








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-GlnK 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 in vivo.
Initially, we examined the effects of ATP,ADP, or 2-OG indi-

vidually and in combinations on both association and dissocia-
tion of theAmtB-GlnK complex. Dissociation of the preformed
complex was observed only when bothMgATP and 2-OGwere
present (Fig. 4A, lanes N and O). Conversely, association of
GlnK and AmtB was completely dependent on the presence of
ADP (Fig. 4B, lanes E,F, and I–L) unless high 2-OGandMgATP
were also present (laneO). 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 15min at 30 °C. It has been reported that prep-

aration of PII 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 GlnK-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 in vivo studies (0.35 and 0.75
mM) 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-GlnK 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 mM ADP, dissociation was effectively deter-
mined by the 2-OG concentration (Fig. 5A, lanes E–H). By con-
trast, when association of the individual proteinswas examined,
the dominant effector was a high concentration of 2-OG (1.5
mM) (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 mMADP
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.
Startingwith the purified complex, wewere able to re-enact the
intracellular events that led to complex dissociation within 15
min after ammonium shock (Fig. 6A). 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-GlnK disso-
ciation (Fig. 6A). 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

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 (mM) at each time
point and are the average of four independent experiments.

FIGURE 4. Effects of ATP, ADP, 2-OG, and Mg2� on the association and
dissociation of the AmtB-GlnK 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 His6-AmtB-GlnK complex was applied to the spin column. The
absence of GlnK on the gel indicates complex dissociation. B, to assess asso-
ciation, His6-AmtB and GlnK (at a molar ratio of 1:3) were applied to the spin
column. The presence of GlnK on the gel indicates complex formation.
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led to complex association. AmtB-GlnK association was opti-
mized by a low ATP/ADP ratio (�6.0) combined with a low
2-OG concentration (0.3–0.4 mM) (Fig. 6B).
E. coli GlnK-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 GlnK is the affinity of the protein for these
ligands alone or in combination.We used ITC to determine the
binding constants of E. coliGlnK 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 GlnK and AmtB occurs only at
low 2-OG, we also examined binding of both ATP and ADP
to GlnK 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 amodel with three classes of binding sites. Bind-
ing of ATP to GlnK was �11-fold greater in the presence of
high 2-OG compared with low 2-OG (Table 1 and supple-
mental Fig. S1,A andB). Binding ofADP toGlnK 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 GlnK 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 (�G) is consistent with this pattern. At high

2-OG and in the absence of AmtB, formation of the GlnK-ATP
complex was favored compared with GlnK-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-
GlnK-ADP complex favored by 2.4 kcal/mol (Table 1).

FIGURE 5. Effects of varying ADP concentrations on the stability of the
AmtB-GlnK complex. A, purified His6-AmtB-GlnK 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 GlnK in the washed fractions (W) indicates condi-
tions under which GlnK dissociated from AmtB. Conversely, GlnK in the eluted
fractions (E) indicates that the His6-AmtB-GlnK complex remained associated.
B, AmtB and GlnK proteins were applied separately to the column. The pres-
ence of GlnK in the eluted fractions indicates conditions under which GlnK
associated with AmtB.

FIGURE 6. Interactions between AmtB and GlnK in response to physiolog-
ically relevant concentrations of ATP, ADP, 2-OG, and Mg2� effectors.
A, purified His6-AmtB-GlnK 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 GlnK in
the washed fractions (W) indicates conditions under which GlnK dissociated
from AmtB. Conversely, GlnK in the eluted fractions (E) indicates that the
His6-AmtB-GlnK complex remained associated. B, individual AmtB and GlnK
proteins were applied to the column. The presence of GlnK in the eluted
fractions indicates conditions under which GlnK associated with AmtB.

TABLE 1
Thermodynamic parameters of ATP and ADP binding to E. coli GlnK
For both ATP and ADP, experiments were performed in the presence of high 2-OG
(1mM), low 2-OG (0.1mM), and low 2-OGplus AmtB. Gibbs energy (�G) values for
each binding site were calculated using �G � �RTlnKa � �H � T�S (data not
shown). The �G values are the sum of the values for all three sites.

Binding molecule Kd1 Kd2 Kd3 �G

�M �M �M kcal/mol
ATP
GlnK/2-OG (1 mM) 7.2 � 0 28.9 � 3.4 141.3 � 41.1 �18.7 � 0.2
GlnK/2-OG (0.1 mM) 81.2 � 6.1 36.2 � 2.3 326.0 � 76.7 �16.6 � 0.2
GlnK/AmtB/2-OG
(0.1 mM)

45.5 � 16.4 145.6 � 129.1 101.3 � 28.3 �16.7 � 0.8

ADP
GlnK/2-OG (1 mM) 56.9 � 11.4 135.9 � 30.2 347.1 � 48.9 �16.0 � 0.3
GlnK/2-OG (0.1 mM) 14.9 � 6.9 90.3 � 25.1 377.5 � 16.3 �17.0 � 0.3
GlnK/AmtB/2-OG
(0.1 mM)

8.9 � 0.4 21.4 � 20.4 147.5 � 164.5 �19.1 � 1.6
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These data for E. coliGlnK are largely consistent with similar
studies of ligand binding to E. coli GlnB, which was assessed
using an alternative technique (16). GlnB also shows negative
cooperativity of ATP binding and synergistic binding of ATP
and 2-OG. However, unlike our data for GlnK, ADP binding to
GlnBwas not suggestive ofmultiple classes of sites andwas also
not influenced by the presence of 2-OG.

DISCUSSION

It has long been recognized that the interactions of PII 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, themanner inwhich thesemetabolites
interact to regulate the association and dissociation of PII and
its targets has not been understood at the molecular level for
any PII 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 PII complex. By combining
this with in vitro studies and recent knowledge of how 2-OG
binds to PII proteins, we have been able to develop amodel that
explains the signal transduction process that underlies AmtB-
GlnK complex formation and dissociation.
Changes in GlnK Effector Concentrations—The inherent dif-

ficulties in measuring intracellular effector concentrations, in
particularwith regard to nucleotide pools, arewell 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 GlnK 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-

ously reported reciprocal rise in the
glutamine pool (33, 34). As AmtB-
GlnK 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 GlnK sequestration by
AmtB. However, the highly con-
served property of PII proteins to
bind ATP or ADP and the ob-
servation that, in the AmtB-GlnK
complex purified directly from
ammonium-shocked cells, all the
nucleotide-binding sites ofGlnK 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 PII proteins for ATP (Kd1 in the range of

1–50�M) (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 Km 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 Km 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 PII) 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 GlnK-ligand
interactions (21) show that the affinity of GlnK 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-OG together with a simultaneous decrease in the ATP/ADP
ratio will facilitate competition between ADP andATP, 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 PII proteins withmost (if
not all) of their targets. However, for regulation of AmtB-GlnK
complex formation, the antagonistic effect of ADP on 2-OG
binding also appears to be critical.Many authors have proposed

FIGURE 7. Comparison of the structures of the PII ligand-binding site. A, the equivalent of nitrogen-suffi-
cient conditions when PII is not complexed with AmtB (A. brasilense GlnZ with 2-OG and MgATP bound; Protein
Data Bank code 3MHY). B, nitrogen-limited conditions when the AmtB-PII complex is formed (E. coli GlnK with
ADP bound and complexed with AmtB; Protein Data Bank code 2NUU).
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that PII proteins can sense changes in adenylate charge (16, 21,
42, 43). However, adenylate charge (defined as [ATP] �
1⁄2[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 PII interactions
with specific targets.
How Changes in Effector Pools Influence GlnK Structure—

The recent description of a high-resolution x-ray structure for
the GlnZ protein of A. brasilense with bound 2-OG and
MgATP provides a critical insight into the interactions of these
key effectors with PII proteins (24). GlnZ is the A. brasilense
ortholog of E. coliGlnK and regulates A. brasilenseAmtB in an
equivalent fashion (18), sowe have used the newGlnZ structure
to predict how changes in effector pools will influence the con-
formation of GlnK and facilitate its binding to AmtB.
When GlnK is dissociated from AmtB, it is bound by ATP

and 2-OG, both of which participate in coordination of Mg2�,
for which they provide five oxygen ligands; the sixth ligand is
provided by the conserved PII residue Gln39 (Fig. 7A) (24). The
5-carboxyl group of 2-OG also forms a salt bridge with the
ammonium group of the conserved PII residue Lys58 (Fig. 7A).
By comparison, when GlnK is complexed with AmtB, ADP
replaces 2-OG and MgATP, and Gln39 moves to occupy the
space vacated by 2-OG, thereby substituting the interaction of
2-OGwith Lys58 (Fig. 7B) (23). Gln39 and Lys58 are both located
near the base of the T-loop, and hence, a consequence of this

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 theAmtB-GlnK complex
has formed, the key to dissociation
appears to be the concomitant
increase in the 2-OG andATP pools
that occurs as a result of the elevated
cellular nitrogen status. As the
ATP/ADP ratio returns to �7 and
the 2-OG pool approaches the ini-
tial concentration of �1 mM, the
equilibrium between binding of
ADP or MgATP changes, and the
original 2-OG/MgATP-bound form
of GlnK is restored. Furthermore,
dissociation of the T-loop will
render Tyr51 accessible to uridylyl-
transferase, so GlnK becomes pro-
gressively uridylylated. This cova-
lent modification of GlnK, which is
not a feature of all PII 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 GlnD. This model,
which could serve as a basis for understanding the regulatory
properties of other PII proteins, is summarized in Fig. 8.
Future studies of theways inwhich effector pools fluctuate in

other systems, e.g. the interaction of PII proteins withN-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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Supplemental Figure S1  

Isothermal titration calorimetry (ITC). ATP (A, B, C) or ADP (D, E, F) was injected into GlnK 
solution in the presence of 1 mM 2-OG (A, D), 0.1 mM 2-OG (B, E) or 0.1 mM 2-OG with equimolar 
solutions of GlnK plus AmtB (C, F). 
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