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SUMMARY central nitrogen-assimilatory routes, it has to make a decision as to

We present a comprehensive overview of the hierarchical network
of intracellular processes revolving around central nitrogen me-
tabolism in Escherichia coli. The hierarchy intertwines transport,
metabolism, signaling leading to posttranslational modification,
and transcription. The protein components of the network in-
clude an ammonium transporter (AmtB), a glutamine transporter
(GInHPQ), two ammonium assimilation pathways (glutamine
synthetase [GS]-glutamate synthase [glutamine 2-oxoglutarate
amidotransferase {GOGAT}] and glutamate dehydrogenase
[GDH]), the two bifunctional enzymes adenylyl transferase/
adenylyl-removing enzyme (ATase) and uridylyl transferase/uri-
dylyl-removing enzyme (UTase), the two trimeric signal trans-
duction proteins (GInB and GInK), the two-component
regulatory system composed of the histidine protein kinase nitro-
gen regulator II (NRII) and the response nitrogen regulator I
(NRI), three global transcriptional regulators called nitrogen as-
similation control (Nac) protein, leucine-responsive regulatory
protein (Lrp), and cyclic AMP (cAMP) receptor protein (Crp), the
glutaminases, and the nitrogen-phosphotransferase system. First,
the structural and molecular knowledge on these proteins is re-
viewed. Thereafter, the activities of the components as they engage
together in transport, metabolism, signal transduction, and tran-
scription and their regulation are discussed. Next, old and new
molecular data and physiological data are put into a common
perspective on integral cellular functioning, especially with the
aim of resolving counterintuitive or paradoxical processes fea-
tured in nitrogen assimilation. Finally, we articulate what still re-
mains to be discovered and what general lessons can be learned
from the vast amounts of data that are available now.

INTRODUCTION

fact of life that many microorganisms are confronted with is

the unreliable environmental availability of nutrients, includ-
ing N-containing compounds. Some microorganisms have to deal
with virtually every possible nutritional state between feast and
famine; periods of nutrient excess may well be followed by periods
of extreme starvation, or they may not be or not always be. As they
can grow fast and often exponentially, many microorganisms
readily deplete their own environment of the nutrient that is least
in excess and thereby have to endure nutrient limitation of some
sort much more frequently than they can enjoy full nutritional
affluence. Adaptive physiological responses to feast or famine
conditions are the result of a highly regulated system consisting of
signal transduction coupled to transport, metabolism, and genetic
circuits.

A general challenge for every microorganism is how to choose
to respond to changing environmental conditions if it has more
than one possibility to react at its disposal. This challenge is well
illustrated by Escherichia coli when it is confronted with a change
in the nitrogen supply in its surroundings. Since it possesses two
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what extent either pathway or both pathways should be adapted
most.

The ammonium assimilation network of E. coli comprises a
complex and hierarchical regulatory network that involves trans-
port, signaling, metabolism, posttranslational modification, and
transcription. At the protein level, the network includes an am-
monium transporter, two ammonium assimilation pathways, two
bifunctional protein modification enzymes, two trimeric signal
transduction proteins, and a two-component regulatory system
composed of a histidine protein kinase and the corresponding
response regulator (1). At the metabolic level, the amino acids
glutamine and glutamate, the free energy currency molecules ADP
and ATP, the redox currency molecules NADPH/NADP, and the
tricarboxylic acid (TCA) cycle intermediate 2-oxoglutarate are
relevant metabolites in the central ammonium assimilation net-
work; all of these metabolites rank among the top 10 key metab-
olites in cellular metabolism, based on connectivity statistics (2,
3). After uptake, ammonium is incorporated directly only into the
amino acids glutamate and glutamine, which subsequently func-
tion as nitrogen donors in transamination and transamidation
reactions. These lead to other amino acids and to precursors for
the biosynthesis of purines and pyrimidines (4, 5).

Ammonium assimilation by the glutamine synthetase (GS)-
glutamate synthase (glutamine 2-oxoglutarate amidotransferase
[GOGAT]) pathway may account for a substantial percentage of
the cell’s ATP requirement when it is growing on glucose minimal
medium (6), even though the alternative of ammonium assimila-
tion through glutamate dehydrogenase (GDH) alone accom-
plishes the same chemistry at the cost of less ATP. The former
pathway appears to be used, even though expression of the oper-
ons encoding the proteins GS and GOGAT, as well as the activity
of GS, can be regulated in multiple ways (6-9). On the other hand,
for many other carbon and energy sources used for growth of E.
coli, the ATP requirement of ammonium assimilation through
GS-GOGAT as a percentage of the total ATP turnover is smaller
than that for glucose, suggesting that the extra ATP requirement
of the GS-GOGAT pathway would be tolerable if the GS-GOGAT
pathway would serve functions other than the mere assimilation
of ammonium. Indeed, GS-GOGAT is only the tip of the iceberg
of a complex regulatory network, which might contribute in other
ways to maximum fitness of E. coli. Accordingly, our research
should be dedicated not only to characterizing the properties of
the components in isolation but also to a full systemic understand-
ing of the role that each and every component plays in bringing
about the behavior and function of the network. The science that
studies how interactions and networks contribute to biological
function has been called systems biology (10, 11), and this systems
biology is needed to understand ammonium assimilation. Study-
ing just any single molecule, such as GS, in the network will not
suffice, as the properties of that molecule will be affected by the
redox state, the energy state, signal transduction, gene expression,
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GDH pathway
glutamate dehydrogenase

GS-GOGAT pathway
glutamine synthetase-glutamate synthase

NH,4*
K GDH
f » | Glutamate
2-oxoglutarate
NADPH NADP

, N
\
Glutamate |, Glutamate |

ATP ADP + Pi

GS

GOGAT
2-oxoglutarate

NADP NADPH

One net glutamate
No ATP consumed
Low affinity for NH,* (Ky = 1.0 mM)

One net glutamate
One ATP consumed per NH4*
High affinity for NH,* (Ky; = 0.1 mM)

FIG 1 Two pathways for glutamate synthesis. The left panel shows the GDH pathway, and the right panel shows the cyclic GS-GOGAT pathway. The basic
characteristics of the two pathways are shown in the box below the scheme. The GDH pathway consists of a single enzyme, glutamate dehydrogenase (GDH). One
net glutamate is produced from the reductive amination of 2-oxoglutarate; no ATP is involved, and GDH had a relatively low affinity for ammonium. The cyclic
GS-GOGAT pathway consists of two enzymes, i.e., glutamine synthetase (GS) and glutamate synthase (GOGAT), which, in a cyclic configuration in effect, also
produces one net glutamate by reductive amination of 2-oxoglutarate. However, one ATP is invested for every amino group assimilated, and GS has a relatively

high affinity for ammonium.

and the intracellular levels of ammonium, glutamine, and gluta-
mate, which are also determined by the other macromolecules in
the network. An understanding of the network without under-
standing the molecules will not suffice either, as it is the dynamic
response of the macromolecules through the levels of the micro-
molecules that determines network functioning (12). One needs
to study the molecules and their networking to understand bio-
logical function (10).

In this review, we focus on the assimilatory response of E. coli
to changes in the availability of nitrogen-containing compounds,
in particular ammonium and glutamine. Our strategy is to first
describe all the components of this network one by one, paying
attention to their interactive properties. We then discuss the dif-
ferent (sub)networks that involve these components, with the aim
of showing what their functional roles are in nitrogen assimilation
in E. coli. Finally, we distill some general biology lessons from this
particular subject. This review will thereby focus on (i) the molec-
ular data regarding the structures and functions of the proteins
involved in the central nitrogen assimilation network, most nota-
bly on the GS regulatory cascade and (ii) the systemic view that
puts the molecular data in a systems biological perspective. (Note
that the term “ammonium” is used in this review if the exact
nature of the molecular species is not relevant [or not known],
whereas the chemical formulas “NH,*” and “NH,” are used when
these particular species are at stake.)

Central Nitrogen Assimilation in a Nutshell

This review focuses on E. coli, but the closely related Enterobacte-
riaceae Salmonella enterica serovar Typhimurium (13) and Kleb-
siella pneumoniae (Klebsiella aerogenes) are not excluded. The ge-
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nus Shigella, which also belongs to the highly diverse species E. coli
(14), will not be discussed because of a lack of data on nitrogen
assimilation. Other enterobacteria, proteobacteria, and even ar-
chaea are discussed only when important for an understanding of
E. coli function by comparison.

Nitrogen is an essential element for all organisms. Like other
enteric bacteria, E. coli is able to use a host of organic nitrogen-
containing compounds as sole nitrogen sources (15, 16). Ammo-
nium is considered the preferred nitrogen source, as it supports
the highest growth rate (7). In batch culture, E. coli cannot grow
on any inorganic compound other than ammonium (6, 7), al-
though in C-limited chemostats at low specific growth rates, ni-
trate can be used as the single N source (17).

The assimilation of ammonium into glutamate is the process
where the element nitrogen is assimilated by carbon metabolism.
For this incorporation of ammonium into 2-oxoglutarate, E. coli
(and other enteric bacteria) possesses two pathways (Fig. 1 and
Table 1), i.e., the GDH and the GS-GOGAT pathways (6, 18).

TABLE 1 Biosynthetic reactions catalyzed by GDH, GS, GOGAT, and
GS plus GOGAT

Enzyme Biosynthetic reaction

GDH NH, " + 2-oxoglutarate + NADPH — glutamate + NADP "

GS NH, " + glutamate + ATP — glutamine +ADP + P,

GOGAT Glutamine + 2-oxoglutarate + NADPH — 2-glutamate +
NADP™*

GS-GOGAT NH," + 2-oxoglutarate + ATP + NADPH — glutamate +
ADP + P, + NADP*

mmbr.asm.org 631
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TABLE 2 Components of the nitrogen assimilation network

Gene” Protein®” Full protein name and/or activity(ies)

glnA GS Glutamine synthetase; catalyzes the synthesis of glutamine

ginB GInB (P GInB protein, signal-transducing protein; GInB stimulates adenylylation of GS, GInB-UMP stimulates deadenylylation
of GS-AMP, and GInB stimulates phosphatase activity of NRII

glnD UTase” Uridylyltransferase/uridylyl-removing protein; uridylylates GInB and GInK and deuridylylates GInB-UMP and
GInK-UMP

glnE ATase? Adenylyltransferase/adenylyl-removing protein; adenylylates GS and deadenylylates GS-AMP

gInF (ntrA; rpoN)  o”* (o) RNA polymerase sigma factor 54

gnG (ntrC) NRI (NtrC)¢  Nitrogen regulator I/NtrC; NRI-P activates gInALG transcription at the glnAp2 promoter, and NRI represses ginALG
transcription at the glnApI and glnLp promoters

gInL (ntrB) NRII (NtrB)®  Nitrogen regulator II/NtrB; NRII phosphorylates NRI, and NRII + GInB or GInK dephosphorylates NRI-P

ginkK GInK* GInK protein, signal-transducing protein; GInK stimulates adenylylation of GS, GInK-UMP stimulates deadenylylation
of GS-AMP, GInK stimulates phosphatase activity of NRII, and GInK inhibits AmtB activity

amtB AmtB Ammonium transporter AmtB; conducts ammonium across the cytoplasmic membrane and functions as a sensor for
extracellular ammonium

glnHPQ GInHPQ Glutamine transporter; high-affinity ABC transporter

nac Nac Nitrogen assimilation control protein

crp Crp cAMP receptor protein

Irp Lrp Leucine-responsive regulatory protein

gltBDF GOGAT Glutamate synthase

gdhA GDH Glutamate dehydrogenase

@ Alternative name(s) is in parentheses.
b Historical nomenclature is as follows: P, ATase; Py;, GInB; Py, GInB-UMP.

¢ PII and GInK are Py; paralogs, but for clarity, both proteins are named after their gene name throughout this review; thus, Py; is called GInB.

4 UTase instead of UTase/UR and ATase instead of ATase/AR are used throughout this review to denote these bifunctional/ambiguous enzymes.

¢ We propose the use of NRI and NRII, because they are a complete set of glnA-specific expression regulators (there is no NRIII), which is not suggested by the naming of NtrB and
NtrC, because NtrA is a sigma factor that regulates multiple operons, including non-nitrogen-related ones, and is itself not part of the ginALG operon.

GDH catalyzes the reductive amination of 2-oxoglutarate to glu-
tamate. GS catalyzes the amidation of glutamate to glutamine at
the cost of the hydrolysis of one molecule of ATP. Both enzymes
use ammonium as the nitrogen source. The reductive transfer of
the glutamine amide group to the 2-position of 2-oxoglutarate,
thereby forming two molecules of glutamate, is catalyzed by
GOGAT. Both GDH and GOGAT of enterobacteria are specific
for NADPH over NADH (18-20). Net glutamate production from
2-oxoglutarate can hereby be achieved not only by GDH alone but
also by GS-GOGAT coupled together. The latter process expends
one ATP.

Glutamine is the main amide donor for nucleotide biosynthesis
and, hence, DNA and RNA synthesis (4). Net glutamine produc-
tion from 2-oxoglutarate can be achieved by the combined activity
of GDH and GS or of GOGAT and GS twice, at the cost of one or
two ATP molecules, respectively. However, DNA and RNA make
up a smaller fraction of biomass than protein, and consequently,
the flux into glutamate is much higher than the flux into glu-
tamine other than for the purpose of producing glutamate. We
shall therefore focus on the process of synthesis of glutamate from
ammonium and 2-oxoglutarate.

A salient feature of the two central nitrogen-assimilating en-
zymes of E. coli is the difference in their respective K,,, values for
ammonium. Purified GDH has a relatively high K,,, value for am-
monium (~1 mM) (19, 21), whereas purified GS has a 10-fold-
lower K,,, for ammonium, i.e., ~0.1 mM (22-24). Therefore, the
received view is that the “cheap and low-affinity” enzyme GDH
takes care of nitrogen assimilation during growth in high-ammo-
nium and low-carbon/energy media, while the “free energy-ex-
pensive and high-affinity” enzyme system GS-GOGAT functions
during growth in low-ammonium and high-carbon/energy
media.
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GS activity is regulated in multiple ways. Already metabolically,
flow through GS is regulated 4-fold, i.e., via substrate levels (in-
tracellular ammonium and glutamate), product inhibition (glu-
tamine), the redox state of the cell (NADPH), and the free energy
state of the cell (ATP). The catalytic rate is also regulated through
signal transduction, which determines the reversible covalent
modification state of the enzyme. The latter mode of regulation is
connected to transcription regulation by a common sensor and
signal transduction system (1, 6, 25-31). Generally, in the absence
of ammonium, the global nitrogen response regulator I (NRI) is
phosphorylated by its cognate sensor (NRII) at a low-ammonium
assimilation state of the cell. NRI-phosphate (NRI-P) then stim-
ulates the expression of some 75 genes (32). Most of these genes
have o>*-dependent promoters. One such gene codes for the ni-
trogen assimilation control (Nac) protein. Nac regulates the ex-
pression of genes involved in nitrogen metabolism that have o”°-
dependent promoters (some 25 genes) (32).

Metabolic, signal transduction, and gene expression regulations
each involve entire pathways, e.g., of free energy metabolism, of
uridylylation and adenylylation, and of transcription and transla-
tion, respectively. In addition, the three types of pathways are
intertwined, already around GS itself. The functioning of this hi-
erarchical network depends on the interaction of its components.
Below, we therefore discuss molecules, interactions, networks,
and function in more detail, with a focus on the dynamic integra-
tion of the former into the latter.

THE PROTEINS IN ISOLATION
Atleast 14 proteins are engaged in assimilation of extracellular
ammonium in intracellular biochemistry (Table 2): 5 enzymes,

3 regulatory proteins, 4 transcription factors, and 2 transport-
ers, that is, the enzymes GS, GOGAT, GDH, adenylyltrans-
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ferase (ATase), and uridylyltransferase (UTase); the regulatory
proteins GInB, GInK, and NRII; the transcription factors NRI,
Nac, cyclic AMP (cAMP) receptor protein (Crp), and leucine-
responsive regulatory protein (Lrp); and the ammonium car-
rier (AmtB) and glutamine carrier (GInHPQ) transporters. In
addition, six enzymes (NAD synthetase, carbamoyl phosphate
synthetase, asparagine synthetases A and B, and glutaminases A
and B) and the nitrogen-phosphotransferase system (N-PTS)
are possibly involved and are reviewed below. The first four of
the latter enzymes are discussed because they have the ability to
assimilate ammonium, although they normally engage in other
reactions. The glutaminases are potentially important as they
may be involved in controlling the glutamine pool. The N-PTS
is a recently discovered system that may or may not turn out to
be relevant for nitrogen assimilation. All genes, proteins (ab-
breviations and full names), and activities discussed in this
review are shown in Table 2. In this section, we introduce each
of these >20 components in terms of their structural and in-
teractive properties, as determined for the components in iso-
lation.

Glutamine Synthetase

GS lies at the heart of the nitrogen assimilation network. GS is a
dodecamer of identical monomers of 52 kDa encoded by the glnA
gene (33, 34).

Electron microscopic (35) and X-ray crystallographic analyses
of completely unadenylylated GS of S. Typhimurium have shown
that the 12 subunits in each complex are arranged in two rings
of six subunits each, with the second hexagon inverted on top
of the first. The two layers of subunits are held together largely
by the apolar carboxyl terminus of each subunit inserting into
a hydrophobic pocket formed by two neighboring subunits on
the opposite ring (36, 37). Within each layer, each of the six
active sites is located at the interface of a pair of subunits. A
cylindrical active site is formed by six antiparallel B-strands of
one subunit and two strands of the neighboring subunit and
holds two divalent cations (Mn>" ions) as cofactors (36) nec-
essary for catalysis (37). The substrate binding sites of gluta-
mate, ATP, and ammonium are located within this active site
(36, 38—41). GS has 12 active sites that may well act coopera-
tively (see below).

The various steps in the synthesis of glutamine by fully unade-
nylylated GS have been visualized beautifully as a series of molec-
ular interactions in time and space by X-ray crystallography of
crystal structures of enzyme-substrate complexes (38, 41). GS pre-
fers an ordered catalytic cycle: ATP first binds to GS, glutamate
then binds and attacks ATP to form <y-glutamyl phosphate and
ADP, and, finally, ammonium binds to GS and loses a proton to
form ammonia, which attacks the y-glutamyl phosphate to yield
glutamine (38).

The rate equation for v is as follows:

vas? (ATP NEL* -Gl ADP - GLN - Pi>
S . Gl — — i
KA’[‘PKNH4+KGIu ! Keq
( ATP ADP Pi  ADP- Pi)
1+ +—+ .
Kare Kapp  Kpi Kypp Kp;

- NH,” GIn  Glu GIn-NH," Glu-NH,"

Kangt o Ken o Kow o KonKnnys KoKy,

with the apparent maximal rate constant Vélgp =0gs Vgs = 0gs -
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[GS] - keags- The affinity constants are as follows: Kp is 0.4 mM,
Kgyis 4 mM, Kygyy, " is 0.1 mM, K, pp is 0.06 mM, Ky, is 4 mM, and
Kginis 6 mM (determined at an average adenylylation state of ~2.5
AMP groups [out of a maximum of 12] covalently attached to
dodecameric GS). The equilibrium constant (K,,) is 460 and the
maximum capacity of GS (Vg) is 600 mM/min under ammoni-
um-limited conditions. As the enzyme concentration ([GS]) is
~14 pM with glutamine as the single N source, k s may amount
to ~720 s~ ! (see references 1, 24, 42, and 43). This value is com-
parable to the turnover number of ~1,400 s~ ' determined for GS
purified from cells grown with glutamate as the N source (677),
another N-limited growth condition. 8 is a function of the ad-
enylylation state of the enzyme (44, 45).

Glutamate Synthase

GOGAT is an abbreviation of glutamine 2-oxoglutarate ami-
dotransferase (EC 1.4.1.13). However, it should be noted that
GOGAT is classified by the Nomenclature Committee of the
International Union of Biochemistry and Molecular Biology
(IUBMB) as an oxidoreductase but not as a transferase.
Its systematic name is glutamate:NADP™ oxidoreductase
(transaminating).

E. coli GOGAT is a heterodimer with subunits with molecular
masses of 166 and 52 kDa, which can aggregate further to form an
octamer. The two different subunits are encoded by the gltB and
gltD genes, respectively. It has been suggested that GOGAT has
two active forms (19, 46).

E. coli GOGAT is a member of the class of NADPH-dependent
glutamate synthases. In general, the class can be characterized as
follows: the large a- and small B-subunits form a catalytically
active a-heterodimer, which contains one flavin adenine dinu-
cleotide (FAD), one flavin mononucleotide (FMN), and three dif-
ferent Fe-S clusters. The GItB protein comprises an amidotrans-
ferase domain coupled to a synthase domain through an
intramolecular ammonium tunnel. The GItD protein delivers the
reducing equivalents from NADPH to the active site. The first
glutamate molecule is released at the “glutaminase” site, and the
second glutamate is released from the “synthase” site of the a-sub-
unit (47).

In general, glutamine-dependent amidotransferases generate
NH; by glutamine hydrolysis, followed by NH; transport via an
intramolecular tunnel and further reaction by an enzyme-specific
synthase activity (48). Under some conditions, these enzymes use
cytosolicammonium instead of glutamine and, by doing so, func-
tion as ammonium-assimilating enzymes. For instance, native
GOGAT (as well as the apoglutamate synthase) can use ammo-
nium instead of glutamine as the amino donor to 2-oxoglutarate;
the former activity is only 5 to 7% of the latter activity, however
(49).

On the basis of data obtained with a polar gltF mutant, GItF was
assigned a regulatory role in nitrogen catabolism and ammonium
transport (50, 51), but this observation could not be confirmed
when a nonpolar mutant was used (52). GItF may be translocated
to the periplasmic space, which may make a direct regulatory
function in GOGAT activity unlikely (52). Thus, until now, its
precise function remains unclear (50-53).

The rate equation of GOGAT (vgogar) may read
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The dissociation constants are as follows: K, is 0.18 mM, K, is
0.007 mM (where KG denotes 2-oxoglutarate), Kyappy is 0.0015
mM, K¢y, is 11 mM, Kyapp is 0.0037 mM (54), and Kyeiy is 0.7
mM (manual optimization, referring to inhibition by metabolites
derived from glutamate). The maximum capacity of GOGAT
(Vgogar) is 85 mM/min under ammonium-limited growth con-
ditions (44).

KNADP

Glutamate Dehydrogenase

GDH of E. coli is a hexamer (275 to 300 kDa) of identical polypep-
tides (45 to 50 kDa) (19, 55, 56). The monomer is encoded by the
gdhA gene, which translates to a polypeptide of 447 amino acids
(48.4 kDa) (57, 58). So-called biosynthetic GDH catalyzes the re-
ductive amination of 2-oxoglutarate to glutamate using NADPH
as the single reducing agent (19, 20). The production of glutamate
is favored, since the apparent equilibrium constant for the biosyn-
thetic reaction amounts to 2,850 mM ™" at an ionic strength (I) of
0 and a temperature of 27°C, although it decreases with increasing
ionic strength to a value of 285 mM ™' atan I of 0.5 and goes down
to 90 mM ™' at an I of 0.5 and a temperature of 37°C (59). The
latter value means that at equal concentrations of NADPH and
NADP and of glutamate and 2-oxoglutarate, the reaction will run
in the direction of ammonium assimilation whenever the intra-
cellular concentration of ammonium exceeds 11 uM. S. Typhi-
murium GDH features an ordered ter-bi (three substrates, two
products) mechanism, where NADPH first binds and ammonium
and, finally, 2-oxoglutarate then bind; first glutamate and then
NADP dissociate (60).

Confusing results have been presented with respect to the sta-
bility of the enzyme. Purified GDH of E. coli was heat stable (19,
20) and remained active when stored for several months at room
temperature, while it was inactivated by freezing; potassium pro-
tected against freezing damage (19). In other hands, purified GDH
was found to lose activity within minutes at room temperature
(21). Purified GDH displayed an unusual resistance to high con-
centrations of the protein denaturant urea (20) and guanidine
HCI (19). The same was true for purified S. Typhimurium GDH
(55). Purified GDH has a single tight binding site for NADPH
(61). Binding of NADPH in the absence of other ligands destabi-
lizes the enzyme, except when tri- and dicarboxylic acids, includ-
ing 2-oxoglutarate, or nucleoside di- and triphosphates, including
ATP and GTP, are present. Native GDH was stable in exponen-
tially growing cells but was degraded by ATP-dependent proteases
under conditions of carbon or nitrogen starvation (61).

The K,,, values for the substrates and products of purified GDH
of E. coli as measured by six different groups differed considerably:
the ranges of K, values were 0.2 to 6.0 mM for 2-oxoglutarate, 1 to
36 mM for ammonium, and 12 to 83 uM for NADPH (21). The
K, values for the substrates and products of purified GDH of S.
Typhimurium lie in the respective ranges (60). Purified GDH
showed substantial substrate inhibition with 2-oxoglutarate (>10
mM) and glutamate (>250 mM) (21). Purified GDH showed a
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TABLE 3 Reactions catalyzed by enzymes capable of direct ammonium
assimilation”

Reaction

ATP + deamido-NAD " + ammonium —
AMP + PP; + NAD*

Enzyme (reaction order)
NAD™ synthetase (1)

Carbamoyl-phosphate
synthetase (2)

2 ATP + glutamine + CO, + H,0 —2
ADP + P; + glutamate + carbamoyl-
phosphate (a)

2 ATP + NH, + CO, + H,0 —2 ADP +
P; + carbamoyl-phosphate (b)

Asparagine synthetase A (3) ATP + L-aspartate + NH;— AMP + PP, +
L-asparagine

Asparagine synthetase B (4) ATP + L-aspartate + glutamine + H,0 —
AMP + PP; + glutamate +
L-asparagine (a)

ATP + L-aspartate + NH;— AMP + PP; +
L-asparagine (b)

“ Direct ammonium assimilation occurs in reactions 1, 2b, 3, and 4b. Reactions 2a and
4a show the reactions with the physiological amino donor glutamine. Reaction 1
includes ammonium, as the specific molecular species is so far unknown.

pH optimum at 8.0 for the reductive amination reaction (20, 21),
while that of S. Typhimurium showed a pH optimum at 8.6 (55).
Interestingly, GDH has been shown to be phosphorylated at a
histidine residue in vitro (62) and in vivo (63) in the exponential
growth phase. Low ATP (up to 2 mM) concentrations stimulated
GDH activity, while high (>8 mM) concentrations were inhibi-
tory (60). It is unknown whether ATP is the direct phosphoryl
donor for the histidine phosphorylation of GDH. There is evi-
dence for an allosteric binding site for GTP, and perhaps also for
ppGpp, in GDH (61).

For arate equation for GDH (v py), Bruggeman et al. (44) used
the following equation:

Vepn 4 Glu - NADP
KG-NH,;" -NADPH - ————
Kye- KNH4+ * Knappn Keq
NH,* ( KG Glu) ( NADPH NADP)
1+ 1+——+— {1+ +
KNH4+ Kye  Kau Kyappn Kyapp

Here Kyg is 0.32 mm, Kyappy 15 0.04 mm, Kyt is 1.1 mM,
Kyapp is 0.04 mM, K, is 10 mM, and K,,, is 1,300 mM .

Other Enzymes Capable of Direct Ammonium Assimilation

To date, besides GS and GDH (and GOGAT to some extent), E.
coli possesses four more enzymes capable of directly incorporating
ammonium into organic biomolecules, i.e., NAD synthetase, car-
bamoyl phosphate synthetase, and two asparagine synthetases,
AsnA and AsnB. In this section, we briefly describe these enzymes
(Table 3), even though these enzymes are not featured any further
in this review.

NAD synthetase. The gene efg (nadE) was found to code for an
ammonium-dependent NAD synthetase (64). Purified NAD syn-
thetase is homodimer with a subunit molecular mass of 30.6 kDa
(65). There is strong evidence that ammonium is the sole physio-
logical donor of the amino group for NadE in E. coli and S. Typhi-
murium (64, 66, 67), which is in contrast to the eukaryotic en-
zymes, which are glutamine dependent. If true, enterobacterial
NAD synthetase is a second essential ammonium-dependent en-
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zyme; GS is the other (66). Indeed, the enzyme has been shown to
be essential for growth (68, 69). S. Typhimurium nit mutants are
defective in nitrogen assimilation, in spite of having normal levels
of GS, GOGAT, and GDH (66, 70). It has been shown that nit is
nadE (66).

Recently, an interesting link between carbon and nitrogen me-
tabolism has been observed to involve CyaR, a so-called small
noncoding regulatory RNA (71). The expression of nadE was
found to be negatively affected by CyaR. Probably, because NadE
is an essential enzyme, downregulation was less than that with
other targets. In turn, CyaR was positively regulated by the global
transcriptional regulator Crp under conditions where cAMP lev-
els were high, i.e., under glucose-limiting conditions, thereby es-
tablishing a linkage between C and N metabolisms (71).

It is unknown what the ammonium assimilation rate of this
enzyme is, but it is not expected to be substantial, since the cofac-
tors NAD and NADH are not consumed but are recycled in redox
reactions: at any significant growth rate, the net rate of NAD(H)
synthesis is expected to be much lower than the net rate of ammo-
nium assimilation into biomass synthesis.

Carbamoyl phosphate synthetase. The carAB operon codes for
the two subunits of carbamoyl phosphate synthetase (72). Car-
bamoyl phosphate is synthesized from bicarbonate, ATP, and glu-
tamine (73). The transfer of the amido-N of glutamine in the form
of NHj takes place via a long hydrophobic tunnel made up from
the small subunit (CarA) and the large subunit (CarB). The latter
subunit carries the binding sites for bicarbonate and ATP. The
native heterodimer as well as the purified large subunit have been
shown to be able to produce carbamoyl phosphate from bicarbon-
ate, ATP, and ammonium; NH,, and not NH, ¥, is the substrate
(74-76). Thus, in principle, carbamoyl phosphate synthetase is
another enzyme capable of direct ammonium assimilation. How-
ever, the low affinity of either CarAB (75) or CarB (76) for NH,
(K,, = 5 mM) renders it unlikely that this reaction occurs at a
substantial physiological rate. CarB is essential, while CarA is not,
and cells lacking CarA grow albeit slowly (77).

Asparagine synthetases A and B. Two asparagine synthetases
exist, i.e., an ammonium- and a glutamine-dependent enzyme,
encoded by asnA and asnB, respectively (78, 79). Mutant strains in
which the genes for both asparagine synthetase A and asparagine
synthetase B are deleted require asparagine, whereas either single
mutant strain grows at normal rates without asparagine (79).

The asnA gene codes for a minor ammonium-assimilating en-
zyme that catalyzes the amination of aspartate with ammonium to
produce asparagine (80). This gene is downregulated under N-
limiting conditions; NRI-P stimulates the synthesis of the tran-
scription factor Nac, and Nac represses asnC, the product of which
is required to activate transcription of asnA (80). Thus, asnA ex-
pression is repressed under N-limiting conditions. AsnB catalyzes
the amination of aspartate with glutamine to produce asparagine
(78). Glutamine hydrolysis to yield NH; takes place in the N-ter-
minal domain; thereafter, the NH; released is channeled to the
active site at the C terminus, where aspartate is converted into
asparagine (81). Remarkably, AsnB has also been shown to be able
to use cytosolic NHj; instead of glutamine as the N donor (81).
Thus, both asparagine synthetases are, in principle, capable of
assimilating ammonium. Because it is the amide and not the
amino group of asparagine that is involved, their contribution to
direct ammonium assimilation is expected to be of minor impor-
tance, although the in vivo fluxes remain to be determined.
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TABLE 4 Reactions catalyzed by ATase and pyrophosphatase

Reaction

GS + ATP — GS-AMP + PP,
GS-AMP + P, — GS + ADP
ATP + P, — ADP + PP,

PP, 2P,

Biological process (step)

Adenylylation (I)
Deadenylylation (II)
Sum of steps I + II (III)
Pyrophosphatase (IV)

Adenylyltransferase/Adenylyl-Removing Enzyme

Structural aspects. The term ATase is used to represent the bifunc-
tional enzyme that has adenylyltransferase (AT) and adenylyl-remov-
ing (AR) activities. ATase functioning as an adenylyltransferase cata-
lyzes the addition of AMP to GS, using ATP as the substrate and with
the release of pyrophosphate (PP;) (82—-85). Pyrophosphatase cat-
alyzes the hydrolysis of PP; into phosphate. When ATase functions
as an adenylyl-removing enzyme, it catalyzes the removal of AMP
from GS in a phosphate-dependent reaction, which results in the
release of ADP (83, 86). The reactions catalyzed by ATase and
pyrophosphatase are shown in Table 4.

The gInE gene is located at position 3254 of the E. coli chromo-
some (66.75 min on the genetic map) (87). It codes for ATase, a
protein of 945 amino acids (102.4 kDa) (88). In native gel electro-
phoresis and in sedimentation equilibrium experiments, ATase
behaved as a monomer of ~115 kDa (89).

Biochemical analyses (with partly purified enzyme prepara-
tions) suggested that both the adenylylation and the deadenylyla-
tion reactions are catalyzed by the same enzyme, ATase (89-91).
Indeed, mutants lacking glnE had neither adenylylation nor dead-
enylylation activity (92, 93). The presence of these two activities
within ATase was also confirmed by showing that highly purified
ATase, expressed from the cloned E. coli glnE gene (94), contained
both adenylylation and deadenylylation activity in vitro (95).

Although reactions I and I are functionally the opposite of one
another, chemically, they are not the reversal of each other (95,
96). The sum of the adenylylation reaction and the deadenylyla-
tion reaction (reaction III) equals the conversion of ATP and
phosphate to ADP and pyrophosphate. The standard free energy
of hydrolysis (AG®") of ATP (to ADP) and PP; (to P,) are —33 and
—22 KkJ/mol, respectively. Free energy estimates of ATP and PP;
hydrolysis under cytosolic conditions at pH 7.6 and 3 mM Mg*"
are —50 and —20 kJ/mol, respectively (97), and therefore, free
energy to an amount of 30 kJ/mol is dissipated by the sum of the
two reactions (reaction III) (Table 4), but 50 kJ/mol if the product
pyrophosphate would be hydrolyzed further to inorganic phos-
phate (reaction IV) (Table 4). Here the ATase is special biochem-
ically not only in that it is bifunctional (i.e., catalyzing two differ-
entreactions) but also in that its two activities are antagonistic: the
enzyme is “ambiguous” (95). Its preference for either reaction
might be toggled by the binding of allosteric effectors or covalent
modification. Such ambiguity is not unique; the UTase and cer-
tain protein kinases may also be ambiguous.

Comparison of the amino acid sequence of ATase, a bifunc-
tional nucleotidyltransferase, with itself reveals a two-domain
structure (88). Each domain is specialized in one of the two reac-
tions catalyzed by ATase. The N-terminal domain catalyzes the
deadenylylation reaction, while the C-terminal domain catalyzes
the adenylylation reaction (95, 98, 99). A central, regulatory “R”
domain of some 200 amino acids is located between the N- and
C-terminal domains (98, 100). The regulatory R domain, which
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may engage in intramolecular signal transduction, perhaps pre-
vents one domain from catalyzing adenylylation and the other
from deadenylylation at the same time (95). The three domains
are separated from each other by two Q linkers, small peptides of
15 to 25 amino acids that are relatively rich in glutamine (hence Q
linker), arginine, glutamate, serine, and proline (101). Thus, the
overall domain structure of ATase is N-Q1-R-Q2-C.

Each catalytic domain contains the 24-amino-acid-long con-
served motif observed in enzymes catalyzing nucleotidyltrans-
ferase reactions (98, 100, 102, 103). This motif includes two aspar-
tate residues, separated from each other by one amino acid, which
may be involved in positioning of the Mg*" ion(s) (103, 104)
required for catalysis (96). Indeed, replacement of one or two of
these aspartate residues with Ala, Glu, or Asn individually or in
pairs in each domain abolished the corresponding domain activ-
ities completely (105). X-ray crystallographic analyses of the N-
terminal (deadenylylation) domain (104) and of the central plus
C-terminal (adenylylation) domains together (103) revealed that
the three-dimensional structure of the active site of the two activ-
ity domains is highly conserved. In addition, it showed that the
overall shape of the former domain is discoidal and that the overall
shape of the latter is oblate spheroid. A compilation of the com-
plete ATase protein built from the two X-ray structures (including
the two activity domains plus the regulatory domain) revealed
that (i) the superhelical regulatory domain is bridging the two
catalytic domains and (ii) the two catalytic active sites are located
on opposite sides of the molecule and face away from each other
(103).

By extensive fitting to in vitro kinetic data from the literature,
Bruggeman et al. (44) proposed the following rate equations for
the adenylylation and deadenylylation reactions, respectively:

GS
Vap = Vap ap - m

VN GS-AMP
Vdead = Vdead * Ydead * (KGSAMP + GS—AMP)

where 9, is a complex regulatory function of 2-oxoglutarate
containing GInB and glutamine, and ¥ 4.4 is such a function of
2-oxoglurate containing GInB, GInB-UMP, and glutamine. It is
likely that these expressions are incomplete, however, as GS and
GS-AMP should inhibit deadenylylation and adenylylation, re-
spectively (see reference 106). Indeed, the deadenylylation reac-
tion might compete with the adenylylation reaction, as the en-
zyme is “ambiguous” (95). The above-described equations reflect
neither this possibility nor the regulatory role of the R domain
explicitly (see above), which may limit this competition by keep-
ing the two reactions separate, in the N and C domains, respec-
tively.

Interactions with GS and GInB. The above-mentioned struc-
tural model of ATase was used to construct a more speculative
model of ATase docked onto GS showing that when the adenyly-
lation domain is bound to GS, the deadenylylation domain is
pointing away from GS and vice versa (103). In this way, the ac-
tivity of the two domains would have less steric hindrance from
each other, and the two opposed activities would not interfere
with each other. However, an opposing view on the interactions
between ATase and GS has also been presented, which was not
based on structural but on biochemical data; here it was suggested
that the binding of one ATase domain to a GS monomer has a
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strong cooperative effect on the binding of the other domain to an
adjacent GS monomer (107). In contrast to the above-mentioned
model, the two domains of the same ATase would both point
toward GS.

ATase reduces the activity of GS by covalent modification, i.e.,
by the covalent linkage of an AMP group to each GS subunit, using
ATP as an AMP donor and with the release of pyrophosphate
(PP;) (82, 108-110) (Table 4). Each subunit of GS can be
adenylylated so that one molecule of GS,, can have 12 AMP
groups covalently attached (GS,,-AMP;,). The activity of GS de-
creases as the average number of adenylylated subunits per en-
zyme molecule increases (111). The modified amino acid of GS is
tyrosine 397 (112-115), which is located at the outer diameter of
the hexagonal ring structure (116). The decrease in activity upon
adenylylation of a GS monomer is due to a decrease of both the
V max and the affinity for glutamate (111). However, the exact con-
formation change upon full adenylylation is not known because,
so far, no nuclear magnetic resonance (NMR) or X-ray crystallo-
graphic analysis has been performed with fully adenylylated GS,
although crystals with partially adenylylated GS have been ana-
lyzed (117-119). Partial adenylylation had no effect on the qua-
ternary structure but might have small effects on the tertiary struc-
ture (118). Finally, two other changes of GS become apparent
upon adenylylation; i.e., (i) the metal ion cofactor requirement
changes from Mg”" to Mn*™ (45, 120) and (ii) the pH optimum in
the y-glutamyl transferase assay becomes lower, at least for K.
pneumoniae (K. aerogenes) (121) and E. coli (122).

As described above, ATase regulates the activity of GS by
adenylylation or deadenylylation. Direct regulation of ATase itself
occurs by its binding of glutamine and uridylylated and unmodi-
fied forms of GInB, while indirect regulation takes place through
the modulation of the activity of GInB species binding 2-oxoglu-
tarate. As expected, the adenylylation domain contains the bind-
ing site for glutamine because glutamine is known to activate the
adenylylation activity (98, 100). However, as glutamine also inhib-
its the deadenylylation reaction, “intramolecular signal transduc-
tion” between the AT and AR domains appears to be involved
(123). It was suggested that both GInB and GInB-UMP bind in the
central regulatory domain R (100), but more specific allocations
for the binding sites have also been proposed, i.e., at the junctions
between the central region and the AR and AT domains (123).
Paradoxically, the binding site of GInB and GInB-UMP is located
on the deadenylylation and the adenylylation domains, respec-
tively. This is unexpected because GInB stimulates the adenylyla-
tion reaction, while GInB-UMP stimulates the deadenylylation
reaction. Thus, the two signal-transducing proteins bind to the
domain with the opposing activity (98, 123), again a feature of
intramolecular signal transduction. However, regarding inhibi-
tion of the two ATase activities, either signal transducer protein
binds to the ATase domain with inhibited activity (98). This im-
plies that the two activity domains need to communicate with
each other for activation of the opposed activity. Indeed, the
adenylylation activity becomes independent of GInB after deletion
of the deadenylylation domain (98, 100, 123).

Uridylyltransferase/Uridylyl-Removing Enzyme

Structural aspects. UTase is encoded by the glnD gene, which
translates to a protein of 890 amino acids (102 kDa) (88, 124, 125).
This gene product migrated as an 89-kDa (88) or a 95-kDa (126)
protein in SDS-PAGE gels and eluted as a protein of ~100 kDa
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TABLE 5 Reactions catalyzed by UTase and pyrophosphatase

Reaction

GInB + UTP — GInB-UMP + PP,
GInB-UMP + H,0 — GInB + UMP
UTP + H,0 — UMP + PP,

PP, 2P,

Biological process (step)
Uridylylation (I)
Deuridylylation (II)

Sum of reactions I + II (III)
Pyrophosphatase (IV)

from a gel filtration column (124), suggesting that UTase is a
monomer.

Comparison of the GInD amino acid sequence with itself did
not reveal a two-domain structure as observed for ATase (88). In
addition, the conserved motif observed in enzymes catalyzing
nucleotidyl transferase reactions (102), which is supposed to be
located at the active site, is present only once in UTase, while in
ATase, this motif is present twice (see above). These findings are
unexpected, because UTase and ATase are both ambiguous nucle-
otidyl transferases. UTase has uridylyltransferase (UT) and uridy-
lyl-removing (UR) activities. The discrepancy between UTase and
ATase may be taken to suggest that the two catalytic activities of
UTase reside at the same site or that the catalytic site of one of the
two activities is not homologous to the putative consensus se-
quence for the nucleotidyl transferases. The former suggestion is
consistent with a kinetic analysis of UTase that indicated that both
reactions catalyzed by UTase may occur at a single active center
(127). The latter suggestion, however, is consistent with a recent
analysis of the four distinct domains of E. coli GInD (128). The site
of GInD homologous to the catalytic domains of nucleotidyl
transferases, which is approximately 100 amino acids in length
and located at the N terminus of GInD (102, 128), is essential for
the uridylyl transferase activity (128). By implication, the remain-
ing part of the protein (~800 amino acids), or a subdomain of it,
may be involved in the deuridylylation reaction. Indeed, this re-
maining part of GInD contains three other domains: one HD do-
main (128, 129) and, further downstream, two ACT domains
(128, 130), in the middle and at the C terminus of GInD, respec-
tively (128, 131). The HD domain and the ACT domain are named
after the conserved His and Asp residues and after three enzymes
in which this domain is found, respectively (128). The HD and
ACT domains harbor the uridylyl-removing activity and the bind-
ing site for glutamine, respectively, as determined by in vitro assays
of GInD variant proteins (128). The uridylyl-removing activity is a
hydrolytic reaction (reaction II) (Table 5). This agrees with the
observation that the HD domain is present in proteins with phos-
phohydrolase activity (128, 129). The ACT domain has been
found by amino acid sequence analysis in proteins that bind
amino acids or small effector molecules (128, 130). This agrees
with the regulation of GInD activity by glutamine (127).

Rate equations for the uridylylation and deuridylylation activ-
ities have been developed by Bruggeman et al. (44). These activi-
ties are highly complex in terms of their regulation by glutamine
and unmodified and uridylylated forms of GInB.

Interactions with GInB and GInK. GInB can be modified cova-
lently by uridylyltransferase (UTase), resulting in GInB-UMP and
PP; while starting from GInB and UTP (Table 5). UTase can also
use other nucleotides, like CTP, GTP, and ATP, to modify GInB
(127). The preferences for these substrates can be estimated by
calculating the so-called specificity constants (k,/K,,) (132). The
(calculated) constants are 2,200, 170, 21, and 16 mM - min™ ',
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respectively (127), and thus, UTP is by far the preferred substrate.
In addition, Jiang and coworkers (127) showed that GInB-AMP,
and GInB-CMP could activate the deadenylylation reaction of GS-
AMP catalyzed by ATase but not as well as GInB-UMP, which is
known to be an essential activator for this reaction (133). In addi-
tion, GInB-AMP and GInB-CMP did not, like GInB-UMP, acti-
vate the NRII phosphatase activity (127).

Like ATase, UTase is an ambiguous enzyme: it catalyzes both
uridylylation and deuridylylation but as two distinct reactions.
However, both the uridylylation and deuridylylation reactions of
UTase are (indirectly) stimulated by 2-oxoglutarate and ATP. The
latter molecules affect the reactions by binding to GInB and GInB-
UMP (and not to UTase itself) (127, 134). This is in contrast to
glutamine, which stimulates the deuridylylation reaction but in-
hibits the uridylylation reaction (127). As the activation constants
of the UT and UR activities of UTase for 2-oxoglutarate (5 to 30
wM) are at least 10-fold lower than the 2-oxoglutarate concentra-
tions in intact cells (0.5 to 10 mM) (135), the in vivo uridylylation
state of GInB may well be independent of variations in the 2-oxo-
glutarate concentration. It was therefore concluded that the
UTase-GInB monocycle may function as a glutamine rather than a
2-oxoglutarate sensor (127, 136).

Mg*" is the metal ion cofactor for both activities of UTase
(127). Deuridylylation of GInB-UMP is a hydrolytic reaction that
results in the release of UMP (127, 137). Because this is not a
phosphorolytic reaction, like the deadenylylation reaction (Table
4), but rather a hydrolytic reaction (Table 5), the sum of the two
UTase reactions is energetically more costly than that of the two
ATase reactions. As with ATase, the uridylylation reaction is not
the reverse of the deuridylylation reaction (for a comprehensive
analysis of the kinetics of the two activities of UTase with GInB as
the substrate, see reference 127).

Like GInB, GInK can be modified by UTase (138-140). How-
ever, the products (and substrates) of both the uridylylation and
the deuridylylation reactions are still unknown, but they would
probably be the same as those for the reactions with GInB as the
substrate (Table 5), because of the homology of GInK with GInB.

GInB

It was observed by Stadtman and coworkers that the deadenylyla-
tion reaction of GS-AMP was catalyzed by the combined action of
two protein components (P; and Py;) (141, 142). Those authors
concluded that the P; component was the catalyst (i.e., the enzyme
adenylyltransferase [see above] [i.e., P; = ATase]) and that the P,
component was probably involved in regulating the activity of P,.
The P;; protein is encoded by the glnB gene. The gene product
(GInB) consists of 112 amino acids (143—146), and here we refer to
P;; as GInB. Tyrosine 51 of GInB is modified by the uridylylation
reaction, as has been shown by biochemical analysis and site-di-
rected mutagenesis (145, 147, 148). From results based on gel
filtration (124) and combined native and SDS-polyacrylamide gel
electrophoresis, it was concluded that GInB consists of four iden-
tical subunits (149). However, after sedimentation equilibrium
analysis (150) and preliminary X-ray diffraction analysis (150,
151), it was concluded that GInB was a homotrimer instead of a
homotetramer. This was confirmed by resolving the structure of
nonuridylylated GInB at a high resolution through X-ray diffrac-
tion analyses (152, 153). Most of the residues in the three mono-
mers pack into a rigid, squat barrel, approximately 5 nm (50 A) in
diameter and 3 nm (30 A) high, consisting of three tightly inter-

mmbr.asm.org 637


http://mmbr.asm.org

van Heeswijk et al.

locking B-sheets surrounded by a-helices (an interlocking double
BaB-fold). The most distinctive features of the trimer are the
three large (flexible) 20-residue loops (T loops), which protrude
from the compact main body of the molecule. Tyrosine 51 is lo-
cated at the apex of each of the T loops, placing the hydroxyl group
of tyrosine 51 approximately 1.3 nm (13 A) above the flat surfaces
of the barrel, making this residue readily accessible for uridylyla-
tion. In the trimer, all three subunits may be uridylylated, and
thus, in the cell, GInB may exist in at least 4 different forms
(GInB;-UMP,,_;), depending on the nitrogen status of the cell. In
addition, each monomer has small B and Cloops. A cleft is formed
between neighboring monomers, i.e., between the B, C, and T
loops (152). The importance of the T-loop structure for the inter-
action with ATase, UTase, or NRII was shown by reducing the
length of the T loop by 7 amino acids (the apex of the T loop
including Tyr51). This completely abolished the interaction of the
resulting GInB**"~>® variant with all three target proteins, as was
concluded from activity measurements in vitro (148). This result
suggested that (at least one of) the deleted amino acids, or the
presence of the intact T loop, are necessary for these interactions.
However, the deleted amino acids of the T loop were not necessary
for the binding of ATP or 2-oxoglutarate (148). Single-amino-
acid substitutions within the T loop resulted generally in a reduced
interaction of the GInB variants with ATase, UTase, or NRII (147,
148).

GInK

GInK is the most recently discovered member of the GS regulatory
system (139, 154, 155). The glnK gene forms an operon together
with the amtB gene. glnK, like glnB, codes for a product of 112
amino acids (12.2 kDa), and GInK is 67% identical to GInB (139,
155). In addition, GInK, like GInB, contains tyrosine 51. Indeed, it
has been concluded from the absence of uridylylation of GInK*>'N
(a GInK variant in which Tyr51 is replaced by Asn) and its analogy
with GInB that Tyr51 may be the site of modification (138). The
amino acid sequence of GInK is highly conserved among known
GInB(-like) proteins, including those present in nonenteric bac-
teria (25, 139). GInK, like GInB, is a homotrimer, and its three-
dimensional structure is similar to that of GInB, including the B
and Cloops and the three large protruding T loops, as deduced by
X-ray crystallographic analysis (156). An X-ray diffraction analy-
sis of the E. coli GInK-ATP cocrystal revealed binding of ATP in a
cleft on the side of the molecule to the Walker A consensus motif
present in the B loop. This binding could influence the structure of
the flexible T loop (156). The binding site for 2-oxoglutarate,
which is expected to be present in all GInB(-like) proteins, has
been difficult to identify.

Recently, however, it was convincingly shown by X-ray crystal-
lographic analysis (157) that 2-oxoglutarate binds at a site near the
ATP binding site of GInZ, which is a GInK-like protein (25, 158)
present in the proteobacterium Azospirillum brasilense. This
makes sense, because binding of ATP and 2-oxoglutarate is syner-
gistic, as has been shown for GInB (29, 127, 134), and this may also
be the case for GInK.

Although the base and ribose of ATP bind in a similar way to the
E. coli GInB and GInK proteins, the binding of ATP to the two
paralogs differs in the way in which the phosphates interact with
the proteins (159; see references 26 and 160 for reviews about
novel structural insights of GlnB-like proteins). The different way
of binding ATP may be an explanation for the difference in the
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activities between GInK and GInB. Indeed, GInK and GInK-UMP
are less potent than GInB and GInB-UMP in activating the
adenylylation and deadenylylation reactions, respectively (138,
139, 161). In addition, GInK is less potent than GInB in stimulat-
ing the phosphatase activity of NRII (138). Thus, in regulating GS
activity, GInB is the principal signal transducer and regulator. As
described above, the UTase-GInB couple can be perceived as an
efficient glutamine-sensing device. Although GInK is almost as
readily uridylylated as GInB, deuridylylation of GInK-UMP is
about 10 times slower than that of GInB-UMP (138), implying
that the UTase-GInK couple might be a worse device in sensing
glutamine. However, on the basis of in vivo experiments, Atkinson
and Ninfa suggested that the reversible modification of GInK was
rapid (162). Also, in vivo complex formation between AmtB and
GInK, which is dependent on the uridylylation status of GInK, is
reversibly and rapidly adjusted to the internal glutamine pool
(163).

Nitrogen Regulator Il

Structural aspects. NRIT and NRI together constitute a two-com-
ponent system consisting of a sensor/transmitter and a receiver/
response regulator protein (for reviews concerning two-compo-
nent systems, see references 164-166). NRII alone can act as a
kinase or a phosphatase of NRI, i.e., a positive or negative regula-
tor for glnA expression, respectively, while it is a phosphatase in
the presence of GInB or GInK (133, 138, 167-169). The glnL (ntrB)
gene translates to a protein of 349 amino acids (34). It has a mo-
lecular mass of approximately 36 kDa per monomer and forms
homodimers in solution (170). NRII consists of three domains
(171), i.e., a nonconserved amino-terminal domain of approxi-
mately 120 amino acids (the sensor module); a middle domain,
which contains the dimerization determinants, consisting of two
helices; and a carboxy-terminal domain. The latter two domains
together, also called the kinase/phosphatase domain (the trans-
mitter module), are approximately 230 amino acids and possess
three regions that are highly conserved among transmitter pro-
teins of two-component systems (171, 172). The helix in the mid-
dle domain close to the N-terminal domain includes histidine 139,
the site of autophosphorylation (173). The C-terminal domain
includes the putative nucleotide binding site (174-176). After
dimerization, the two helices of each monomer may together form
a four-helix bundle (176). Analysis of many NRII variants in vivo
revealed that NRII variants that could not activate glnA expression
also behaved as phosphatases in the absence of GInB (174). Be-
cause of this strong correlation, it was proposed that the mecha-
nism of regulation by GInB may be to shift the equilibrium be-
tween the kinase and phosphatase conformations of NRII toward
the latter; thus, GInB is essential for the phosphatase activity of
NRII but not for the kinase activity (174). The decreased kinase
activity of some other NRII variants (174) was shown to be the
result of a disabled autokinase activity (177). It was suggested that
the sensor module controls the switch between the kinase and
phosphatase activities of the transmitter module by influencing
the interaction between the middle domain and the C-terminal
domain in the transmitter module (172).

Interactions with GInB (GInK). An X-ray crystallographic
analysis of the C-terminal domain of NRII revealed that its three-
dimensional structure shares characteristics with other sensor
proteins, except for a novel B-hairpin (176). This structural ele-
ment may be involved in binding of GInB to NRII because substi-
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tutions in the vicinity of this B-hairpin reduced the binding of
GInB to NRII, as has been shown by cross-linking studies (178,
179). The binding of GInB to the kinase domain of NRII was
shown to occur in an ATP- and 2-oxoglutarate-dependent man-
ner (179). In analogy with GInB, GInK may also bind to the
B-hairpin of NRIL

Nitrogen Regulator |

The ginG (ntrC) gene translates to a protein that has been named
NRI. It consists of 468 amino acids (34), has a molecular mass of
approximately 55 kDa per monomer, and forms dimers in solu-
tion (180). NRI harbors three domains (181). The first domain is
an amino-terminal domain, also called the receiver domain, of
approximately 120 amino acids, which is conserved among re-
ceiver proteins of two-component systems and contains the con-
served Asp54, the site of phosphorylation (182). This domain is
essential for transcription activation (183). The second is a central
domain that contains the activation plus oligomerization deter-
minants (184). The third domain is a carboxy-terminal domain
that harbors a helix-turn-helix DNA binding motif and dimeriza-
tion determinants (185, 186). Besides binding to DNA and
dimerization, a third function for the C-terminal domain might
be phosphorylation-independent oligomerization (187). The cen-
tral activation domain has an ATPase activity that is essential for
activation of transcription (188, 189). The amino-terminal and
central domains are linked together by a flexible Q linker (101).
Transcription activation by wild-type NRI-P in vitro (190) and
phosphorylation of wild-type NRI at D54 in vitro require Mg*"
(168, 191). Replacement of aspartate 54 of NRI by various other
amino acids abolished phosphorylation of NRI, confirming that
D54 is the sole site of phosphorylation (192, 193). Replacement of
D54 by glutamate activated the protein, presumably by mimicking
the aspartyl-phosphate entity (192, 193); perhaps, the negative
charge of the carboxy group of glutamate may be at the same
distance from the a-carbon as the negative charge of the phos-
phate group of aspartyl-phosphate. However, the corresponding
receiver domain (D54E) fails to bind Mg>". Thus, because full-
length NRI (D54E) can activate transcription, it has been con-
cluded that Mg>* does not change the structure of the receiver
domain necessary for intramolecular signal transduction and ac-
tivation of NRI (194). Similar to NRI (D54E), an adduct of NRI
with beryllofluoride (BeF3), prepared in situ, could mimic phos-
phorylation of NRI and activate transcription (195).

NMR spectroscopy of the nonphosphorylated receiver domain
of NRI of S. Typhimurium, without Mg“, revealed a structure
comprised of a central five-stranded parallel B-sheet surrounded
by five a-helices, a (B/a)5 topology (196). NMR spectroscopy of
the nonphosphorylated receiver domain (D54E) of NRI of S. Ty-
phimurium and those of additional constitutive mutants (194),
selected as suppressors of growth defects caused by glnL-negative
mutants (184, 197), revealed huge structural changes compared to
the wild-type nonphosphorylated receiver domain, in a region
from a-helix 3 to B-strand 5, the so-called “3445 face” (for a3,
B4/a4, and B5) (194). Thus, the 3445 face and the active site ap-
pear to interact (194). The importance of this 3445 face has been
confirmed by NMR spectroscopy of (i) a transiently phosphory-
lated switch in the receiver domain of NRI using a high concen-
tration of a low-molecular-mass phosphoryl molecule (198) and
(ii) the beryllofluoride adduct of the receiver domain of NRI
(199).
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Constitutive E. coli mutants, which were isolated in a way sim-
ilar to that described above for S. Typhimurium, had amino acid
substitutions in the 3445 face and in a-helix 5 (200). Both types of
E. coli NRI variants exhibited ATPase activity, could bind specifi-
cally to the promoter without phosphorylation, and could activate
transcription in vitro. Moreover, apart from the involvement of
the 3445 face in interdomain signal transduction, a second inter-
action was detected, where a-helix 5 of the receiver domain inter-
acts with the central domain (200).

As mentioned above, the C-terminal domain contains the he-
lix-turn-helix DNA binding motif. Replacement of three hydro-
philic residues in the second helix of the helix-turn-helix motif by
alanines resulted in a variant of S. Typhimurium NRI that did not
bind DNA but which was structurally and functionally intact
(186). Surprisingly, at concentrations of 100 nM or higher, this
phosphorylated variant activated transcription from the glnAp2
promoter. This activation was similar by using templates with or
without an enhancer. Thus, the roles of the enhancer can be by-
passed if the protein is present at high concentrations in solution
(201).

Nitrogen Assimilation Control Protein

Nac is a transcriptional regulator. It is present in the enteric bac-
teria E. coli (Nacy) and K. pneumoniae (K. aerogenes) (Nacy) but is
absent from S. Typhimurium (202). So far, the main focus of
research has been on the Klebsiella Nac system (for reviews, see
references 203 and 204).

The translated gene product of both nacy and nacy counts 305
amino acids (202, 205). The molecular mass of Nacy (33 kDa)
(202), expressed from a temperature-inducible phage \ p; pro-
moter located on a vector, is similar to that of purified Nacy (32
kDa) (206), as assessed by SDS-polyacrylamide gel electrophore-
sis. Nacg could not be purified with the same methods used for
Nacy, because it was insoluble under all conditions tested; further-
more, it was degraded rather fast, with a half-life (¢,,,) of only 15
min at 30°C (202). Nacg is a homodimer in solution at a concen-
tration below 5 to 7 uM (203, 207). However, at higher concen-
trations, Nac eluted as a tetramer, as determined by fast protein
liquid chromatography (FPLC)-mediated gel filtration (207), sug-
gesting that the tetramer is a complex of two dimers. Nac was
insoluble. However, using FPLC, a maltose binding protein
(MBP)-Nacy, fusion was monomeric, but Nac; was dimeric after
cleavage of MBP (208).

Although Nac and Nacg have exactly 305 amino acids, the
amino acid sequence identity was only 79%, with most of the
divergence in the C-terminal two-thirds of the protein (202).
The N-terminal 100 residues of Nac; and Nacy, which may con-
tain a helix-turn-helix motif (see below), turned out to harbor
many known properties of Nac in vivo and in vitro, such as (i) the
activation of hut; (ii) the repression of gdh; (iii) the ability to bind
DNA, as assessed by a gel mobility shift assay; and probably (iv)
carrying determinants of dimerization (208). Indeed, Nacy vari-
ants with the C-terminal domain deleted were still dimers in so-
lution, as assessed by FPLC (207). In addition, some Nac proteins
having a point substitution in the C-terminal domain, e.g.,
Nac""'"¥, were dimers in solution instead of tetramers, suggesting
that the tetramerization determinant is located in the C-terminal
domain (207).

Nac is a member of a large family of highly conserved LysR-type
global transcription regulators, acting as either activators or re-

mmbr.asm.org 639


http://mmbr.asm.org

van Heeswijk et al.

pressors of single or cistronic genes (for reviews concerning LysR-
type regulators, see references 209 and 210). Structurally, they
contain a coeffector binding domain at the C terminus and a helix-
turn-helix motif at the N terminus, which enables binding to pro-
moter DNA (209, 210). The minimal binding consensus sequence
of Nacy, as determined by DNase I footprint and mobility shift
assays, seems to be the 15-nucleotide consensus DNA binding site
5'-ATA-ny,-TAT-3' (the first and last 3 nucleotides form a dyad
symmetry) (206, 211). When Nacg was cloned downstream of
an isopropyl-B-Dp-thiogalactopyranoside (IPTG)-inducible pro-
moter, the activity of hut and gdh, genes regulated by Nacy, de-
pended only on IPTG, even when cells were grown with excess
ammonium (212). The authors of that study suggested that appar-
ently no coeffector or modification of Nacy was required for reg-
ulation (212).

Indeed, binding of partially purified Nacy from cells grown un-
der conditions of nitrogen limitation or nitrogen excess shifted
hutP DNA equally (206). In addition, potential nitrogen coeffec-
tors, like glutamine, glutamate, 2-oxoglutarate, and ammonium
at 10 mM, had no effect on shifting hutP DNA by Nacy (206).
Using gel mobility shift assays, it was shown that wild-type Nacy
(Nac™'y) and Nac'''® shifted the Nac-activated promoters
phutU and pureD (for histidine and urea utilization, respectively)
as dimers, with protected regions in DNase I footprint analyses of
28 bp (206, 207). However, Nac" " and Nac™'''*; bound to the
repressed promoters pnac and pgdhA as a tetramer and a dimer,
respectively (207). DNase I footprint analysis of Nac" " bound to
the pnac promoter showed that it protected two adjacent regions
of approximately 26 bp, each with a region of hypersensitivity
between them, while Nac"''* protected only one region (207).
The region of hypersensitivity may be the result of bending of the
DNA by bound Nac, as has been determined by gel mobility shift
assays (207, 213). In addition, Nac"'''®, (dimer) failed to repress
gdhA, while NacW" (tetramer) strongly repressed gdhA (207).
Like most LysR-type transcriptional regulators (LTTRs), tetra-
meric Nacg may adopt a compact or an extended conformation
that recognizes short or long DNA binding sites, respectively. Un-
like most members of the LysR family, the conformation is not
determined by the intervention of a coeffector (a small metabo-
lite) but by the nature of the DNA site (214).

cAMP Receptor Protein

Crp (also known as CAP [catabolite activator protein] or CGAP
[catabolite gene activator protein]) is a global transcriptional reg-
ulator that controls approximately 400 mono- or multicistronic
operons in E. coli (215, 216; for reviews about Crp, see references
217 and 218). Crp plays a regulatory role in carbon source utiliza-
tion. There is some evidence that it might also be involved in the
regulation of nitrogen metabolism. This is described in the section
below about transcription regulation of ginALG. Here general and
structural knowledge is presented.

Crp is encoded by the gene crp, which yields a product of 209
amino acids (219) or 210 amino acids (220). This gene product
has a calculated molecular mass of 23.6 kDa (219). The molecular
mass of Crp, as determined by denaturing gel electrophoresis, was
determined to be 23.0 kDa (219) or 22.0 kDa (221). However, Crp
eluted from a G-100 Sephadex column as a 45-kDa protein (222),
and thus, Crp is considered a homodimer (221, 223). Each subunit
may bind one cAMP (223, 224), but Crp exhibits negative coop-
erativity in binding cAMP (225).
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After enzymatic proteolysis of Crp in the presence of cAMP, a
peptide of ~12.5 kDa was observed, while wild-type Crp (22 to 23
kDa) disappeared. This was taken to suggest that a Crp monomer
consists of two domains (226, 227). On the basis of a lack of pro-
teolysis of Crp in the absence of cAMP by the same proteolytic
enzymes, it was concluded that binding of cAMP induced a con-
formational change in Crp (226, 227). From the high level of sim-
ilarity between the amino acid sequences of a two-alpha-helix mo-
tifat the C-terminal domain of Crp and a region at the N-terminal
domain of the lac and gal repressors, it was inferred that this motif
may be involved in binding DNA (228). X-ray diffraction analysis
of Crp-cAMP complexes (223, 224, 229) confirmed (i) the two-
domain structure of a Crp subunit and (ii) the two-alpha-helix
motif as the DNA binding unit. Furthermore, the structures
showed that the large N-terminal domain forms the contacts be-
tween the two Crp subunits of the dimer and binds cAMP. The
small C-terminal domain contains a helix-turn-helix DNA bind-
ing motif, and both C-terminal domains are involved in binding
to DNA (223).

The DNA binding consensus sequence is indeed palindromic
and covers 22 bp, 11 bp on either side of the axis of symmetry. It
consists of two core motifs, i.e., a 5-bp sequence, TGTGA (one
motif on either side of the symmetry axis), separated by a 6-bp
spacer (for an elaborate study concerning the spacer length, see
reference 230). In the absence of cAMP, Crp binds nonspecifically
to DNA; its affinity and specificity for the binding site are greatly
enhanced by cAMP (221, 231). The crystal structure of Crp-cAMP
and especially that of its two DNA binding domains fit perfectly in
the major groove of left-handed B DNA (223). It has been sug-
gested that cCAMP exerts its allosteric effect by changing the rela-
tive orientation of the two subunits that allows them to bind to the
DNA (223, 229). Crp requires cAMP both for specific binding to
DNA and for activation of transcription, as has been shown in an
in vitro transcription assay (222, 232). The Crp-cAMP, complex is
considered the relevant active form of Crp under physiological
conditions (233).

Besides binding to DNA, Crp-cAMP is also able to bend DNA,
as determined by nondenaturing gel electrophoresis mobility shift
analyses (234, 235). Bending of the DNA in a DNA-Crp-cAMP
complex has been confirmed by X-ray diffraction analyses of the
complex (236, 237). Bending may increase the rate of transcrip-
tion in vivo, as was suggested by the observed higher in vitro tran-
scription rate using synthetic DNA-bending sequences at the E.
coli lac promoter (238). This can then either activate or repress
transcription. Activation or repression occurs if Crp-cAMP is cor-
rectly positioned with respect to the transcription start site, i.e., at
bp —40 to —75 (239), or if the binding site overlaps that of the
RNA polymerase or the transcription start site, respectively (e.g.,
see reference 240).

Leucine-Responsive Regulatory Protein

The leucine-responsive regulatory protein of E. coli is the best-
studied member of the Lrp family (241) or the FFRP (feast/famine
regulatory protein) family (242). Because many reviews (6, 241—
244) dealing with Lrp can be found in the literature, we only sum-
marize here.

Lrp is a small protein (~19 kDa) (244). It consists of an N-ter-
minal DNA binding domain, harboring the canonical helix-turn-
helix motif, connected with a flexible hinge to a C-terminal ligand
binding RAM (regulator of amino acid metabolism) domain (241,
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242). As for Crp and IHF (integration host factor), an important
function of Lrp may be to bend DNA (243). It affects transcription
of at least 10% of the genes of E. coli (241). Lrp regulates the
expression of genes involved in catabolism and anabolism of
amino acids via repression or activation (244). In general, it reg-
ulates genes that function during famine and feast positively and
negatively, respectively. Lrp often works together with other
global regulators like Crp, IHF, and H-NS (the histone-like nucle-
oid-structuring protein) (241). Although Irp is autogenously reg-
ulated, Lrp is a moderately abundant DNA binding protein, since
some 3,000 Lrp dimers are present per cell (241, 243). Also, other
multimeric states are found, from tetramers and octamers up to
hexadecamers (241). Determination of the structure of Lrp re-
vealed that the octamer, which is a tetramer of dimers, is basically
an open, linear structure, in contrast to the closed, octameric rings
formed by Lrp homologs (245). Interconversions of the multi-
meric states are possibly affected by leucine, and the multimeric
state determines the affinity for DNA (241, 242). Leucine indicates
amino acid sufficiency, and it sometimes strongly affects the reg-
ulation of transcription of operons by Lrp (243), but in most cases,
control by Lrp is leucine independent (241). Alanine is almost as
effective with Lrp as leucine (243, 246). However, Lrp responds to
a broader range of amino acids than was previously appreciated:
responsiveness to methionine was comparable to that to leucine,
and Lrp was also fairly responsive to isoleucine, histidine, and
threonine (247). In relation to nitrogen metabolism, unliganded
Lrp has been demonstrated to activate glfBDF and pyridine nucle-
otide transhydrogenase (6). Also, the operon glnALG was claimed
to be positively affected, but this may be only an indirect effect due
to the effect of Lrp on gltBDF transcription (243).

Nitrogen-Phosphotransferase System

E. coli possesses a so-called nitrogen-phosphotransferase system
(nitrogen-PTS or PTSN") (248), in addition to the well-known
sugar uptake system PTS (sugar-PTS) (249, 250). The nitrogen-
PTS consists of a cascade of three phosphoryl-transferring pro-
teins. The proteins are homologous to their equivalents of the
sugar-PTS. Initially, the nitrogen-PTS seemed to provide a link
between carbon and nitrogen assimilation, and the name “nitro-
gen-PTS” or “PTS™'™ appeared to be appropriate. However, in
light of recent evidence (see below), it may be inappropriately
named after all (251, 252), because the link of the nitrogen-PTS
with the nitrogen-regulated system is limited, if present at all.
However, we maintain Ntr in superscript to indicate this system
(PTS™") and two of its components (EIIAN" and EIN"™).

The rpoN gene, also known as ntrA (197) and glnF (190), codes
for the o>* factor. RNA polymerase associated with o°* (¢°*-RNA
polymerase) binds to the DNA consensus sequence, with the most
distinct feature of two doublets, GG (position —25/—24) and GC
(position —13/—12), relative to the transcription start site (190,
253, 254). The first and second doublets are conserved in ~100%
and 96% of the sequences, respectively (253). In contrast to the
housekeeping ¢’°-RNA polymerase, 6°*-RNA polymerase re-
quires an activator protein, such as NRI (see “Transcription reg-
ulation of gInALG,” below), to initiate transcription (254, 255).

¢* has also been denoted o™, where the superscript N illus-
trates the fact that o>* functions in transcription of nitrogen as-
similation and nitrogen fixation genes such as glnA and nifLA,
respectively (for a review, see reference 255). Recently, however, a
comparative analysis of all sequenced prokaryotes revealed that
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a”* (o™) not only engages in transcription of N-related genes but
also is a central player in the control over the very many processes
that involve the interaction of a microbe with its environment
(256). This implies that the superscript N in o™ no longer does
justice to the many disparate activities in which ¢°* is engaged.

The rpoN gene appeared to have a few neighboring genes that
altogether constitute an operon. The genes within the rpoN
operon were discovered on the basis of suppression of a condi-
tionally lethal temperature-sensitive era [era(Ts)] mutant (257).
The era gene codes for an essential GTPase, which may be impor-
tant for cell division and ribosome function (for a review, see
reference 258). It was concluded from an analysis of the various
suppressors and other kinds of mutants which prevented the ex-
pression of ptsN that the defect caused by era was relieved by the
absence of EITANY (nitrogen-related enzyme ITA) (257). This rpoN
operon contains five genes (248), two of which code for proteins
with high amino acid sequence similarity to the phosphoenol-
pyruvate (PEP):carbohydrate PTS proteins. The latter two pro-
teins were designated EITAN" (ptsN) and NPr (nitrogen-related
HPr) (npr) (257). The npr gene has been renamed ptsO (259). The
genes in the rpoN operon are expressed from two promoters, i.e.,
a strong promoter upstream of rpoN (257, 260) and a weak pro-
moter upstream of the ptsNO genes (257). Transcription of the
rpoN gene (operon) was found not to be regulated by nitrogen
(257,261, 262), which, in hindsight, is not so remarkable anymore
in light of the involvement of the sigma factor in all kinds of
bacterium-environment interactions (256). A third gene that
coded for a protein with homology to a PTS component was p#sP.
It was not part of the rpoN operon (257) but has been localized
elsewhere on the E. coli chromosome by sequence analysis (259).
The ptsP gene encodes a protein with homology to the EI protein
and has been named EIN", making the set of three PTS homologs
complete (nitrogen-PTS).

The nitrogen-PTS, like the sugar-PTS, uses PEP as the high-
energy phosphate input substrate. Phosphoryl transfer in the ni-
trogen-PTS has been shown to proceed in vitro (263) and in vivo
(264) from PEP to EIN" to NPr to EIIANY, i.e., just like the phos-
phorelay observed for the sugar-PTS. His73 is the single site phos-
phorylated in EITAN" in vivo (264). In strong contrast to the sugar-
PTS, however, phosphoryl transfer from EITAN"-P to a specific
small-molecule target has not been reported so far (248). How-
ever, dephosphorylation of EIITAN"-P is expected to occur, and
perhaps, the exchange of the phosphoryl group via cross talk with
the sugar-PTS may have to be considered in this respect.

Cross talk between the nitrogen-PTS and the sugar-PTS has
been shown to be possible in principle. In vitro, phosphoryl trans-
fer from HPr-P to EIIAN" (257, 265) and from EAII-P to Npr
(257) has been demonstrated. However, phosphoryl transfer in
vitro between the first two proteins of the two systems is strictly
phosphorelay dependent: EIN"-P prefers NPr as an acceptor, and
likewise, EI-P has a preference for HPr, and the two pairs have
little cross-reactivity (257, 263). In vivo, EI and Hpr as such are
each separately capable of phosphorylating EITAN" (264).

Ammonium Transporter

AmtB belongs to the Amt/MEP/Rh (rhesus) membrane super-
family of ammonium transporters, members of which are wide-
spread in organisms of all domains of life (266). Its ubiquity has
given rise to quite a vivid field of research. The AmtB/MEP/Rh
proteins have been studied extensively using a variety of methods:
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site-directed mutagenesis, whole-cell and vesicle uptake assays,
crystallography, electron microscopy, atomic force microscopy,
and molecular dynamics simulation have shed light on the mech-
anistic, structural, and kinetic behaviors of the transporter pro-
teins. It is striking that in spite of this wealth of experimental data,
no consensus view on several important aspects of ammonium
transport has emerged yet. This may become understandable by
acknowledging the observation that highly similar transport pro-
teins of the same family can display fundamental mechanistic dif-
ferences (267).

Membrane topology. The amtB gene encodes a preprotein with
a signal peptide that is cleaved off upon membrane insertion. De-
letion of the signal peptide results in lower levels of AmtB accu-
mulating in the membrane (268). The AmtB monomer consists of
11 trans-membrane-spanning o-helices, with the N-terminal and
C-terminal domains located in the periplasm and cytoplasm, re-
spectively (269, 270). The AmtB protein consists of 428 amino
acids (139), but in E. coli, the 22 N-terminal residues are removed
upon insertion of the protein into the membrane (271). The first
and second five frans-membrane segments form structurally ho-
mologous domains, whereas the 11th segment is not part of this
domain structure (272). Upon purification, the protein is ob-
tained as a homotrimer, even in a detergent solution (273). The
trimeric configuration of the protein was confirmed by electron
and atomic force microscopy (274) and X-ray diffraction analysis
(271). AmtB is a trimer of three channels, each with 11 trans-
membrane-spanning a-helices forming a right-handed helical
bundle around its channel (271, 275). Each channel consists of an
extracellular vestibule, a narrow hydrophobic region including
two in-line histidines, and an intracellular exit pore (271, 275).

A single file of NH; molecules was suggested to be present in
the hydrophobic core but only when the crystals were formed in
the presence of ammonium (271). However, electronic density
was also observed in the pore in the absence of ammonium (275).
Furthermore, the hydrophobic pore was able to stabilize a file of
water molecules (276). The presence of water in the channel could
challenge the dominant view that NHj; is conducted through the
pore (277).

There is general agreement on the presence of four distin-
guished binding sites on AmtB, i.e., site 1 (S1), S2, S3, and S4. S1
most probably constitutes the binding site for NH, . S2 is the first
site in the pore after passage of the so-called “Phe gate.” S3 and S4
are sites lower down in the pore. Furthermore, two more sites were
defined, S5 and S6; they are both located in the cytoplasmic vesti-
bule and have been suggested to play a role in the protonation state
of NH, (278-280).

Recruitment of ammonium. AmtB is expressed only if no or
very little ammonium is available in the environment (139, 281—
283). By inference, a high-affinity binding site for ammonium
would seem to a prerequisite for AmtB functioning under these
conditions. S1 is located at the bottom of the periplasmic vesti-
bule. It is the putative binding site for ammonium, although the
NH, " ion itself has not been observed on the spot yet; only thal-
lium (T17) has been observed (284). W148, F107, and S219 are
envisioned to form a highly selective cage for ammonium, which
would not readily be accessible to NH;, CO,, K*, Na™, or water
(284-287). Methylammonium, imidazole, and T1*, however, are
considered to be able to bind to S1 (284). Residue W148 is thought
to be an important part of an aromatic cage around the NH, * ion
(284,285). However, tryptophan was not essential for recruitment
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of NH, " and could be replaced with leucine (288). Also, aspartate
(D160) has been considered the most important amino acid for
recruiting NH, * (287), but evidence contrary to this finding has
also been presented (285).

The dynamic Phe gate and the hydrophobic pore. Two phenyl-
alanines are considered to separate the periplasmic vestibule from
the hydrophobic pore. Together, they form a dynamic intramo-
lecular gate through which ammonium might gain access to the
hydrophobic pore (284). The phenyl rings of residues F107 and
F215 block the entrance of the pore. The partially stacked phenyl
rings flip open and closed synchronously at a high frequency
(285). F215, but not F107, was found to be absolutely required for
AmtB function, and removal of the gate produced an open but
inactive channel (284). In complete contrast, individual or simul-
taneous replacement of the phenylalanines by aliphatic residues
was found not to cause a loss of AmtB function (289).

Fong et al. assigned a particular role to W148, which, besides
being part of the aromatic collar, would also restrict the entry of
(methyl)ammonium into the channel, probably together with the
Phe “flap” (288).

Below the Phe gate, a narrow hydrophobic pore, some 20 A
long, is present (271, 290). Because of the hydrophobicity of the
pore, NH, " is not usually considered to be the permeating species.
A lower pK, for NH; (<6) would prevail inside the channel at S3
and S4, thereby stabilizing the movement of the NH; released
inward to and through the channel (271). In addition, two histi-
dine residues in line with the channel, but with their imidazole
rings protruding into the channel, might help to conduct NH;
through the channel (271, 290). They would be absolutely re-
quired for optimum conductance (290). Fourteen variants of the
twin histidines were shown to be inactive, except one. In the latter
case, substituting the first histidine for glutamate decreased AmtB
activity to 25% (290). However, in another study, replacement of
one or two of the conserved histidine residues with acidic amino
acids did not result in a significant loss of AmtB activity (289). It
was concluded that the twin histidines are not required for AmtB
function but instead serve to optimize its performance. Also,
changing the first histidine to a glutamate caused an upshift of 2
pH units of the optimal pH, from 4 to 6, for methylammonium
uptake in cells (267). In a molecular dynamics study of (methyl)
ammonium transport, it was concluded that conduction through
the pore is facilitated by the hydrogen bond network comprised
of both histidines and Tyr32 in coordination with 7 interac-
tions with Trp212. In particular, Trp212 would be important
for removing NH; from its strong hydrogen bonding to His168
(291).

Deprotonation of ammonium. If NH,* binds to AmtB and
NHS; is the species that is conducted through the pore, an impor-
tant issue is where exactly along the pathway after ammonium
binding the proton would be released and what the proton accep-
tor and the final destination of the proton would be. This is be-
cause the answers have strong consequences for the intracellular
ammonium level and for the energetics of the transporter (see
“Passive versus active transport,” below).

Unfortunately, to date, no unambiguous answer can be found
in the literature. Amino acids at different positions in the mono-
mer have been implicated to play a role in deprotonation. Some
argue that deprotonation might take place in the periplasmic
vestibule via small basic molecules such as carbonates or phos-
phates (283) or at S219 (292). Conflicting suggestions with
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FIG 2 Four modes of ammonium transport. The beige rounded rectangle represents the AmtB carrier. Four modes (mechanisms) of transport are shown. (A)
Transport via passive diffusion of NH; (Sy;0); (B) facilitated transport of NH; (Sg,.); (C) active transport of NH;, corresponding to facilitated transport of NH, ™
(SH™); (D) active transport of NH; where NH; and the symported H™ follow separate routes (S/H™). In panels A and B, H" shown at the vertical arrows denotes

production or consumption of scalar protons.

respect to the involvement of the aspartate residue (D160) in
deprotonation of ammonium have been uttered. Some argue
for a direct involvement (293, 294), while others suggest no
involvement at all (279, 285). Also, the twin histidines have
been considered to play a role in deprotonation (290). Never-
theless, the site most frequently mentioned in this respect is the
phenylalanine gate (278, 279, 284, 285, 294-297). Thus, cur-
rently, a preference for the phenylalanine gate as the site of
deprotonation seems to develop. On the other hand, (de)pro-
tonation reactions are fast in almost any environment, such
that no catalytic group may be needed.

However, accepting this as the consensus view, it is still not
clear what happens with the released proton. Is it (i) transferred to
aresidue close to the gate (His168) and from there moved “down-
wards” (i.e., toward the cytoplasm) on the electric gradient pow-
ered by the transmembrane electric potential difference in live E.
coli cells, (ii) translocated forward into the pore lumen, or (iii)
extruded back into the periplasmic vestibule? At present, there is
no agreement on this point: authors in the field are in favor of the
first (e.g., see reference 284), the second (e.g., see reference 276),
or the third (e.g., see reference 285) possibility. Still others dis-
agree with the above-described general view and claim that depro-
tonation is not at stake, because NH, " is the species that perme-
ates the hydrophobic channel (288). We note that all the evidence
is based on inference from structural information. There is no
direct evidence where NH, ™ rather than NHj; has actually been
observed to reside in the channel or to move through the channel.

Passive versus active transport. The topic of passive versus ac-
tive transport of ammonium by the AmtB/MEP/Rh transporter
family is vividly debated in the literature (e.g., see reference 298),
but here we focus on the controversy in E. coli (see transport
modes in Fig. 2).

If the released proton ends up in the periplasm (mode S,.),
transport would be characterized as diffusion of NH; facilitated by
AmtB, but if the proton is symported somehow along with NH; to
the cytoplasm (modes SH* and S/H™), it would count as active
transport. In the former case, no accumulation of NHj; inside the
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cell could ever occur, while in the latter case, substantial intracel-
lular accumulation of NH; could be accomplished. In all transport
mechanisms, the issue should not be merely to come with a mech-
anism of NH; or NH, ™ transport but also to come with a mecha-
nism that prevents the transport of protons or hydroxyl ions in-
dependent of the movement of ammonium. Such uncoupled
transport would cause dissipation of the proton motive force, a
most important free energy potential in E. coli.

On the basis of uptake studies with AmtB-containing lipo-
somes, it was concluded that the gas NHj, instead of the ion
NH, ™, is conducted through the channels (271), but the experi-
mental results could not be reproduced, despite extensive efforts
(299). Although movement of NH, " as such through the hydro-
phobic pore of E. coli AmtB seems to be excluded by most scien-
tists (see above), and conductance of the uncharged NH; through
the channels of AmtB may be the consensus view, this does not
necessarily imply that AmtB is a passive NH; facilitator and that
the NH; gradient is the sole driving force for uptake. NH; trans-
port might be coupled energetically to the migration of a proton to
the cytoplasm via a microscopically distinct but mechanistically
coupled route (276, 277, 300). Potentially, this could take place via
the two conserved histidine residues or via a file of water mole-
cules in the pore. Alternatively, the movement of NH; might be
coupled to the movement of another base, i.e., hydroxylate in the
opposite direction. Because of their affinity for protons, binding
sites for hydroxylate and NH; might be similar. In either case,
ammonium uptake would be active and driven by the chemical
potential difference for NH; and the electrochemical potential
difference for protons (277, 300). A systems biology approach has
been used to suggest that AmtB-mediated ammonium transport
must be active (301). The authors of that study combined the
observation that AmtB is expressed only in cells growing under
nitrogen-limited conditions with the fact that GS has a relatively
high K, for NH, " to infer that AmtB-mediated passive diffusion
of NH;, no matter how much stimulated by AmtB, would not
result in sufficiently high intracellular NH," concentrations to
enable GS to reach a flux compatible with growth of E. coli at the
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observed growth rates. Here the limitation was essentially pro-
vided by the thermodynamic point that the intracellular concen-
tration of NH; could never exceed its extracellular concentration
when the nitrogen flux should be inward. This argument becomes
particularly strong with low extracellular ammonium concentra-
tions and acidic extracellular pH, where E. coli can still grow with
ammonium as the nitrogen source.

Cytoplasmic vestibule and cytoplasmic C-terminal region.
The cytoplasmic vestibule and cytoplasmic C-terminal region
(CTR) of AmtB have been studied the least, and much remains to
be elucidated. If mode S, or mode S/H™ (Fig. 2) is correct, NH;
may be protonated to form NH, " in the cytoplasmic vestibule.
Where exactly this happens is unknown so far. Several options are
available, however. The proton could be delivered by water mol-
ecules present in the cytoplasmic vestibule or by some amino acid
residues that form part of the exit pore. Indeed, Ser263 has been
implicated in the translocation of NH; from the exit gate into the
cytoplasm by hydrogen bond interactions (291). Alternatively, in
the case of the S/H™ mechanism, one idea is that the cotransported
proton rejoins with the NH; molecule just after passage through
the pore at His318.

Based on genetic evidence, an interesting idea was put forward
that the C-terminal tail of AmtB facilitates an oscillation of trans-
membrane segment 5 (TM5) that controls the opening of both the
periplasmic gate and the cytoplasmic exit (302). It is tempting to
speculate that the synchronized flipping of the Phe gate (285) is
related to TM5 oscillation.

The role of this region of some 25 residues is not known pre-
cisely. The structure of the CTR was not resolved in the X-ray
structures of E. coli AmtB (271, 275). Deletion of the entire region
substantially reduces AmtB activity to an intermediate (25 to
30%) level (269, 302, 303) and prevents association with GInK
(303). The addition of PhoA or LacZ peptides to the C terminus
completely abolishes methylamine (MA) transport activity (270).
Site-directed mutagenesis was used to study the role of the cyto-
plasmic C-terminal region. Nearly all mutations significantly im-
paired AmtB activity. The mutants fell into two phenotypic classes:
one that had a phenotype comparable to that of the deletion of the
entire region and another that exhibited virtually no AmtB activity
(<7%). It was concluded that the CTR plays a significant role in
AmtB activity and possibly mediates cooperativity between the
three AmtB subunits (269, 302). Notably, complete inactivation of
AmtB was shown to require participation of the HfIB protein,
which leads to incorrect folding of mutated AmtB (676).

Inhibitors of ammonium transport. Uptake of MA (at 20 pM)
in unwashed assay mixtures has been shown to be very sensitive to
ammonium, already at submicromolar concentrations of the lat-
ter (K; = 0.5 M [304] or ~0.8 uM [305]). Also, T was shown
to be a relatively effective inhibitor (K; of 5.3 pM [304] and full
inhibition at 0.5 mM [284]). Cs* and imidazole are weak inhibi-
tors (10 to 100 mM) (284). All of these inhibitors may compete for
the binding site for ammonium (S1) in the periplasmic vestibule
of AmtB.

Several other ions and compounds that have been shown to
inhibit MA uptake may not compete for the ammonium binding
site. Conflicting results were presented for K™, which would be a
noncompetitive inhibitor (K; = 1 mM [304]) or not an inhibitor
at all (at 50 mM [284]). Na™ (50 mM) was not inhibitory (284).
L-Glutamine (K; = 18 uM) (but not D-glutamine or glutamate),
glycylglycine (K; = 43 wM), and the glutamine analogs y-L-glu-
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tamyl hydroxamate (K; = 0.4 mM) and <y-L-glutamyl hydrazide
(K; = 0.8 mM) all showed noncompetitive inhibition of MA
transport (306). Using washed assays, i.e., uptake assays with a
washing step, 10 to 25 pM ammonium was shown to partially
inhibit MA uptake in E. coli (307) and 50 pM ammonium or 50
uM L-glutamine was found to inhibit MA uptake completely
(308).

The fact that glutamine inhibits MA uptake, although at higher
concentrations than those required for inhibition with ammo-
nium, deserves some more explanation. In contrast with ammo-
nium, glutamine did not instantaneously inhibit MA uptake, as
the t,,, of the rate of onset of inhibition was 3 min. Furthermore,
inhibition did not occur when a mutant with a defective glutamine
transporter was used. The conclusion then was that ammonium
transport was regulated by the internal glutamine pool via feed-
back inhibition (306).

AmtA is not involved in ammonium transport. A mutant with
<10% of the ammonium transport activity of the wild type has
been isolated and characterized (309). The corresponding gene
(amtA) had been cloned, sequenced, and localized (310, 311).
First, the gene product was suggested to be a periplasmic compo-
nent of an ammonium transport system (309), but later, it was
predicted to be a cytoplasmic component (310). However, it has
been convincingly shown that the cysQ gene is identical to this
amtA gene and that CysQ helps to prevent accumulation of
the toxic metabolite 3’-phosphoadenoside 5'-phosphosulfate
(PAPS), which is an intermediate in the conversion of sulfate into
sulfite (312). Purified CysQ was shown to exhibit NADP(H) phos-
phatase and fructose-1,6-bisphosphatase activities as well (313),
the reactions of which bear no relation with ammonium trans-
port. Therefore, most probably, amtA (cysQ) has no role in am-
monium uptake.

Glutamine Transporter

There is firm, direct evidence for the existence of a high-affinity
inward ABC transporter for glutamine. The transport system has
been relatively well characterized, especially when it concerns the
structure of the periplasmic binding protein and the dynamics of
physiological (see “Growth with excess glutamine as the N
source,” below) and transcription [see “Transcription regulation
by and of other nitrogen assimilation-associated genes. (v) The
gInHPQ operon,” below] regulation. There is also some indirect
evidence for the presence of a low-affinity transporter (e.g., see
references 314 and 315). However, little is known about the latter
transporter, and even more than one such low-affinity permease
may exist. We further focus on the high-affinity glutamine trans-
porter.

In the 1970s, evidence had already accrued for the presence of
an osmotic shock-sensitive periplasmic binding protein for glu-
tamine. Both the specificity and the binding affinity of glutamine
for the purified protein were high (315-317). It was demonstrated
that glnH was the structural gene for the periplasmic binding pro-
tein (318) and that the N-terminal 22 residues constitute a signal
peptide (319). GInH is a monomeric protein with a molecular
mass of 24 kDa (315, 319). The glnH gene was shown to belong to
the glnHPQ operon (319). The glnP gene codes for the membrane-
bound glutamine permease, and the ginQ gene codes for the ATP-
hydrolyzing component of the ABC transporter system (320). To-
gether, they enable active transport of glutamine into cells with a
high specificity.
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Whereas the periplasmic binding protein has been quite well
characterized, virtually nothing is known about the other two
components. The structure of the GInH (also called GInBP) pro-
tein and the GInBP-Gln complex has been studied extensively, but
we address only some of these data. The binding protein exhibits
open unliganded and closed liganded states (321). GInH possesses
two functional domains (termed large and small) connected by a
linker region; a solvent-accessible cleft between the two domains
provides the glutamine binding pocket (321, 322), which is a gen-
eral feature of periplasmic binding proteins (323). Two trypto-
phan residues at positions 32 and 220 are involved in interactions
with membrane-bound components of the glutamine transporter
system and are both required for optimal transport of glutamine
but are not essential for its binding (324).

Restoration of glutamine uptake by the purified binding pro-
tein was demonstrated both in membrane vesicles prepared from
a binding protein mutant (325) and in spheroplasts made from
wild-type cells (326). With the vesicles, binding of glutamine was
insensitive to variations in ionic strength and pH (22, 65, 154, 327)
and required neither potassium nor phosphate ions, whereas glu-
tamine transport activity was inhibited by increasing ionic
strength, had a narrow pH optimum, and required potassium and
phosphate ions (328). Glutamine uptake into cells was inhibited
by osmotic stress produced by NaCl but was stimulated when
sucrose was used instead (329). Uptake in vesicles (325, 328) and
in spheroplasts (326) was concluded to be energy dependent and
was found to be driven by ATP in cells (330, 331). There is no
evidence that it would belong to the so-called TRAP (tripartite
ATP-independent periplasmic) transporters (332) that employ a
periplasmic binding protein but where the driving force is the
proton-motive force rather than ATP hydrolysis. The transporter
is now considered an ABC transporter (320, 333). In this light,
earlier observations that ATP was insufficient to drive glutamine
uptake in vesicles (328) or that ATP and the transmembrane elec-
tric potential were both required for uptake (334) are difficult to
interpret.

Glutaminases A and B

Glutaminases catalyze the hydrolytic deamidation of glutamine to
glutamate and ammonium. It should be noted that this reaction is
not the reverse of the reaction catalyzed by glutamine synthetase.
If both operate simultaneously, these two reactions constitute a
so-called futile cycle (see “GS plus glutaminase wasting ATP,”
below). Here we discuss glutaminases as separate enzymes and not
as a subunit of an amidotransferase possessing glutaminase activ-
ity (335), like carbamoyl-phosphate synthetase or asparagine syn-
thetase B, which are both discussed in another paragraph above.
The ammonium formed as a result of glutaminase catalysis is re-
leased into the cytosol.

In 1968, a major glutaminase of E. coli, in hindsight most likely
glutaminase A, was isolated (336). A few years later, a second
glutaminase, named glutaminase B, comprising a minute fraction
of the total protein, was isolated (337). Glutaminase A is a tetra-
meric protein, and glutaminase B is a dimeric protein (338-340).
Glutaminase B is active under neutral to mildly alkaline pH con-
ditions, while glutaminase A remains active under mildly acidic
conditions (337-339). Glutaminase B has an isoelectric point of
5.4, as determined by isoelectric focusing (340). Both glutami-
nases A and B are highly specific for L-glutamine. pb-Glutamine,
isoglutamine, L-asparagine, or D-asparagine is not deamidated
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(336, 340). Both enzymes have a relatively low affinity for glu-
tamine, with the K,, values being 7.3 and 31 mM, respectively.
Thus, like other glutaminases, the glutaminases from E. coli com-
bine low affinity with high selectivity (338).

Glutaminase A is particularly expressed in the stationary phase,
and glutaminase B is constitutively expressed albeit at a low level,
since this level was not affected at all when tested under a variety of
culture conditions (337, 341). It has been suggested that both glu-
taminases play a significant role in glutamine metabolism (338),
although the high K, value (31 mM) of glutaminase B for glu-
tamine seems to preclude a substantial flux in E. coli at steady state,
in view of recent measurements of the glutamine pool under con-
ditions of ammonium excess, which amount to 3 to 12 mM (135,
342,343). In transient states, glutamine may reach concentrations
of up to 50 mM, however (135), and both glutaminases may then
show substantial fluxes. Glutaminase A may be involved in a new
system for acid resistance, while glutaminase B may be required
for growth with glutamine as the sole carbon and nitrogen source
(338).

Glutaminase B is a so-called cold-labile enzyme (337, 340), a
feature that shows up with many regulatory enzymes. Indeed, glu-
taminase B activity is modulated by nucleotides and divalent cat-
ions: ATP and ADP inhibit glutaminase B, while AMP and diva-
lent cations activate it (344). The modulation by energy charge has
been implicated in preventing a futile cycle constituted by GS and
glutaminase B (344).

Thirty years later, Brown and coworkers cloned two genes of E.
coli predicted to be glutaminases. The genes have the systematic
names ybaS and yneH, and the amino acid sequences of the two
translated gene products share 38% sequence identity (338). They
have been overexpressed, purified, kinetically characterized, and
crystallized. The gene products of ybaS and yneH have calculated
molecular masses of 32.8 and 33.4 kDa, respectively, and calcu-
lated isoelectric points of 4.6 and 6.0, respectively, according to the
Colibri database (345). As the previously measured molecular
masses and the isoelectric points are similar to those calculated,
and the pH profiles are also similar, YbaS and YneH are most likely
glutaminases A and B, respectively (338).

The two glutaminases were inhibited by low concentrations of
the divalent metal cations Mg®" and Mn**. For YneH, the 50%
inhibitory concentrations (IC5,s) were 2.0 mM and 1.0 mM, re-
spectively. However, YbaS was approximately 10 times more sen-
sitive to these cations; i.e., the IC5,s for Mg>™ and Mn*™ were 0.2
mM and 0.1 mM, respectively (338). In strong contrast, however,
Prusiner and Stadtman observed activation of glutaminase B by
Mg*>" and Mn>" at concentrations similar to those that were
found to be inhibitory by Brown et al. (344). The reason for this
discrepancy is unknown. Either way, both glutaminases are likely
affected by Mg®™, since the free intracellular Mg** concentration
is estimated to be in the range of 1 to 5 mM (327), whereas only
YbaS may be modulated by Mn**, since the free intracellular
Mn*>" concentration is probably not >0.1 mM (346).

ACTIVITIES, REGULATION, AND LIMITATIONS OF THE
COMPONENTS OF THE NITROGEN ASSIMILATION NETWORK

As discussed above, protein structures and homologies have sug-
gested binding sites for the various small and large molecules en-
gaged in nitrogen assimilation. Together with biochemical assays
in vitro and genetic experiments, this has elucidated the catalytic
mechanisms of the enzymes in the network. This type of informa-
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tion does not immediately demonstrate, however, that the pro-
posed mechanisms suffice to explain the in vivo flux of nitrogen
assimilation required for rapid growth, nor does the information
show how the organism adjusts the assimilation rate to its various
needs. In this section, we address the above-mentioned questions
for a number of processes in the network and for their regulation
by the network.

We distinguish four aspects, i.e., gene expression, signal trans-
duction, kinetics, and thermodynamics. We do this for both the
rates of processes and their regulation, on the basis of the follow-
ing rationale: the rate of the reaction catalyzed by an enzyme can
almost always be written as follows (347):

S

kca'i
v=[e]-(l—e%)~%§s

where AG is the Gibbs free energy of reaction, [e] is the concen-
tration of the enzyme, RT is the product of the gas constant and
the temperature, k,, is the catalytic rate constant of the forward
reaction, K is the Michaelis constant for substrate S, and % is a
sum of products of ratios of concentrations of metabolites and
their Michaelis constants. The S/K ratio represents the product of
corresponding ratios for all reaction substrates, i.e., substances
that are consumed by the reaction. If the same enzyme can be in
either of two states, at mole fractions ¢, and ¢,, the total catalyzed
reaction rate becomes

AG
(1 —ert) (¢1-fi T @ 15)
with the kinetic factor

S
f:kcatl'1<7s1
Y1+,

representing the dependence of the kinetic activity of the enzyme
on substrate concentrations and the enzyme’s catalytic properties
when in state 1 and with an analogous equation defining f,. Using
e fi T @y
RAREA N Ce h 2 andf=f; +
| TR A

f», the above-described expression for the rate can be rewritten as
follows:

the coordinate transformation ¢; =

V= (1 - e%) f : [e] * QPactive

Here we have simplified to the case where the second state of
the enzyme is inactive. The prime then drops, and the subscript 1
can be replaced by “active.”

The equation is a concretization of the concept that four as-
pects contribute to the rate of a biological process, i.e., thermody-
namics, enzyme kinetics, gene expression, and signal transduc-
tion: the rate of a process is equal to the multiplication of (i) the
thermodynamic driving force; (ii) the catalytic activity; (iii) the
fraction of the enzyme in the active state, as determined by signal
transduction, resulting in covalent modification of the enzyme
(such as adenylylation of GS); and (iv) the enzyme concentration,
as determined by gene expression. The first two terms were
grouped together previously as reflecting the influence of metab-
olism. Each of these four factors is determined by the network
around the enzyme and is thereby a systems biology issue.

When conditions change, living organisms tend to adapt their
activities, i.e., fluxes. They can do this in various ways, and these
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ways can be distinguished in a similar way: by measuring changes
in the various factors of the above-described equation, as well as
the change in flux through any process involved in nitrogen as-
similation, and by dividing the logarithm of the changes of the
former by that of the latter, one finds that total regulation of flux
should equal 1, as follows: 1 = p, + py; +p, + p,. This equation
is a generalization of an expression used in hierarchical regulation
analysis (348). It quantifies the intuition that there are four types
of regulation, i.e., thermodynamic, kinetic (these two together
have also been called metabolic regulation), signal transduction,
and gene expression regulation. The four types add up to a total of
1. In quantitative terms, the thermodynamic regulation coeffi-
cient measures regulation by adjustments of the thermodynamic
driving force:

A
def Aln(l - e??)
Pen = Alnv

The second regulation coefficient refers to kinetic regulation:

S

Ks

def Aln W
Pri = Alnv

The third regulation coefficient in this equation refers to signal
transduction that leads to covalent modification of the enzyme,
such as in adenylylation of GS. It is defined as

d_ef Alnd)active
P ™ " Alnv

The final regulation coefficient deals with gene expression regula-
tion:

kcat :

def Aln[e]

Pee Alnv

This coefficient may be subdivided further into regulation at the
level of mRNA (transcription and mRNA stability) and regulation
at the level of protein (translation and protein stability) (349).

For growth to become possible at a certain rate, the ammo-
nium assimilation flux should exceed that growth rate divided by
a positive number representing the theoretical growth yield on
nitrogen. Once the ammonium assimilation rate predicted by the
above-described equation is positive, the organism may increase it
to that value, for instance, by increasing the expression levels of
the genes encoding the relevant enzymes. Alternatively, it may
bring the existing enzymes into a more active state by covalent
modification, or it may increase the catalytic rate constant or de-
crease the Michaelis constant for a substrate. None of these mea-
sures would help, however, if the rate predicted by the above-
described rate equation was negative. In this case, the Gibbs free
energy difference across the reaction would be positive; in other
words, the product-over-substrate concentration ratio would ex-
ceed the equilibrium constant. Such a thermodynamic problem
cannot be catalyzed away.

Accordingly, for each reaction residing in the presumed path-
way of nitrogen assimilation of E. coli, three issues arise. First, is
there a Gibbs free energy drop across the reaction, or does the
Gibbs free energy in the products exceed that in the substrates of
the reaction? Such thermodynamic issues surround the supposed
transporter of ammonia (NH;) at low external concentrations of
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NH; and acidic external pH and the GDH reaction, which may
well begin to work in the direction of ammonium production (as
it does in mammalian liver) when the intracellular ammonium
concentration becomes low.

Second, are the enzyme concentration, the activity of the en-
zyme in the modification state it is in, the catalytic efficacy, and the
magnitude of the thermodynamic driving force high enough col-
lectively to sustain the flux rate needed for the observed growth
rate? For some reactions, the driving force and the catalytic effi-
cacy may be high, e.g., because it is a chemically simple reaction to
catalyze (e.g., a hydratase), and the organism may need to expend
less biosynthetic capacity to establish a high enzyme concentra-
tion. For others (e.g., GS), the reaction is complex in the sense of
coupling an ATPase and a synthetase reaction together, poten-
tially leading to a low k,, and requiring higher enzyme concentra-
tions.

Third, there is the issue of regulation, i.e., of how the organism
adjusts its fluxes of nitrogen assimilation to changes under condi-
tions leading to nitrogen limitation or nitrogen excess. Above, we
have reviewed that E. coli GS uses the former two regulatory mech-
anisms, i.e., gene expression and signal transduction. Ammonium
assimilation can effectively employ the thermodynamic mecha-
nism to regulate by substituting GS plus GOGAT for GDH: this
effectively increases the Gibbs free energy dissipation accompany-
ing the reductive synthesis of glutamate from 2-oxoglutarate and
ammonium by coupling it to the hydrolysis of a molecule of ATP.
The binding of an additional protein such as GInK could regulate
kinetically by reducing the k,,, which is what we discuss below for
the putative ammonium transporter. Below, we examine which of
these regulatory strategies the organism actually employs when
confronted with ammonium limitation.

In this section, we discuss the four different aspects sequen-
tially, for example, in the central ammonium assimilation path-
way of E. coli.

Thermodynamic Regulation and Constraints: Transport

Ammonium transport could be a challenge. If developments in
science would give credence to the idea that science is perhaps
never completely finished, the recent history of research into bac-
terial ammonium uptake could be a telling example. In short,
ammonium carriers were first deemed unnecessary; NH,*
(“SH™”) transporters were then shown to be present under some
conditions, and these were claimed to be membrane potential
dependent; AmtB permeases were next proposed to function as
NHj; (S) channels instead; and active transport may finally be back
on stage but now perhaps in the form of NH; transport mecha-
nistically coupled to the transport of a proton (S + H™) (Fig. 2).
For ammonium transport, the issue is one of thermodynamics;
i.e., under some conditions, the driving force across the proposed
transport mechanism may point in the wrong direction or might
be too small to accumulate ammonium to intracellular concen-
trations sufficient for its subsequent assimilation into glutamine
by GS to proceed fast enough.

As described above, structural evidence has been taken to dem-
onstrate that AmtB is a passive transporter of ammonia (NHj;).
For this transport mechanism, the thermodynamic driving force
expressed in the concentration of the dominant ammonium ion
equals
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For physiological and biochemical reasons, the intracellular pH
will have to remain close to 7.2, so the above-described equation
implies that during growth that depends on the influx of ammo-
nium, the intracellular ammonium concentration is lower than
the extracellular concentration, especially when the extracellular
pHis <7.2: [NH, ;] < [NH, "] - 10°"772,

For instance, at an extracellular pH of 6.2 and an extracellular
ammonium concentration of 0.1 mM, the intracellular ammo-
nium concentration cannot exceed 10 wM, which is low compared
to the Michaelis constants of both GDH and GS for ammonium.

The data described above show that in pH-neutral environ-
ments where >0.5 mM ammonium is continuously available, the
NH; transport mechanism alone will have sufficient inward driv-
ing force. Under this condition, not only is unmediated NH; dif-
fusion rapid enough to fulfill the biosynthetic ammonium flux,
the resulting intracellular ammonium concentration will also be
high enough so as to saturate ammonium-assimilating enzymes to
a sufficient degree (301). Indeed, Boogerd et al. calculated that
under such conditions, no transporters should be needed, as NH;
diffusion alone through a lipid bilayer would have sufficient flux-
carrying capacity. Thus, in the majority of cases of bacterial
growth with ammonium as a nitrogen source studied in the labo-
ratory, the availability of nitrogen as an intracellular ammonium
ion for the biochemistry leading to glutamate is not problematic
for bacteria.

However, it is worthwhile to briefly discuss the condition of
unlimited ammonium supply. Since even water can be adminis-
tered at levels that are toxic to organisms, might excess ammo-
nium not be a problem for bacteria? Would ammonium concen-
trations of more than, say, 500 mM not be toxic to bacteria? After
all, it is known that ammonium is rather toxic for humans (low
wM range), plants (low mM range), and yeast (mM range) (350).
However, several studies indicate that it might not be toxic for
bacteria up to rather high concentrations, except perhaps for the
cyanobacteria (351). The growth rates of Corynebacterium glu-
tamicum, Bacillus subtilis, and E. coli were not affected by up to 500
mM ammonium in batch culture (352). Assuming that the extra-
cellular and intracellular pH was 7.5, the intracellular ammonia
(NH;) concentrations would have amounted to some 9 mM. In a
fed-batch reactor in which the ammonium level was controlled at
5 to 200 mM, inhibition of growth by ammonium occurred at
>170 mM extracellularly (353). As common batch culture media
with excess ammonium have concentrations ranging from 10 to
100 mM, negative effects on growth should not be expected.

A related issue is what happens if cells that have been growing
under N-limited conditions are confronted with a sudden in-
crease in the ammonium concentration. There is a wide range of
external ammonium concentrations that are described as “ammo-
nium shocks,” e.g., from 0.05 mM (163) to 0.2 mM (354), 10 mM
(135), 20 mM (355), and up to 30 mM (139, 303, 356). In natural
environments, perturbations in the high mM range (10 to 30 mM)
are unlikely. If a high mM ammonium shock is applied, cells
would have to cope with a rapid internal alkalinization due to the
instantaneous diffusion of NH; into the cell and the immediate
consumption of 1 proton per NH; molecule to yield NH, . In
view of a buffering capacity of some 30 mM protons/pH unit
(357), internal pH may increase up to 1 full unit upon a 30 mM

0 > AGyn, upuake” (RT) = ln(
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upshift. It remains to be seen if this occurs, but in principle, this
could be assessed experimentally, as substantial (1.5 units) and
rapid (within seconds) internal pH changes upon addition of HCI
or KOH have been demonstrated using green fluorescent protein
(GFP) fluorimetry (358, 359).

Kleiner gathered data on intracellular and extracellular ammo-
nium concentrations as observed for a host of different eubacteria
(including some enterobacteria but not E. coli) grown with a va-
riety of N sources in batch or continuous cultures (360). The sin-
gle N source was N,, nitrate, glutamine, or ammonium. If ammo-
nium is the N source, it will have to be taken up prior to
assimilation. The situation is different for the first two N sources
mentioned (glutamine as an N source represents a special case and
is discussed below). After uptake, these N sources (N, and nitrate)
will invariably have to be converted into ammonium in the cyto-
plasm through reduction to serve as the N donor for nitrogenous
metabolites. Hence, part of the intracellular NH, " formed in this
way will inevitably leak out of the cell as NH; and instantaneously
be converted into extracellular NH,". Kleiner argued that re-
uptake of NH, ™ is then required to compensate for the loss. His
collection of data showed that for cells of several bacterial species
(grown with N,, nitrate, or ammonium), quite substantial out-
ward ammonium gradients had indeed been observed: from 1 to 2
orders of magnitude for eubacteria to even up to 3 orders of mag-
nitude for cyanobacteria (360). Thus, intracellular ammonium
concentrations would seem to be much higher in many bacterial
species, although the intracellular production of ammonium from
N, and nitrate was a confounding factor.

Methylammonium uptake by whole cells. Similar gradients
had been found for the ammonium analog methylamine (MA)
(CH,NH, and/or CH;NH, ™), however (360), where production
of the compound intracellularly should be absent. The gradient
could result only from active uptake of the neutral form of MA or
the passive uptake of the MA cation (but see below). This presents
a challenge of the notion that ammonium uptake proceeds
through an NHj; transport mechanism. Indeed, in a review on
ammonium transporters in prokaryotes, fungi, and plants, cor-
roborating evidence was presented that bacterial (methyl)ammo-
nium transport takes place via electrogenic (CH;NH; ") NH,*
uniporters (361).

However, this view changed radically in the 1990s upon the
discovery of the amtB gene and the ensuing (direct) structural
characterization of wild-type and variant transport proteins.
Structural evidence was presented for the view that AmtB func-
tioned as channel for ammonia (NH,), as discussed above.

To date, no reliable direct assay of rapid cellular ammonium
transport via AmtB has been reported. The major reason for this is
that a quick, sensitive, and accurate method is required to measure
ammonium concentrations, but such a method has yet to be devel-
oped. NH; is a highly permeable molecule that will quickly equili-
brate between cells and the surrounding fluid, and this fact will com-
pound the assay, in particular when intracellular pools are to be
measured. The use of MA carrying radioactively labeled '*C as a sub-
stitute for ammonium has overcome most of these difficulties, al-
though fast equilibration of the neutral form of MA between cells and
medium remains a problem (see below). Transport of ["*C]methyl-
amine is generally considered to represent AmtB-mediated uptake of
ammonium by whole cells, but we note that this is an assumption that
would itself require validation. Indeed, MA uptake has been used as a
measure for the activity of wild-type AmtB in wild-type and mutant
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(but not AmtB mutant) cells (e.g., see references 281 and 303) as well
as of mutated AmtB derivatives (e.g., see references 269 and 288-290)
and of His-tagged AmtB (273). In view of the high degree of specific-
ity of binding of NH, " to the periplasmic vestibule and of the pro-
posed transfer of NHj specifically through the hydrophobic channel,
itis quite remarkable that MA is transported via AmtB at all: MA been
considered a poor analog for ammonium biochemically and physio-
logically (289, 305).

In contrast to ammonium, methylammonium is not metabolized
any further after uptake (MA cannot be used as an N source), except
for its conversion to methylglutamine by GS (281, 362). Because the
conversion of MA to methylglutamine is ATP dependent, as is incor-
poration of ammonium into glutamine, a major issue is whether up-
take per se is being measured in transport assays or uptake together
with (limited) metabolism (281). A solution to this problem is the use
of mutants that lack GS, but using the commonly used washed assay,
Soupene et al. then did not observe any uptake at all (281; but see
reference 288). However, an explanation for this negative result was
presented by Javelle et al. (305), who resuscitated the unwashed assay
described previously (362) and carefully corrected for nonspecific
binding of MA to biomass that resulted from omitting the washing
steps. This unwashed assay has shed light on the confusing and some-
times conflicting results regarding MA uptake experiments, in which
a phase featuring rapid initial uptake of MA followed by a phase with
amuch slower further uptake of MA were observed (305). Javelle and
colleagues concluded that MA uptake occurs in two phases, the first
of which is AmtB specific and the second of which is a consequence of
GS activity.

Washing of cells has been shown to remove all of the free and
unmetabolized MA from the cytoplasm (305, 362), with only the
metabolized product of MA, i.e., methylglutamine, remaining.
Actually, full advantage of washing has been taken, because it en-
abled the determination of the in vivo GS activity with MA as a
substrate for both AmtB and GS. With this method, the effective in
vivo K,,, value of GS for MA was some 200-fold lower than the in
vitro-determined value. The authors of that study suggested that
an explanation might be that the function of GS could be closely
coupled to that of AmtB (305). Because GS was found to not be
membrane bound in an AmtB-dependent fashion, we suggest the
alternative interpretation of a considerable accumulation of
CH;NH,;" through active transport.

Although both Jayakumar et al. and Javelle et al. used un-
washed assays, they claimed very different accumulation factors
for MA: 100-fold (304) versus 4-fold (305). The latter authors
considered their 4-fold accumulation close enough to 1.0 to be
taken as evidence for uptake of the neutral species CH;NH,, while
Jayakumar et al. perceived their factor and other experiments with
K™ -depleted and -repleted cells as evidence for an NH, /K" an-
tiport transport system.

In unwashed assays, the fast phase does not take much longer
than 30 s, and the issue can be raised regarding what causes this
leveling off. If transport of MA would be active, then an answer
might be that after some time, active uptake of the cation MA just
equals the loss of the neutral CH;NH, to the medium by diffusion
through the membrane. Thereafter, only conversion of MA by GS
to the impermeable methylglutamine will lead to a steady but slow
further increase in cytoplasmic radioactivity.

Energetics of ammonium uptake by proteoliposomes and
vesicles. It has been claimed that reconstitution of AmtB into
proteoliposomes showed that AmtB conducts uncharged NH;
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FIG 3 Regulation of AmtB activity by GInK. The trimeric ammonium transporter AmtB and the trimeric regulatory protein GInK are induced only under
nitrogen-limited conditions. The bottom right part of the figure shows that each of the three channels of AmtB is able to translocate ammonium from the outside
to the inside. Each of the monomers of GInK harbors a T loop that protrudes from the top of the barrel-like structure (to the left of the green arrow). The three
loops each fit deeply into the cytoplasmic vestibule of each of the channels of the trimeric AmtB transporter (to the right of the green arrow). Hereby, transport
of ammonium is blocked. The top left part of the figure displays that under conditions of high (dark blue) or low (light blue) intracellular glutamine
concentrations, the bifunctional enzyme UTase catalyzes the deuridylylation or uridylylation (i.e., the covalent removal or coupling of UMP groups) of the tips
of the T loops of a GInK trimer, respectively. Binding of GInK-UMP to AmtB is no longer possible, since the bulky UMP groups preclude insertion of the T loops
into the cytoplasmic vestibules of the AmtB channels. The lower middle part of the figure shows that complex formation between AmtB and GInK is affected by

the metabolites 2-oxoglutarate, ATP, and ADP and by the cation Mg*™".

(271, 363). The basic premise of this experimental setup is that
uptake of NH;, either through the lipid membrane or via AmtB,
will subsequently result in protonation of NHj; in the intralipo-
somal compartment, whereas uptake of NH,* would not. Kha-
demi et al. observed that the increase in intraliposomal pH was
10-fold faster than in control experiments with liposomes without
AmtB. Thus, AmtB strongly stimulated the transfer of NH;, and
this finding was taken to support the passage of NH; through the
hydrophobic channel, as concluded from analysis of the crystallo-
graphic structure of AmtB in the same article. However, the stim-
ulation could not be reproduced despite extensive efforts (299).
Also, uptake studies with right-side vesicles prepared from whole
cells overexpressing AmtB did not show an increased uptake rate
compared to control vesicles harboring a defective AmtB (299).
Moreover, it was argued that the permeability assay used by Kha-
demi et al. (271) is inconclusive with respect to the nature of the
transported species, NH; or NH, ™ (301): (i) the above-mentioned
factor of 10 was recalculated to amount to just 2, and (ii) the
formation of a transmembrane electric potential that would
quickly result from the uptake of NH," and would drive proton
extrusion or hydroxyl uptake and cause intraliposomal alkaliniza-
tion, as predicted by nonequilibrium thermodynamic analysis
(364), could not be ruled out, as no permeant counterions had
been added to the assay mixture.

We conclude that although AmtB functioning as a channel for
NH; was the widely accepted view in the 2000s, anomalous obser-
vations have continued to appear in more recent years. In the end,
it may well turn out to be that AmtB-mediated transport is elec-
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trogenic after all, with either NH," as such being transported
“passively by facilitated/protein-catalyzed diffusion,” which
would correspond to active uptake of NH; or symport of a mole-
cule of NH; and (at least) one proton or antiport of NH; and
OH . After all, transport is a product of the concentration in the
membrane and the rate of transfer across the membrane and can
be rapid if the intramembrane concentrations are so low that any
one binding site is <10% saturated and, hence, invisible as such in
any structural determination, but the flux rate is fast.

A mechanism in whichammonium ion is transported or one in
which NHj is symported with a proton has a much more favorable
inward driving force, due to the contribution of the transmem-
brane electric potential:

AGNH4+ uptake —F. Alb +ln [NHE;H
RT [NH},, ]

The membrane potential-dependent term is approximately —18
kJ/mol in living cells, which is able to drive an ammonium accu-
mulation ratio of 1,000 (347).

AmtB-GInK interaction and kinetic regulation. On the basis
of the strong conservation of the gInK and amtB genes as gene
pairs in many prokaryotic genomes, it has been argued that the
gene products may interact physically (365). Indeed, both in vitro
and in vivo, GInK binds to AmtB, and the binding then inhibits
ammonium transport (Fig. 3). This interaction is dependent on
the uridylylation state of GInK. It is GInK in its deuridylylated
conformation that binds to AmtB (163, 303, 356). Trimeric GInK
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binds trimeric AmtB in a 1:1 ratio (356, 366). The stability of the
complex does not require other proteins (356). GInK binds AmtB
at the highly conserved cytosolic C-terminal domain of AmtB
(303). Complex formation or dissociation in vitro was sensitive to
the small effector molecules 2-oxoglutarate, Mg2+, ATP, and ADP
and depended on whether these were present separately or com-
bined (356). The key features promoting the AmtB-GInK associ-
ation in vitro and in vivo turned out to be the rapid decline in the
2-oxoglutarate concentration and a change in the ATP/ADP ratio
upon a small ammonium upshift (354), conditions pertaining to a
reduced requirement of AmtB transport activity (not flux). GInK
may cause kinetic regulation of the ammonium transported by
reducing the k_,, of the latter upon binding. X-ray diffraction anal-
ysis of a complex of E. coli AmtB and nonuridylylated GInK sug-
gested a mechanism of inhibition of AmtB by native GInK. The
extended T loop of three GInK monomers inserts deeply into the
cytoplasmic vestibule of the three AmtB monomers, possibly
blocking the exit of ammonium into the cytoplasm sterically
(366-368). These structures may also clarify the inability of uri-
dylylated GInK to bind AmtB. The space in the vestibule is too
narrow to accommodate the uridylyl group at the apex of the T
loop (367).

Complex formation is fast (within seconds) and reversible in
response to the extracellular ammonium concentration (163).
When the latter is low, AmtB would conduct ammonium, which is
then converted to glutamine by GS. The concentration of glu-
tamine is sensed by UTase, leading to an adjustment of the
uridylylation state of GInK (and GInB), which may in turn regu-
late the activity of AmtB. Thus, AmtB can be perceived not only as
a transporter but also as a sensor of extracellular ammonium and
should be considered a full member of the signal transduction
cascade (163), producing signal at the level of the intracellular
ammonium concentration and, as such, being regulated by the N
status of the cell.

AmtB may also bind GInB and thereby antagonize GInB sig-
naling through NRII. As amtB and glnK are cotranscribed, GInK
may prevent titration of GInB by AmtB (369).

In view of the possible function of GInK as an inhibitor of
AmtB activity, it is important to establish the amounts of these two
proteins in the cell. Quantitative measurements of AmtB are rare:
for cells grown with glucose and glutamine, Western blotting
quantification gave a value of some 1,500 AmtB trimers per cell
(354). Unfortunately, there is no consensus about the level of
GInK in cells grown under the same conditions. The intracellular
concentration of GInK was estimated to amount to 1 uM (161).
Radchenko et al. reported a value of 50 M (354). The latter value
would imply a ratio of GInK over AmtB of ~8. This seems to be at
variance, however, with data presented previously (163, 356) for
the extent of sequestration of GInK to the membrane upon an
ammonium upshift: maximally, 10% of cytoplasmic GInK could
then be sequestered to AmtB in the membrane fraction, leaving
minimally 90% in the cytoplasmic fraction. However, the experi-
mental results (163, 356) showed that no GInK whatsoever re-
mained in the cytoplasmic fraction. Also, a GInK concentration of
50 uM is much too high for a regulatory protein, as it would be
even 4 times higher than the GS concentration in nitrogen-limited
cells (around 12 uM), where GS is a highly active enzyme. We
therefore hold the GInK concentration of around 1 pM, as mea-
sured by van Heeswijk et al., to be more likely than 50 M.
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Kinetic Regulation

Feedback inhibition of GS. Quite remarkably, direct inhibition of
GS by its own product glutamine is limited (44). This may be due
to the fact that its product inhibition constant lies at around 6 mM
and the Michaelis constant for glutamate is around 4 mM,
whereas the concentration of glutamate readily exceeds that of
glutamine by a factor of 20 or 50 under conditions of excess or
limited ammonium, respectively (see references 135 and 342): the
concentration term in the thermodynamic driving force is in the
forward direction, and the substrate competes the product inhib-
itor away from its binding site, which reduces kinetic limitations.
Bruggeman et al. (44) found glutamine to be the third important
short-term regulator, but this was based on a lower intracellular
glutamate concentration of 5 to 20 mM, which may therefore have
overestimated the regulatory role of glutamine product inhibi-
tion.

Much of the longer-term kinetic regulation of GS may, how-
ever, depend on a mechanism that has been referred to as “cumu-
lative feedback inhibition” (31). Purified GS has been shown to be
inhibited by many metabolites: alanine, glycine, serine, histidine,
tryptophan, carbamoyl-phosphate, glucosamine-6-phosphate,
AMP, and CTP (370-372). Each of these compounds caused only
partial inhibition at relatively high concentrations (3 to 20 mM).
However, various combinations of them give rise to a so-called
“cumulative inhibition” of GS, where the total inhibition is deter-
mined by the product of the fractional activities (which is what
would occur with noncompetitive inhibitors) and not by their
sum (which would happen ifall inhibitors would be competing for
the same site) (371, 372). The inhibitors were divided into two
classes. Alanine, glycine, and serine constitute class I, and the oth-
ers constitute class IT (373). Except for the class I inhibitors, each
metabolite is an end product of a pathway that utilizes glutamine
as the donor of an amide group (4). On the basis of the cumulative
nature of the feedback inhibition, it was suggested that each com-
pound had its own binding site (371, 372). To obtain the binding
sites of the inhibitors of GS by X-ray diffraction analysis, crystals
of unadenylylated GS from S. Typhimurium were used (38, 374).
Although this is perhaps not the physiologically relevant form of
GS (see below), the results give an indication of the binding sites of
the inhibitors at GS-AMP. The class I inhibitors were all found in
the binding pocket of glutamate of unadenylylated GS and to be
competitive inhibitors with respect to glutamate (374), which
means that their inhibition should not be additive/cumulative
with respect to each other. AMP was observed to bind at the ATP
binding site of unadenylylated GS and to be a competitive inhib-
itor with respect to ATP (38), but it should be noncompetitive
with respect to glutamate and, hence, cumulative with respect to,
for instance, alanine. Class II inhibitors would all bind to separate
allosteric sites (373). In view of the limited possibilities of having
many different binding sites on the altogether not extraordinarily
large GS monomer (52 kDa), we accept the proposed cumulative
inhibition between the amino acids and the adenine nucleotides
but find additive inhibition within these groups more likely. More
detailed enzyme kinetic studies under in vivo conditions (375) are
warranted here. The idea of cumulative inhibition of the class II
compounds that depend on amide donation by glutamine for
their biosynthesis, and thereby each “booking” their part of glu-
tamine biosynthesis, independent of the others, remains interest-
ing, however.
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Stadtman and colleagues (109, 120, 376) and Holzer et al. (377)
observed that adenylylated GS is generally (much) more sensitive
to feedback inhibitors than unadenylylated GS. In hindsight, early
results obtained regarding feedback inhibition were confounded
by the fact that the cultivation method and the growth phase of
cells used to obtain GS preparations affected the adenylylation
state of GS and, hence, the level of inhibition (120, 377).

Reitzer ascribed physiological significance to the observed dif-
ferential sensitivity of adenylylated and unadenylylated GS to the
feedback inhibitors. Adenylylated GS is not primarily engaged in
ammonium assimilation (373) but is engaged more in the synthe-
sis of glutamine as one of the 20 amino acids required for protein
synthesis. For cells growing in a low-ammonium medium, the
primary function of the then deadenylylated GS (together with
GOGAT) is that of assimilating ammonium. i.e., incorporating
nitrogen into biomass. Reitzer concluded from this that feedback
inhibition would not make sense for the deadenylylated GS, which
is involved in this assimilation of ammonium. This is not neces-
sarily convincing to us, as massive flux of ammonia assimilation
might also have to be regulated to prevent its expensive overflow.
However, indeed, when the primary function of GS is to synthe-
size glutamine and hence its class II inhibitors (see above), glu-
tamine and those inhibitors might accumulate and should then
inhibit glutamine synthesis either by the fully adenylylated GS or
by the residual activity of the fraction of GS that is still unadenylyl-
ated. Complete feedback inhibition of the residual activity of ad-
enylylated GS would have to be prevented for cells growing in the
presence of excess ammonium, since GS is an essential enzyme
(77), i.e., the only enzyme capable of glutamine synthesis. It is
questionable whether in vivo the activity of GS-AMP will show up,
due to the effects of two divalent cations: Mn>™" is required at 0.3
mM for activity (122), but intracellular levels are probably <0.1
mM (346), and Mg " inhibits the GS-AMP activity, while its in-
tracellular levels are in the 1 to 5 mM range. In this respect, it
seems easier to secure the necessary glutamine-synthesizing activ-
ity through incomplete, instead of full, adenylylation of GS. The
more recent finding that the adenylylation state of GS is dynami-
cally determined by the simultaneous actions of both ATase activ-
ities is consistent with this view. In addition, this mechanism
would allow fine-tuning of GS activity to the needs of E. coli (107).
Finally, the cellular concentrations of most of the inhibitors (ex-
cluding glycine and carbamoyl-phosphate) have been determined
for cells grown with glucose, glycerol, or acetate as the C source
and excess ammonium as the N source (342), and only alanine
and CTP are present in a concentration range (1 to 3 mM) that
could give rise to some inhibition of GS-AMP activity. Alanine has
to compete with the substrate glutamate, which is invariably pres-
ent in high concentrations (>50 mM) in vivo.

Signal Transduction-Mediated Regulation

Signal transduction onto GS. The nitrogen status of the cell, as
signaled by glutamine and 2-oxoglutarate, regulates the activity of
GS. Although glutamine does not inhibit E. coli GS activity directly
(see above), it exerts indirect control via signal transduction
through the enzyme adenylyltransferase (ATase): it reduces the
activity of GS by causing covalent modification, i.e., a covalent
linkage of an AMP group to each subunit of GS (109, 115, 378).
ATase is also able to deadenylylate GS-AMP (83, 90) (Fig. 4).
Thus, ATase is a bifunctional, “ambiguous” enzyme. Ambiguous
enzymes need careful regulation to prevent their wasting of Gibbs
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GInB-UMP3~0G3
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FIG 4 The covalent modification cycle of GS. Glutamine synthetase consists
of 12 monomers, each of which can be adenylylated or deadenylylated by the
bifunctional enzyme ATase. The adenylylation state (n,,;p) of GS can be any
integer between 0 and 12. The catalytic activity of GS decreases continuously
upon increasing adenylylation. The gradient bars at the top of the figure indi-
cate the sensitivity of the enzyme ATase for glutamine (GLN), fully uridyly-
lated GInB carrying 3 2-oxoglutarate molecules (GInB-UMP;~0Gg;), and un-
modified GInB carrying a single 2-oxoglutarate molecule (GInB~OG,). The
latter two GInB species, out of 16 possible GInB species, represent the two
molecules that give the highest stimulation of the deadenylylating and the
adenylylating activities of ATase, respectively. GS itself is insensitive to these
three molecular species.

free energy, in this case, of the ATP that provides the AMP group.
Indeed, both reactions are strongly regulated. The adenylylation
reaction is stimulated by the regulatory protein GInB as well as by
glutamine, whereas the deadenylylation reaction is stimulated by a
modified form of GInB, i.e., GInB-UMP, and by 2-oxoglutarate
(95, 96, 379). The conversion of GInB to GInB-UMP and vice
versa is catalyzed by the enzyme UTase, which is again an ambig-
uous enzyme: it can both uridylylate GInB and deuridylylate
GInB-UMP (124, 142, 149, 380). If the intracellular nitrogen con-
centration is low, UTase converts GInB and UTP to GInB-UMP
and pyrophosphate. On the other hand, if the intracellular nitro-
gen concentration is high, UTase deuridylylates GInB-UMP to
form GInB plus UMP. Therefore, GInB signals cellular nitrogen
affluence, while GInB-UMP signals nitrogen poverty. In sum, the
covalent modification of GS is regulated by two nucleotidyltrans-
ferases, UTase and ATase, forming a bicyclic cascade (Fig. 5).

Under some conditions, E. coli has a GInB-like protein called
GInK at its disposal (139, 154, 155). GInK, like GInB, can be uri-
dylylated by UTase (138, 139), while its product, GInK-UMP, can
be deuridylylated by UTase (138). Like GInB, GInK is able to stim-
ulate the adenylylation reaction (138, 139), while GInK-UMP can
stimulate the deadenylylation of modified GS (140, 162). Accord-
ingly, GS modification is regulated by two parallel bicyclic cas-
cades (Fig. 5). The different proteins involved in the covalent
modification of GS are discussed in more detail in the following
sections.
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FIG 5 The full regulatory cascade of GS. The heart of the figure shows that GS is covalently (de)adenylylated (denoted —AMP) by the action of ATase. The two
opposing activities of ATase are affected directly by glutamine (~GLN). These activities are also affected by binding two specific species of the regulatory protein
GInB and the corresponding GInK species. Covalent uridylylation (denoted —UMP) of both GInB (top) and GInK (bottom) is shown to be catalyzed by the
enzyme UTase, which is sensitive to glutamine. Differential binding of 2-oxoglutarate (~OG) to the unmodified and uridylylated GInB/GInK species is also
shown. Solid blue arrows denote positive effects and red arrows denote negative effects on ATase and UTase. The two dashed blue arrows indicate that the GInK
species are (much) less potent, at least in vitro, in activating the ATase activity than are the corresponding GInB species.

UTase activity. From the results of a kinetic analysis of UTase
(127) and of a reconstitution of the UTase-GInB monocycle (136),
it was concluded that the monocycle functions as a glutamine-
sensing device: at a fixed 2-oxoglutarate concentration, a low or
high glutamine concentration resulted in an almost completely
uridylylated GInB or deuridylylated GInB, respectively (136). If
the in vitro experiments reflect the in vivo situation, the physiolog-
ical function of UTase may be one of sensing the glutamine con-
centration and transducing this information to the GInB protein
by adjusting the degree of uridylylation of the latter. Indeed, nei-
ther E. coli nor S. Typhimurium glnD mutants lacking both activ-
ities of UTase (which is encoded by glnD) sense the nitrogen status
of the cell: they exhibit a high-adenylylation state of GS indepen-
dent of the absence or presence of ammonium in the growth me-
dium (92, 133, 381, 382).

For wild-type E. coli under conditions of nitrogen limitation,
this implies that if the glutamine concentration were to drop to
below the K,,, of GOGAT for glutamine (which is approximately
0.2 mM in vitro [46, 54]), GInB will be highly uridylylated (see
reference 136), and as a consequence, GS will be completely
deadenylylated and, thus, operate at its maximum activity. This may
then lead to an increase in the intracellular glutamine concentra-
tion such that the increased thermodynamic driving force for
GOGAT will push the enzyme to produce glutamate again. How-
ever, the intracellular glutamine concentration is some 2 mM dur-
ing nitrogen limitation (135), which is far above the K, value of
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GOGAT. The competitive inhibitors of glutamine are aspartate
(K;=0.35 mM) and glutamate (K; = 28 mM) (46), both of which,
however, are present at concentrations (Asp = 2 mM; Glu = 70
mM) above their K; values (135), increasing the effective K,,, for
glutamine and making the above-described kinetic regulation rel-
evant again: the competition for active sites is physiologically im-
portant (see below). For nitrogen-limited S. Typhimurium, the
glutamine concentrations are lower, roughly 0.5 mM (calculated
from data in reference 383).

In the literature, the ranges of intracellular glutamine (0.2 to
0.5 mM) and 2-oxoglutarate (0.1 to 0.9 mM) concentrations pre-
sented in a seminal paper by Senior (384) are often referred to. It
should be noted, however, that these concentration ranges were
determined by using chemostat cultures at different growth rates
for glucose-limited cells, i.e., for cells that were growing with ex-
cess ammonium.

GInB activity. By constructing heterotrimers in vitro consisting
of two GInB**7~>* subunits and one wild-type subunit, Jiang and
coworkers (385) demonstrated that a single T loop within a GInB
trimer suffices in vitro to interact productively with all three target
proteins (UTase, ATase, and NRII). Those authors suggested,
therefore, that the functional unit of GInB is the individual mono-
mer. These measurements showed in addition that the hetero-
trimer, containing one unmutated T loop, could be even better
uridylylated than wild-type GInB and activated NRII better than,
and ATase equally as well as, the wild-type GInB trimer (385). A
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reason why GInB is a homotrimer instead of a monomer has been
proposed by Thomas et al. (365). Based on a phylogenetic analysis,
they concluded that trimeric GInB may have evolved from trim-
eric GInK, which is part of the conserved GInK-AmtB couple (or-
ganized as an operon). In addition, a trimer may exhibit more
regulability than a monomer. Indeed, several findings point in this
direction. The clefts between the loops of the monomers are im-
portant for binding of ATP, ADP, and 2-oxoglutarate (see below)
and, hence, for regulation of the activity of the GInB trimer. Fur-
thermore, it has been shown that the multiple binding sites for
ATP, ADP, and 2-oxoglutarate within the trimer cooperate to
regulate the functioning of a single T loop (386). Also, the number
of 2-oxoglutarate molecules bound to trimeric GInB affects the
ability of the latter to regulate its targets ATase (387) and NRII
(388). In contrast, uridylylation of GInB is a noncooperative reac-
tion (161, 389), suggesting that uridylylation of one subunit nei-
ther stabilizes nor destabilizes the other nonuridylylated loops.

As described above, 2-oxoglutarate and ATP can bind to GInB
with high affinity, each with a K, (dissociation constant) in the
M range, and binding of ATP stimulates the binding of 2-oxo-
glutarate and vice versa (127, 134). However, ADP acted strongly
antagonistically to 2-oxoglutarate (390). Moreover, the binding of
2-oxoglutarate and ATP/ADP requires cooperation of the three
ligand binding sites within the GInB trimer (386).

Binding of 2-oxoglutarate to GInB is necessary for its uridyly-
lation (127, 134), which suggests that binding of 2-oxoglutarate
(and possibly also ATP) to GInB is important for the presentation
of the correct loop structure to the active site of UTase (147). It
should be noted that although 2-oxoglutarate controls the ability
of GInB to regulate the activities of NRII and ATase, it does not
control the binding of GInB and GInB-UMP to these receptors of
the nitrogen status of the cell (96, 387, 388).

It has been noted (151) that GInB contains an amino acid se-
quence similar to the “Walker A consensus motif” (391) involved
in the binding of ATP to a number of proteins. This sequence in
GInB may be G**-X-X-X-X-G¥-K*. The site is located within a
small loop structure (B loop), located between an «-helix and a
B-sheet at the exterior surface of the trimer (152, 153). Indeed,
substitutions within this motif resulted in GInB variants to which
the binding of ATP (and 2-oxoglutarate) was strongly reduced
and which did not interact with either UTase, ATase, or NRII
(392). Binding of ATP to this site changed the conformation of the
B loop of GInB, as was observed by X-ray diffraction analysis of a
crystal of GInB bound with ATP (159). In addition, the structure
of the latter compared to the structure of uncomplexed GInB (152,
153) revealed that the T loop may block the binding site of ATP.

Studies with reconstituted signal transduction systems have
shown that the action of ADP is targeted to GInB and GInB-UMP
and that the interactions of GInB with ATase, UTase, and NRII are
affected by the presence of ADP (390). ATP and ADP bind to the
same nucleotide binding site on GInB (159). The binding of ATP
was strongly synergistic with 2-oxoglutarate, while the binding of
ADP was not (390). ATP concentrations measured for E. coli cells
grown under a variety of batch and chemostat conditions varied
from 2 to 10 mM (342, 343, 393-397). ATP/ADP ratios were ob-
served to range from 3 to 12 (343, 398, 399). Recent metabolome
data indicate that 2-oxoglutarate concentrations are in the range
of 0.2 to 0.6 mM in cells growing with excess ammonium (342,
343) and around 10 mM when nitrogen is limiting (135). There-
fore, under most circumstances, ATP is expected to dominate at
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the binding site on GInB, and regulation of GInB by the ATP/ADP
ratio or the energy charge might be of physiological significance
when both the ATP/ADP ratio is low and nitrogen is not limiting.

In sum, GInB can bind 3 molecules of ATP or ADP and 3
molecules of 2-oxoglutarate noncovalently and 3 UMP groups
covalently. The ATP/ADP ratio may represent a Gibbs free energy
signal, 2-oxoglutarate being an intermediate of the TCA cycle may
represent a carbon source signal, and uridylylation of GInB may
represent a nitrogen source signal. Altogether, GInB may adopt
many different signaling states (386). Thus, instead of simply
transducing a signal, GInB may function as an integrator of the
three signals mentioned above and transduce the integrated signal
to its receptor proteins NRII and ATase (for reviews, see refer-
ences 28, 29, and 400).

GInK activity. GInB and GInK are structurally similar but func-
tionally distinct regulatory proteins. First and foremost, glnB is
constitutively expressed at a low level (88, 144), while the expres-
sion of gInK is induced under conditions of nitrogen limitation or
starvation (139, 401). Second, the two paralogous proteins regu-
late the degree of NRI phosphorylation via their interaction with
NRII differently during different stages of nitrogen supply, i.e.,
under nitrogen excess, nitrogen limitation, and nitrogen starva-
tion conditions. Together, they indirectly control the expression
of the nitrogen-regulated genes (¢gInALG, nac, glnK, and perhaps
other nitrogen-regulated genes) under a variety of environmental
conditions (401, 402). The differences in the physiological roles
may not be due to differences between the proteins per se but to the
timing of expression of their genes and the levels of accumulation
(403).

When it concerns GInK alone, a variety of alternative meta-
bolic functions for GInK has been suggested. GInK would function
as follows. First, GInK would function as a regulatory protein act-
ing in the nitrogen-regulated regulon much like GInB does (138,
139, 162, 403). However, GInK was found to be a less potent actor
than GInB, at least for some of its activities (138—140). Second,
GInK may function as a “memory protein,” enabling the cell to
keep track of its growth history (139). The cell might remember
the condition to which it had been adapted through the concen-
tration of the GInK protein, and this might prevent the cell from
responding to each and every transient change in the environ-
ment. Third, It may function as a regulator of the expression level
of NRI-P under conditions of severe nitrogen starvation (162,
402). In the absence of GInK, rather high expression levels of the
gInK and nac promoters occurred in nitrogen-starved cells. Ap-
parently, GInB is unable to control nac and glnK expression, and
GInK is required to limit expression of these two promoters dur-
ing nitrogen starvation. Fourth, GInK may be a fine-tuning pro-
tein for GInB action via heterotrimer formation (140, 161, 404).
Indeed, GInK and GInB can form heterotrimers between them in
vivo (140, 404) and in vitro (140). The activity in stimulating the
deadenylylation reaction decreases from uridylylated GInB ho-
motrimers and uridylylated GInB-GInK heterotrimers to uridyly-
lated GInK homotrimers in vivo (161) as well as in vitro (140). The
formation of heterotrimers with both GInK and GInB is not sur-
prising, because GInB heterotrimers can also be formed in vitro
from wild-type and mutant monomers (385). Actually, consider-
ing the fact that the gInK gene is more ancient than the glnB gene
(365), GInB may be, in terms of differences in its amino acid se-
quence relative to that of GInK, regarded as a variant form of
GInK. (v) GInK may be a factor needed to survive nitrogen star-
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TABLE 6 Reactions catalyzed by the NRI-NRII two-component system

Biological process

(reaction step) Reaction

ATP + NRII — ADP + NRII(His)-P
NRII(His)-P + NRI — NRI(Asp)-P + NRII
NRI(Asp)-P + H,0 — NRI + P,

ATP + H,0 — ADP + P,

Autokinase reaction (I)
Phosphotransfer (II)
Dephosphorylation (III)
Sum of reactions I-III (IV)

vation and to recover rapidly when fed ammonium afterwards
(402). In contrast to the wild type, a glnK mutant failed to recover
rapidly when starved for nitrogen for 10 h or more. Also, these cells
showed faster loss of viability than the wild type. (vi) GInK may func-
tion as a protein needed to prevent titration of GInB when AmtB is
highly expressed (369). Cotranscription of glnK with amtB ensures
that both proteins are expressed in similar quantities, and thereby, the
GInB protein, which is capable of binding to AmtB, would not be lost
for signaling by AmtB-mediated sequestration to the cytoplasmic
membrane. (vii) GInK may be an inhibitory regulator of the transport
activity of AmtB by direct binding (163, 303, 356). Building on this
GInK activity, it was hypothesized that it serves to minimize AmtB-
mediated futile cycling of ammonium across the membrane while
maintaining an intracellular ammonium level sufficient for growth
(301). These functions are discussed in “AmtB-GInK interaction and
kinetic regulation,” above, and “AmtB-mediated futile cycling of am-
monium,” below.

Although it may seem that there are too many functions to all be
true, the concepts of conditional (405) and quantitative (406) pheno-
types make it conceivable that most, if not all, of the above-described
functions might indeed be physiologically relevant. On the other
hand, the most straightforward function of GInK seems to be the
regulation of AmtB transport activity. The observation that GInK
deuridylylation is dependent on AmtB activity under physiological
conditions may be taken to suggest that this indeed might be its major
activity (163,407). Indeed, it has been argued that part of the evidence

for the other functions of GInK has been collected by studying ginK
mutants in which the absence of GInK causes GInB to be unnaturally
sequestered to the membrane by AmtB (163).

ATase activity. The physiological function of the adenylylation
and inactivation of GS by ATase may be 4-fold. First, it may prevent
depletion of the glutamate pool and enable the resumption of growth
after an ammonium upshift of cells that had been growing on a poor
nitrogen source, a condition that results in a high glnA expression
level and, thus, in a high concentration of its unmodified gene prod-
uct, GS (408, 409). Second, as glutamate has been regarded as the
major counterion for free potassium, ATase may indirectly prevent
depletion of the potassium pool in the situation described above
(410-412). Third, ATase may control the activity of GS homeostati-
cally. When glnA is overexpressed or upregulated, adenylylation of
unmodified GS may balance the activity of GS (161,413). Conversely,
a glnE mutant, without adenylylation activity and thus with high GS
activity, might decrease the synthesis of GS to compensate for its
increased activity (92, 408, 413). Fourth, at steady-state growth, the
adenylylation and deadenylylation reactions may set the adenylyla-
tion state of GS to the optimal number of adenylylated GS subunits
(414, 415).

Autophosphorylation of NRII. NRII can be autophosphory-
lated at histidine 139 (173). The reaction requires Mg>* and ATP
but no other protein (hence the prefix “auto”) (reaction I) (Table
6) (191, 416). The putative ATP binding site is involved in the
autokinase reaction because a substitution in this site impaired
ATP binding and resulted in a much lower degree of autophos-
phorylation (177). The autokinase reaction of NRII proceeds by
binding of ATP to one subunit followed by intermonomer phos-
phorylation in trans within the NRII dimer (177, 417). Conse-
quently, the dimerization reaction of NRII monomers may have
control of NRII phosphorylation.

As shown in Fig. 6, the signal transduction occurs through the
transfer of a phosphoryl group from ATP via NRII (His139) to
NRI (Asp54) (182; for reviews, see references 164—166): NRII is a

NRII-P NRI
e
GInBog, NRIl
ATP
S So G'“Kogl
NRII NRI-P
GS NRII NRI

gInL
QN

FIG 6 Transcription regulation of nitrogen-regulated genes by NRI-NRII. The heart of the figure displays the phosphorylation cycle of the NRI-NRII two-
component system. At the bottom right part of the figure, the glnALG and the glnK-amtB operons (and other operons) that are regulated by the response regulator
NRI-P are shown. The transmitter protein NRII features autokinase properties and can be phosphorylated by ATP to yield NRII-P. The autokinase activity is
inhibited by unmodified GInB carrying a single 2-oxoglutarate molecule. When the same molecular species forms a complex with NRII, it stimulates the
dephosphorylation of NRI-P to yield NRI. By analogy, the corresponding GInK species might do the same. A blue arrow denotes a positive effect, and a red arrow

indicates a negative effect.
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protein kinase of NRI. Any of the three reactions may contribute
to the regulation and control of the level of NRI-P, the transcrip-
tional activator in its active form. The autophosphorylation of
NRII is inhibited by unmodified GInB complexed with ATP and
2-oxoglutarate (178, 179). However, GInB can bind and inhibit
the autokinase reaction of NRII only when the trimer is com-
plexed with three ATP molecules and only one 2-oxoglutarate
molecule (K,; of ~5 uM) (134, 178, 388). A complex of GInB with
ATP and without any or with two additional molecules of 2-oxo-
glutarate (K,; of ~150 wM) cannot bind NRII (178, 388). If these
in vitro-determined dissociation constants are also valid under in
vivo conditions, a paradox arises for the received view of regula-
tion under conditions of nitrogen excess. According to this view, a
reduced concentration of 2-oxoglutarate would make GInB in-
hibit the kinase of NRI and lead to a lack of activation of ginA
expression and, hence, to lower levels of GS. However, the physi-
ological 2-oxoglutarate concentrations under excess-nitrogen
conditions are mostly higher than the above-mentioned second
K,. For instance, in E. coli cells growing in a chemostat with a
glucose-limited excess-ammonium medium or in batch culture
with excess glucose and ammonium, the cellular 2-oxoglutarate
concentration varied between 0.1 and 0.9 mM depending on the
growth rate (384) or was 0.5 to 0.6 mM (135, 342), respectively.
Hence, cells would not be able to make a switch from inactive
GInB-2-oxoglutarate; to active GInB—2-oxoglutarate and inhibit
the autophosphorylation of NRII as a response to the changes in
the 2-oxoglutarate concentration. It is noteworthy that it would be
no problem for the recent view that GS together with GOGAT is
also the primary producer of glutamate under excess-ammonium
conditions (see “GS-GOGAT Activity under Conditions of Inter-
nal Nitrogen Sufficiency?” below). Alternatively, one should ac-
commodate the likelihood that glutamate competes for the bind-
ing of 2-oxoglutarate to GInB and thereby greatly increases the
corresponding effective binding constant.

The autophosphorylation reaction is reversible when purified
NRII-P is incubated with ADP (191). It seems, therefore, that the
cellular ATP/ADP ratio may have control over the extent of auto-
phosphorylation of NRII (418) and indirectly over the phosphor-
ylation of NRIL

Phosphotransfer from NRII-phosphate to NRI. Phosphoryla-
tion of NRI can occur via two different physiological routes. The
major route is a phosphotransfer from NRII-phosphate (NRII-P)
(reaction II) (Table 6). Isolated NRII-P, free of ATP, phosphoryl-
ates NRI in the presence of Mg>™ (191, 416). This suggests that
NRII does not catalyze a direct transfer of y-phosphate of ATP to
NRI but engages more intricately in the reaction through the in-
termediate formation of NRII-P. Incubation of NRI-P with ADP
results in the formation of ATP and disappearance of NRI-P and
requires NRIT and Mg>™ (191), suggesting that the phosphotrans-
fer of NRII-P to NRI is a thermodynamically reversible reaction.
In addition, it seems that the phosphotransfer from NRII-P to
NRI is much faster than the autophosphorylation of NRII, be-
cause when NRI was phosphorylated with [y->*P]ATP in the pres-
ence of NRII, in vitro, label appeared almost solely in NRI and
hardly in NRII under the experimental conditions (124, 168). The
(initial) rate of phosphotransfer from NRII-P to NRI is not influ-
enced by GInB (124, 168).

The second route to the synthesis of NRI-P is a phosphotrans-
fer from small phosphate donors like acetyl-phosphate, the trans-
fer of which also requires Mg** (419, 420). This reaction might be
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relevant physiologically for the activation of NRI in wild-type cells
to facilitate the shift from nitrogen-rich growth conditions to ni-
trogen-poor growth conditions (419, 420). Under the former
growth condition, the cellular concentration of NRII (and NRI) is
very low, because the level of the two regulators themselves is
nitrogen regulated. It is this activity, i.e., the phosphotransfer
from a small phosphate donor to the signal receiver protein NRI,
that may be taken to suggest that NRI itself is the enzyme that
catalyzes its own phosphorylation, rather than the sensor protein
kinase NRII, as has been proposed (182, 418, 421). NRII-P may
serve as the substrate only for the phosphorylation of NRI, and
NRI may catalyze the phosphoryl transfer. On the other hand, a
kinase is defined as a phosphotransferase with ATP as the sub-
strate, and NRI does not readily accept a phosphoryl group from
ATP without the help of NRIL.

Dephosphorylation of NRI-phosphate. The acyl phosphate
bond of NRI-P is naturally unstable and hydrolyzes at pH 7.0, with
at,,, of about 6 min (168, 191). This reaction may be referred to as
the autophosphatase activity of NRI-P (reaction III) (Table 6 and
Fig.6) (168, 191). Because histidine 139 of NRII is not required for
the dephosphorylation of NRI-P, this phosphatase activity is not
the reversal of the phosphotransfer reaction (174, 422). Based on a
high-resolution NMR structure of the beryllofluoride-activated
receiver domain of NRI, it has been suggested that the His84 of
NRI may be involved in the catalysis of autodephosphorylation of
NRI-phosphate (199).

Presumably, to enable a quick response to a changing environ-
ment, nonuridylylated GInB complexed with one 2-oxoglutarate
molecule (indicator of a nitrogen-rich state [see above]) stimu-
lates an NRI-P phosphatase activity of NRII, which is known as the
regulated phosphatase activity of NRII (168). The paradox dis-
cussed above in “Autophosphorylation of NRII,” i.e., the difficulty
to lose two of the three 2-oxoglutarate molecules complexed to
GInB because the 2-oxoglutarate concentration remains saturat-
ing after an ammonium upshift, also seems to apply here. How-
ever, glutamate might solve the paradox in this case, since it en-
ables GInB to stimulate the dephosphorylation of NRI-P in vitro,
provided that the glutamate concentration is >5 mM (134, 169).
Probably, GInB may also be bound with ATP and glutamate in-
stead of ATP and 2-oxoglutarate, although the stoichiometry of
the complex is unknown. As in cells growing under excess-ammo-
nium conditions, the measured intracellular glutamate concen-
trations are no less than 30 to 40 mM (343, 410, 423), and even in
the range of 70 to 150 mM (135, 342), this backup control by
glutamate might be operative. On the other hand, the binding of
glutamate to GInB must be seen in its competition with the bind-
ing of 2-oxoglutarate; the presence of the latter in a 10-fold excess
over its binding constant should increase the apparent binding
constant for glutamate by a factor of 10.

NRII homodimers containing a single substitution in one of
the three domains, including the ATP and GInB binding site,
showed a decreased GInB-stimulated NRI-P phosphatase activity;
heterodimers containing these variant subunits were formed in
various combinations, and with some of them, complementation
of the GInB-activated phosphatase activity was observed in vitro
(424). On the basis of these results, it was suggested that the three
domains collaborate to function as a phosphatase (424). However,
it was concluded from additional (de)phosphorylation experi-
ments in vitro by NRII with or without GInB using variants of NRI
containing a single-amino-acid substitution or deletion in the N-
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terminal domain close to the site of phosphorylation that the reg-
ulated dephosphorylation of NRI-P is a result of a collaboration
between the NRII-GInB complex and NRI-P and, thus, that NRII
is not a true phosphatase (425). The argument may not be quite
convincing, however, as any specific phosphatase requires some
involvement of its substrate.

GInB-UMP does not interact with NRII; therefore, uridylyla-
tion of GInB reduces only the concentration of unmodified GInB
capable of interacting with NRII (389). Both GInB and GInK are
potent activators of the NRI-P phosphatase activity of NRII (138).

A strain with an NRII variant, which is disabled in terms of
reducing the degree of phosphorylation of NRI-P, features a so-
called “GInC phenotype”: it is unable to reduce the expression of
gInA and other nitrogen-regulated operons in response to ammo-
nium in the growth medium (167). NRII variants resulting in
strains having a GInC phenotype may have a substitution located
near His139, the site of autophosphorylation (426).

Signal transduction by the nitrogen-PTS? It has been argued
that functionally related proteins are likely to evolve in parallel
and often are coded in a single operon (365, 427). Because rpoN
(oY), ptsN, and ptsO are within the same operon (257, 262), and
this has been shown to be the case for many more bacteria (248,
257), it seemed plausible that ptsN and ptsO might regulate o>*-
dependent promoters. Indeed, in comparison with wild-type K.
pneumoniae, ptsN and ptsO mutants showed increased (2- to
3-fold) and decreased (2-fold) o>*-dependent activities of the
glnAp2 promoter, respectively (262, 265). Neither the promoter of
o* itself (rpoNp) nor o”°-dependent promoters were affected,
though (262, 265). In contrast, a ptsN mutant showed a slightly
decreased glnAp2 promoter activity (1.5-fold) in comparison to
wild-type E. coli (257). Transcription of the Pseudomonas putida
xyIS operon was decreased (2- to 3-fold) by ptsN in E. coli (428).
Thus, only modest effects of the nitrogen-PTS on ¢”*-dependent
transcription of nitrogen-related genes have been observed.

Although the nitrogen-PTS has been proposed to play a gen-
eral role in nitrogen assimilation and to provide a link between
carbon and nitrogen assimilation (257, 259, 429, 430), recent ev-
idence does not corroborate this view, at least not for E. coli. In
particular, the phenotypes associated with a lack of ptsN were all
shown to be due to the presence of a nonfunctional version of the
ilvG gene encoding acetohydroxy acid synthase IT (AHASII) (431).
Indeed, various other roles, not related to nitrogen assimilation,
for the components of the nitrogen-PTS have been put forward
for EIN" and Npr but especially for EITAN". These roles are con-
secutively discussed below.

The EIN" protein possesses a GAF domain (named after some
of the proteins in which it is found) at its N-terminal domain (432,
433). The GAF domain of Azotobacter vinelandii NifA has been
shown to bind a small molecule (2-oxoglutarate) that regulates its
activity (434). Similarly, the N-terminal GAF domain in EINT may
regulate the catalytic activity of EI"" (or another protein) upon
binding of a small molecule (432, 434). Remarkably, in spite of the
lack of a GAF domain (259), El involved in the glucose-dependent
PTS has been shown to bind 2-oxoglutarate (435).

The dephosphorylated protein Npr decreases lipid A synthesis
of the lipopolysaccharide layer by inhibiting the enzyme LpxD
(436), the N-acyltransferase that catalyzes the third step of lipid A
biosynthesis (437).

The IIAN" protein, unlike the ITA' protein, is involved in
neither sugar transport nor catabolite repression (428). To date,
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four different activities have been observed for ITAN", First, the
dephosphorylated protein EITAN" has been shown to bind the K*
transport protein TrkA and to inhibit TrkA-mediated transport
(438). TrkA is an essential subunit of the Trk potassium transport
systems (439, 440), which have a low affinity for potassium and are
constitutively expressed (441). In addition, the dephosphorylated
protein EITAN" was shown to bind the sensor kinase KdpD, stim-
ulating its kinase activity (442). The latter results in an increased
level of the phosphorylated transcriptional regulator KdpE, which
stimulates the expression of the kdpFABC operon. This operon
encodes the KdpFABC K transport system (442), which has a
high affinity for potassium (441). Thus, the nonmodified EITAN"
protein regulates both the activity of the low-affinity potassium
uptake systems and the expression of the high-affinity potassium
uptake systems, indicating the importance of protein EITAN" for
potassium homeostasis. Second, it has been shown that HAN®
modulates the pho regulon, which comprises over 30 genes. Com-
parison of mutants lacking EIITAN" with mutants deficient for
phosphorylation suggested that nonphosphorylated EITAN" mod-
ulates the expression of pho. In addition, EITAN" was found to
bind directly to the sensor kinase PhoR and, through this interac-
tion, to increase the amount of the phosphorylated response reg-
ulator PhoB (443). Importantly, the phosphate starvation re-
sponse was controlled by nitrogen-PTS independent from its
effects on K™ uptake. Third, EITAN" has also been shown to be a
member of the ¢* regulon and to play a role in maintaining cell
envelope integrity upon stress (444). Fourth, for Salmonella,
EIIANY has been demonstrated to interact directly with SsrB, the
response regulator of the SsrA/SsrB two-component system that
mediates survival and replication within host cells (445).

In sum, the early proposal that the nitrogen-PTS connects car-
bon to nitrogen assimilation seems to have lost most of its credit;
instead, a variety of other seemingly unrelated activities and func-
tions have surfaced for the nitrogen-PTS components.

Signal transduction toward lysine-acetylated proteins? Re-
cently, acetylation of lysine residues has been shown to function as
a reversible posttranslational modification of proteins that plays
an important role in regulation of eukaryotic metabolism (446,
447). Protein lysine acetylation also occurs in Salmonella enterica
and coordinates carbon source utilization (448). For E. coli, 85
proteins (449) or 91 proteins (450) were identified as having
acetylated sites, but although both sets included enzymes in amino
acid metabolism, none of the proteins of the central nitrogen as-
similation metabolism were part of the set. Thus, it seems likely
that regulation by protein acetylation does not affect this part of N
metabolism. Proteins discussed in this review that are acetylated
are Crp, glutaminase, pyrophosphatase, and carbamoyl phos-
phate synthetase. However, with enhancing proteomics, we may
be in for the discovery of more covalent modification states of
proteins, and the potential importance of this remains open.

Gene Expression Regulation

In this section, we focus on the fourth aspect of regulation, i.e.,
that of regulation by adjusting gene expression. In principle, this
issue involves the operon organization of genes, transcription, sta-
bility, as well as translation, but the focus here rests on the former
two aspects, as less is known of the latter two. Overviews of all of
the transcriptional regulators that pass in review in this section are
shown in Fig. 7.

Transcription regulation of glnALG. The glnA gene (33, 34),
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FIG 7 Nitrogen-related transcription factors. A summary of the nitrogen-
related transcription factors is presented. The transcription factors that have
well-known effects on the genes/operons displayed in the figure (Nac, ArgR,
IHF, Lrp, CRP-cAMP, and NRI-P) are shown in gray boxes with solid lines.
GadE and FNR are shown in a dotted box, because the evidence for transcrip-
tion regulation of the gltBDF operon by these factors is incomplete. Positive
effects are indicated by blue circles, and negative effects are indicated by red
circles. NRI-P and CRP-cAMP may have positive or negative effects on the
expression of the ginALG operon, depending on the actual conditions.

encoding GS, is part of a complex operon, the glnALG (451) or
glnA-ntrBC operon (452; for reviews concerning two-component
systems, see references 164—166).

(i) DNA elements in cis of the gInALG operon. There are two
promoters upstream of the gInALG operon (453-455), a distal
weak glnAp1 promoter containing the Ec”° recognition site and a
proximal strong glnAp2 promoter containing the Eo™* recogni-
tion site (197,253, 254,453, 455, 456) (Fig. 8A). A Crp binding site
islocated upstream of the glnApI promoter. In addition, upstream
of the glnAp2 promoter, five binding sites for NRI are present,
which NRI binds unequally (197). DNase I footprint analysis has
revealed the order of apparent affinity of NRI to these five binding
sites. NRI has the highest affinity for the two most upstream bind-
ing sites, sites 1 and 2; a lower affinity for sites 3 and 4, in the
middle of the upstream region of glnA; and the lowest affinity for
site 5, proximal to the glnAp2 promoter (197) (Fig. 8B). The num-
bers of these NRI binding sites follow (197). Binding sites 1 and 2
are separated from each other by 3 turns of a helix, and these
together have been called the enhancer of glnALG (457, 458). NRI
binding sites 3 and 4, between the enhancer and the glnAp2 pro-
moter, have been called the “governor” of the glnAp2 promoter
(459).
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FIG 8 Transcription regulation of ginALG by NRI-P. (A) The glnALG region.
The glnA, glnL, and ginG genes constitute the structural genes of the operon.
Thin arrows indicate the transcription start sites of the glnAp1 (c7°), glnAp2
(6°*),and glnLp (¢7°) promoters. The black-dotted arrow denotes the position
of the p-independent transcription terminator site. The green circle indicates
the upstream region of the operon that is presented in panel B. (B) The glnA
upstream region is shown enlarged. This region contains a 0> promoter, a 0”°
promoter, five NRI-P binding sites (circles), and one CRP-cAMP binding site
(square). The five NRI-P binding sites have been qualified from left to right as
high-, high-, modest-, modest-, and low-affinity sites, respectively.

There is an additional E¢”° promoter between glnA and glnL
(glnLp), which, like glnAp1 (454, 455), has an overlapping binding
site for NRI, as assessed by DNase I footprint analysis (460). More-
over, the intercistronic glnA-gInL region contains a Rho-indepen-
dent terminator (460) and one (461) or two (462) repetitive ex-
tragenic palindromic (REP) sequences. A REP sequence possesses
an imperfect dyad symmetry that has the potential to form a stem-
loop structure in the DNA (461). REP and Rho-independent ter-
minator sequences have been shown to bind DNA gyrase (463)
and DNA polymerases 1 (464) and IV (465) (see references
466-469 for more information concerning such DNA elements).
Each of these two different DNA elements (REP and Rho-inde-
pendent terminator) may contribute to reduce, although to dif-
ferent extents, the readthrough of the transcription initiated from
the glnAp2 promoter and, thus, decrease the expression of glnLG.
Expression initiated at the glnAp1 and glnLp promoters results in a
housekeeping level of the encoded proteins.

(ii) Initiation of gInALG transcription. The consensus DNA
binding site of NRI-P counts 17 nucleotides (TGCACCAnnnTG
GTGCA). The first and last 7 nucleotides (in uppercase type) have
dyad symmetry (470). Although phosphorylation of NRI affects
neither dimerization of wild-type NRI (185) nor binding to a sin-
gle DNA binding site (470), upon phosphorylation, preexisting
NRI dimers form oligomers, and this oligomerization rather than
dimerization is required for activation (471, 472). The oligomers
bind tightly to enhancer sequences and contact the ¢>* holoen-
zyme form of RNA polymerase, bound to the promoter, by means
of a DNA loop (457, 473-475). This complex hydrolyzes ATP to
catalyze open promoter complex formation by o>*-RNA poly-
merase (189; for a review, see reference 476).
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Cooperative binding
of two dimers

A. Closed complex
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FIG 9 Transcription activation at the glnAp2 promoter. (A) Two NRI-P dimers bind the enhancer, which is composed of two binding sites for dimers. The

enhancer is located at positions —108 and — 140 with respect to the transcription start site. The RNA polymerase holoenzyme containing sigma factor 54 (Eor

54)

binds to the glnAp2 promoter to form a closed complex. (B) Two NRI-P dimers contact the Ea>* holoenzyme by means of DNA loop formation (intermediate
complex). (C) Hydrolysis of ATP by NRI-P results in the formation of an open complex, i.e., DNA strand separation at the promoter. (Adapted from reference

181.)

(iii) Transcription activation by NRI. Phosphorylation of NRI
at Asp54 resulted in a rearrangement of the a-helices and the
B-strands located in a region called the “3445 face” in the N-ter-
minal domain, especially an axial rotation of helix 4. This event
created an exposed hydrophobic surface, as has been shown by
NMR spectroscopy of transient phosphorylation of NRI using a
high concentration of a low-molecular-mass phosphoryl mole-
cule (198). This helix, upon phosphorylation, contacts the begin-
ning of the central domain within the same monomer or the part-
ner molecule of the dimer, as has been elegantly shown by cleavage
of the dimers by iron chelators tethered to cysteines engineered
into the N-terminal domain within this helix (477). This contact
then makes the dimer ready for oligomerization by moving a res-
idue that prevented oligomerization but was also needed for ca-
talysis into the active site, as was shown by X-ray crystallographic
analysis of (i) the central domain and (ii) the amino-terminal and
central domains together (478). Oligomerization (actually hep-
tamerization) completes the active site of ATPase (478). Every
monomer in the ATPase domain contains a novel loop. The seven
monomers form a ring structure with a hole in the center of the
heptamer. The loops together, which point toward the center of
the pore, may form an extended structure that could contact ¢*
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and stimulate open complex formation (478). Open complex for-
mation by the 0®*-RNA polymerase holoenzyme has been re-
viewed previously (479).

NRI-P binding sites 1 and 2 are located normally approxi-
mately 140 and 100 bp upstream of the transcription start site,
respectively (197). However, when the two binding sites 1 and 2
together were moved more than 1 kb from the transcription start
site, transcription activation of glnAp2 by NRI-P did not decrease
in vivo (458). Similarly, moving binding sites 1 and 2 together
approximately 1 kb upstream or downstream of glnAp2 on linear
DNA templates resulted in efficient open complex formation in
vitro (457). Thus, these two binding sites together are like the
transcription enhancers in eukaryotic cells (458), hence clarifying
their name enhancer. Two NRI-P dimers strongly bind the en-
hancer in a cooperative way (470, 471). The function of the en-
hancer is to increase the local concentration of NRI-P (201, 457,
458, 471, 473, 480, 481). This facilitates oligomerization (472).
The enhancer—-NRI-P complex may move to the closed complex,
comprising the glnAp2 promoter and bound ¢>*-RNA polymer-
ase, through a DNA loop (475, 481) and then catalyze open com-
plex formation (480) (Fig. 9).

The function of the governor is to limit the maximal expression
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of glnA. Expression of the glnALG operon not only results in an
increase in the cellular GS concentration but also increases the
cellular concentration of NRI and NRIL The latter two may again
stimulate the ¢lnALG operon, which results in a positive-feedback
loop and, consequently, a potentially huge cellular concentration
of GS. Binding of NRI-P to the governor brings the expression of
the glnALG operon to a halt. This may possibly occur by prevent-
ing productive contact between enhancer-bound NRI-P and pro-
moter-bound ¢”*-RNA polymerase (459). However, this mecha-
nism awaits experimental verification. Intricate mechanisms
keeping positive-feedback loops that are important for starting up
new activities in check appear to be important in biology (482).
Previously, it was observed that hyperexpression of NRI-P re-
duced the activity of the glnAp2 promoter, but in hindsight, it can
be concluded that this apparently happened in a manner indepen-
dent of the governor binding sites 3 and 4 (483).

NRI-P can stimulate the expression of genes only when their
promoter contains an Eo>* binding site. This binding site is dif-
ferent from that of the housekeeping Eo”° binding site and con-
sists of the highly conserved doublets GG and GC, 24 and 12 bp
upstream of the transcription initiation point, respectively (253,
456).

When E. coli is growing on a nitrogen-rich source, unmodified
GInB stimulates the phosphatase activity of NRII, which dephos-
phorylates NRI-P (reaction III) (Table 6). The glnALG operon is
then transcribed at the basal level by ”°-RNA polymerase holoen-
zyme from the glnApl and glnLp promoters, which may be re-
pressed by nonphosphorylated NRI (1). In addition, the latter is
unable to stimulate gene expression.

(iv) Transcription regulation of glnALG by Crp. The enhancer
sequence upstream of glnA overlaps the binding site of Crp, and
thus, NRI-P and Crp compete for the same site, enabling an inte-
grated transcription response to alterations in N and C metabo-
lism. Indeed, Crp has direct and indirect effects on the expression
of glnALG, and this is discussed below.

Increased levels of intracellular cAMP correspond to a hunger
signal, referring to hunger for energy or carbon. Physiologically, it
may make sense that such a signal represses other activities that
may no longer be necessary because energy or carbon that is re-
quired for growth is missing. cAMP added to a culture medium
containing glucose as a carbon source and excess ammonium as
the nitrogen source increased the level of GS and GDH and de-
creased the level of GOGAT in wild-type cells, but cAMP had no
effect on these activities in a crp mutant (484). Thus, Crp-cAMP
played a role in regulation of nitrogen metabolism. More recently,
Crp was shown to moderately activate transcription of the ¢”°-
dependent glnApl housekeeping promoter but to strongly (21-
fold) repress the activity of the o>*-dependent glnAp2 promoter,
as assessed by comparing (3-galactosidase activities of various
glnAplp2:lacZYA promoter constructs in wild-type, cya single,
and cya crp double mutants (455). The overall effect of Crp on
glnA is a 4-fold expression reduction, which was in agreement
with a similar reduction of GS activity in vivo. Therefore, it was
proposed that a physiological role of Crp activation of glnAp1 is to
compensate for its repression of glnAp2, allowing a low but signif-
icant housekeeping expression level of the glnALG genes (455).
The glnAp2 promoter is activated by two NRI-P dimers bound
strongly, in a cooperative way (470, 471), to the enhancer (457,
458, 470). Binding of Crp may result in bending of the DNA (see
“cAMP Receptor Protein,” above), which prevents NRI-P from
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contacting the 0>*-RNA polymerase holoenzyme and inhibits
transcription from glnAp2 (453).

The second, indirect, type of regulation of glnALG by Crp is
realized via the glutamine ABC transporter. The transcription of
the glnHPQ operon is regulated by both NRI-P and Crp [see
“Transcription regulation by and of other nitrogen assimilation-
associated genes. (v) The glnHPQ operon,” below]. Crp activates
expression of glnHPQ), resulting in an increased carbon source-
dependent uptake capacity of glutamine. When glutamine is pres-
ent in the growth medium, the imported glutamine increases the
cellular glutamine concentration, which stimulates UTase to
deuridylylate GInB-UMP toward unmodified GInB. The latter
stimulates NRII to dephosphorylate NRI-P, resulting in abolish-
ment of the expression of glnALG to around the housekeeping
level of glnA (as described above) (453, 485, 486).

Transcription regulation of the GOGAT genes gltB and gitD.
The two GOGAT genes (gltB and gltD) are part of the gltBDF
operon (50, 53). The product of the third gene of this operon,
GItF, has a molecular mass of 26 to 30 kDa (50, 51). Expression of
gltBDF is regulated by an unusually large number of global and
local transcription regulators (487). It is activated by Lrp (488—
491), by IHF (490, 492), and by GadE, a transcriptional regulator
of genes involved in pH homeostasis (493) (see below). In addi-
tion, transcription of gltBDF is repressed by Crp-cAMP (484,
490), by the fumarate nitrate reductase regulator (FNR) (494), by
Nac (32, 53), and by ArgR, the arginine repressor (490) (see sec-
tions on Nac and Crp-cAMP below).

(i) Activators. (a) Lrp. Lrp regulates the expression of many
genes whose gene products are involved in the synthesis of amino
acids (for reviews concerning Lrp, see references 241, 243, 495,
and 496). Lrp is a positive regulator of GOGAT, and regulation is
relatively insensitive to exogenous leucine (497), at least for
growth in minimal media compared to rich media (498). Lrp
dimers bind cooperatively to three sites of the gltBDF promoter,
with the centers of the binding sites located at bp — 152, —215, and
—246 relative to the transcription start site, as assessed by DNase I
footprint analysis in vitro (490, 491). Thus, the region protected by
Lrp is large, approximately 100 bp. The distance between the
proximal Lrp binding site and the —35 element of the E¢”° pro-
moter is approximately 120 bp: the three Lrp binding sites are
unusually far upstream of the transcriptional start site compared
to other Eo”® promoters (499). Moreover, this analysis detected a
phased hypersensitivity covering the three Lrp binding sites, sug-
gesting phased DNA bending. DNase I footprinting in vitro also
revealed that the three sites must be in phase with each other to be
protected from DNase I digestion (491). By measuring [3-galacto-
sidase activity of a strain containing a chromosomal gltBp::lacZYA
fusion, maximal 3-galactosidase activity was observed when the
transcription start site was in phase with all three Lrp binding sites
(491). The results from in vivo and in vitro analyses together sug-
gested that the three Lrp dimers may wrap the gltBDF promoter
DNA like a nucleoprotein complex (491).

(b) IHF. 1t was shown by gel mobility shift and DNase I foot-
printing assays that between this Lrp-gltB promoter DNA com-
plex and the Eo”° promoter, IHF could bind to the DNA, thereby
covering the two overlapping 13-bp consensus binding sites cen-
tered at bp —85 and —89 relative to the transcription start site
(492). In addition, DNase I footprinting revealed hypersensitivity
when IHF bound the gltB promoter, indicative of DNA bending
by IHF (492). Gel mobility shift analyses showed that Lrp and IHF
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alone could shift the promoter DNA independently from each
other, but together, an extra shifted band was observed, perhaps
representing a ternary complex (492). Moreover, binding of THF
was required for transcriptional activation of gltBDF, as transcrip-
tion of gltBp::lacZYA was abolished in an IHF-negative mutant
(492). This result suggests that IHF may activate transcription by
bringing the Lrp complex in the vicinity of RNA polymerase
(492).

(¢c) GadE. The transcriptional regulator GadE (systematic name
YhiE) has been implicated as a regulator of the expression of genes
encoding proteins involved in maintenance of pH homeostasis
(500) (see “GOGAT functions,” below). Induction of gltD was
detected by microarray analysis of a strain overexpressing GadE
versus the wild type growing in glucose minimal medium at pH
5.5 (493). This regulation of GadE may be direct, as the gltB pro-
moter DNA could be gel band shifted by purified GadE. In addi-
tion, the binding capacity of GadE to the gltB promoter was in-
creased in the presence of glutamate (493). However, the location
of the GadE binding site at the promoter region of gltBDF remains
to be determined, as is the regulation of the gltBp::lacZYA reporter
fusion by a gadE-negative mutant versus the wild type.

(ii) Repressors. (a) Crp-cAMP. Prusiner et al. concluded from
growth experiments with the wild-type and cya and crp mutant
strains growing on glucose minimal medium with or without
cAMP that GOGAT activity is regulated negatively by Crp-cAMP
(484). As Crp-cAMP has a regulon of some 400 operons, this
negative regulation of GOGAT activity by Crp-cAMP could have
been indirect. However, Paul et al. (490) have convincingly shown
that the repression of gltBD by Crp-cAMP is direct, as follows.
First, a gel mobility shift analysis showed binding of purified Crp-
cAMP to the wild-type gltB promoter DNA, but binding to the
same promoter without the Crp consensus binding site was ab-
sent. Second, a DNase I footprint analysis of Crp-cAMP binding
to the gltB promoter DNA showed a protected region covering the
23-bp Crp consensus binding site plus hypersensitivity at this site,
indicative of bending by Crp-cAMP. The center of the Crp bind-
ing site is at approximately bp —65 relative to transcription start
site, between the IHF binding sites and the —35 hexamer pro-
moter element. Third, a comparison was made of the 3-galacto-
sidase activity between a crp™ strain possessing a chromosomal
gltBp::lacZYA reporter fusion containing the wild-type promoter
and a similar strain carrying a promoter with a mutated Crp bind-
ing site. Both strains were grown in glucose-rich medium with or
without dibutyryl-cAMP. The former strain showed a lower B-ga-
lactosidase activity with dibutyryl-cAMP than without. The 3-ga-
lactosidase activity of the latter strain was similar with or without
dibutyryl-cAMP in this medium. Thus, the gltBDF operon may be
negatively regulated by Crp-cAMP, confirming the results of
Prusiner et al. (484). In addition, gel mobility shift and DNase I
footprint analyses have shown that Lrp, IHF, and Crp-cAMP
could bind the gltB-promoter DNA independently of one another
(490). As Crp-cAMP is normally an activator, the mechanism of
negative regulation of gltBDF expression by Crp-cAMP remains to
be determined. However, one interesting possibility has been pro-
posed without yet testing it: Crp may bend the DNA in an opposite
direction compared to that of IHF (490).

(b) Nac. Two lines of evidence have been presented that expres-
sion of the gltBDF operon is repressed by Nac [see “Transcription
regulation by and of other nitrogen assimilation-associated genes.
(i) Transcription regulation of and by nitrogen assimilation con-
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trol protein,” below]. First, a comparison of GOGAT activity of a
wild-type strain grown on glucose-arginine medium (which is re-
garded as being severely nitrogen limiting, resulting in a high cel-
lular concentration of Nac) to that of the same strain grown on
glucose-nitrogen-rich medium showed a 4-fold decrease of
GOGAT activity. However, a nac deletion strain compared to the
wild type grown on glucose-arginine medium showed an approx-
imately 2-fold increase in GOGAT activity (53). Second, a 3-fold
or higher repression of the gltBDF operon by Nac was observed by
determination via microarray analysis of the NRI regulon, which
includes the Nac regulon (32). However, regulation of the gltBp::
lacZYA reporter fusion by a nac-negative mutant versus the wild
type should confirm this indirect evidence by the microarray anal-
ysis. Also, direct binding of Nac to, and location at, the promoter
region of gltBDF remains to be determined.

(c¢) FNR. A microarray analysis of an fnr-negative strain versus
the wild type revealed gltBDF as a candidate operon to be regu-
lated by FNR (501). The center of the putative 14-bp FNR binding
site in the promoter of gltB has been mapped at 26.5 bp upstream
the transcription start site by regulon DB version 7.0 (215), which
compared automatically the promoter sequence of gltB with the
consensus binding sequence of FNR. The binding site overlaps
partly the —35 hexamer, the binding site of RNA polymerase.
Thus, the negative regulation of gltBD by FNR may be due to steric
hindrance of binding of RNA polymerase to the gltB promoter by
FNR. However, the location of the FNR binding site remains to be
confirmed experimentally.

(d) ArgR. Surface-enhanced laser desorption/ionization
(SELDI) is a technique by which one fishes in a crude cell extract
for proteins that bind to specific (here gltB) promoter DNA fol-
lowed by a determination of the mass of the bound protein(s) by
mass spectrometry (MS). By using SELDI, besides Lrp, Crp, and
subunits a and B of IHF, a new protein was also detected, with a
mass corresponding to that of ArgR (490). The detection of ArgR
as a repressor was confirmed 4-fold: (i) the B-galactosidase activ-
ity of a strain carrying the chromosomal gltBp::lacZYA fusion
growing on glucose minimal medium decreased by approximately
50% when arginine, the corepressor of ArgR, was added to the
medium; (ii) the B-galactosidase activity of gltBp::lacZYA in an
AargR deletion strain was increased twice compared to the wild-
type background, and thus, ArgR may repress gltBDF; (iii) ArgR-
Arg could bind to the gltB promoter containing the 18-bp ArgR-
Arg binding site, as assessed by gel mobility shift analysis; and (iv)
DNase I footprint analysis revealed that ArgR-Arg bound to two
18-bp consensus binding sites, centered at bp —332 and —353
relative to the transcription start site, upstream of the most dis-
tantly bound Lrp (490). The third and fourth points show that
repression of gltBDF expression by ArgR is direct. Although the
position of the two ArgR binding sites is far upstream, ArgR could
still repress gltB transcription. However, its mechanism remains
to be determined.

Finally, binding of RNA polymerase alone to the glfB promoter
DNA was unstable, as indicated by an unclear DNase I footprint in
vitro. Binding of Crp-cAMP alone or Lrp plus IHF together may
stabilize the binding of RNA polymerase, as the two combinations
revealed clear footprints of RNA polymerase to the gltB promoter
DNA in vitro, although the footprints were different from each
other (490).

Transcription regulation of gdhA. As described above, strong
repression of the K. pneumoniae gdhA gene required Nacy to be a
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tetramer (207). Indeed, for this strong repression, >50-fold (ob-
served when cells are growing in glucose glutamate medium,
which is regarded as a severely nitrogen-limiting condition), the
two dimers of the Nacy tetramer bind to the consensus binding
sites, the center nucleotides of which are located at bp —89 and
+57 relative to the transcription start site (502). This location of
the two Nacy binding sites, i.e., up- and downstream of the tran-
scriptional start site, suggests that binding of the Nacy tetramer
may block the binding of 6’>-RNA polymerase. In addition, the
long DNA distance between the two Nacy binding sites requires
and allows loop formation (203, 502). However, when one of these
two binding sites (or both) was absent, strong repression of gdhA
was lost in vivo (502). This is in agreement with the observation, as
described above, that Nac™''® (which is a dimer) fails to repress
gdhA strongly, in contrast to Nac™T (tetramer) (207). In addition,
changing the face of the two binding sites, e.g., by deleting 5 or 15
bp or inserting 5 bp, resulted in a significant reduction in the
repression of gdhA in vivo, while insertion or deletion of 10 bp
between these two binding sites, thus leaving the face between
them intact, had only little effect (502). Thus, for strong repres-
sion of gdhA by Nac, '™, the two dimers bound to each binding
site may contact each other via loop formation (203, 502).

The expression of gdhA in E. coli is also repressed by Nac (503).
However, whether the mechanism of repression of gdhA in E. coli
by Nacy, is similar to that of Nacy remains to be determined. The
expression of gdhA may also be affected by the global transcrip-
tional regulator FNR during growth in high-osmolarity media,
but the underlying mechanism is unknown (494). Finally, gdhA
transcription is regulated by ArgP. ArgP is a nucleoid-associated
protein and also a LysR-type transcriptional regulator (504, 505).
K. pneumoniae as well as E. coli gdhA genes have been shown to
feature lysine-sensitive activation by ArgP (504, 506).

Transcription regulation by and of other nitrogen assimila-
tion-associated genes. (i) Transcription regulation of and by ni-
trogen assimilation control protein. Components involved in
regulation may surface at two positions, (i) where they regulate
and (ii) where they are regulated. We first discuss the role of Nac as
a regulator. In a subsequent section, we discuss its role as a com-
ponent that is being regulated.

(a) Transcription regulation by nitrogen assimilation control pro-
tein. While the LysR family harbors activators or repressors (209),
Nacg can be either. In general, it activates the transcription of
genes whose products are involved in ammonium production
(e.g., hut and ure), whereas it represses genes whose products use
ammonium (e.g., gdhA) (203, 507). Also, Nacy appears to func-
tion as a repressor and activator altogether (32). Nacg has been
shown to complement Nacy in vivo (202). Both Nac proteins con-
trol genes that have 0”%-dependent promoters but are themselves
transcribed by the 0°*-RNA polymerase holoenzyme when acti-
vated by NRI-P under nitrogen-limited conditions (32, 401, 508,
509). Therefore, it has been suggested that Nac may function to
connect NRI-activated transcription by 0>*-RNA polymerase ho-
loenzyme to the expression of genes having ¢”°-dependent pro-
moters (204).

To date, the Nac regulon in E. coli counts 9 operons, as detected
by microarray analysis (32). All of the gene products of these oper-
ons are involved in nitrogen metabolism. In K. prneumoniae, 99
unique DNA regions were detected by using the chromatin im-
munoprecipitation (ChIP) technique (211), a technique by which
(promoter) DNA bound to a transcriptional regulator can be de-
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tected in vivo. For 84 of the 99 regions, the association with puri-
fied Nac was confirmed by electrophoretic mobility shift assays in
vitro. Regulation of 15 of the ChIP-identified fragments was tested
further by primer extension analysis: 9 were activated, and 6 were
repressed (211). As in E. coli, many detected genes of the Nac
regulon in K. pneumoniae are involved in nitrogen metabolism.
However, unlike in E. coli, in K. pneumoniae, this regulon also
contains genes involved in carbon and energy metabolism. Thus,
not only does the Nac regulon of K. prneumoniae cover more met-
abolic functions than that of E. coli, it also has more genes in its
regulon (211).

One explanation for this difference is that K. pneumoniae has
Nac-regulated operons which are lacking in E. coli, like ure, en-
coding urease (211). Another explanation is that some Nac-regu-
lated genes or operons, present in both organisms, have a point
mutation in the Nac consensus binding site in the promoter of the
gene/operon in E. coli (203, 510), e.g., the dadAX operon in E. coli
compared to the dadAB operon in K. pneumoniae, coding for the
smaller subunit of D-amino acid dehydrogenase and the catabolic
alanine racemase, respectively (510). The point mutation in the
Nac consensus binding site in the promoter of dadAX resulted in a
loss of binding of Nac to the promoter DNA, as assessed by gel
mobility assays. This resulted in a loss of regulation of this operon
by Nac, as assessed by a D-amino acid dehydrogenase activity assay
(510).

An observation with potential physiological relevance is the
following. When Nacy was cloned downstream of an IPTG-in-
ducible promoter, the activity of hut and gdh, genes regulated by
Nacy, was dependent only on IPTG, even when cells were grown
with excess ammonium (212). The authors of that study suggested
that apparently no coeffector or modification of Nacy was re-
quired for regulation (212). Indeed, binding of partially purified
Nac from cells grown under conditions of nitrogen limitation or
nitrogen excess, gel band shifted hutP DNA (the regulatory region
of hut) equally well (206). In addition, potential nitrogen coeffec-
tors, like glutamine, glutamate, 2-oxoglutarate, or ammonium at
10 mM, had no effect on the shifting of hutP DNA by Nacy (206).
Thus, Nacy, in contrast to other LTTRs, is capable of transcrip-
tional regulation without binding of a coeffector.

Nac downregulates its own synthesis (203). Goss and Bender
have implicitly given three reasons for this negative autoregula-
tion: (i) Nac is always in its active form, as there are no metabolite
effectors controlling the activity of Nac (206); (ii) Nac is a promis-
cuous regulator, as it will bind to almost any AT-rich DNA to
some extent; and (iii) growth is hampered by overproduction of
Nac (511).

The concentration of NRI-P necessary for expression of nac is
higher than that for the ginALG operon (401) (see also below).
This creates a hierarchy of gene transcription: first those regulated
by NRI-P and then those regulated by Nac. Indeed, the hierarchy
seems to be activation of transcription by NRI-P of genes encod-
ing transporters for nitrogen-containing compounds first (32),
followed by activation by Nac of genes whose protein products
degrade poor nitrogen-containing compounds for the synthesis of
ammonium and by repression by Nac of genes whose protein
products use ammonium for biosynthesis (32) (see “Nitrogen As-
similation Control Protein,” above).

However, this NRI-P—Nac system seems to include an oddity.
When cells are growing in a nitrogen-poor medium, NRI becomes
phosphorylated and stimulates transcription of some 75 genes,
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including nac (32). However, when these cells experience a sudden
ammonium shock, NRI-P is immediately dephosphorylated by
the NRII-GInB complex, and transcription of these genes ceases
almost simultaneously. However, the Nac protein will still be pres-
ent and active in stimulating transcription, even when these cells
are exposed to a nitrogen-rich medium. Perhaps, binding of a
coeffector to Nac, which is a LysR-type protein after all, may
switch off the activity of Nac. However, such a coeffector has not
yet been described.

(b) Transcription regulation of nitrogen assimilation control pro-
tein. As described above, the expression of both nac, (401) and
nacg (509) is activated by NRI-P, but in both organisms, nac was
less efficiently expressed than glnA; i.e., its expression required a
higher concentration of NRI-P, both in vivo and in vitro (401,
509). DNase I footprint analysis showed that two elements were
responsible for this lower efficiency of nacy than of E. coli glnA
(509): (i) the upstream enhancer of nacy possesses both a high-
and a low-affinity binding site for NRI-P, while the upstream
enhancer of ginAp2 possesses two adjacent high-affinity NRI-P
binding sites, and (ii) the promoter of glnA bound o>*-RNA poly-
merase with a higher affinity than the nac, promoter.

Nac is both a transcription activator and a repressor. Indeed,
one of the repressed genes is its own gene (213). As described
above, Nacy binds to its promoter as a tetramer, which includes a
region from directly downstream of the o>*-RNA polymerase
binding site toward the upstream high-affinity NRI-P binding site
and partially overlapping the low-affinity NRI-P binding site
(213). In spite of the observation that binding of Nacy induces
bending of the nacy upstream region (207, 213), the latter resulted
neither in the loss of binding of o>*-RNA polymerase nor in the
loss of binding of NRI-P to the high- and low-affinity binding
sites, as assessed by DNase I footprinting (213). Despite an intact
binding of these two proteins, Nacy repressed its own promoter.
However, in vitro transcription analysis showed that when in-
creasing the distance between the Nacy and 0°*-RNA polymerase
binding sites by 4 to 34 bp, without changing the distance between
Nacg and the two NRI-P binding sites, transcription increased
(i.e., repression decreased) compared to that of the wild-type nacy
promoter (213). It was hypothesized from this work that Nacg
represses its own gene by preventing the interaction between
NRI-P and ¢°*-RNA polymerase. The authors of that study called
this mechanism an antiactivation mechanism, which may be a
result of the possibility of Nac to bend DNA (213). Thus, a possi-
ble overexpression of nacy by NRI-P is controlled by a negative-
feedback loop of Nacy. There is some evidence that this is also the
case for the expression of nacy (202).

(ii) The gInE, ginB, and gInD genes. (a) gInE. The gInE gene,
which encodes ATase, is located at around 66.8 min on the E. coli
chromosome (87). The open reading frames upstream of ginE
(orfXE) and gInE are cotranscribed, as observed by RNase protec-
tion assays (88). In addition, the intergenic sequence between
orfXE and gInE is very small (24 bp), and no Rho-independent
terminator-like structure was found in this region (88). The tran-
scription start site of this operon is located upstream of orfXE (88),
but it has not been mapped precisely. Transcription of the orfXE-
gInE operon is neither regulated in response to nitrogen status nor
dependent on ¢>*-RNA polymerase, as established by an RNase
protection assay (88).

(b) gInB. The glnB gene is located between 54.4 and 55.4 min on
the E. coli chromosome, near glyA (144) and downstream of hmpA

662 mmbr.asm.org

(144, 146). It encodes the regulatory protein GInB. The two open
reading frames upstream of glnB are transcribed in the same di-
rection (orfI-orf2 [orfXB-gInB]) (144, 146).

Four transcription start sites of E. coli gInB have been de-
scribed. The proximal transcription start site (P1) has been
mapped by three studies at 33 bp upstream of the translation start
codon of glnB, i.e., in the intergenic region between orfXB and
gInB (144, 146, 512). This promoter accounts for the majority of
the gInB transcripts (144, 512). Two additional glnB transcripts
initiate at bp —95/—99 (P2) and bp —115/—118 (P3) upstream of
the translation start, i.e., in the orfXB coding region (144, 512).
Compared to the amount of P2 transcript, the amount of P3 tran-
script was very small. No —35 sequences for an E¢’® promoter
were located upstream of any the three transcript start sites, nor
did the DNA upstream of the transcription start site P3 havea — 10
consensus sequence for an Ec’® promoter (144, 512). Conse-
quently, perhaps, the observed P3-mRNA products are not phys-
iologically relevant. The fourth promoter is located upstream of
orfl but is approximately 20% as efficient as the three other pro-
moters together (144). Although the transcripts initiated from this
promoter are perhaps not relevant for glnB physiologically, they
are necessary for orfl and orf2. This promoter has not been
mapped.

None of the four promoters are regulated in response to nitro-
gen status, nor are they dependent on o>*-RNA polymerase, as
established by RNase protection assays (146), primer extension
analyses (144), and B-galactosidase measurements of a glnB-lacZ
fusion (133, 144, 512). Thus, transcription of glnB is not regulated
by nitrogen. In addition, none of the proteins ORF1, ORF2, GInB,
and HmpA are required for glnB expression (144).

Heetal. (512) detected a binding sequence for the PurR repres-
sor between the transcription start sites P2 and P1. PurR is respon-
sible for repression of genes encoding enzymes required for purine
biosynthesis (e.g., purF, encoding glutamine phosphoribosyl-
pyrophosphate amidotransferase [513]), which is a pathway de-
pendent on glutamine synthesis (5). Binding of PurR to promot-
er-operator sequences is increased when PurR is complexed with
one of the corepressors hypoxanthine and guanine or both (514,
515). Although the promoter sequence of glnB could bind purified
PurR complexed with the corepressor guanine, as shown by a gel
retardation assay (512), its affinity was rather low, 33-fold lower
than that for the promoter-operator sequence of purF (512). In
addition, its binding site was upstream of P1, the major transcrip-
tion start site. Indeed, expression of glnB-lacZ was only 2-fold
repressed relative to the expression in a purR mutant, and this
reduction of cellular GInB influences neither the glnA expression
level nor GS activity, independent of whether cells were growing
under nitrogen-rich or nitrogen-limiting conditions (512).
Therefore, the physiological relevance of the binding of PurR to
the glnB promoter region remains uncertain.

(c) glnD. The glnD gene, encoding UTase, is located between the
map and dapD genes at position 199 of the E. coli chromosome
(4.0 min on the genetic map) (88, 125, 381, 516). The intergenic
sequence between map and glnD contains a Rho-independent ter-
minator-like structure (517), which terminates map transcription
before progressing into glnD (88). Using primer extension analy-
sis, the transcription start of glnD was mapped at 5 bp (88), 7 bp
(518), and 40 bp (124) upstream of the translation start codon.
The former two measurements imply that the mRNA has a very
short leader, while the latter means that the start site is located
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within the Rho-independent terminator-like structure. An Ec”°
factor binding site (519) may be present upstream of the former
two transcription start sites, while an Eo * factor bindingsite (253,
456), although imperfect, could be detected upstream of the latter
transcription start site, suggesting that transcription of glnD could
be partly regulated by the nitrogen status of the cell (124). An
imperfect Eo™* factor binding site (124) is consistent with the
observation of similar mRNA levels of glnD in an rpoN mutant
(encoding the 0™ factor) and in the isogenic wild type, suggesting
that the expression of glnD should not be regulated much by the
nitrogen status (88).

Three studies, one using primer extension analysis (124), a
second using an RNA protection assay (88), and a third one using
a glnD-luc transcription fusion (the luc gene, encoding luciferase)
(518), have shown that the expression of ginD is not regulated by
nitrogen: the mRNA levels were similar for cells grown in minimal
glucose medium plus glutamine as the N source (N-poor me-
dium) and for cells grown in the same medium plus ammonium as
the N source (N-rich medium). When mRNA from cells grown in
glucose-arginine medium (“very N poor”) was compared to that
of cells grown in Luria-Bertani (LB) medium (“very N rich”),
Kamberov et al. (124) reported some regulation of glnD expres-
sion. However, LB medium is an undefined medium and may
affect gene expression patterns through a plethora of regulatory
routes.

In the sequence upstream of glnD, Kamberov and coworkers
(124) identified two putative binding sites for the transcriptional
regulatory protein Nac (203). There is no evidence, however, that
Nac binds to these sites.

(iii) The glutaminase genes ybaS$ and yneH. (a) ybaS. The level
of glutaminase A (Yba$S) increases 10-fold when cells enter the
stationary phase (339, 341). Addition of 5 mM cAMP to the cul-
ture medium containing glucose as the carbon source and ammo-
nium as the nitrogen source decreased the level of glutaminase A
approximately 5-fold in wild-type cells, but cAMP had no effect
on the activity of glutaminase A in a crp mutant, indicating that
transcription of yba$ is under the control of Crp (484). The for-
mer result may suggest that expression of yba$ is under the control
of RpoS, the sigma factor of RNA polymerase, ¢°, controlling ex-
pression of genes when cells enter the stationary phase. Indeed, a
global gene expression profile of rpoS versus the wild type revealed
expression of ybaS$ to be RpoS dependent (520).

Brown and coworkers (338) noted that according to the
EcoCyc database (487), the ybaS$ gene is located upstream of and
cotranscribed with ybaT, encoding an uncharacterized amino acid
transporter.

(b) yneH. Glutaminase B (YneH) appears to be a constitutive
enzyme, since its level did not change (i) by altering the nutritional
conditions of the culture medium (340, 341), (ii) when cells enter
the stationary phase (339, 341), or (iii) after addition of 5 mM
cAMP to the culture medium containing glucose as the carbon
source (484).

The gene upstream of yneH is yneG, the function of which is
unknown. The last nucleotide of yneG is the same as the first
nucleotide of yneH, and therefore, the two open reading frames
may constitute an operon (Colibri [345] and EcoCyc [487] data-
bases).

(iv) The glnK-amtB operon. In a diverse range of Archaea and
Bacteria, including E. coli and other enterobacteria, glnK is linked
to amtB in an operon (365, 407). There is no invariant coupling,
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however, as the association is absent in many other species, e.g., in
all analyzed Lactobacillaceae (521). The glnK-amtB operon is lo-
cated between the madl and tesB genes, at kb 475.5 to 481.7 on the
E. coli chromosome (154). The glnK-amtB operon is not constitu-
tively expressed. The upstream region of the operon contains a
perfect Eo>* binding site (139). The glnK promoter has been
shown to be regulated by NRI-P (32, 139, 401). The glnK pro-
moter is activated by NRI-P binding to an upstream enhancer
(401). Unlike the glnA enhancer, the glnK enhancer consists of a
high-affinity NRI-P binding site adjacent to a low-affinity NRI-P
binding site (139). As a consequence, the glnK promoter is acti-
vated only when the NRI-P concentration is near its physiological
maximum. However, when activated, the promoter is strong (401,
402).

In general, induction of the operon has been shown to occur,
directly (by demonstrating the presence of the AmtB and/or GInK
protein) and/or indirectly (by observing methylammonium up-
take), in culture media that are considered to yield internal N
limitation. AmtB is absent in cells that are grown in batch cultures
in media with excess ammonium (say, >1 mM), whereas it is
present in media containing glucose as the carbon source and
glutamine (305, 308, 522), glutamate (304, 306), arginine (282), or
low levels (say, <0.5 mM) of ammonium (308) as the N source
(the references given are just examples). Remarkably, though, in
batch culture with “poor” C sources (glycerol, galactose, and suc-
cinate) and glutamine as the N source, expression of glnK was not
observed (486). Thus, during batch growth in minimal media with
glutamine as the N source, expression of the glnK-amtB operon
seems to be the exception rather than the rule (see also “Growth
with excess glutamine as the N source,” below), possibly because
growth in batch cultures with poor C sources is effectively C lim-
ited. In batch cultures with various amounts of ammonium, the
gInK promoter was silent during the entire exponential growth
phase but was expressed at the transition to the stationary phase if
this was caused by ammonium depletion. No glnK promoter ac-
tivity was observed, however, when cells entered the stationary
phase while ammonium was still in excess (401). Even in rich LB
medium, the operon was expressed when the first group of amino
acids was depleted after some 4 h of growth (523). Also, in ammo-
nium-limited (from undetectable to low uM residual ammonium
levels) chemostat cultures of S. Typhimurium, AmtB is present
(282). Allin all, if present, AmtB levels and/or transport activities
may vary to a substantial degree.

Like glnD, the regulatory genes glnB and gInE are also consti-
tutively expressed in E. coli, i.e., expressed irrespective of the ni-
trogen status (88). However, the expression of the regulatory gene
gInKis regulated by the nitrogen status (139, 401). Because GInK is
40 times less potent than GInB in activation of the adenylylation
activity of ATase (138), and GInK-UMP is almost inactive in stim-
ulating the deadenylylation activity of ATase (140), GInK has no
significant role in the regulation of the two activities of ATase
(138), at least in vitro. Therefore, the functioning of the GS
adenylylation cascade is regulated mainly by modulations of the
activities of GInB, UTase, and ATase rather than by changes in the
expression levels of these proteins (88).

An interesting observation is that GOGAT mutants do not
seem to express AmtB. GOGAT-negative mutants grown with
glutamine as the N source did not show methylammonium uptake
activity (308), and it expressed AmtB poorly (281). Most likely,
gltB mutants cannot synthesize the AmtB protein. Perhaps, such
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mutant cells, in contrast to wild-type cells, accumulate glutamine
to such alevel that NRI-P becomes dephosphorylated and no lon-
ger activates the transcription of the glnK-amtB operon. Indeed, a
GOGAT mutant of E. coli growing under ammonium-limited
conditions accumulated glutamine (12 mM) relative to the wild
type (2 mM) (135). Induction of AmtB from a plasmid by IPTG
(in order to increase the intracellular ammonium concentration
so that GDH would be active) did not have the anticipated positive
effect on growth of the gltB mutant, however (281).

(v) The glnHPQ operon. E. coli can use glutamine not only as a
sole source of nitrogen (7, 16, 338) but also as a sole source of
carbon and nitrogen (338). This suggests that expression of
gInHPQ, which encodes the glutamine transporter, may be regu-
lated by signals of both nitrogen and carbon. Indeed, it has been
shown that transcription of glnHPQ is regulated by both NRI-P
(453,524,525) and Crp (453). Similarly, in S. Typhimurium, tran-
scription of the glnHPQ operon depended on NRI-P and o™
(526). The gInHPQ operon is located at kb 847.2 on the E. coli
chromosome (18.3 min on the genetic map) (Colibri database
[345]). It has been cloned and sequenced by Nohno and col-
leagues (319). The first codon of glnQ overlaps the termination
codon of glnP. This indicates that there is no untranslated inter-
cistronic region between these two genes, suggesting that the two
genes are transcribed to approximately the same level (319). The
intercistronic region between the glnH and glnP genes harbors a
palindromic sequence, which seems to play a regulatory role in
reducing the expression of the glnPQ genes relative to glnH (319).
This region also lacks a promoter. Therefore, transcription of the
three genes is initiated at one of the two promoters upstream of
gInH, depending on the growth conditions. From a deletion anal-
ysis of the glnH promoter region of a glnH'-lacZ fusion, it was
apparent that the promoter region possesses two different types of
promoters, i.e., glnHpI and glnHp2 (453), which is in agreement
with the detection of two transcription start sites by primer exten-
sion analysis (453, 527).

The upstream glnHpI promoter is involved in constitutive ex-
pression of the operon by the 67>-RNA polymerase holoenzyme,
as deduced from the presence of the —35 and —10 recognition
sequences (319) and DNase I footprint analysis of Eo”® binding to
ginHp1 (453). The downstream glnHp2 promoter is involved in
the inducible expression of the operon under glutamine-deprived
conditions (319) or in the absence of ammonium (525). Initiation
of transcription may be performed by the o®*-RNA polymerase
holoenzyme, as deduced from the presence of the two conserved
doublets, GG (position —25/—24) and GC (position —13/—12),
relative to the transcription start site (319). Two strong and two
weak NRI binding sites have been detected by DNase I footprint
analysis upstream of the Ec™* binding site (525), and induction of
the glnHPQ operon by NRI-P was observed by microarray analysis
(32).

Also, THF plays a role in transcription of glnHPQ. A binding
site for IHF was detected between the proximal weak NRI site and
the Eo>* binding site by DNase I footprint analysis (525). Binding
of IHF results in bending of the DNA, which enhances open com-
plex formation by NRI-P. On linear DNA, IHF is required for
activation by NRI-P, while on supercoiled DNA, IHF is not essen-
tial but still enhances the activation of transcription by NRI-P
(524). When bound to a site between the promoter and enhancer
(as in the upstream region of ginHPQ), IHF may increase the
specificity of activation of the glnHp2 promoter by the enhancer-
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bound activator (such as NRI-P) (528). This capacity of IHF to
increase the specificity of activation may be due its ability to bend
the DNA. Indeed, a crystal structure of an IHF-DNA complex
showed a huge bend of >160°, like a U-turn (529).

As described above, the glnHpl promoter is initiated by the
0’°-RNA polymerase holoenzyme. DNase I footprint analysis de-
tected a DNA binding site for Crp upstream of the binding site of
07°-RNA polymerase, even though there is no obvious Crp con-
sensus binding sequence in the DNA sequence upstream of
ginHp1, nor did Crp shift the glnHp1 promoter DNA in a gel band
shift assay (453). DNase I footprint analysis revealed that Crp
could bind the glnHpI promoter DNA only in the presence of
0’°-RNA polymerase. Thus, the two proteins may bind to the
promoter DNA synergistically. Indeed, an in vitro transcription
assay using a’°-RNA polymerase and Crp demonstrated an in-
crease in glnHp1 transcription with increasing Crp levels (453). E.
coli possessing a glnHp1p2'-lacZ fusion and growing on minimal
medium with glycerol as the carbon source and glutamine as the
nitrogen source showed 3-fold induction by wild-type Crp in the
presence of exogenous cAMP (453). In addition, it was shown by
real-time reverse transcription-PCR from transcription of chro-
mosomal glnHPQ that Crp activates glnHp1 but represses glnHp2
(453).

Two observations may bear relevance to the expression of the
glutamine transporter. The glnHPQ operon was upregulated by
H,, and cells grown with H, showed increased glutamine uptake
(530). The nucleoid-associated protein Fis has been shown to re-
press transcription of ¢glnQ 3-fold (531).

INTEGRAL FUNCTIONING OF THE NITROGEN ASSIMILATION
NETWORK

Up to this point, we first reviewed the properties of the individual
components of the nitrogen assimilation network of E. coli, also
taking into account their potential interactive properties. We then
reviewed how each component engaged in activities and regula-
tion related to thermodynamics, kinetics, signal transduction, or
gene expression. In this section, we discuss a number of examples
where multiple network components function together to pro-
duce functional properties that are more than the sum of the prop-
erties of the components. In all these cases, it is the network rather
than a molecule that is responsible for ultimate biological func-
tion, which is itself a property of the network of 4,000 genes and
their expression products.

The Metabolic Nitrogen State of Cells

First, we should be conceptually as clear as possible about the
“nitrogen state” of bacterial cells. In the literature, several terms
are employed to reflect the nitrogen state, such as nitrogen starva-
tion, severe nitrogen starvation, nitrogen limitation, nitrogen de-
ficient, nitrogen poor, very nitrogen poor, low nitrogen, nitrogen
sufficient, high nitrogen, nitrogen rich, and nitrogen excess. These
terms are supposed to abstract away from the specific experimen-
tal conditions used and to infer more general statements. A prob-
lem is that the N state as described by the above-mentioned terms
is mostly not defined explicitly. The N state terms may allude to
relative specific growth rates, relative growth yields, the N source
available in the environment, the nitrogen-related intracellular
processes, or a combination of some of these factors. Not only
does this introduce ambiguity, it also introduces vagueness, for
even if the meaning is unambiguous, it is not always clear what the
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domain of application of the term is. Also, even if the N state is
further sketched, this is done mostly in qualitative terms only and
not so much in quantitative terms. For example, incipient external
nitrogen limitation has been shown to be associated with a drop in
internal glutamine pools (383), and since then, many scientists
have adopted this finding as the general definition for nitrogen-
limited growth, but exactly how fast intracellular glutamine
should decrease and from what level to what level have not been
explicated.

The same problem, mutatis mutandis, applies to the definition
of the carbon state of cells. As an increasing number of papers
actually demonstrate the links between N and C metabolisms (see,
e.g., references 435, 453, 486, 532, and 533), it would be good
practice to always mention the carbon and nitrogen sources in
experimental procedures.

The underlying problem is that the N state of the cell is a state
function in a multidimensional space of thousands of metabolites
and gene products (347). The underlying history is that of reduc-
tionistic oversimplification, i.e., the desire to see an organism like
E. coli encoded by more than 300 essential genes (534) or 600
essential genes (535) in terms of a few so-called key enzymes. This
explains the persistent urge to do the impossible, i.e., to try to
capture something as complex as the nitrogen state of the cell in
terms of a single qualifier. Metabolic control analysis has shown
experimentally that control in intracellular networks tends to be
distributed (536), that some of the key proteins and genes in E. coli
failed to exercise control of the growth rate (161, 398), and that
such control may be distributed even among various levels in an
intracellular hierarchy (537), and a combined experimental and
modeling approach showed that all of this also seems to apply to
ammonium assimilation (44, 161). Living organisms are irreduc-
ibly (though not infinitely) complex (538, 539); their analysis
should be made as simple as possible but not simpler.

We advocate the use of in silico replicas of E. coli nitrogen as-
similation as qualifiers of the nitrogen status of the real cell, as was
tried first by Bruggeman et al. (44). These true-to-life replicas may
then be analyzed in terms of reduced dimensionality under some
conditions, which should also lead to the identification of a man-
ageable number of quantifiers of the state function. Short of this,
we tend to quantify the nitrogen state of a cell by the combination
of the intracellular concentrations of glutamine, glutamate,
2-oxoglutarate, ammonium ion, and also, for its dynamics, GS,
GOGAT, and GDH.

Experimental Ambiguities

Growth with limiting ammonium as the N source. Also, experi-
mentally, ambiguity/vagueness cannot always be avoided. In
batch cultures, growth with excess ammonium cannot be com-
pared with growth with a limiting amount of ammonium, because
in the latter case, no (or hardly any) growth will be observed. For
this reason, it is common practice to compare cells grown with a
single amino acid as the N source with cells grown on the same
medium plus excess ammonium (e.g., see references 140, 281,401,
455, 483, 486, and 540). Usually, glutamine is used as the amino
acid. The comparison of the regulation of nitrogen assimilation
under these two conditions in batch culture could be flawed for
several reasons: (i) conceptually, growth with two completely dif-
ferent N sources is compared (an amino acid versus ammonium),
which also may invoke very different physiologies for reasons not
related to nitrogen limitation (e.g., glutamine contains carbon,
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whereas ammonium does not); (ii) growth proceeds under unre-
stricted conditions since the nitrogen source is available in excess;
(iii) when the C source is consumed, in the case of glutamine,
growth will continue, with the remaining N source as the Cand N
sources; (iv) N-diauxie could occur in media with ammonium
and glutamine; and (v) the growth history of the cells may affect
the outcome of the experiments, since memory and learning can
have strong effects on the state of pregrown cells (161).

It is worthwhile to note that the above-mentioned problem of
comparing growth on two different nitrogen sources can be
avoided by using chemostat cultures. In chemostat cultures, un-
like in batch cultures, ammonium-limited growth can be easily
established and compared to growth in the presence of excess
ammonium, albeit in the latter case, some other limitation must
be put in place to establish the same growth rate.

Are cells in a batch culture in steady state? Batch cultures are
used almost universally to study nitrogen metabolism and for ob-
vious and good reasons. However, the very fact that growth con-
ditions inherently change during growth in a batch culture is a
major caveat, and it calls for caution in interpreting results from
batch growth experiments. First of all, growing populations of
cells may be in different states of growth: steady-state growth,
balanced growth, and exponential growth ought to be distin-
guished (541, 542). In short, steady-state growth implies balanced
growth, and because this usually includes cell mass, it also implies
exponential growth. A culture is said to be in steady state only if
every intensive variable (e.g., single-cell size, metabolite concen-
tration, intracellular ionic strength, and pH) is time invariant and
every extensive property (e.g., total protein, RNA, or DNA or cell
mass of the population) increases by the same constant factor over
a small time interval. Cell size is correlated directly with the nutri-
ent source and growth rate in S. Typhimurium and E. coli (543).
Therefore, a sensitive indicator of steady-state growth is the con-
stancy of the cell size or, better, the time invariance of the distri-
bution of cell sizes (544). Although it is usually implicitly pre-
sumed that cells in the exponential phase of growth of a batch
culture also feature completely balanced growth and steady-state
growth, there are some experimental observations that raise
doubts about the general applicability of this assumption, elabo-
rated here for E. coli. First, it has been shown that steady-state
growth in batch cultures requires large dilutions and incubation
for many (at least 8 to 10) generations at low cell densities (544).
Experimentally, this can be achieved by diluting cells serially sev-
eral times or by diluting the preculture (>10°-fold) to a very small
number of cells at the start of the batch culture. The latter is pre-
ferred above the former, notably for growth in rich media. Second,
even so, it has been observed that such a pseudo-steady state did
not hold with respect to the redox state of the quinone pool (545).
Third, even in the uniform environment provided by a (gluta-
mate-limited) chemostat culture, an E. coli strain harboring a tac
promoter-controlled fusion between glnA and gfp showed large
fluctuations in the GInA fusion protein level (2 orders of magni-
tude of variation in protein numbers), as measured by flow cy-
tometry (546). It is our expectation that many more examples of
heterogeneity of intracellular states at the single-cell level caused
by stochasticity will be demonstrated in due time. Fourth, a rule of
thumb for growth in continuous cultures is that the culture is in
steady state after 6 to 10 generations of growth. However, even for
this standard cultivation method, it is not always a safe assump-
tion: in glucose-limited chemostats of K. pneumoniae, constancy
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of the biomass was indeed established within some 10 generations,
but it took 40 to 60 generations to arrive at a constant residual
glucose concentration (547), and in glucose-limited chemostat
cultures of E. coli, a similar observation was made, but after the
initial physiological adaptation phase, a genetic (long-term) ad-
aptation phase started (548). Fifth, during growth of E. coli with
glucose and glutamine as the sole N sources, the growth rate de-
creased at a certain point in the growth curve. Before this point,
gInA was partially activated and gInK and nac were not activated,
while afterwards, all three genes were strongly activated (401).
Sixth, the main carbon sources in the commonly used LB broth
(casein digest, yeast extract, and NaCl) are catabolizable amino
acids and not sugars (549). LB broth supports growth to an optical
density at 600 nm (ODg,) of 7, but exponential growth already
slows down at an ODy, of 0.3. In the first short phase, the sugars
are used for growth, while thereafter, the various catabolizable
amino acids present in LB broth are consumed (549). The growth
pattern in LB medium is complex, as a switch occurs from a se-
quential mode to a simultaneous mode of substrate utilization
(550). Also, during growth on a mixture of amino acids (serine,
aspartate, tryptophan, glutamate, glycine, threonine, and alanine)
as C and N sources, a characteristic pattern of sequential and si-
multaneous consumption was observed (551). Similarly, a com-
plex usage pattern of different carbon sources (sugars and organic
acids) when present simultaneously in a batch culture was ob-
served with ammonium as the N source (552). Indeed, in a batch
culture with ample glucose (10 mM) plus a mixture of amino acids
(LB broth or Casamino Acids) as the N source, cell size, which is a
sensitive indicator of steady state, was shown to vary even within
the exponential growth phase. In fact, it started to decrease already
at rather low cell concentrations (ODs5, = 0.02), whereas expo-
nential growth continued until the OD5;, reached 0.1 to 0.2 (544).
Thereafter, growth continued up to an ODg;, of 1.0, but it was no
longer exponential. In contrast, cell size remained more or less
constant, and the growth rate was exponential up to an ODss, of
0.7 in a glucose-plus-ammonium minimal medium. In conclu-
sion, in rich media, no steady-state growth takes place whatsoever,
because the physiological state of the cells varies constantly due to
the sequential/simultaneous consumption of the C and N sources.
In minimal medium, the occurrence of steady-state growth de-
pends on whether particular precautions had been taken. How-
ever, a general screening of growth curves in the literature shows
that much more often than not, growth does not proceed expo-
nentially, which, by implication, means that growth cannot be in
the steady state either.

Growth with excess glutamine as the N source. It has been
known since the 1930s (see reference 553 and references therein)
that glutamine decomposes spontaneously; in culture media, glu-
tamine spontaneously hydrolyzes to pyroglutamate and ammo-
nia. The first-order rate constant observed for chemical degrada-
tion was determined at various pHs, temperatures, medium
compositions, and glutamine concentrations (64, 554-556).
Based on these data, it can be calculated that under the conditions
often used to study growth with glutamine as the sole N source
(37°C, neutral pH, and 14 mM glutamine), approximately 0.5 mM
ammonium would be formed from glutamine in the absence of
bacteria within 8 h. Therefore, during batch growth in culture
media with excess glutamine, small amounts of ammonium will
be produced continuously and will probably be used as a nitrogen
source. If the latter holds true, growth proceeds with the simulta-

666 mmbr.asm.org

neous consumption of two N sources. How this will affect nitro-
gen assimilation is not known.

In an influential paper by Ikeda et al., it was observed for S.
Typhimurium that when growth was slowed by nitrogen limita-
tion, the intracellular glutamine pool was lowered by a factor of up
to 10 (383). The phenomenon was seen with wild-type strains and
avariety of N sources (except with alanine) in batch cultures, with
a host of mutants that showed impaired growth with excess am-
monium, and also with the wild type in ammonium-limited che-
mostat cultures. The results were similar when glycerol, citrate, or
glucose was used as the single C source. For this reason, it was
postulated that external nitrogen limitation is perceived as a drop
in the internal glutamine pool.

Also, growth with alanine as the N source represents a special
case. As noted by Ikeda et al. (383), alanine was the single excep-
tion among the N sources tested that was not compatible with the
general observation that external N limitation is perceived as in-
ternal glutamine limitation. Alanine has been shown to perturb
growth of S. Typhimurium (383) and of K. pneumoniae (K. aero-
genes) (510) on ammonium.

Although growth in batch culture with glucose as the C source
and glutamine as the N source was not tested by Tkeda et al., many
authors have studied N metabolism in cells grown under this con-
dition, and it is generally considered an example of N-limited
growth. However, growth under this condition represents a met-
abolic oddity, because these cells exhibit several paradoxical fea-
tures: (i) even though ample external glutamine is available and is
supporting rapid growth (557), the cells display a nitrogen-defi-
cient response, as judged from a high expression level of NRI
(180), an increased amount of GS (486), and a high expression
level of the glnK-amtB operon (281); (ii) this apparent nitrogen
deficiency shows up in spite of the fact that several glutamine
transporters are known to exist, not only one or more low-
affinity transport systems but also a high-affinity ATP-depen-
dent ABC transporter (GInHPQ); (iii) the exponential phase of
the growth curve is biphasic, where high-level ginA, gInK, and nac
promoter activities show up only in the second part (401); (iv) the
GDH capacity, which is expected to be low, turns out to be as high
as that in cells grown with excess ammonium; and (v) with glu-
tamine as the only nitrogen source, Nac did not repress gdhA,
whereas with glutamate or low ammonium concentrations, such
repression was observed (503). In light of the consensus that ex-
ternal nitrogen limitation is perceived as a drop in the internal
glutamine pool (383), one might suggest that this pool is appar-
ently small enough for cells to exhibit a nitrogen deficiency re-
sponse when growing in a glucose-glutamine medium, but this
being the case while excess glutamine is abundant in the environ-
ment remains an intriguing paradox.

A clue to understanding the first two odd paradoxes was found
when carbon sources other than glucose were tested in combina-
tion with glutamine as the nitrogen source. With the C source
gluconate (558), glucose-6-phosphate (455), or xylose (486), ex-
pression levels of GS were high and similar to those with glucose.
However, the use of the carbon source fructose (455), galactose
(486), glycerol (455, 486), lactate (558), or succinate (486, 558)
resulted in low expression levels of GS. Moreover, cells grown in a
glucose medium supplemented with exogenous cAMP also had
low GS expression levels (486). These results were interpreted to
suggest that cAMP, produced internally or added externally, en-
hances the transport of glutamine into the cell and thereby in-
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creases the glutamine pool to such a level that GInB-UMP be-
comes deuridylylated. As a consequence, NRI-P will become
dephosphorylated, and transcription of glnA from the glnAp2 pro-
moter will no longer be activated (453, 486). Thus, the carbon
source/cAMP effect is mediated through GInB deuridylylation
and NRI dephosphorylation. Second, apart from this explanation
at the metabolic level, an explanation at the transcriptional level
via Crp-cAMP has also been offered: the Crp-cAMP complex
would strongly inhibit glnAp2 promoter activity [see “Transcrip-
tion regulation of gIMALG. (iv) Transcription regulation of
gInALG by Crp,” above].

In summary, (i) the nitrogen-limited behavior of cells grown in
the frequently used glucose/glutamine medium should perhaps be
considered an exception rather than the rule and not be held rep-
resentative of N limitation more in general, and (ii) the carbon
source may influence the “nitrogen state” (453, 486), and there-
fore, further investigations into the integration of carbon and ni-
trogen metabolism seem urgent. Inspired by the works of Man-
delstam (533) and Magasanik (559), a working hypothesis could
be that cells slowly growing with a poor C source and glutamine as
the N source experience internal C limitation and therefore do not
feature nitrogen-limited behavior, whereas the converse situation
would apply to fast growth with rich C sources and glutamine.

All'in all, theoretical and experimental ambiguities exist when
defining the metabolic nitrogen state of cells. To avoid unneces-
sary confusion, one should explicitly declare what is meant by
terms and concepts related to the cellular nitrogen status, at least
qualitatively and, if possible, quantitatively, or one should accept
much more comprehensive descriptions.

GDH Activity under Conditions of Internal Nitrogen
Limitation?

Although according to the received view GDH is absent or inactive
under internal nitrogen-limited conditions, there are various
types of direct and indirect data indicating the presence/activity of
GDH in wild-type E. coli strains under conditions that are sup-
posed to lead to intracellular nitrogen limitation and, thus, to the
primacy of the GS-GOGAT route in nitrogen assimilation. First,
in ammonium-limited chemostats of E. coli, GDH was also pres-
ent at lower growth rates. Its maximal capacity strongly (8-fold)
increased with the specific growth rate (384, 560). Second, in am-
monium-limited chemostat cultures, K. pneumoniae GDH was
completely repressed (384). Under low-ammonium conditions,
GDH of E. coli was only moderately (2-fold) repressed by the
nitrogen-regulated system-dependent Nac, in contrast to the
strong repression (20-fold) of GDH of K. pneumoniae (K. aero-
genes) (202, 207). Third, an additional Nac-independent mecha-
nism responsible for overcoming nac repression during nitrogen-
limited growth is likely to be present in E. coli (202, 503). Fourth,
growth conditions that result in internal N limitation may or may
not lead to suppression of GDH. GDH is repressed during growth
with excess arginine or glutamate as the N source, but its level is
elevated during growth with glutamine (503). In glutamate-lim-
ited chemostat cultures, GDH was highly expressed, while it was
repressed in proline-limited cultures (384). Fifth, in glucose-glu-
tamine medium, considered to yield intracellular nitrogen-lim-
ited conditions, GDH was hyperinduced in a GOGAT mutant
(53). Sixth, no growth of a GOGAT mutant was observed in a
glucose medium with alow (0.4 mM) ammonium concentration,
but growth did occur when poorer carbon sources (such as malt-
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ose, glycerol, or succinate) were used instead (494). It was argued
that C limitation might lead to accumulation of ppGpp, which in
its turn might stimulate GDH expression. Seventh, the growth
defect of a GOGAT S. Typhimurium mutant growing in an am-
monium-limited chemostat could be completely rescued by ac-
quiring two suppressor mutations that resulted in increased GDH
expression and lowered GS expression levels (411). Thus, these
cells grew at a wild-type growth rate even without an intact
GS-GOGAT system, while the residual ammonium concentration
was <20 pM. Similarly, GOGAT mutants of E. coli growing in
chemostats under conditions of N limitation showed increased
levels of mRNA of gdhA and increased GDH capacity compared to
growth under N-rich conditions (561). Finally, external ammo-
nium limitation in a chemostat culture perhaps cannot be auto-
matically considered to result in internal ammonium limitation. It
depends on whether ammonium transport is passive or active (see
“Passive versus active transport,” above). In the latter case, the
intracellular ammonium concentration might be 10- or even 100-
fold higher than the extracellular ammonium concentration. The
implications would then be that so-called ammonium-limited
chemostat cells do not experience internal ammonium limitation
and that GDH may then indeed substantially contribute to am-
monium assimilation and glutamate production.

Estimating Fluxes In Vivo

Flux methods. There are four methods for measuring/calculating
cellular metabolic fluxes: flux balance analysis (FBA), metabolic
flux analysis (MFA), kinetic flux profiling (KFP), and kinetic
modeling (KM). The merits and drawbacks of the first three meth-
ods were discussed previously (562). The pros and cons of various
types of models, including kinetic models, were dealt with previ-
ously (563, 564). FBA relies on an objective function, which is
mostly not validated (565). Also, FBA cannot predict metabolite
concentrations, because it does not use kinetic parameters (566).
MFA is limited to carbon metabolism, because only feeding cells
with a "’C-labeled compound yields a spectrum of labeling pat-
terns of metabolites that is rich enough to allow for flux deconvo-
lution. Labeling by other elements rarely produces a rich-enough
spectrum. KFP enables the quantification of metabolic fluxes in
live cells by measuring the kinetics of cellular incorporation of
stable isotopes from nutrients into downstream metabolites (562,
567). KM employs the kinetic parameters of the enzymes, such as
maximal capacities and affinities for metabolites, to construct rate
equations that, together with mass balances for every metabolite,
enable the calculation of steady-state fluxes (as well as metabolite
concentrations) in an enzyme network.

Kinetic and flux balance models and kinetic flux profiling.
Bruggeman et al. made a detailed kinetic model for central ammo-
nium metabolism based on all of the kinetic data on the compo-
nents that were available (44). Steady-state and transient behavior
was calculated with the model for the wild type and various knock-
out mutants with internal ammonium concentrations in the range
0f 0.05 to 1.0 mM. It was confirmed that based on the information
then available, the adenylylation state of GS should be a major
regulator in the network but also that the interplay between GS-
GOGAT and GDH critically should depend on the signaling cas-
cade composed of ATase, UTase, and GInB. Moreover, a method
was developed to quantify the relative importance of the various
regulators in the network. Adenylylation of GS accounted for 60%
of the regulation. The model has been extended to include GInK-
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regulated AmtB-mediated ammonium transport (568). The main
message of the paper together with the corrigendum was that only
if ammonium would be actively transported into the cell could a
substantial growth rate be established, while at the same time, back
diffusion of NH; was inevitable. Maximal enzyme capacities are
vital parameters of kinetic models, and it has been argued that to
obtain realistic V,,,,, values, traditional biochemical assays tai-
lored to a particular enzyme could better be replaced with a single
in vivo-like assay mimicking the cytoplasmic conditions as much
as possible (375). Another simplified kinetic model of the GS,
GOGAT, and GDH subnetwork allowed the glutamine, 2-oxoglu-
tarate, glutamate, and ammonium concentrations to vary. The
presence/absence of GS regulation and of GOGAT was analyzed.
GS regulation provided a greater robustness of the fluxes against
perturbations of enzyme or ammonium concentrations, in partic-
ular when the ammonium supply fluctuated (569). A flux balance
model for nitrogen metabolism was developed (570) and verified
by experiments carried out for the wild-type and GDH and
GOGAT knockout strains (135, 567). Furthermore, by employing
the kinetic equations built for GS, GDH, and GOGAT (44), Yuan
et al. were able to predict maximal capacities of the three enzymes
in wild-type and mutant strains as a function of the ammonium
availability. The results suggested that among the three central
enzymes, GS would be the preferred regulation point.

Another model of the GS cascade arrived at the conclusion that
the bicyclic cascade is suboptimal for homeostatically controlling
the glutamine pool (571). It was hypothesized that a slow inacti-
vation of GS by adenylylation allows GS to transiently deal with
ammonium toxicity imposed on cells by a sudden internal ammo-
nium upshift from 0.1 to 100 mM. The authors of that study
assumed that 100 mM ammonium is toxic, although there are data
showing that neither NH, ™ nor NH; is toxic per se for bacteria (see
“Ammonium transport could be a challenge,” above). A dynamic
mathematical model was developed to analyze and understand
biological design principles of the complex but highly structured
feedback modules in ammonium assimilation (572, 573). The for-
mer was the first model for central ammonium assimilation that
linked the metabolite and protein levels to the DNA level, while
the latter presented an extended and improved version. The GS
activity control module was unified with a GS synthesis module,
and the robustness of the full model toward internal and external
perturbations was studied. Several differences surfaced between
the biological ammonium assimilation model and classical engi-
neering systems. In another application of the method, it was
shown that the redundant feedback loops generate robust prop-
erties to multiple gene deletions (574). A steady-state analysis of a
network consisting of the GS cascade, the NRI/NRII system, and
the ginALG operon indicated that the output of the operon should
be switch-like, while the activation of the transcription factor NRI
should be graded (575).

An elegant experimental setup that enables a quick change of
the nutrient environment is a filter culture technique developed
by Rabinowitz and coworkers (562, 576): cells are growing on a
membrane filter on top of agarose plates loaded with media. The
cells are fed by nutrient diffusion from the underlying medium up
through the filter. This technique allows quick medium switching
by transferring the filter between agarose plates of different com-
positions. The filter methodology was nicely employed in the ki-
netics flux profiling protocol; by switching from unlabeled to iso-
tope-labeled forms of nutrients, metabolic fluxes can be
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quantified, based on the kinetics of cellular incorporation of stable
isotopes from the nutrient into downstream metabolites. An im-
portant result obtained with kinetic flux profiling is discussed in
the next section.

GS-GOGAT Activity under Conditions of Internal Nitrogen
Sufficiency?

The textbook view on nitrogen assimilation in E. coli states that the
free energy-intensive GS-GOGAT pathway for glutamate synthe-
sis is tuned down and that the ATP-independent GDH takes over
the production of most of the glutamate whenever ammonium is
available in sufficient amounts. This picture is based mainly on in
vitro knowledge gathered in biochemical experiments with puri-
fied enzymes and by simplifications, typically neglecting the
smaller of two parallel activities that might well be active simulta-
neously, as more often, Occam’s razor may be deceptive in biology
(538, 539): that a simple explanation at first glance looks plausible
enough to be real is insufficient for living organisms with their
networks of irreducible core complexity.

Indeed, data obtained with the new in vivo method (562) for
measuring metabolic fluxes in live cells, KFP, have seriously chal-
lenged this view. The fluxes predicted by FBA to allow optimal
biomass production agreed well with fluxes measured with the
KFP method on the basis of the kinetics of nitrogen assimilation in
exponentially growing cells (567). However, there was one notable
exception: in the presence of glucose and ample ammonium, KFP
indicated that glutamate was synthesized largely via the GS-
GOGAT route and much less via the GDH route. This unexpected
result was further put to the test by applying kinetic flux profiling
to mutant strains lacking either GDH or GOGAT. The results
confirmed the previous conclusion, and over 85% of the total
glutamate biosynthetic flux in the wild type was assigned to GS-
GOGAT activity. This conclusion was corroborated by the finding
that the 2-oxoglutarate pool in both the wild type and a GDH
mutant hardly responded to ammonium depletion down to 0.1
mM, while the pool in a GOGAT mutant increased by a factor of 4
(577). Finally, in 1975, Senior had already observed that GS was
deadenylylated under conditions of ammonium excess at high
growth rates in glucose-limited chemostats (384).

Measuring Metabolites In Vivo

Introduction to metabolomics. In the past, at most, a few to a
dozen metabolites were painstakingly determined at a time (e.g.,
see references 355 and 384), but this situation has changed dra-
matically by the spectacular development of high-throughput
techniques for measuring intracellular metabolites. Via interme-
diate metabolome analysis covering only high-abundance metab-
olites (>0.5 mM) (e.g., see reference 578), the technique has been
further developed such that currently, out of 800 to 2,000 metab-
olites, about 200 metabolites can be qualitatively identified down
to the micromolar level (579), and some 100 (342) metabolites
reach levels sufficiently high to be identified and quantified in vivo.
Ultimately, the new science of metabolomics aims at the qualita-
tive and quantitative analysis of the complete set of all low-molec-
ular-mass metabolites present in and around growing cells at a
given time (580, 581).

Various experimental methods required in several different
steps of the analysis are available or are being developed in this
field of research. The first steps concern rapid sample collection,
instant quenching of metabolic activity, separation of extracellu-
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lar medium, and extraction of intracellular metabolites (e.g., see
references 582-584). Each of these steps faces its own problems
and pitfalls, e.g., incomplete inactivation of metabolism, leakage
of metabolites, and incomplete extraction. A survey of compari-
sons of seven extraction procedures for metabolome analysis in
microorganisms convincingly showed that the authors’ evalua-
tion of the different extraction techniques used by them did not go
together very well (585). The last, and perhaps the least trouble-
some, step involves the quantification of the metabolites through
enzyme-based analytical methods or different chromatographic
techniques (liquid or gas chromatography and capillary electro-
phoresis) coupled to mass spectrometry (MS) or NMR analysis
(580).

It has been estimated that the maximum total metabolite con-
centration, as constrained by the mechanical strength of the cell
wall, is some 500 mM (586). Since about 800 to 2,000 different
metabolites are presentin a cell (579), one might expect an average
intracellular metabolite concentration of roughly 0.5 mM. For
stochastic and diffusion reasons, submicromolar concentrations
may be hard to operate by cells. Therefore, most concentrations
may not be too far away from the average, and low intracellular
metabolite concentrations seem to be a general property of any
cell (586). The compatible solutes glutamate, K™, trehalose, gly-
cine betaine, and proline (587) seem to be important exceptions to
the rule, however. Also, for E. coli cells grown with glucose, glyc-
erol, or acetate as the C source and excess ammonium as the N
source, the top 20 metabolites are all present at concentrations
that are significantly higher than this 0.5 mM, i.e., in the range of
2 to 17 mM (342).

Glutamine and 2-oxoglutarate signal nitrogen availability.
For enterobacteria, external nitrogen limitation may be perceived
as a drop in the internal glutamine pool under both aerobic (383)
and anaerobic (588) conditions. Glutamate was found to remain
reasonably constant, although its concentration may change by a
factor of 2.5 (135, 383). In a more recent metabolomics study,
these observations were confirmed and extended. Here the filter
culture technique was used to determine the metabolic response
to a sudden removal of ammonium from the medium (576). Two
dominant starvation responses were observed. A generic response
accounted for 42% of the metabolite concentration changes and
typically included depletion of biosynthetic intermediates. An
ammonium-specific response was responsible for another 30%.
Ammonium deprivation was characterized by a 16-fold increase
in the 2-oxoglutarate concentration and a 64-fold decrease in the
glutamine concentration, while the glutamate concentration was
decreased by only 2-fold. Thus, besides a markedly decreased glu-
tamine level, an increased 2-oxoglutarate level is also indicative of
internal nitrogen limitation. A rapid increase in the 2-oxogluta-
rate concentration was also observed when cells from batch cul-
tures were filtered and washed with solutions containing less am-
monium than the growth medium at filtration (577).

In another study, the integrated regulation of central nitrogen
metabolism through metabolomics and modeling was examined
by shifting filter cultures from limiting to excess ammonium con-
ditions (135). The metabolome response upon the ammonium
upshift (10 mM), covering 59 metabolites, was found to boil down
to just two characteristic response patterns. The first one ac-
counted for 63% of the available data, and 2-oxoglutarate contrib-
uted most strongly to the pattern. The second pattern accounted
for 23%, and glutamine was the dominant molecule. Other af-
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fected compounds were proposed to be closely related to either
2-oxoglutarate (TCA cycle compounds) or glutamine (amino ac-
ids). Still many other compounds retained concentration homeo-
stasis, including ATP and NAD™ (135). A rapid drop in the 2-oxo-
glutarate pool was also observed with a 0.2 mM ammonium
upshift (354).

It should be noted that data from some articles (107, 572, 573)
are based on the assumption that the 2-oxoglutarate-over-glu-
tamine ratio would be maintained homeostatically, which, in our
opinion, might not be valid under all conditions (see below). The
ratio was found to be constant at 1.8 for cells growing in chemostat
cultures under conditions of glucose limitation and excess ammo-
nium but only at relatively high specific growth rates (>0.4h™").
Below specific growth rates of 0.4 h™, it gradually declined to 0.4
(384). Thus, the measured ratio has been shown to be robust only
under conditions of ammonium excess for a limited range of
growth rates. Furthermore, from more recently determined con-
centrations in other experimental setups (135, 342, 343), the ratio
can be calculated to vary from approximately 10 under conditions
of N limitation to approximately 0.04 under conditions of N ex-
cess, i.e., a 250-fold change of the ratio. We think that the ratio of
2-oxoglutarate over glutamine might actually be the cell’s robust
monitor for a changing cellular N state. The ratio should be more
sensitive than the concentrations of glutamine and 2-oxoglutarate
taken separately as N-state indicators. In addition, some sites that
either 2-oxoglutarate or glutamine interacts with may bind both
compounds competitively because of their structural relatedness.

Active-site competition in central nitrogen metabolism? Ab-
solute intracellular concentrations of some 100 metabolites were
determined via liquid chromatography-tandem MS (LC-MS/MS)
(562) in aerobic, exponentially growing cells in filter cultures with
glucose, glycerol, or acetate as the carbon source and ammonium
as the nitrogen source (342). The total observed metabolite pool
was about 300 mM, while the intracellular concentrations ranged
widely from 0.001 to 20 mM, with glutamate as the notable excep-
tion (50 to 150 mM). The 10 most abundant compounds com-
prised 77% of the total molar concentration of the measured
metabolome.

Interestingly, the metabolite concentrations exceeded the K,
for most substrate-enzyme pairs (342). As a consequence, fluxes
could be insensitive to the substrate concentration, and this might
potentially lead to large variations in metabolite concentrations.
On the other hand, competition by products or other compounds
for the substrate binding site will increase the effective K,,, for the
substrate and contribute to kinetic regulation of its activity; the
authors of that study proposed such active-site competition as a
new way to regulate fluxes and, thereby, metabolite levels in gen-
eral (342). Other ways of flux regulation could also be operative,
such as enzyme activity regulation by covalent modification sub-
sequent to signal transduction and enzyme concentration control
by transcription regulation (see “Signal Transduction-Mediated
Regulation” and “Gene Expression Regulation,” above).

As a matter of fact, introducing active-site competition of glu-
tamine, glutamate, and aspartate for the glutamine binding site of
GOGAT was necessary for the ordinary differential equation
model of central nitrogen metabolism to properly simulate all of
the experimental ammonium upshift data (135). More specifi-
cally, insertion of modest competitive inhibition by aspartate in-
creased the elasticity coefficient of GOGAT flux to glutamine and
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rendered the elasticity coefficient of GOGAT flux to glutamate less
negative.

However, two arguments can be mounted against the model:
(1) the fitted V,,, value for GS is rather high (9,120 mM/min), far
(15-fold) above the values measured in ammonium-limited che-
mostats at a D of 0.3 h™' (600 mM/min [44]), and (ii) the term
NH, appears to denote NH; in the diffusion equation but NH, ™
in the rate equations for GS and GDH, which of course cannot be
true at the same time. For these reasons, the calculated intracellu-
lar ammonium (ammonia?) concentration of 1 wM in the nitro-
gen-limited wild type becomes questionable. Probably, this com-
puted concentration was extraordinarily low because the V. of
GS was taken to be extraordinarily high.

Reliability of the metabolome? An important issue is how one
can be sure that the metabolome data constitute a reliable snap-
shot of the metabolic state of cells. Reliability is necessary to com-
pare results under different growth conditions gathered by one
and the same laboratory but also to enable comparison of data sets
obtained by different research groups. For example, there are dif-
ferences between the data set for cells growing in microcolonies on
filters with ample glucose and ammonium (342) and for cells
growing in high-density glucose-limited chemostat cultures (D =
0.1 h™") with ample ammonium (343); most metabolite concen-
trations are (sometimes substantially) lower in the latter case,
although some are equal or higher. A meaningful biological inter-
pretation of the apparent differences requires that they should be
attributable only to microbial behavior and growth conditions.
Therefore, much effort is and should be spent to find ways to
standardize and optimize protocols for metabolomics (e.g., see
references 343, 585, and 589).

Considering the major pitfalls in determining intracellular me-
tabolite concentrations, an important issue is how the overall
quality of metabolome data can be checked. Two simple checks for
healthy cells are recommended by Taymaz-Nikerel and coworkers
(343): (i) the value of the adenylate energy charge (590) should be
between 0.80 and 0.95 (591), and (ii) the calculated mass action
ratio of known near-equilibrium reactions should be close to the
equilibrium constant. Bolten has shown that some literature data
do not conform to the expected range of the adenylate energy
charge (582). Application of the checks to a relatively recent data
set (342) shows that with glucose, glycerol, or acetate as the carbon
source, the adenylate energy charges (all three approximately
0.95) are indeed within the range but that the adenylate kinase
reactions (9, 64, and 11, respectively, compared with a K, of 0.6 to
1.1) as well as the reaction catalyzed by fumarase (all three approx-
imately 0.08, compared with a K, of 0.23) appeared to be away
from equilibrium. This observation raises some doubt about the
reliability of the above-mentioned measurements.

Taymaz-Nikerel et al. (343) put much effort into avoiding
practical problems when analyzing the metabolome. They found
that the commonly applied quenching method of cold aqueous
methanol was not suitable for E. coli because of leakage of a major
part of the metabolites. They arrived at the so-called differential
method as the best option to obtain reliable metabolome data, at
least for E. coli; the method requires metabolite measurements in
total broth and filtrate for each measurement.

GS, GOGAT, and GDH Functions

GS functions. In E. coli and other enteric bacteria, the reaction
catalyzed by GS is the only known biosynthetic route for the syn-
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thesis of glutamine. Deletion of the glnA gene results in an abso-
lute requirement of glutamine (592). The prime function of GS is
to provide cells with glutamine for protein synthesis and as a do-
nor of amide groups (not to be confused with the amino groups
provided by glutamate in transaminase reactions) for other N-
containing compounds. Therefore, with ammonium as the sole
nitrogen source, GS activity should never be completely shut
down, despite the existence of extensive mechanisms that regulate
its activity. Indeed, in the presence of ammonia, the expression of
gInA is not completely shut down (133), and adenylylated GS still
has some activity (371, 372) (see “Feedback inhibition of GS,”
above).

GOGAT functions. E. coli mutants lacking GOGAT represent
an interesting case for two reasons: (i) they cannot deplete glu-
tamine except by biosynthetic reactions, and (ii) they cannot ac-
cumulate glutamate under intracellular N-limiting conditions.
Because of the latter reason, it was envisaged that they can grow
only in minimal medium containing ammonium as the only ni-
trogen source when the ammonium concentration is relatively
high (>1 mM) (373). Likewise, it was argued that GOGAT mu-
tants grow slowly on poor organic nitrogen sources, because they
are starved for glutamate (53). Later, however, it was demon-
strated that with ammonium as the N source, it holds true only
when glucose is the carbon source; a minimal medium with
poorer C sources (such as glycerol, succinate, or maltose) did sup-
port growth at a low ammonium concentration (0.4 mM), where
glucose failed to do so (494). Mutants lacking both GOGAT and
GDH require externally added glutamate for growth, even in the
presence of ample ammonium (593).

GDH functions. At first sight, GDH seems to be redundant. In
principle, the high-ammonium-affinity GS-GOGAT system
should suffice for enteric bacteria to assimilate ammonium, inde-
pendent of the extracellular ammonium concentration. Indeed, a
deletion in gdhA conferred no overt phenotype and did not induce
a glutamate requirement (593-595). However, the phenotype of
“silent” genes that show no effect on growth rates or other fluxes
can be made visible by studying the metabolome of such mutants
(406). Moreover, some bacteria that harbor GS and GOGAT (e.g.,
Erwinia carotovora and Bacillus megaterium) seem to lack GDH
naturally (596, 597).

Nevertheless, GDH seems to be invariably present during
growth in all kinds of different media, and it is probably also active
under most growth conditions. We put forward the following
(possible) functions of GDH and its biosynthetic product gluta-
mate, mostly on the basis of the following suggestions made by
other authors.

(i) Enabling rapid growth. GDH activity increases linearly with
the growth rate in ammonium-limited chemostats of E. coli (384).
Perhaps, GDH enables rapid growth.

(ii) Producing glutamate to maintain the steady-state K*
pool. Under normal growth conditions, K" is by far the most
abundant cation in E. coli (598), and glutamate is the most abun-
dant amino acid anion (599). Not glutamate but trehalose is the
most abundant metabolite only at low growth rates (578). Indeed,
it had already been shown in 1972 that these two ions have some
correlation in growing bacteria (599). Studies of GOGAT mutant
strains of S. Typhimurium grown at low ammonium concentra-
tions and subjected to an ammonium upshift indicated that glu-
tamate is specifically required to maintain the K" pool and that
K™ -glutamate is required for optimal growth (411, 412).
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(iii) Producing the osmoprotectant glutamate. Addition of
NaCl (2 to 4%) to K. pneumoniae (and E. coli) effected a dramatic
increase in the glutamate pool; this effect was irrespective of the
nature of the growth limitation in chemostat (599). Under excess-
ammonium conditions, GDH may synthesize glutamate when en-
terobacteria are hyperosmotically stressed (but GS-GOGAT
might also do so [see “GS-GOGAT Activity under Conditions of
Internal Nitrogen Sufficiency?,” above]); apparently, only gluta-
mate can serve as the counterion for K™ that is accumulated upon
osmostress (410, 599, 600). Eventually, however, the K™ -gluta-
mate couple is replaced by the compatible osmoprotectants
trehalose, glycine betaine, and proline (601). Trehalose is pro-
duced from glucose-6-phosphate and UDP-glucose in a two-step
reaction, catalyzed by OtsA and OtsB (131).

(iv) Producing glutamate under conditions of free energy lim-
itation. E. coli might possess and use GDH in case free energy
limits growth and ample ammonium is present, because it costs
less ATP equivalents than GS plus GOGAT (602).

(v) Catabolizing glutamate. Mammalian GDH operates in the
catabolic direction, oxidizing glutamate (603), but is coupled to
NAD(H) rather than NADP(H). In contrast, bacterial GDH usu-
ally operates in the biosynthetic direction. Because of the relatively
low K., (90 mM 'atanIof0.5anda T of 37°C) (59), the reaction
catalyzed by E. coli GDH may in principle be reversed under some
conditions. Recently, absolute intracellular metabolite concentra-
tions in E. coli (some 100 metabolites) growing on filters with
excess glucose and ammonium were measured (342); from the
concentrations determined for NADP* (0.002 mM), NADPH
(0.12 mM), glutamate (96 mM), and 2-oxoglutarate (0.4 mM), it
can be calculated that if the intracellular ammonium concentra-
tion is <44 uM, oxidation of glutamate becomes thermodynam-
ically feasible. Since such alow internal ammonium concentration
is not likely when external ammonium is present in excess, bio-
synthesis of glutamate takes place, even at very high internal
glutamate concentrations. When cells are growing under am-
monium-limited conditions, the glutamate concentration re-
mains rather high, at ~70 mM, but the 2-oxoglutarate concentra-
tion increases up to 12 mM (135). Based on the assumption that
the NADPH/NADP ratio is the same as that during growth with
excess ammonium, biosynthesis of glutamate is then possible
whenever the internal ammonium concentration exceeds 1 WM.
Thus, degradation of glutamate is not expected to occur under this
condition either.

We note, however, that this expectation depends on the very
high NADPH/NADP ratio (604) measured, which may be lower
under more oxidized conditions or if the effective proton motive
force-driven transhydrogenase reaction falters because of a reduc-
tion in the energy state of the cell. Indeed, ratios of 3.0 (605) and
0.8 (606) have also been measured. If the ratio is 3.0, the internal
ammonium concentration below which glutamate catabolism be-
comes thermodynamically possible becomes 880 or 20 .M when
the external ammonium concentration is in excess or limiting,
respectively. For a ratio of 0.8, the threshold intracellular ammo-
nium concentration increases even further to 3,330 or 75 uM,
respectively. Hence, these calculations at least show that under
some conditions, GDH might possibly catalyze glutamate degra-
dation instead of biosynthesis.

Senior (384) noted that when E. coli is growing on minimal
medium containing excess glutamate and limiting glucose in a
chemostat, NH, ™ was excreted. Also, in batch culture with gluta-
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mate as the single nitrogen source, ammonium was found to be
excreted in the late phase of growth (377). In both cases, the car-
bon skeleton of glutamate probably serves as an extra C source
producing excess ammonium. As suggested by Senior (384), ex-
ternally added glutamate might become deaminated by GDH, al-
though rather low NADPH/NADP and 2-oxoglutarate/glutamate
ratios would seem to be required to reach the observed high level
of ammonium (20 mM). Alternatively, degradation via aspartate
aminotransferase and aspartate ammonia-lyase might occur in-
stead (607).

(vi) pH homeostasis. The hallmark of E. coli cells growing on
glucose minimal medium appears to be the formation and excre-
tion of acetate and subsequent metabolism of the acetate and pro-
tection of the cells from acid stress (608). Recovery of normal
internal pH occurs via glutamate synthesis (609) and through pro-
ton-consuming decarboxylation of glutamate by GadB and secre-
tion of the product y-aminobutyrate by GadC (500). GadE seems
to regulate the three acid resistance systems of E. coli, of which the
GadAB system is the most important and most regulated one (493,
500).

(vii) Producing glutamate to enhance protein-DNA interac-
tions. GDH may produce glutamate to enhance protein-DNA in-
teractions (e.g., see reference 610) or, together with potassium, to
act differentially on cellular promoters so as to activate some or
inhibit others (611).

(viii) GDH functionality. Because enzymes are embedded in
networks, it can be difficult to identify all their functionalities. For
GDH, functionality tends to be discussed in terms of its produc-
tion of glutamate. Additional functions, however, might reside in
keeping the 2-oxoglutarate concentration at an adequate level.
Indeed, for K. pneumoniae (K. aerogenes), it has been hypothesized
that GDH might play a role in controlling the size of the 2-oxo-
glutarate pool at such a level that both GDH and the TCA cycle
enzyme 2-oxoglutarate dehydrogenase, and thereby the TCA cycle
itself, remain active (612, 613). 2-Oxoglutarate has also been
shown to provide alink between C and N metabolisms by virtue of
its ability to block glucose uptake by inhibiting enzyme I of the
sugar-phosphoenolpyruvate phosphotransferase system (435).

Signal Transduction Cascades

Protein activity can be regulated by covalent modification: a
chemical group is covalently attached to the target protein, the
process of which is catalyzed by a converter enzyme, while another
converter enzyme catalyzes the removal of the same chemical
group. The interconversion of the target protein is reversible
through the action of this cycle. Kinase/phosphatase couples of
converter enzymes that modify a protein by phosphorylation are
the prime examples of such monocyclic cascades. Eukaryotic gly-
cogen phosphorylase was the first enzyme reported to undergo
reversible phosphorylation-dephosphorylation (614, 615). A bac-
terial example is isocitrate dehydrogenase, which is (de)phosphor-
ylated by a bifunctional converter enzyme (616—618). Bicyclic and
multicyclic cascades can be formed by concatenating monocycles.
For instance, the eukaryotic mitogen-activated protein (MAP)
cascade is an illustrious example of a tricyclic phosphorylation
cascade (619). With respect to ammonium metabolism in E. coli,
covalent modification is known to play a prime role in its regula-
tion. Adenylylation of GS, uridylylation of GInB and of GInK, and
phosphorylation of NRI and of NRII are the three relevant cova-
lent modification reactions that have been studied in great detail.
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The GS regulatory cascade at large (UTase, ATase, GInB, GInK,
and GS) has been implicated as a promising candidate for featur-
ing ultrasensitivity.

Definitions and terminology. Speaking in general terms, sig-
nals elicit responses. This statement applies to single enzymes as
well as to mono- or multicyclic cascades. The input-output rela-
tions may show less (subsensitivity) or greater (ultrasensitivity)
responsiveness than the usual hyperbolic (Michaelian) sensitivity
(620). Ultrasensitivity is associated with a sigmoidal stimulus-re-
sponse curve. It has received much attention, and we therefore
focus on this form of signal amplification.

The amplification of a signal generally takes two forms: mag-
nitude and sensitivity amplification (620). Magnitude amplifica-
tion occurs when target molecules are produced in greater num-
bers than the stimulus molecules. Magnitude amplification can be
readily achieved in single steps; in principle, there is no need for
monocyclic, let alone multicyclic, cascades. Sensitivity amplifica-
tion is about the degree of change in a response in comparison to
the degree of change in the stimulus. Sensitivity magnification can
be realized in single steps by positive cooperativity, but monocy-
clic and multicyclic cascades may further increase sensitivity com-
pared to individual steps (620-622). Although a cascade structure
does not necessarily result in ultrasensitivity, even a monocyclic
cascade can readily generate a substantial response coefficient
(622). Multicyclic cascades have the potential to feature even
higher degrees of ultrasensitivity (in the absence of feedback
loops), since the total response coefficient equals the product of all
the local response coefficients, one for each level of the cascade
(623-625).

The classical definition of sensitivity amplification takes the
so-called “amplification factor” expressed in finite terms: the per-
cent change in response to the percent change in stimulus (620,
626). In later studies, the precise vocabulary and analysis tools of
metabolic control analysis (MCA) were introduced to deal with
sensitivity amplification. By using MCA, it is possible to pinpoint
exactly which processes should be affected and to what degree they
should be affected to obtain ultrasensitivity (627). The theorems
of MCA have been adapted to include covalent modification cy-
cles (624, 627, 628). The “response coefficient,” which corre-
sponds to the infinitesimal form of the amplification factor, is the
variable that is relevant in MCA (622, 629). It has the advantage
that the mechanism underlying sensitivity need not be known
(622, 627). The maximum response coefficient derived from a
sigmoidal input-output curve equals the Hill coefficient, another
measure of ultrasensitivity used with single enzymes (630). Re-
sponse coefficients (R = €.C) of cooperative and allosteric mech-
anisms will generally be lower than the corresponding Hill coeffi-
cients, because elasticities are at most equal to Hill coefficients,
and control coefficients maximally equal 1.0 (631). In the case of
zero-order ultrasensitivity that can be obtained in cascades, the
maximum response coefficient is infinite (624, 628). By definition,
a response coefficient less than, equal to, or greater than 1.0 indi-
cates a subsensitive, hyperbolic, or ultrasensitive response, respec-
tively. For ultrasensitivity, it is noteworthy that the definition im-
plies that the term is applicable to moderate and strong cases alike.
Also note that early on, the term response coefficient was defined
differently as the ratio of concentrations of a factor required to
change the response from a 10% to a 90% response (620, 632,
633). For a Michaelis enzyme, the response coefficient amounts to
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81, and the smaller this ratio, the more sensitive the response. We
use the MCA meaning of the term response coefficient.

Application of MCA has shown that the conditions are deter-
mined by a limited number of elasticities: the elasticities of the
modifier enzymes for their substrates (the modifiable target en-
zymes) should be minimized, and the elasticities of the modifier
enzymes for their effectors should be maximized (627). Ortega et
al. (106) showed that considering that, in many cases, the modifi-
cation and the demodification enzymes are identical, one should
take product inhibition and the consequent increase in elasticities
into account, largely removing the ultrasensitivity of such cas-
cades. The sensitivity of the response to signal can be expressed in
terms that are equivalent to Hill coefficients or in MCA terms as
response coefficients.

Functions of ultrasensitivity. An intriguing general question is
why the regulation of protein activity occurs by interconversion
via a mono- or multicyclic cascade of covalent modifications
rather than by allosteric effectors acting on single enzymes. In
other words, what are the functional advantages of the former
over the latter? Several functions may be put forward on the basis
of modeling studies. The first function is more extended regula-
tion: in a cascade, more proteins are present, and thus, more allo-
steric effectors can influence regulation than with a single protein.
The second function may be stronger sensitivity amplification; for
allosteric proteins, Hill coefficients of >4 are rarely observed
(620). Although a monocyclic cascade per se is no guarantee of
high sensitivity and typically even results in subsensitivity (106,
634), it may nevertheless exhibit enormous sensitivities; Hill co-
efficients as high as 800 can be achieved, although this value was
not considered of any real physiological significance (629, 631).
Third, in a multicyclic cascade, additional sensitivity can be
achieved, because the response coefficient of the entire cascade
equals the product of the local coefficients of the individual cycles
(623-625).

Several characteristics of strong ultrasensitivity per se that may
be considered useful for the cell are as follows (635): (i) generating
all-or-none decisions, (ii) filtering out noise, (iii) delaying re-
sponses, (iv) displaying oscillations when combined with negative
feedback, and (v) displaying bistability in combination with pos-
itive feedback.

Mechanisms for ultrasensitivity. Several mechanisms for gen-
erating an ultrasensitive response may be distinguished (620, 626,
632, 633, 636, 637): cooperative, multistep, multisite, zero-order,
stoichiometric inhibitor, and branch-point mechanisms. Impor-
tantly, more than one mechanism may occur in one and the same
system. If so, the respective sensitivities all contribute to the over-
all ultrasensitivity (633). The zero-order variant has been studied
most extensively, especially in theoretical studies. We discuss this
form of ultrasensitivity in more detail.

Conditions for zero-order ultrasensitivity. The conditions for
maximizing zero-order ultrasensitivity turned out to be quite
stringent (106, 629, 632, 633). They can best be illustrated with the
aid of a simple monocyclic enzyme cascade (Fig. 10). The condi-
tions can then be summarized as follows.

First, either one or both modifier enzymes should operate un-
der conditions approaching saturation by their substrate (the tar-
get enzyme). In other words, the concentration of the modified
enzyme should exceed the effective Michaelis constant prevailing
in the presence of the product of the modification reaction (106).
This is the basic condition that the phrase zero order alludes to
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FIG 10 Monocyclic interconvertible enzyme cascade. A target enzyme may
exist in two states, an active state and an inactive state. These can be intercon-
verted by the action of the modifier enzymes, enzyme, and enzyme,. An effec-
tor regulates the activity of the target enzyme indirectly by activating modify-
ing enzyme,, inhibiting modifying enzyme,, or both. The two modification
reactions are not each other’s precise reversal.

(632). If the enzymes operate in the region of first-order kinetics,
hyperbolic or subsensitive responses are found instead. Although
zero order suggests that the enzymes should be nearly saturated, a
36% degree of saturation of both converter enzymes has been
shown to suffice for a Hill coefficient of 10 (629).

Second, the effectors must act on both modifier enzymes in
opposite direction (627, 629).

Third, the effectors should have catalytic (k,,) rather than spe-
cific (K,,,) effects on the modifier enzymes (627, 629).

Fourth, the modifier enzyme subject to activation must re-
spond to lower effector concentrations than the modifier enzyme
subject to inhibition (627, 629).

Fifth, the covalent modification reactions of the target enzyme
must be virtually irreversible. In practice, this boils down to reac-
tions with a high (effective) equilibrium constant; if the reaction is
reversible, zero-order ultrasensitivity disappears (106).

Sixth, the conversion reactions must also be product insensi-
tive. The product inhibition constant should be lower than the
Michaelis constant; if the conversion reactions are saturated by
their product, zero-order ultrasensitivity disappears (106).

Seventh, the interconversion of the target enzyme should be
catalyzed by two independent modifier enzymes. Covalent mod-
ification cycles that are catalyzed by one bifunctional “ambigu-
ous” enzyme rather than by two independent converter proteins
cannot have high-level responses, because high substrate concen-
trations and low product concentrations for both reactions of the
cycle are inconsistent (106). Paradoxically, in another theoretical
study, bifunctionality (among other factors) was considered es-
sential for ultrasensitivity (638).

Eighth, the sum of modified and unmodified target proteins
must be constant.

Ninth, target enzymes should not be sequestered by the con-
verter enzymes. Zero-order ultrasensitivity requires that target
proteins are present in excess over the converter enzymes of the
modification cycle, i.e., free target protein pools virtually equal
total target protein concentrations. However, for most signaling
cascades, converting enzymes and target proteins are present in
comparable concentrations, and consequently, large fractions of
the target protein may be sequestered by the modifying enzymes.
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This sequestration will result in a decrease in ultrasensitivity
(635).

Finally, random fluctuations should be negligible. All of the
above-described conditions were recognized by macroscopic
modeling, which implicitly assumes that cells are infinitely large
and fluctuations are negligible. Using mesoscopic modeling,
which takes finite cell size and stochastic aspects into account, it
was found that zero-order ultrasensitivity was much more gradual
than in macroscopic models (639). The general message is that the
demonstration of ultrasensitivity in macroscopic models does not
guarantee it will prevail under the same conditions in vivo.

Ultrasensitivity in models of the GS cascade. A steady-state
analysis of adenylylation of GS with glutamine as the input in a
model of the GS bicyclic cascade (UTase-ATase-GS) demon-
strated an ultrasensitive response; it was concluded to be brought
about by allosteric interactions of glutamine and 2-oxoglutarate,
bifunctionality of converter enzymes, and a closed-loop bicyclic
cascade structure (638). In a follow-up study, a steady-state mod-
ular analysis of a network made up of the above-mentioned GS
bicyclic closed-loop cascade, together with the NRII-NRI two-
component system and an autoregulated glnALG operon, was pre-
sented. The simulation indicated that the inactivation of GS is
moderately ultrasensitive to input stimulus by glutamine (575). A
mathematical model has been made to study to what extent simple
feedback regulation could account for the dynamic behavior as
observed for nitrogen assimilation. It was found that it could lead
to dangerously large metabolite pools but also that the generation
of such pools could be prevented when multiple regulatory mech-
anisms were working in concert to produce ultrasensitive feed-
back (640).

On the basis of the laws of hierarchical control analysis (624), it
was shown that the sum of the control of the adenylylation and the
deadenylylation reactions on steady-state ammonium assimila-
tion should be nil, whereas the sum of their control of the dynam-
ics of adenylylation and, hence, of ammonium assimilation
should be quite significant (—1 for the total control on duration
and “area under the curve,” making the deadenylylation poten-
tially more important than the adenylylation reaction) (44, 641,
642). Also, a ligand, such as perhaps glutamine, adversely stimu-
lating the adenylylation reaction and inhibiting the deadenylyla-
tion reaction should readily obtain a highly sensitive response
(642).

Experimental ultrasensitivity in the GS cascade. In contrast to
the number of theoretical studies on ultrasensitivity in general,
only a few experimental studies have dealt with ultrasensitivity in
the GS cascade. In a reconstituted UTase-GInB-ATase-GS bicyclic
system, a modest ultrasensitive response (Hill coefficient of 1.5) of
the GS adenylylation state to the glutamine concentration was
already demonstrated in 1978 (643). The same system was studied
20 years later (387) and some 30 years later (390, 644) by Jiang and
coworkers. The reconstituted system now showed a sensitivity to
glutamine that was equivalent to a Hill coefficient of 5.2. Since
UTase and ATase are both bifunctional enzymes, zero-order ul-
trasensitivity is not likely (106, 644). More recently, the source of
ultrasensitivity has been explored for this in vitro system, and it
was found that a fully deuridylylated trimeric GInB was required
for the activation of the AT activity of ATase (644). Its composite
UTase-GInB and ATase-GS cycles displayed only moderate glu-
tamine sensitivities when examined separately. Both the trimeric
nature of GInB and the completely unmodified form of GInB were
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important factors in the glutamine response of the bicyclic in vitro
system (644).

In another experimental study, GInB expression was modu-
lated in vivo around the wild-type level, and MCA was used to
study the function of the GS signal transduction chain (161). Un-
der two relevant physiological conditions, i.e., nitrogen limitation
(glutamine) and nitrogen sufficiency (high ammonium), neither
the steady-state level of adenylylation of GS nor the rate at which
GS-AMP became deadenylylated upon ammonium deprivation
depended on glnB gene expression or on the concentration of
GInB plus GInK. Thus, the pivotal regulatory proteins GlnB and
GInK had no control over the steady-state GS level or activity. This
in vivo test refuted ultrasensitivity to GInB and GInK for the
steady-state function of the GS cascade, and instead, a subtle,
quantitative, and context-dependent adjustment of regulation
was put forward as the principal steady-state function of the cas-
cade.

Possible subtleties include that high sensitivities toward glu-
tamine do not have to be accompanied by high sensitivities toward
GInB, especially in view of the ambiguity of GInB (stimulating
both adenylylation and deadenylylation depending on its own
modification state): this paradoxical phenomenon is due to the
fact that the steady-state adenylylation state of GS is determined
not merely by the adenylylation rate but also by the deadenylyla-
tion rate and, in fact, just as much (624, 642; see reference 641 for
experimental demonstrations for the MAP kinase pathway). In-
deed, in 1974, evidence was already presented to support the con-
clusion that the constant states of adenylylation at steady state
reflect a dynamic state in which the rates of adenylylation and
deadenylylation are equal (415). In line with this reasoning is the
more recent finding that the AR activity of ATase is mandatory to
counterbalance its AT activity during steady-state growth under
both N-limiting and excess-N conditions (414). A graded re-
sponse of GS instead of a switch-like, all-or-none response also fits
nicely with the obligatory presence of active GS under all condi-
tions (for it is the single enzyme capable of glutamine synthesis)
and also with the observation that GS-GOGAT (not GDH) is the
predominant producer of glutamate during growth under condi-
tions of ammonium excess (135, 567). Finally, with an in vitro-
reconstituted nitrogen assimilation subsystem consisting of puri-
fied UTase and GInB, it has been shown that in steady state,
sequestration of GInB by NRII (a downstream target) may alter a
moderately ultrasensitive response observed in the absence of
NRII into a subsensitive response in its presence (645). This phe-
nomenon has been termed “stoichiometric retroactivity.” In a fol-
low-up study with the above-described in vitro experimental sys-
tem, it was shown that even when steady-state properties were
unaffected by the downstream target (no stoichiometric retroac-
tivity), the dynamic behavior of the system may be altered by
so-called “load-induced modulation,” i.e., changes in response to
time-varying input stimuli (646). It was noted, however, that there
existed an apparent discrepancy in the model used, as it did not
reflect the bifunctional, ambiguous character of UTase (647). The
authors of that study responded that only in this way did the
ultrasensitive response obtained in the experiments show up in
the model (648).

In conclusion, the multitude of theoretical conditions that
should be fulfilled simultaneously and the relative paucity of ex-
perimental support render signal transduction cascades, i.e., the
GS signal transduction cascade, featuring zero-order ultrasensi-
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tivity in vivo rather unlikely. Although further research is needed
to examine other forms of ultrasensitivity in detail, in our opinion,
it may turn out to be rather difficult to find conditions where GS
will or should be shut down completely in a switch-like manner in
response to just a small change in the internal glutamine concen-
tration (strong ultrasensitivity) in vivo. Regulatory cascades over-
all might perhaps serve the function of subtlety of regulation
rather than high signal amplification (161). Accordingly, it has
been argued that not so much ultrasensitivity but relatively (and
adjustably) slow dynamics may have an evolutionary advantage
under conditions of fluctuating ammonium concentrations
(649).

So-Called Futile Cycles

In this section, we describe and discuss cyclic processes in the
nitrogen assimilation network which at first sight seem to behave
as futile, i.e., useless, cycles but which upon closer inspection are in
most cases useful, if not necessary, investments that serve a clear
purpose after all. In some cases, they are not likely to occur under
most physiological conditions.

ATase consuming ATP. The sum of the adenylylation reaction
and the deadenylylation reaction equals the conversion of ATP
and phosphate to ADP and pyrophosphate (reaction III) (Table
4). Because of the presence of pyrophosphatase activity in the cell,
free energy is dissipated by the sum of the three reactions. Since
both adenylylation and deadenylylation reactions are catalyzed by
the same ambiguous enzyme, appropriate control of the two ac-
tivities may seem necessary to prevent futile cycling. Indeed, such
control is executed by the action of the regulatory protein GInB in
combination with the small effector molecules glutamine and
2-oxoglutarate (for a comprehensive kinetic analysis of the regu-
lation of the two activities of ATase by GInB, GInB-UMP, and
small effector molecules, see reference 96). On the other hand, it
was already argued in 1974 that the final state of adenylylation
represents a dynamic steady state in which the rates of adenylyla-
tion and deadenylylation of GS are equal but not necessarily zero
(415). This conclusion was confirmed in a recent study of adenyly-
lation of GS in the wild type and an E. coli mutant (414). Here it
was shown that the adenylyl-removing activity of ATase was re-
quired to counterbalance its adenylyl-transferase activity during
steady-state growth under both excess-nitrogen and nitrogen-
limiting conditions. Both processes take place at the same time,
and although at first glance it may seem that free energy is wasted,
the actual ATP costs are only some 0.003% of the total rate of ATP
consumption for cells growing at a growth rate of 0.66 h™' (414,
415). Although Goldbeter and Koshland in general concluded
that, “a significant fraction of the total energy expenditure of an
organism is required for the large number of reactions which in-
volve covalent modification of proteins,” it was also acknowl-
edged that the fraction was much lower for microorganisms (650).
This is mainly because the ATP turnover rate of microbial cells is
on average 2 orders of magnitude higher than the turnover rate of
human cells (say, 200 to 1,000 versus 2 to 10 mM/min, respec-
tively). In this particular case, the benefit at low ATP costs for the
microbial cell might be that by sustaining intermediate states of
adenylylation, the activity of GS is carefully and rapidly adjusted to
the level needed by the cell and rapid changes therein.

“Futile” cycling, such as through the simultaneous activity of
adenylyl transferase and deadenylylase, offers the advantage of
allowing metabolic activities such as that of GS to be regulated
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directly by “key intermediates” of intracellular metabolism, such
as 2-oxoglutarate and glutamine. Since key regulatory metabolites
correspond to nodes with connections to multiple central meta-
bolic processes, a paradox arises: on the one hand, the changes in
their concentrations should be so small that they do not compro-
mise all the processes that depend on them, while on the other
hand, the changes in their concentrations should be large enough
to serve as signals for adaptations of metabolism. The very pres-
ence of both the adenylyltransferase stimulated by glutamine and
the deadenylylase stimulated by 2-oxoglutarate makes some de-
gree of futile cycling inescapable, for if an increase in glutamine
levels is necessary to decrease the activity of GS through adenyly-
lation of the latter, the glutamine cannot increase from zero to
some value but only from its preexisting physiological value to a
value not too different from that. This implies that in the physio-
logical steady state, both glutamine and 2-oxoglutarate are already
present at concentrations that activate the adenylyltransferase and
the deadenylylase, respectively; i.e., both activities must already be
present at the steady state before perturbation. Consequently, the
issue is not whether or not there will be futile cycling but, rather,
how much. If the turnover time of the adenylylation/deadenylyla-
tion cycle at the steady state is T, seconds, then a 25% increase in
the glutamine level will decrease the adenylylation state of GS by
some 50% in approximately 27, seconds. If GS were inactivated
because of an increase in ammonium, which would make GDH
energetically cheaper than GS plus GOGAT, then any retardation
in the response time would cost ATP, and the 27, seconds would
cost on the order of 27,/T55 molecules of ATP, where T4q is the
turnover time of GS in terms of glutamine synthesis. If a switch
between nitrogen-poor and nitrogen-rich conditions would occur
on average once every Ty seconds, then the total cost would

amount to S :—A, which is very large at both very slow futile
cycling (highAT A) arGlsd very fast futile cycling (low 7,) and which
has a minimum in between at approximately 7, = \/ Tgs Ts. In
other words, the optimal futile cycling rate would be between the
turnover rate of GS (perhaps 100 s~ ') and the geometric average
switching time between nitrogen-rich and nitrogen-poor condi-
tions (perhaps 10™* s™"), hence perhaps once every 10 s. In the
example, the futile cycle would be present but not futile. Also, it
would not require zero-order ultrasensitivity to be relevant.

It is tempting to speculate that, mutatis mutandis, a similar
reasoning as that given above for ATase might be applied to the
other bifunctional enzyme UTase, which would seem to “waste”
free energy (UTP) when the uridylyl-transferase and the uridylyl-
removing activity would occur simultaneously to achieve a steady-
state level of uridylylation of GInB or GInK. In both cases, it may
be relevant that the cycles waste some ATP so as to prevent the
wasting of ATP by inappropriate activity of GS plus GOGAT when
GDH suffices.

GS-GOGAT plus GDH wasting ATP. As discussed above (see
“GDH functions”), it is possible that under some circumstances,
GDH operates in the catabolic direction, and if GS-GOGAT is
active at the same time, a futile cycle of ammonium assimilation
and production will be generated. Although such a cycle has not
yet been demonstrated, a sudden ammonium downshift may in-
voke a futile cycle; when cells growing with excess ammonium are
confronted with a sudden downshift in ammonium availability, it
is possible that GDH starts operating in the catabolic direction
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when the threshold level of intracellular ammonium is passed. If
GS-GOGAT is still active at the same time at this lower intracel-
lular ammonium level, one ATP will be wasted per futile cycle of
ammonium. Under this particular condition, GDH should be
turned off, but no such rapid metabolic regulation of GDH activ-
ity is known so far, nor is gene expression regulation strong
enough (see “Transcription regulation of gdhA,” above). This is-
sue certainly warrants further experimental study. There is a pos-
sible and paradoxical aspect to this; if under such conditions, the
ammonium transporter becomes expressed, this would increase
the intracellular ammonium concentration quite significantly and
possibly to above the threshold concentration for GDH reversal. A
tradeoff would arise between the futile cycle of ammonium across
the membrane and the GDH/GS-GOGAT cycle.

GS plus glutaminase wasting ATP. Glutaminase B, which is
formed during growth, would, together with GS, constitute a fu-
tile cycle wasting ATP (651). However, two factors may prevent
futile cycle: (i) glutaminase B is inhibited by ATP (and ADP)
(344), and this characteristic may limit the activity of the enzyme
under conditions where the ATP-demanding GS is also active, and
(ii) the high K, of glutaminase B for glutamine (31 mM) and the
usual glutamine concentration range of 3 to 12 mM (135, 342,
343) seem to preclude enzyme activity, except for transient states,
however, where glutamine may reach concentrations of up to 50
mM (135).

AmtB-mediated futile cycling of ammonium. If ammonium
uptake is a form of active transport, accumulation of ammonium
takes place in order to sustain nitrogen assimilation required for
growth under nitrogen-limited conditions (301). In this case, the
obvious benefit comes at a cost, since NH; will inevitably flow out
of the cell down its concentration gradient. Building on this hy-
pothesis, it has been further hypothesized that the inhibition of
AmtB activity by GInK serves the purpose of minimizing the cost
of futile cycling by adjusting the uptake rate of ammonium such
that the intracellular ammonium concentration becomes just suf-
ficient for growth. Recently, results obtained from elegant exper-
iments in a microfluidic chemostat (652) were consistent with
both of these hypotheses (301). Here it was demonstrated that
cells growing with glycerol, glucose, or glucose-6-phosphate plus
gluconate abruptly activate ammonium transport when the am-
bient ammonium concentration is reduced to some 30, 40, or 80
M, respectively, and from there on maintain the internal ammo-
nium concentration (as deduced by calculation) at 15, 20, or 40
M, respectively, when the external ammonium concentration
was decreased further down to 4 wM in all cases. Thus, a 4-, 5-, or
10-fold outward NH, " gradient was maintained. Although trans-
port of ammonium as such was not studied, Kim et al. (652) as-
sumed it to be active transport of NH;, corresponding to passive
transport of NH, . We suggest that maintenance of these carbon
source-dependent ammonium gradients is required for growth at
the respective growth rates and that the costs of the accompanying
futile cycling through efflux of NH; and active reuptake of NH, "
via AmtB are minimized by fine-tuning AmtB-mediated transport
by reversible binding of the inhibitor GInK to AmtB.

Remarkably, methylamine, unlike ammonium, does not pro-
mote deuridylylation of GInK (305). Thus, if true, AmtB-medi-
ated MA transport would not be modulated by GInK, and there-
fore, more futile cycling should be expected with MA than with
ammonium.

Already in the 1980s, Kleiner argued that futile cycling of am-
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monium will occur when single N sources other than ammonium
are used for growth (360, 361). Cells growing under such condi-
tions will have to produce ammonium internally for biosynthetic
purposes, and consequently, NH; will leak out of the cell. Since
AmtB is expressed under these conditions, ammonium will be
transported back into the cell, which together then generates a
futile cycle of ammonium.

In the above-described two cases (ammonium-limited growth
and growth with an N source other than ammonium), futile cy-
cling inevitably takes place, but this is then again a negative con-
sequence of the cellular need for a biosynthetically sufficient level
of internal ammonium. This is what it takes to be able to grow
under internally ammonium-limited conditions.

Kdp-mediated futile cycling of ammonium. Ammonium fu-
tile cycling has been shown to occur via the high-affinity K™ trans-
porter Kdp under conditions of K™ limitation in the presence of
high ammonium concentrations (50 to 75 mM) (653). Ammo-
nium and K have similar ionic radii and can to some extent
functionally replace each other (654). Ammonium will also be
taken up actively via the Kdp transporter, and as a consequence,
NH; will flow out the cell, constituting a futile cycle. In this par-
ticular case, apparently no advantage can be coupled to this pro-
cess, but the conditions under which it takes place are somewhat
artificial. The combination of low levels of K* and high levels of
ammonium will not be encountered frequently in the natural en-
vironment.

Growth History and Intelligence-Like Behavior

The growth history of cells is a neglected and underestimated area
of research. Growth in batch cultures is normally assumed to be in
a quasi-steady state when cells have entered the exponential phase.
However, this might very well be the exception rather than the
rule, as we discuss above (see “Are cells in a batch culture in steady
state?”). Here we briefly discuss the possible relevance of the con-
cepts of memory, learning, cross talk, and bistability, all in relation
to central N metabolism. We do not discuss earlier evidence of C
metabolism (but see reference 655 and references therein).

The life (growth) history is also relevant for central N metabo-
lism. An example is the finding that various phosphorylated NRI
levels are necessary for subsequent transcriptional activation of
the various nitrogen-regulated genes. In other words, NRI-P has a
differential effect on the transcription of the nitrogen-regulated
genes: the glnALG operon itself becomes already activated at sub-
micromolar NRI-P concentrations, whereas for transcription of
the glnK-amtB operon or the nac gene, a higher (some 10-fold)
NRI-P concentration is required (400, 401). Because transcription
and translation have a delayed response at the level of protein
activity and metabolism, this has the effect that E. coli remembers
its previous state, with memory times that differ between different
components in the network. Another example is the observation
that GInK is required to resume rapid growth when fed ammo-
nium after a relatively long period of nitrogen starvation (402).
Here GInK would effectively function as a “memory” protein (but
see reference 301 for an alternative explanation). In the same vein,
it has been argued that the inductive protein GInK, in contrast to
the constitutive protein GInB, serves as a memory protein en-
abling the cell to keep track of its growth history (139).

It has been hypothesized that the various two-component sys-
tems in a bacterial cell may constitute a phospho-neural network
(656) and that primitive forms of memory and learning may occur
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in the corresponding signal transduction systems (657-659).
Learning and memory are different from physiological adapta-
tions and should be understood in the sense of the “immunolog-
ical” meanings of the terms: they give rise to a boosted response
upon a repeated stimulus. Several two-component regulatory sys-
tems are subject to autoamplification, including the NRI/NRII
system. As described above, the couple NRI/NRII forms a nitro-
gen-sensitive two-component system, where NRII is the sensor
and NRI is the response regulator. They are both involved in the
activation of transcription of their own operon (glnALG). The
autocatalytic expression of the transcription factor NRI is a pro-
cess that possibly allows for primitive forms of intelligence to oc-
cur in a bacterium. Indeed, by comparing two core models, one
with and another without NRI-P-controlled transcription of
gInALG, it has been shown that both conditioning and learning
took place after several brief periods (pulses) of ammonium short-
age (657). The concentration of and flux through GS increased
with each of the four initial pulses in the inductive model com-
pared to the constitutive model (conditioning), but at the fifth
pulse, increased conditioning (learning) was observed. The con-
centrations of NRI/NRII and of GS at any moment might be de-
pendent on the life history of E. coli. This might also be valid for
the rate at which NRI becomes phosphorylated. Experimental ev-
idence for this in the area of ammonium assimilation in E. coli is
still limited, because of the complexity of the corresponding ex-
periments. In yeast subjected to a pulse of glucose, such learning
behavior has been demonstrated (660).

Cross talk sensu stricto has been defined as the transfer of phos-
phoryl groups from a sensor kinase to a noncognate response
regulator (656). Cross talk can relatively easily be demonstrated in
vitro by using purified components. For instance, the protein ki-
nases of chemotaxis (CheA) and the nitrogen-regulated system
(NRII) have cross-specificities: CheA can phosphorylate NRI, and
NRII can phosphorylate CheY (416). In vivo, this has been much
more difficult to demonstrate. In a study focusing on the interac-
tions between four two-component systems (Uhp, Pho, Arc, and
NR sensing the availability of phosphorylated sugars, phosphate,
oxygen, and nitrogen, respectively), no significant cross talk was
detectable in wild-type cells. Only in an NRII deletion strain did
cross talk toward NRI occur upon joint activation of Uhp, Pho,
and the nitrogen-regulated system (540), suggesting that cross talk
is prevented by loud straight talk. In organisms under conditions
such as stationary phase where multiple limitations may whisper
simultaneously, the cross talk may be more active.

At the end of the 1970s and at the beginning of the 1980s, a
number of papers were published by Miiller and coworkers (e.g.,
see references 560 and 661-664). They were reported to have ob-
served bistability (two stable stationary states) in ammonium-
limited chemostat cultures of E. coli (strain ML30) at low specific
growth rates (0.15 < . < 0.20 h™"). The bistability in ammonium
metabolism was expressed in GS and GDH activity and also in the
residual ammonium concentration. Which stationary state was
actually attained depended on the cultivation history of the cells,
i.e., by whether the cells were grown at a high or a low w before.

WHAT REMAINS TO BE DISCOVERED

Thinking about the secret of life, Westerhoff et al. argued that it is not
so much a single macromolecule hidden in the cellular jungle but
more the jungle of interactions among macromolecules itself (665).
The term jungle should not be taken to imply that it would be an
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impossible task to find one’s way in the jungle, as the number of
interactions is large yet finite (666), and sets of interactions can be
taken together in a modular approach. Consequently, it has been
argued that Occam’s razor as such (complexity should not be as-
sumed unnecessarily) is not an appropriate paradigm for studying
living organism (539). Indeed, it is not only in psychology that Oc-
cam’s razor is all too often turned into Occam’s chainsaw (clear-
cutting the forest until just one tree is left standing) or into Occam’s
Swiss army knife (switching back and forth among multiple terms)
(667). At least considerable complexity always goes with any (micro-
)organism, and high degrees of complexity seem to be the rule rather
than the exception. To keep to the metaphor, perhaps Occam’s safety
razor (668) would do the job properly in systems biology. Emergent
functional properties will be visible only at higher levels of complex-
ity, and they will be lost at the level of the isolated components of a cell
(669). A mechanistic explanation of the “live” state requires a pluralist
research program that should apply multiple intralevel and interlevel
theories and methodologies (670). Especially, the ever-changing in-
terlevel relations (e.g., between biochemistry and physiology) grow
out of the developing sciences, and these are better not discussed as
relations between “completed” sciences (671). After all, the grand
challenges to biology are to understand how organisms function and
to discover how function arises in dynamic interactions. Systems bi-
ology endeavors to find the corresponding mechanistic links between
molecules and physiology (564, 604, 655, 672, 673). Taking a systems
biological perspective all the way from molecules to cell function, this
review has provided a comprehensive survey of the many molecular
and systems biological data that have been gathered on ammonium
assimilation in E. coli regarding signal transduction, transcription,
translation, metabolism, and transport. Its aim is to show how net-
working affected molecular activities and how some functional as-
pects emerged from the interactions.

Although the influence of a systems biological approach filling
the gap between the holism of microbial physiology and the re-
ductionism of molecular microbiology is strongly on the increase
since the beginning of the 21st century, the reductionist molecular
biological approach is still quite dominant (539, 674, 675). The
fact that the molecular biology articles referenced in this review
outnumber the systems biology papers testifies to the above-men-
tioned statement. We expect that substantial progress in under-
standing ammonium assimilation in E. coli will be realized when
the focus shifts from the molecular to the systemic approach. If it
comes down to understanding the parts or understanding the
whole, we agree with Cornish-Bowden and Cérdenas that, “the
emphasis ought to be on the needs of the system as a whole for
understanding the components, not the converse” (674). If, in-
deed, the jungle of interactions constitutes the secret of life, we
need to find the Rosetta stones of the common functioning of the
biological languages of gene expression, signal transduction, me-
tabolism, and transport (665).

WHAT WE LEARNED FROM NITROGEN ASSIMILATION
ABOUT BIOLOGY IN GENERAL

Here a number of general statements are made point by point,
which are then illustrated by back reference to the sections above.

1. Itis a common understanding that biology engages in ei-
ther one mechanism or a different mechanism, i.e., that it
is binary or black/white. An enzyme is the rate-limiting
step, or it is not. Cells follow one pathway or a different
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pathway. The concept of continuously variable transmis-
sion, i.e., not one gear or another but both at the same time
but to various extents, may be more appropriate for biol-
ogy. A prime example is the central nitrogen assimilation
network of E. coli. Contrary to the textbook view on am-
monium assimilation, GDH and GS-GOGAT may also be
active under low- and high-ammonium conditions, re-
spectively (see “GDH Activity under Conditions of Inter-
nal Nitrogen Limitation?” and “GS-GOGAT Activity un-
der Conditions of Internal Nitrogen Sufficiency?,” above).

. In biology, different from physics, details matter; the devil

is in the details. The regulation of GS by ATase (see “ATase
activity,” above) might be seen as a detail, but it is likely to
be essential for survival. The implication is that reduction
to simple descriptions may forego the essence of life.

. Biology cannot be understood by first understanding

components and then adding these understandings. For
instance, both GDH and GS can fix ammonia, but when
both are active, GDH should not work in the reverse di-
rection. Synergy is important. Considering the equilib-
rium constant of the reaction catalyzed by GDH and the
actual concentrations of its substrates and products, the
cell has to face the problem of a potential reversal of the
biosynthetic GDH reaction. Since the internal concentra-
tion of the product glutamate has been shown to be rather
high (ranging from 50 to 300 mM) under a variety of
growth conditions, reversal of the reaction should become
thermodynamically possible when the intracellular am-
monium concentrations would be in the low wM range
(see “GDH functions,” above).

. Biology can be understood only by considering compo-

nents together, i.e., when they engage in interactions. This
may be done in vivo (but difficult), in vitro (but hard to get
the conditions right), or in silico. Examples of this state-
ment are given throughout this review.

. Functions always engage and are controlled by multiple com-

ponents (see section on MCA above), and at the same time,
most components have multiple functions. For instance, GS
has the function of ammonium assimilation but also of its
regulation and as a regulator of protein synthesis and distri-
bution of nitrogen between glutamine and glutamate, etc.

. Itis essential for biology that issues and concepts are defined

quantitatively; e.g., when enterobacteria would perceive ex-
ternal nitrogen limitation as internal glutamine limitation or
2-oxoglutarate excess, the qualifications of “low” glutamine
or “high” 2-oxoglutarate concentrations in the cell are not
enough: it should be quantitatively specified how low or high
these levels should be (see “Glutamine and 2-oxoglutarate
signal nitrogen availability,” above).

. Physical-chemical and thermodynamic limitations should be

incorporated. This is not common practice in the cartoons of
biology, which may thereby be impossible. For example,
growth in ammonium-limited chemostat cultures at sub-
stantial rates would not be possible if AmtB would only facil-
itate the diffusion of NH; across the cytoplasmic membrane
(see “Ammonium transport could be a challenge,” above).

. Structural information is not decisive (see the paragraph

above and “Ammonium transport could be a challenge,”
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10.

11.

12.

13.

14.

15.

above); systems biochemistry information may be more
so. However, an understanding of the biochemistry infor-
mation on the basis of nonobvious structural aspects then
becomes important and fascinating.

. Cells do not care only about free energy/ATP. They may

well “waste” ATP if other things are important. Loss of
NH; from the cell via diffusion is inevitable if the internal
ammonium concentration has to be maintained at a suf-
ficiently high level and active transport of NH," is re-
quired to sustain growth (see “Passive versus active trans-
port,” above). Still other examples can be found (see “So-
Called Futile Cycles,” above).

Neither metabolism nor genes are important; it is their
integrated activity that decides about cell function and sur-
vival when challenged. Examples can be found throughout
the review.

It is impossible to understand any biology intuitively; the
amount of detail required is too much to fit into a human
head. Solutions are needed, such as silicon cells, i.e., dy-
namic models with data attached (see “Estimating Fluxes
In Vivo” and “Measuring Metabolites In Vivo,” above).

ATP costs are important but are not often made explicit.
For instance, textbooks and reviews often mention 15 to
18% as the extra ATP costs for ammonium assimilation if
GS-GOGAT would do the job alone instead of just GDH;
actually, it can be made plausible by calculation that the
value is +10% and furthermore that it decreases when C
sources poorer than glucose are used for growth.

Redundancy may be explained by reference to subtle func-
tion differences, e.g., GDH versus GOGAT plus GS. See the
example of GDH and GS-GOGAT activities above.

Functional roles of compounds and phenomena may dif-
fer. For example, glutamine is considered a poor N source
when present outside the cell but is also perceived as a
signal for nitrogen sufficiency when available inside the
cell. Also, ammonium upshift experiments have been car-
ried out with nitrogen-limited cells, which resulted in a
wide range of final ammonium concentrations after the
shift (from 0.2 to 30 mM, i.e., a 150-fold range); the cellu-
lar effects of such a wide range of ammonium upshifts are
likely to yield considerably different results.

To understand biology, both models and experiments are
needed: models alone do not work because actual detail
matters, and experiments alone do not work because the
data cannot be integrated. For instance, the cellular func-
tioning of the intricate network of all transcription factors
involved in nitrogen assimilation cannot be understood
solely from the properties of each of the factors separately;
a model that integrates all these properties is needed to
describe, analyze, and understand the emergent behavior
arising from the direct and indirect interactions among a
multitude of factors. Another example where modeling
and experimentation should go hand in hand surfaces
when one wishes to fully understand the plethora of met-
abolic regulatory processes going on altogether in ammo-
nium assimilation. Ultimately, our ambition should be to
unite all our knowledge of time- and space-dependent
processes in transport, signal transduction, transcription,
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translation, and metabolism in one grand model of central
nitrogen assimilation. Such a full in silico model constitut-
ing a replica of nitrogen-related cellular functioning
would not entail the end of modeling and/or experimen-
tation; instead, it would allow not only for the testing of a
variety of predictions of the model but also for carrying out
“dry in silico experiments” that would be impossible
through wet experimentation. As in computational phys-
ics, ultimate biological understanding may require such
close-to-reality replica models.
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