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MINIREVIEW

A NAC for Regulating Metabolism: the Nitrogen Assimilation
Control Protein (NAC) from Klebsiella pneumoniae�

Robert A. Bender*
Department of Molecular, Cellular, and Developmental Biology, the University of Michigan, Ann Arbor, Michigan 48109

The nitrogen assimilation control protein (NAC) is a LysR-type transcriptional regulator (LTTR) that is
made under conditions of nitrogen-limited growth. NAC’s synthesis is entirely dependent on phosphorylated
NtrC from the two-component Ntr system and requires the unusual sigma factor �54 for transcription of the
nac gene. NAC activates the transcription of �70-dependent genes whose products provide the cell with
ammonia or glutamate. NAC represses genes whose products use ammonia and also represses its own
transcription. In addition, NAC also subtly adjusts other cellular functions to keep pace with the supply of
biosynthetically available nitrogen.

NITROGEN REGULATION

In 1952, Boris Magasanik noticed that a histidine auxotroph
of Klebsiella pneumoniae (then known as Aerobacter aerogenes)
required 30 times more histidine for growth in minimal me-
dium (rich in ammonium salts) when inositol was supplied as
the carbon source than it did when glucose was supplied (76).
This led to the double assumption that there must be an en-
zymatic pathway to catabolize histidine and that the expression
of this pathway must be repressed by glucose. A series of
publications in the 1950s proved both of these conclusions
correct and demonstrated both the histidine utilization en-
zymes encoded by the hut operons (36, 43, 64) and their re-
pression by glucose (40, 52, 53). In pursuing the repression,
Magasanik coined the term catabolite repression to describe
the absence of the enzymes responsible for catabolizing a
poorer carbon source when a more effective carbon source is
being catabolized (41). Histidine can be used as the sole source
of carbon, but growth is slower than that with glucose as the
carbon source. Inositol is also a poor carbon source, so less
repression of the histidine degrading enzymes is seen when
inositol replaces glucose. Histidine can also serve as a nitrogen
source for K. pneumoniae when a poor carbon source (like
inositol) is present, with two of its nitrogen atoms available for
incorporation into cellular material (40, 43). Thus, it was pre-
dicted that K. pneumoniae would be able to use histidine as a sole
nitrogen source only when glucose was absent. However, surpris-
ingly, K. pneumoniae grows well in glucose minimal medium with
histidine as the nitrogen source, and the enzymes of histidine
degradation are derepressed under these conditions (53).

In 1956, Neidhardt and Magasanik (53) showed that the hut
enzymes could be derepressed in glucose minimal medium, but
only if ammonium was absent. They showed that either nitro-

gen limitation (N limitation) or carbon limitation would allow
expression of the hut enzymes. Moreover, the derepression in
response to N limitation did not result from elimination of
catabolite repression. In fact, in glucose minimal medium, N
limitation leads to an increased catabolite repression of tradi-
tional indicators like �-galactosidase and tryptophanase (63).
This phenomenon was termed “relief of catabolite repression”
and appeared to be specific for pathways that yielded ammo-
nium or glutamate and to be independent of the effects of
CRP-cAMP.

But the exploration reached a dead end at that point. There
was no system of genetic exchange characterized for K. pneu-
moniae at that time. And the two enterobacteria with good ge-
netic systems, Escherichia coli and Salmonella enterica (then called
S. typhimurium), were unsuitable. E. coli lacks the hut operons
and cannot catabolize histidine under any growth condition. S.
enterica has a hut system, but in S. enterica the catabolite repres-
sion of hut is not relieved by nitrogen limitation (8, 45), and thus,
S. enterica cannot use histidine as the sole source of nitrogen when
glucose is the carbon source. So, in the absence of good genetics,
the question of how hut could be derepressed by nitrogen limita-
tion lay unanswered for a dozen or more years.

THE Ntr SYSTEM

The discovery of a transducing phage for K. pneumoniae (38)
and the subsequent adaptation of the coliphage P1 tools for use
with K. pneumoniae (17) allowed a reopening of the study of this
nitrogen regulatory effect (63). A study of K. pneumoniae glu-
tamine auxotrophs and their revertants (7, 62) led ultimately to
the discovery of the Ntr system. The Ntr system has been re-
viewed extensively elsewhere (42, 61), and a detailed discussion of
it is beyond the scope of this review. A few basic features of the
Ntr system (Fig. 1) are pertinent to this discussion. (i) The Ntr
system is a two-component regulatory system in which the tran-
scriptional regulator, NtrC, is phosphorylated to its active form by
NtrB under conditions of N-limited growth (30, 56). (ii) The
signal for nitrogen limitation is a low intracellular pool of glu-
tamine (3, 25). (iii) NtrC�P activates transcription by RNA poly-
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merase bearing the unusual sigma factor �54 (23, 24), which
recognizes an unusual, GC-rich promoter sequence (22) that is
not recognized by �70.

K. pneumoniae is a “nitrogen generalist,” capable of using a
wide range of organic and inorganic compounds as its sole
source of nitrogen (75). The metabolism of nearly all of these
alternative N sources is controlled in response to N limitation,
and this N regulation requires the Ntr system in almost every

case. This regulation by the �54-dependent Ntr system can be
direct, as it is for the glnA gene, or indirect, as it is for the hut
(histidine utilization) operon.

DISCOVERY OF NAC

As part of a study of nitrogen fixation in a related Klebsiella
strain, Valentine and his coworkers isolated the first true ni-

FIG. 1. A cartoon illustrating the nitrogen regulation of the histidine utilization (hut) genes of K. pneumoniae. Step one: under conditions of
ammonia limitation, the intracellular pool of glutamine is filled by the action of glutamine synthetase and depleted by the action of glutamate
synthase (GOGAT). The glutamine pool is also depleted by the biosynthetic needs of the cell, both directly and by incorporation of glutamate into
cellular material. Step two: when the intracellular pool of glutamine is low, the glnD and glnB products (not shown) signal NtrB to phosphorylate
(activate) NtrC to NtrC�P. NtrC�P activates transcription of the nac gene by RNA polymerase bearing the unusual sigma factor �54. Step three:
the NAC protein activates transcription of the hutUH operon by RNA polymerase bearing the “housekeeping” sigma factor �70. The products of
the hut operons cleave histidine to generate ammonia, which is then assimilated into glutamine, restoring the cycle. (Urocanic acid, the other
product of histidine cleavage, is further degraded to glutamate by the remaining hut-encoded enzymes.)
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trogen regulatory mutation, which they called asm-1 (51). This
mutation was in the gltBD operon, which encodes GOGAT
(glutamate synthase), one of the two enzymes that allow de
novo synthesis of glutamate from �-ketoglutarate (44, 74).
These gltBD mutants were unable to activate expression of the
nif (nitrogen fixation) or hut operon in response to nitrogen
limitation (51). Similar gltB mutants that could not activate hut
or put expression were then identified in K. pneumoniae (7).
These mutants were still able to activate hut in response to
carbon limitation, and thus, the defect seemed to be specific to
N regulation. The reason for the inability to activate hut ex-
pression was not known at that time (21), but revertants that
could activate hut expression were easily obtained, and these
were constitutively active for hut expression, even in the pres-
ence of excess ammonia (7). The mutations responsible for the
constitutive expression of hut were mapped to the ntrB gene
(69), tightly linked to glnA, the structural gene for glutamine
synthetase (73). Unexpectedly, these revertants were unable to
grow in glucose minimal medium with ammonia as the sole
source of nitrogen (7). This inability was caused by a repression
of the gdhA gene, encoding the enzyme glutamate dehydroge-
nase, the only enzyme other than GOGAT that can effect a net
assimilation of ammonia into glutamate. Once again, rever-
tants that could grow with ammonia as the sole nitrogen source
were easily isolated. These revertants were constitutive for
gdhA expression and constitutively repressed for hut expression
(4). The mutations responsible for some of the revertants were
located in ntrC, again tightly linked to the glnA locus, but the
majority defined a new locus called nac.

Under conditions of N limitation, K. pneumoniae nac mu-
tants are still able to activate expression of glnA and a variety
of other N-regulated genes (e.g., nif, nas, a catabolic aspara-
ginase gene, and a tryptophan permease gene) but are not able
to activate expression of several others, e.g., hut, put, and ure
(4, 37). Even when the Ntr system was constitutively active
(due to an ntrB mutation), nac mutants could not activate this
subset of nitrogen-regulated genes. The glutamate dehydroge-
nase (GDH) gene, gdhA, also fell into the class of NAC-
regulated genes, but in the opposite direction. GDH was ex-
pressed at high levels in the absence or presence of ammonia
in nac mutants (4, 37). Operons whose regulation did not
require NAC (glnA-ntrB-ntrC and nifLA) had �54-dependent
promoters, as expected for Ntr-regulated genes (22, 42). How-
ever, operons whose regulation did require NAC (hutUH and
gdhA) had �70-dependent promoters (28, 54), which should not
be recognized by the Ntr system. Studies with nac-lacZ fusions
showed that nac was itself regulated by the Ntr system (37). This
was confirmed by in vitro transcription using purified components
of the Ntr system (11). Finally, experiments with mutants that put
the nac gene under the control of an isopropyl-�-D-thiogalacto-
pyranoside (IPTG)-inducible promoter proved that nac expres-
sion was both necessary and sufficient for activation of hutUH and
repression of gdhA expression in vivo (72).

Thus, the basic picture of N regulation in K. pneumoniae
(Fig. 1) was understood (1): in the absence of the preferred N
source (ammonia), the glutamine pool falls and leads to acti-
vation of the Ntr system and the consequent phosphorylation
of the NtrC protein. NtrC�P activates expression of a number
of genes, all of which are dependent on �54. One of those
genes is nac. NAC in turn activates or represses expression of

a number of operons, whose expression is dependent on the
normal sigma factor, �70. One of those operons is hutUH.

SCOPE OF NAC REGULON

A survey of related enterobacteria showed that E. coli has a nac
gene but S. enterica does not. The location of nac between two
direct repeats of an asparaginyl tRNA gene explains the origin of
the nac-1 mutation of K. pneumoniae and the lack of a nac gene
in S. enterica. In both cases, there is only one of those Asn-tRNA
genes, and the genes between them are either missing or located
elsewhere on the chromosome (20). This explains why the catab-
olite repression of hut in S. enterica is not relieved by N limitation
even though it has a functioning Ntr system.

Genetic and physiological studies of individual catabolic
pathways led to an initial list of 8 operons regulated by NAC in
K. pneumoniae (Table 1). A comparable survey for E. coli
identified 4 operons. Zimmer et al. (78) used an E. coli mi-
croarray to examine the scope of the NAC regulon and found
9 operons whose regulation depends on NAC. As expected,
each of the operons whose products are known is involved in N
metabolism. We used chromatin immunoprecipitation (ChIP)
to identify potential NAC-regulated genes in K. pneumoniae
and found at least 89 unique DNA regions that bound NAC
(16). Primer extension assays with 16 of these genes showed
that 15 required NAC for their regulation. (The 16th gave no
signal under the growth conditions tested.) Of the genes for
which a function was known or could be inferred, about half
were clearly related to N metabolism. The remaining genes
affect the mobilization of carbon sources, the synthesis of mac-
romolecules, and cell division. In other words, the NAC regu-
lon of K. pneumoniae is large and broad, that of E. coli is much
smaller and may be limited to nitrogen metabolism, and S.
enterica lacks a nac gene. However, it should be noted that the
hutUH operon of S. enterica retains the sites needed for regu-
lation by NAC. If its hutUH operon is transferred to K. pneu-
moniae, it is regulated by nitrogen (63). Conversely, transfer of
a cloned nac gene from K. pneumoniae to S. enterica allows
relief of catabolite repression in response to N limitation (5).

The differences in the size of K. pneumoniae’s NAC regulon
and that of E. coli or S. enterica probably reflect the different
ecology of K. pneumoniae. K. pneumoniae is at best a minor
component of the human gut and, despite its fearsome species
name, is merely an opportunistic pathogen. It contrast to E.
coli and S. enterica, K. pneumoniae survives and thrives in soil
and aquatic environments, where nutrient limitation, especially
N limitation, would favor an expanded repertoire of pathways
that could be expressed when needed. It is telling that several
of the genes that are regulated by NAC in K. pneumoniae are
either not regulated (26) or weakly regulated (48) in E. coli. In
at least one case (26), this loss in E. coli resulted from a single
base pair change in an otherwise recognizable activation con-
sensus sequence. Thus, it appears that the E. coli set of NAC-
regulated genes is shrinking while that of K. pneumoniae may
be expanding. S. enterica has lost NAC entirely but still con-
tains remnants of a NAC regulon in that hutUp of S. enterica
carries all the information for regulation by NAC. Of course, it
is possible that S. enterica acquired hut recently from a NAC-
containing source. However, the location of hut, between the
gal and bio operons, is identical in K. pneumoniae and S. en-
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terica, arguing that hut is ancestral to both. Although NAC has
allowed K. pneumoniae to coopt many operons into the N
limitation response, NAC is not the only path to a rich meta-
bolic diversity of nitrogen-yielding pathways. The pseudo-
monads can use a very large number of N sources, and yet no
true homolog of NAC has been found (77).

One final observation about the E. coli nac gene deserves
comment. Although E. coli nac appears to complement K.
pneumoniae nac mutants completely (48), there is a surprising
divergence of sequence between these two homologous genes.
Many E. coli proteins are 90 to 95% identical to their K.
pneumoniae homologs in their amino acid sequence. The E.
coli and K. pneumoniae NAC proteins are only 79% identical in
amino acid sequence (48). However, the E. coli and K. pneu-
moniae NAC proteins are more than 90% identical in the
N-terminal one-third of the protein, the portion that is suffi-
cient for binding to DNA and activating transcription (49, 68).
This divergence in the C-terminal domain of NAC has its
explanation in the structure of NAC.

STRUCTURE

NAC is a LysR-type transcriptional regulator with strong sim-
ilarity to other LysR-type transcriptional regulator (LTTRs). For

example, the N-terminal domain of NAC (amino acids 1 to 100)
is 39% identical in amino acid sequence to OxyR from E. coli and
15% identical in the C-terminal domain (71). So, it is not surpris-
ing that NAC shares many of the properties common to most
LTTRs (39). NAC is a tetramer in solutions at concentrations
above 7 �M (68) and dissociates into dimers at lower concentra-
tions, consistent with the general “dimer of dimers” structure of
LTTRs. Like most LTTRs, NAC is quite insoluble, though the K.
pneumoniae NAC (but not the E. coli NAC) is soluble in high salt
(19). This differential solubility provided a simple protocol for
purification of the K. pneumoniae NAC so that both native NAC
and C-terminally His-tagged NAC can be isolated with ease. Fi-
nally, NAC regulates expression of its own gene (see below),
though there is no oppositely directed gene that NAC activates
(20, 37), as is the case with many LTTRs whose regulons are more
limited (39, 70).

However, NAC differs from the generic LTTR (39, 70) in
several key ways. NAC dimers activate transcription at most of
the well-characterized promoters (68). Most LTTRs use tet-
ramers to activate transcription. Most LTTRs bind a physio-
logically relevant coeffector (or undergo a covalent modifica-
tion) to regulate their function in response to environmental
signals. NAC’s function is regulated solely at the level of syn-
thesis. NAC is active whether purified from cells grown under

TABLE 1. Evidence for NAC regulation of gene expression

Category and operon Function

Reference(s) for evidence

In vivo In vitro

Enzyme
assaya

lacZ
fusionb

Primer
extensionc

NBS
mutantd EMSAe DNase I

footprintf Transcriptiong ChIPh

Activated by NAC
hut Histidine 3 NH3 � glutamate � formamide 4, 3 60 19 19 19
put Proline permease 37 9 9 19
ure Urea 3 NH3 � CO2 37 33 16, 33 15, 33 15, 68 19 16
cod Cytosine 3 NH3 � uracil 50 50 50 50, 66 50 50 16
dad Alanine 3 NH3 � pyruvate 26 26 26 16
folA Dihydrofolate reductase (thymine synthesis) 16 16
gyrA DNA gyrase 16 16
ldcA L,D-Carboxypeptidase (murein integrity) 16 16
oppA Oligopeptide transport 16 16
rpmI Ribosomal protein L35 16 16
ybjI (Putative lipoprotein) 16 16
yceO (Biofilm and acid stress) 16 16

Repressed by NAC
gdhA NH3 � �kgi 3 glutamate 4, 37 20 28 20 20, 29, 68 20 16
gltB Glutamine � �kgi 3 glutamate 4, 21
nac Transcription regulation 37 11 12, 66, 67 12, 67 12
argP Transcription regulation 16 16
holE DNA replication 16 16
secY Protein secretion 16 16
glgX Glycogen debranching 16 16
ygdQ (Putative transport protein) 16 16
yobA (Unknown) 16 16

a An enzyme encoded by the operon was assayed in a nac� and nac mutant background.
b A promoterless lacZ gene was fused to the promoter of the operon, and �-galactosidase expression was measured in a nac� and nac mutant background.
c Primer extension was performed using RNA extracted from cells grown in excess or limiting nitrogen or from nac� and nac mutant cells grown in limiting nitrogen.
d A mutation was introduced into the NAC-binding site (NBS) as determined by DNase I footprinting. The enzyme activities of the mutant and wild type were

compared under conditions of NAC-regulated expression.
e EMSAs were performed with purified NAC and DNA fragments containing the NBS.
f DNase I protection of the NBS by purified NAC.
g In vitro transcription with purified components.
h Chromatin immunoprecipitation using purified anti-NAC antibody.
i �kg, �-ketoglutarate.
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N excess or N limitation (19). NAC’s activity in vitro is un-
changed by likely candidates for coeffectors such as �-ketoglu-
tarate, glutamate, glutamine, and ammonia (19). If NAC is
produced in vivo from an IPTG-inducible promoter, NAC-
dependent gene expression responds to IPTG and not to the
nitrogen status of the cell (72). Taken together, these in vivo
and in vitro data argue that the NAC polypeptide (as a dimer
or as a tetramer) is necessary and sufficient for regulation of
NAC-dependent genes.

The C-terminal domain of most LTTRs contains the sites of
coeffector binding, for formation of tetramers from dimers,
and for conformational rearrangement of the dimers within the
tetramer in response to coeffector binding (39, 70). Thus, it is
not surprising that this domain is dispensable for many (though
not all) of NAC’s functions. Substitution mutants of NAC
(NACL111K and NACL125R) have been isolated that cannot
form tetramers and remain as dimers (68). These mutants
activate transcription of hut and ure about as well as wild-type
NAC (NACWT). In addition, truncation mutants of NAC with
only the 125, 100, or even 86 N-terminal amino acids have been
isolated. These are dimers in solution and activate as well as
NACWT wherever tested (49, 68). But the C-terminal domain
does have a function: tetramer formation, which is essential for
the repression of gdhA (20, 49, 68) and is also part of the
regulation of codBA (50) and nac (12, 66) as described below.

NAC-ACTIVATED PROMOTERS

The hutUH promoter, hutUp. At hutUp, a dimer of NAC (68)
binds to a site centered at �64 relative to the transcription
start site (19) and activates transcription of hutUp by RNA
polymerase bearing �70 (19). The promoter activated by NAC
is the same promoter that is used for basal expression of hutUp
in the absence of activators. This same promoter is also acti-
vated by CRP-cAMP (58), which has binding sites centered at
�81.5 and �41.5 relative to the transcription start site (58). In
all three cases (basal expression, NAC-mediated activation,
and CRP-cAMP-mediated activation), RNA polymerase bear-
ing �70 is used (19, 55, 58). The common question of whether
the two positive activators of hutUp, NAC and CRP-cAMP,
would act synergistically or antagonistically is moot, since these
two activators would never be present in the same cell at the
same time.

Several lines of evidence establish that the dimer is the
active form of NAC at hutUp. The extent of the mobility shift
in an electrophoretic mobility shift assay (EMSA) is consistent
with a dimer, as is the 28-bp size of the DNase I footprint (19,
68). In addition, NAC mutants that cannot form tetramers
(NACL111K) are fully active at hutUp (29, 68). Truncated ver-
sions of NAC (NAC100ter and NAC86ter) containing only the
100 or 86 N-terminal amino acids of NAC are fully active at
hutUp in vivo (49, 68). Thus, the N-terminal domain of NAC is
sufficient for NAC activation at hutUp. The C-terminal domain
plays no known role at hutUp.

The nature of the interaction of NAC with RNA polymerase
is not known. Genetic analysis of a related LTTR, CysB, iden-
tified a positive control (PC) mutant (Y27G, affecting amino
acid 27) that still binds normally to DNA but fails to activate
transcription of the cysP operon (34). Those studies showed
that mutations affecting amino acids K271 and E273 of the

alpha subunit of RNA polymerase also showed defects in ac-
tivation by CysB (35). In addition, a two-hybrid assay showed
an interaction between a domain of CysB and the alpha sub-
unit of RNA polymerase that is not found with the Y27G
substitution of CysB (35). This has suggested a necessary in-
teraction between Y27 of CysB and the “273 determinant” of
the alpha subunit as the key to transcriptional activation. A
comparable PC mutant of NAC, NACH26D, has been isolated
and shown to have a PC phenotype (67), so there is reason to
suspect that many of the features of activation by LTTRs may
be generalizable. However, it seems likely that H26 of NAC
plays a more complex role in activation (15, 67).

NACH26A is wild type for activation of hutUp, and several
other drastic substitution mutants (e.g., NACH26K and
NACH26Y) also retain a substantial ability to activate hutUp
(67). NAC activates ureDp from a site centered at �47, over-
lapping the RNA polymerase binding site and on the opposite
face of the DNA helix from the site at hutUp (33), and yet
NACH26D shows a positive-control phenotype at this promoter
as well (67). It seems unlikely that H26 could make the same
kinds of contact with RNA polymerase in both cases. So, we
favor a model where H26 plays an important role in allowing
NAC to undergo the DNA-mediated conformational change
that is required for allowing it to activate transcription.

The interaction of NAC with its DNA site is better under-
stood. NAC’s 28-bp DNase I footprint is centered on a 15-bp
symmetric sequence, ATA-n9-TAT (19). Genetic analysis of
the 5 or 6 bp flanking this consensus suggests that they do not
provide specific information for binding or activation (60). A
more careful analysis of the 15-bp core, including both muta-
tional analysis and comparison with other known NAC-binding
sites (NBS), suggests that the critical nucleotides in this more
detailed “activation consensus” are ATAA-n5-TnGTAT (19,
60). The asymmetry of this sequence is critical to NAC’s ability
to activate hutUp expression (60). Inverting the 15-bp site from
ATA ACA AAA TTG TAT (the wild type) to ATA CAA TTT
TGT TAT leaves NAC’s binding and DNase I footprint intact
but severely reduces activation. A site with symmetric hexa-
mers and based on the promoter-proximal half-site (ATA
CAA AAA TTG TAT) bound NAC weakly but still showed
activation proportional to the reduced binding. A symmetric
site based on the promoter distal half-site (ATA ACA AAA
TGT TAT) bound NAC better than the wild-type site but was
severely defective for activation.

At hutUp, binding of NAC is not sufficient for activation.
The sequence of key nucleotides determines whether a bound
NAC dimer will activate transcription or not (60). In other
words, the DNA binding site is an allosteric effector for NAC.
NAC bound to some sites is in an inactive conformation; NAC
bound to other sites is active. This agrees with a pattern seen
in other LTTRs where the dimers within the tetramers play
different roles in mediating activation of transcription (39, 70).
One of the dimer-binding sites used by such a tetramer func-
tions in binding but lacks some information that allows a
bound protein to activate transcription. The other dimer-bind-
ing site used by this tetramer carries information necessary for
activation as well as binding.

The ureDABCEFG promoter, ureDp. The ureDABCEFG
operon of K. pneumoniae encodes an N-regulated urease that
provides the cell with ammonia from urea (13). The ureA, ureB,
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and ureC genes encode the subunits of the apoenzyme, and the
other ure genes are involved in the insertion of a required
nickel atom to generate an active holoenzyme (32). In contrast
to the well-studied urease from Proteus spp., whose formation
requires the presence of urea, the urease from K. pneumoniae
is regulated solely by N limitation (46). The ureDp region
contains a weakly regulated promoter (ureDp2), which I shall
ignore here, and the NAC-dependent ureDp1 promoter (33).

Transcription from ureDp1 is the most tightly regulated of all
the characterized NAC-dependent promoters. In fact, in the
absence of NAC, �-galactosidase expression from a ureDp1-
lacZ fusion (Fig. 2) was barely detectable, making ureDp1 at
least 300- to 500-fold inducible by NAC (33). NAC-mediated
activation of ureDp1 shares several features with that of hutUp.
A dimer of NAC binds to a region near the promoter and
protects a 28-bp region of DNA with an “activation consensus”
site (ATAA-N5-TnGTAT) at its center, the same activation
consensus found at hutUp (19). NACL111K, NAC86ter, and
NAC100ter, which cannot form tetramers, activate ureDp1
about as well as NACWT (68). The asymmetry of the NBS is
important (15). Inverting the site nearly abolishes the ability of
NAC to activate ureDp1 (Fig. 2). A symmetric site based on the
promoter-proximal half-site is even more effective than the
native site. In contrast, a symmetric site based on the promoter-
distal half-site is totally inactive, in spite of the fact that all four
types of sites bind NAC well (15).

However, the ureDp1 promoter differs from hutUp in several
important features. The NBS at ureDp1 is centered at �47
relative to the start of transcription (33), and its DNase I
footprint extends from �37 to �60 (19), overlapping the RNA
polymerase binding site and on a different side of the helix
(relative to RNA polymerase) than the NBS at hutUp. In
addition to being the most NAC-dependent of the NAC-reg-

ulated promoters, ureDp1 is also the most NAC sensitive.
When nac expression was titrated by varying the IPTG con-
centrations for an IPTG-inducible nac gene construct, we
found that urease expression was fully induced at NAC levels
that did not induce histidase at all (72). This was also evident
from unpublished EMSA experiments with mixtures of ureDp
and hutUp fragments. The ureDp fragments were shifted at
lower concentrations of NAC than were the hutUp fragments.
It bears repeating that most of the NAC-regulated promoters
we have studied show considerable basal (NAC-independent)
expression, and NAC-mediated activation results in a 3- to
10-fold increase in expression (37). For ureDp1, there is no
detectable expression in the absence of NAC. Unfortunately,
early (unsuccessful) attempts to show NAC-mediated activa-
tion of ureDp were not resumed (19). Thus, hutUp from K.
pneumoniae and codBp from E. coli remain the only promoters
whose NAC regulation has been confirmed in vitro with puri-
fied components.

THE codBA OPERON

K. pneumoniae has two cytosine deaminase genes, one of
which is part of a codBXA operon that encodes a putative
cytosine permease (codB), the cytosine deaminase (codA), and
a gene of unknown function (codX). The other cytosine deami-
nase (codA2) is a standalone gene (50). Both of these appear
to be regulated by NAC. Experiments using sensitivity to
5-fluorocytosine as an indicator of codA expression suggest
that cytosine deaminase expression in K. pneumoniae is acti-
vated in a NAC-dependent manner (50). Cloned codBXA from
K. pneumoniae was transferred to an E. coli cod deletion mu-
tant, and the cytosine deaminase expression of the resulting
strain was derepressed about 5-fold in response to N limitation
(50). Further explorations of NAC-mediated regulation of cy-
tosine deaminase expression were done using the better-char-
acterized codBA operon from E. coli.

Plasmid-borne cod-lac fusions show a NAC-dependent de-
repression of about 3- to 5-fold. This recapitulates the 3-fold
derepression of cytosine deaminase expression by N limitation
(50). In vitro transcription from a supercoiled plasmid contain-
ing the codB promoter showed a NAC-dependent activation of
the codBp-driven transcript (50). Thus, NAC is both necessary
and sufficient for activation of codBp in response to N limita-
tion.

Both hutUp and ureDp are activated by NAC dimers. How-
ever, both EMSA and DNase I footprinting have shown that
NAC binds as a tetramer at codBp (50). In contrast to the 26-
to 28-bp footprint seen at hutUp or ureDp, the NAC footprint
at codBp is about 56 bp, with a single hypersensitive site in the
middle (50). The promoter-proximal half of the footprinted
region contains a standard NBS that is able to bind NAC
dimers in the absence of the rest of the region. The promoter-
distal half of the footprinted region cannot bind a NAC dimer
on its own, but the presence of an ATA triplet (half of a NBS
consensus) is necessary for tetramer binding to the complete
site. The length of the DNase I footprint, the mobility in gel
shift assays, and the minimal amount of hypersensitivity all
suggest that the NAC tetramer bound at codBp has a confor-
mation similar to that of a typical LTTR in its active form, the

FIG. 2. Sequence specificity and directionality of the NAC-binding
site (NBS) within the ureD promoter. The upper drawing illustrates the
position of the NBS at �47 relative to the start of transcription of a
fusion of a promoterless lacZ gene to the nitrogen-regulated ureDp1
promoter. The wild-type (WT) sequence of the NBS yielded 433 times
as much �-galactosidase expression in a nac� strain as in a nac mutant
strain. Inverting the 15-bp core of the NBS (inv) greatly reduced the
ability of NAC to activate expression of the fusion. An alteration of the
NBS that increased the symmetry of the core by making an inverted
repeat based on the promoter-distal half-site (DD) virtually eliminated
the ability of NAC to activate expression of the fusion. The converse
alteration that increased symmetry based on the promoter-proximal
half-site (PP) made the effect of NAC on expression even greater than
that in the wild type. All four NBS sites shown here bound NAC well
in vitro.
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form with the two dimers binding the DNA with little or no
space between them (66).

Mutational analysis showed that the promoter-proximal
NBS at codBp is essential for activation (50). However, dele-
tion of the promoter-distal NBS fragment within the region,
resulting in dimer binding as determined by gel shifts, only
slightly reduced the ability of NAC to activate a cod-lac fusion
on a plasmid (50). Thus, although a NAC tetramer appears to
be more effective, it appears that a NAC dimer can also acti-
vate codBp.

The regulation of codBA is complex. Cytosine deaminase
provides the cell with ammonia (for general biosynthesis) but
also with uracil (on the salvage pathway that leads to UTP and
CTP). Expression of codBA is regulated by PurR in response to
purine levels, and this regulation appears to be independent of
NAC (31). Expression of codBA is also regulated by the strin-
gent response, with a strong repression mediated by ppGpp
and DksA (14). In response to severe N limitation, DksA-
mediated repression and NAC-mediated activation counteract
each other. In a DksA deletion, codBA expression is high and
NAC provides little or no further activation. Thus, NAC’s role
appears to allow the cells to extract ammonia from cytosine,
even when the stringent response signals that there is no need
for uracil (i.e., pyrimidines) for RNA synthesis.

THE lac OPERON

The wild-type lacZYA operon of E. coli is not activated by N
limitation. In fact, it is subject to an especially strong catabolite
repression under these conditions (63). When the NBS from
the K. pneumoniae hut operon (NBShutU) was inserted into the
lacZp region, �-galactosidase expression was derepressed
about 13-fold by N limitation (59). Primer extension analysis
showed that most of the increased expression came from the
principal lacZ promoter, lacZp1 (59). However, a second mi-
nor lacZ promoter, lacZp2, was also activated. NBShutU in this
construct was centered at �64 and �42 relative to the start of
transcription from lacZp1 and lacZp2, respectively. When the
NBShutU was moved 5 bp farther from lacZp, another minor
promoter, lacZp3, was activated, but lacZp1 and lacZp2 were
not. When NBShutU was moved another 5 bp away, only lacZp2
was activated. A pattern emerged from these data, with NAC
activating when NBShutU was 42, 52, 54, or 64 bp from the start
of transcription but not when at 47, 49, 59, or 74 bp from the
start of transcription. In other words, NAC activated lacZp
when NBShutU was on the correct side of the DNA helix and
not too far away (59). It is curious that the NBS at ureDp1 is
located at �47, and yet ureDp1 is the most responsive of all the
NAC-dependent promoters.

This suggested that there may be nothing special to distin-
guish those promoters that are activated by NAC from those
that are not. This also suggested that the position of the NBS
is variable but not infinitely so. The NBS from the gdhA pro-
moter, where NAC represses transcription, contains the “re-
pression consensus” of ATA-n9-GAT (see below), which dif-
fers slightly from the activation consensus discussed thus far.
When NBSgdhA was used instead of NBShutU, no activation was
seen (59). Thus, inverting an NBS or using an NBS from a
repression site eliminates NAC activation, suggesting that the

information needed for activation of transcription includes the
sequence, direction, and location of the NBS.

THE dadAB OPERON

The dadAB operon (dadAX in E. coli) is responsible for
L-alanine catabolism in K. pneumoniae (26). The dadB gene
encodes an alanine racemase, and dadA encodes the small
subunit of D-amino acid dehydrogenase. The regulation of
dadAB in K. pneumoniae is complex. It is both induced (in the
presence of alanine) and repressed (in the absence of alanine)
by the leucine-responsive protein, Lrp (27). As a result, cells
grown with alanine added to glucose minimal medium have 25
to 30 times as much racemase and dehydrogenase as cells
grown in glucose minimal medium without alanine. The dadAB
operon is also weakly activated (about 2-fold) by CRP-cAMP
(26). Neither the E. coli nor the S. enterica dad operon shows
regulation by nitrogen (26). However, the K. pneumoniae dad
operon is activated by NAC in response to N-limited growth.

Studying the nitrogen regulation of dadAB in K. pneumoniae
was initially complicated by the fact that alanine (both the L

and D isomers) strongly inhibits glutamine synthetase activity
(2, 26). The resulting glutamine starvation leads to derepres-
sion of the entire Ntr system, including NAC expression (Fig.
1). By using nac and ntr mutants and adding glutamine to the
growth medium, it was possible to identify the role of NAC in
regulating dadAB expression (26). In the absence of alanine
(i.e., dad repressed by Lrp), artificial induction of nac raised
dad expression about 5-fold. In the presence of alanine, (i.e.,
dad activated by Lrp), constitutive expression of the Ntr system
(and NAC) raised dad expression about 3-fold. Thus, the ad-
dition of alanine to glucose minimal medium has three physi-
ological effects. (i) It lifts the Lrp-mediated repression of dad.
(ii) It brings about the Lrp-mediated activation of dad. (iii) It
induces the Ntr system, resulting in NAC-mediated activation
of dad. Taken together, these effects result in a 50-fold increase
in dad expression.

NAC-dependent gel shifts of the dadAp region and inspec-
tion of the DNA sequence of the dadAp region suggest that
NAC binds to dadAp as a dimer (26), though DNase I foot-
prints have not yet confirmed this. The NAC-activated tran-
script has the same start site as the Lrp-activated one (26), and
there is an NBS consensus (ATAA-n5-CnGTAT) that differs
by only 1 bp from the activation consensus and is centered at
�44 relative to this start site. The dadAB regions of K. pneu-
moniae and E. coli are nearly identical from �56 to �23 except
for the region of the putative NBS. In particular, ATA-n9-TAT
of K. pneumoniae is replaced by ATA-n9-CAT (26). This ex-
plains why NAC fails to bind to the E. coli dadAp region in vitro
and why there is no activation of E. coli dad expression in vivo.

THE put OPERON

The putP and putA genes of K. pneumoniae are a pair of
divergently transcribed genes that encode a proline permease
and a bifunctional proline oxidase/pyrroline-5-carboxylic acid
dehydrogenase, respectively (10). Proline oxidase expression is
elevated by N limitation (63), and this elevation is NAC de-
pendent (37). NAC binds to and protects a 25-bp site in the
regulatory region between putP and putA (19). This site con-
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tains the NBS of ATA-n9-TAT, and genetic analysis showed
that these are important for NAC binding both in vivo and in
vitro (9). Primer extension studies show strong derepression of
the putP transcript in response to N limitation (10) and suggest
that the regulation of proline oxidase expression from putA
may be indirect. In addition to its two enzymatic functions, the
PutA product also represses transcription of the put genes in
the absence of proline (47). Thus, an increase in proline trans-
port (caused by NAC) might be sufficient to cause derepression
of putA expression.

OTHER ACTIVATED GENES

ChIP experiments using anti-NAC antibody identified 89
unique DNA regions that are candidates for NAC-mediated
regulation (16). Regulation of 15 of these was tested by com-
paring primer extension products from nac� and nac mutant
strains grown under N limitation. Nine of these 15 had a
stronger signal in the nac� strain than in the nac mutant (i.e.,
they were activated by NAC). These nine were folA, gyrA, ldcA,
mltE, oppA, rpmI, ureD, ybjP, and yceO. Although not charac-
terized in detail, these are likely candidates for NAC-activated
genes. The remaining six genes appear to be repressed by NAC
(see below).

GENES REPRESSED BY NAC

Like most other LTTRs, NAC represses its own synthesis,
but NAC also represses the expression of several other oper-
ons and uses a variety of mechanisms to exert that repression.
A slightly different NBS consensus seems to be used in these
sites. Instead of the ATA-n9-TAT sequence seen within the
activation consensus NBS, the NBS consensus for repression
seems to be ATA-n9-GAT or its equivalent, ATC-n9-TAT
(20, 68).

Glutamate dehydrogenase (gdhA gene). The gdhA gene of K.
pneumoniae is activated by ArgP, which binds to the gdhAp
region and footprints a region from �50 to �100 relative to
the transcriptional start site (18). A NAC dimer binds to a NBS
and footprints a region from �75 to �100, overlapping the
ArgP-binding site (20). Since ArgP and NAC share a binding
site, the presence of NAC eliminates ArgP-mediated activation
and reduces gdhA expression about 3-fold (18). The presence
of lysine in the growth medium inhibits ArgP-mediated acti-
vation of gdhA to the same extent as NAC’s binding to the
region upstream of the gdhA promoter (28). It is clear that a
NAC dimer is sufficient for this effect, since NACL111K, which
cannot tetramerize, can exert this effect, sometimes called
“weak repression” (68).

NAC also exerts a much stronger repression of gdhAp ex-
pression, but this “strong repression” requires that NAC be
able to form a tetramer (68). The strong repression requires
the dimer-binding site centered at �89 (mentioned above), but
it also requires a second dimer-binding site centered at �57,
about 147 bp away from the other NBS (20). Moreover, it is
important that the two dimer-binding sites be on the correct
side of the DNA helix. Inserting 5 extra base pairs between
them reduces the effect of NAC, but inserting 10 bp between
them leaves strong repression largely intact (20). The best
model to explain these data is that a tetramer of NAC with one

dimer bound at �89 and another at �57 causes a DNA loop to
form and this loop interferes with the ability of RNA polymer-
ase to transcribe from gdhAp.

Glutamate synthase (gltBD operon). The gltBD operon of K.
pneumoniae codes for the two subunits of glutamate synthase
(commonly called GOGAT). GOGAT activity is repressed as
much as 17-fold under conditions of severe N limitation (21),
though somewhat less under less severe limitation (4, 21, 37).
This repression is NAC dependent (4, 48). A similar NAC-
dependent repression of GOGAT formation (about 8-fold) is
seen in E. coli (21, 48). The transcription start site for gltBp is
known in E. coli (57), and the strong DNA sequence conser-
vation in this region suggests that it is the same in K. pneu-
moniae (21), though this has not been confirmed. Preliminary
experiments from this laboratory suggest that NAC binds to
two sites in the gltBp region, one of which could overlap the
�35 region of gltBp and the other of which lies about 270 bp
farther upstream. Each of these regions contains a sequence
that resembles or matches a known NBS consensus (centered
at about �60 and �305 relative to the transcription start site).
Little else is known about the nature of this regulation in K.
pneumoniae, but the presence of two NAC-binding sites might
suggest a mechanism similar to that seen at gdhA. Alterna-
tively, NAC might directly affect RNA polymerase binding, it
might interfere with the essential role of Lrp in activating
gltBp, or it might act through none of these mechanisms.
Clearly this important operon deserves further study.

The nac gene. Like most LTTRs, NAC downregulates its
own synthesis (5, 12, 37). This autoregulation is important,
since NAC is always in its active form and overproduction of
NAC severely inhibits growth (6). Most LTTRs limit transcrip-
tion of their own gene by a simple repression mechanism.
However, NAC’s autoregulation is more complex. The nac
gene is transcribed by RNA polymerase bearing the unusual
sigma factor �54 (11, 37). This transcription absolutely re-
quires the presence of an activator (NtrC�P) bound to two
enhancer sites at �155 and �135 relative to the transcription
start site (11). NAC is one of the very few negative regulators
of �54-dependent transcription and acts by binding as a tet-
ramer to a site between the enhancer and the promoter (12).
DNase I footprints show that NAC protects a region from �58
to �130, occupying almost all the space between bound
NtrC�P and the RNA polymerase (11, 68). NAC does not
interfere with the binding of NtrC�P or RNA polymerase
(11), but it does introduce a significant bend (about 113 de-
grees) into the DNA (12, 68). Because the NtrC�P-dependent
enhancer is so close to the promoter, the flexibility of the
“linker DNA” is limited, and anything that interferes with this
flexibility will impede the ability of NtrC�P to activate the
polymerase. The severe bend introduced by NAC has precisely
this effect (12).

The NAC-binding region at the nac promoter is composed
of two NBSs (66), one of which contains a match to the re-
pression consensus (ATC-n9-TAT, which is equivalent to
ATA-n9-GAT) and the other of which has a one-base mis-
match (ATA-n9-GcT). Each of these sites is capable of binding
a dimer of NAC (though not a tetramer) in the absence of the
other. Furthermore, the nontetramerizing mutant NACL111K

fills both sites but bends the DNA much less than the tetramer
(66, 68). Curiously, NACL111K blocks NtrC�P-mediated acti-
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vation nearly as well as NACWT (29). Perhaps the lesser bend
induced by a NAC dimer (65) is the reason for this effect.
However, it is more likely that filling the space between the
bound NtrC�P and RNA polymerase with two dimers of
NACL111K restricts the flexibility of the DNA enough to pre-
vent the interaction of NtrC�P with the RNA polymerase
(12). Strictly speaking, the regulation of nac by NAC is an
antiactivation rather than a repression.

FLEXIBILITY OF NAC TETRAMER CONFORMATIONS

The three sites where NAC has been shown to function as a
tetramer (Fig. 3) differ in the position of the two dimer-binding
sites that make up the complete tetramer-binding site (66). At
cod, the two dimer-binding sites are closely apposed (50), at
nac, the two sites are separated by 10 bp (11, 68), and at gdh,
the two sites are separated by 148 bp (20). The architectures
of the first two types (cod and nac) resemble sites recognized

by the activated and nonactivated forms of most LTTRs (39,
70). Since NAC recognizes both sites without any coeffector
signal to change its conformation (66), there was a question of
whether NAC did in fact have two different conformations.
Using the structures of OxyR and CbnR as a guide, mutants of
NAC were generated that should have been unable to assume
one or the other predicted conformation (67). One such mu-
tant readily bound cod but not nac; the other readily bound nac
but not cod. Thus, NACWT can assume either conformation
and can change from one to the other depending only on the
spacing of the DNA site presented. In other words, the
DNA site is the allosteric effector that determines the con-
formation of the NAC tetramer (compact and not bending
the DNA, as at cod, or extended with a significant DNA
bend, as at nac).

When the distance between the two dimer-binding sites is
large enough to allow a DNA loop to form (as it is at gdhAp
and perhaps also at gltBp), either conformation of NAC should
be able to function. In fact, the cod-specific mutants and the
nac-specific mutants can each still form tetramers and repress
gdh expression. However, the double mutant cannot bind as a
tetramer at either cod or nac and does not form the tetramers
that repress gdhAp (67).

Recall that the DNA sequence of the dimer-binding sites
at hut and ure also serves as an allosteric effector. Binding of
a NAC dimer to an NBS is not sufficient for activation of
transcription. A specific set of nucleotides in the promoter-
proximal half of the NBS is required for the bound NAC to
be active at hut, ure, or even lacZ. But this allosteric effect
is different from the spacing effects that influence tetramer
conformation. However, the question of whether the dimer
effects influence the tetramer conformation remains open.

OVERVIEW

NAC is one of the most versatile regulators in bacteria. NAC
is promiscuous in that at least four different DNA sequences
have been shown to be recognized by the helix-turn-helix of a
NAC monomer. As a result, the family of genes regulated by
NAC is exceptionally large for an LTTR. It is clear that many
of those genes have functions other than nitrogen metabolism,
suggesting that NAC provides K. pneumoniae with the means
to coopt genes or operons into the nitrogen regulon. More-
over, NAC’s regulon overlaps the regulons of other global
regulators. For example, CAP-cAMP regulates hut and put,
DksA regulates cod, Lrp regulates dad and gltB, and NtrC
regulates nac.

The degeneracy of the NBS sequence (there are three or
four NBSs in pUC19! [19]) suggests that NAC will bind to
nearly any AT-rich DNA at some level. This may explain why
NAC regulates its own expression and why overproduction of
NAC is so detrimental to K. pneumoniae. This also makes it
easy for evolution to add NAC activation to an operon. A weak
binding of NAC to a promoter can become stronger and can
acquire the “activation sequence” without too may constraints
on the precise location of the NBS or on its sequence. Acquir-
ing repression is even easier.

FIG. 3. NAC tetramers bind to three different kinds of sites. NAC
tetramers appear to require an interaction between the L111/L125
region of one dimer with either the I222 region or the G217 region of
another dimer. The NAC mutants NACL111K and NACL125R are
dimers under all conditions and cannot form tetramers at any known
site. The NAC mutants NACI222R and NACG217R bind as tetramers at
some sites, but the double mutant NACI222R,G217 is a dimer. When two
NBSs are adjacent to each other as they are at the cod promoter, NAC
assumes a compact conformation that depends on an interaction be-
tween the L111/L125 region and a region near I222. NACI222R can still
form tetramers at some sites (nac) but binds poorly at cod. When two
NBSs are separated by one turn of the DNA helix, NAC assumes an
extended conformation that depends on an interaction between the
L111/L125 region and a region near G217. NACG217R can still form
tetramers at some sites (cod) but not at sites separated by one turn of
the helix (nac). When the NBSs are separated by many turns of the
helix (as at gdh), both the compact and extended conformations of
NAC can bind as a tetramer by forming a DNA loop between the two
dimers of the tetramer. Both NACI222R and NACG217R can bind and
repress gdh, but the double mutant NACI222R,G217R cannot. The aster-
isk in one of the NBSs at cod indicates that this is a weak NBS that
cannot independently bind a NAC dimer; all other NBSs here can bind
a dimer of NAC in the absence of the other NBS.
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OPEN QUESTIONS

It has been more than half a century since Magasanik began
to ask how N limitation could relieve the catabolite repression
of histidase formation in K. pneumoniae. The properties of
NAC, produced under the control of the Ntr system, have
provided the answer. But two pressing questions remain, and
both require an analysis of NAC structure for their answers.
The first is how the sequence of the NBS can convert NAC
from a bound (but inactive) dimer to its activating form. Co-
crystals of NAC complexes with activating and nonactivating
NBSs will be necessary to answer this question. The second
obvious question pertains to all LTTRs, not only NAC. What
is the nature of the interaction of NAC with RNA polymerase
that results in increased transcription? Findings for the posi-
tive-control mutants of CysB, GcvA, and NAC have been in-
terpreted to suggest that amino acid Y27 of CysB (equivalent
to H26 of NAC and F31 of GcvA) makes a direct contact with
the “273 determinant” of the alpha-subunit C-terminal domain
(�-CTD) of RNA polymerase. However, it is unlikely that
amino acid H26 of NAC could make the same contact with the
�-CTD at both hutUp, where NAC lies centered at �64, and
ureDp, where NAC lies centered at �47. It seems more likely
that H26 is important in transmitting a conformation signal
from the DNA-binding (helix-turn-helix) region of NAC to the
rest of the N-terminal domain of NAC (the N-terminal 86
amino acids). The effect of the H26D substitution remains a
mystery. Do NACH26D dimers bend DNA differently than does
NACWT? Does NAC interact with different subunits of RNA
polymerase at hutUp and ureDp? The fact that very short frag-
ments of NAC (with as few as 86 amino acids) are fully func-
tional makes NAC a good candidate for solving this mystery.
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