21,
42, 43). However, adenylate charge (defined as [ATP] +
15[ADP]/[ATP + ADP + AMP]) is apparently strongly buffered
around a value of 0.9 or greater (40, 44), and our data are con-
sistent with this. Consequently, it remains to be established
whether there is a common underlying physiological link
between the ATP/ADP ratio and regulation of Py; interactions
with specific targets.

How Changes in Effector Pools Influence GInK Structure—
The recent description of a high-resolution x-ray structure for
the GInZ protein of A. brasilense with bound 2-OG and
MgATP provides a critical insight into the interactions of these
key effectors with Pj; proteins (24). GInZ is the A. brasilense
ortholog of E. coli GInK and regulates A. brasilense AmtB in an
equivalent fashion (18), so we have used the new GInZ structure
to predict how changes in effector pools will influence the con-
formation of GInK and facilitate its binding to AmtB.

When GInK is dissociated from AmtB, it is bound by ATP
and 2-OG, both of which participate in coordination of Mg?",
for which they provide five oxygen ligands; the sixth ligand is
provided by the conserved Py; residue GIn>® (Fig. 7A4) (24). The
5-carboxyl group of 2-OG also forms a salt bridge with the
ammonium group of the conserved Py, residue Lys®® (Fig. 7A).
By comparison, when GInK is complexed with AmtB, ADP
replaces 2-OG and MgATP, and GIn®° moves to occupy the
space vacated by 2-OG, thereby substituting the interaction of
2-OG with Lys®® (Fig. 7B) (23). GIn®*® and Lys®® are both located
near the base of the T-loop, and hence, a consequence of this

31044 JOURNAL OF BIOLOGICAL CHEMISTRY

rearrangement will be a change in
the conformation of the T-loop.
The presence of ADP presumably
reduces the conformational space
of the T-loop, thereby favoring the
novel extended conformation that
promotes interaction with AmtB
(23). Once the AmtB-GInK complex
has formed, the key to dissociation
appears to be the concomitant
increase in the 2-OG and ATP pools
that occurs as a result of the elevated
cellular nitrogen status. As the
ATP/ADP ratio returns to ~7 and

| ¥ are / aor]

A the 2-OG pool approaches the ini-
A tial concentration of ~1 mm, the
equilibrium between binding of
ADP or MgATP changes, and the

GInK

original 2-OG/MgATP-bound form
of GInK is restored. Furthermore,
dissociation of the T-loop will
render Tyr®! accessible to uridylyl-
transferase, so GInK becomes pro-
gressively uridylylated. This cova-
lent modification of GInK, which is
not a feature of all P;; proteins, will
likely prevent further interaction
with AmtB until a rise in the intra-
cellular glutamine pool again signals
nitrogen sufficiency and directly
activates the uridylyl-removing activity of GInD. This model,
which could serve as a basis for understanding the regulatory
properties of other P; proteins, is summarized in Fig. 8.

Future studies of the ways in which effector pools fluctuate in
other systems, e.g. the interaction of P; proteins with N-acetyl-
glutamate kinase (45, 46), should allow us to develop a more
comprehensive understanding of the mode of action of these
remarkable signal transduction proteins.
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