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Mutant forms of Escherichia coli NRII (NtrB) were isolated that retained wild-type NRII kinase activity but
were defective in the PII-activated phosphatase activity of NRII. Mutant strains were selected as mimicking the
phenotype of a strain (strain BK) that lacks both of the related PII and GlnK signal transduction proteins and
thus has no mechanism for activation of the NRII phosphatase activity. The selection and screening procedure
resulted in the isolation of numerous mutants that phenotypically resembled strain BK to various extents.
Mutations mapped to the glnL (ntrB) gene encoding NRII and were obtained in all three domains of NRII. Two
distinct regions of the C-terminal, ATP-binding domain were identified by clusters of mutations. One cluster,
including the Y302N mutation, altered a lid that sits over the ATP-binding site of NRII. The other cluster,
including the S227R mutation, defined a small surface on the “back” or opposite side of this domain. The
S227R and Y302N proteins were purified, along with the A129T (NRII2302) protein, which has reduced
phosphatase activity due to a mutation in the central domain of NRII, and the L16R protein, which has a
mutation in the N-terminal domain of NRII. The S227R, Y302N, and L16R proteins were specifically defective
in the PII-activated phosphatase activity of NRII. Wild-type NRII, Y302N, A129T, and L16R proteins bound to
PII, while the S227R protein was defective in binding PII. This suggests that the PII-binding site maps to the
“back” of the C-terminal domain and that mutation of the ATP-lid, central domain, and N-terminal domain
altered functions necessary for the phosphatase activity after PII binding.

The NRII-NRI (NtrB-NtrC) two-component signal trans-
duction system regulates the transcription of genes encoding
metabolic enzymes and permeases in response to carbon and
nitrogen status in Escherichia coli and related bacteria (re-
viewed in reference 38). NRII is both a kinase and a phospha-
tase, catalyzing the phosphorylation and dephosphorylation of
NRI (39). The phosphorylated form of NRI is a transcriptional
activator of �54-dependent Ntr genes that acts by binding to
enhancer sequences far from the promoters (39, 40). The en-
hancer-bound NRI�P interacts with the promoter-bound E�54

by means of a DNA loop (51) to activate the formation of the
transcription open complex at these promoters (37, 45). Am-
plitude modulation of the NRI�P concentration results in the
sequential activation and inactivation of genes, which differ in
the responsiveness of their promoters to NRI�P (3).

The kinase and phosphatase activities of NRII are regulated
by the PII signal transduction protein, which, on binding to
NRII, inhibits the kinase activity of NRII and activates the
NRII phosphatase activity (19, 20, 39). Signals of carbon and
nitrogen status control the ability of PII to regulate NRII (23;
reviewed in reference 38). PII is reversibly uridylylated by
the glnD product, a bifunctional uridylyltransferase/uridylyl-
removing enzyme, in response to the intracellular glutamine
concentration (22). The uridylylated form of PII is unable to
bind to NRII (4). In addition, the ability of PII to regulate

NRII is controlled by the binding of 2-ketoglutarate to PII (22,
27, 31); binding of a single molecule of this allosteric effector
to the trimeric PII favors the regulation of NRII by PII, while
binding of additional effector molecules to PII blocks the abil-
ity of PII to regulate NRII (reviewed in reference 35).

The kinase activity of NRII, in which NRI becomes phos-
phorylated by NRII, occurs in two steps. In the first, dimeric
NRII autophosphorylates in a bi-bi ping-pong reaction that
proceeds by a trans-intramolecular mechanism in which ATP
bound to the C-terminal domain of one NRII subunit phos-
phorylates the active-site histidine within the central domain of
the opposing NRII subunit (42, 55). Figure 1A shows a model
for the domain arrangement within the NRII dimer. In the
second step, the N-terminal domain of NRI becomes phos-
phorylated by transfer of the phosphoryl group from the active-
site histidine of NRII to an aspartate side chain of NRI (55). In
the absence of NRI, the autophosphorylation of NRII is asym-
metric in that unless the ADP generated in the reaction is
enzymatically removed, the stoichiometry of NRII autophos-
phorylation approximates one per dimer (21). This asymmetry
results from �70-fold different equilibrium constants for the
autophosphorylation of the “first” and “second” subunits of
the NRII dimer (21). In the absence of NRI, the rate of the
NRII autophosphorylation reaction is reduced by PII at satu-
rating concentration but the final stoichiometry of NRII auto-
phosphorylation at equilibrium is slightly increased by PII at
saturating concentration (21).

The complex of PII and NRII brings about the rapid de-
phosphorylation of NRI�P (19, 25, 28, 39). It is not known
whether this represents a distinct phosphatase activity of the
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complex or whether the complex acts to stimulate the intrinsic
“autophosphatase” activity of NRI�P (28, 55). With this ca-
veat in mind, we hereafter refer to this activity as the phos-
phatase activity. The phosphatase activity apparently does not
directly require PII, in that the isolated central domain of
NRII and a polypeptide that consisted of just the N-terminal
and central domains of NRII displayed this activity at a very
low level in the absence of PII and were not regulated by PII
(19, 29). Also, phosphatase activity is displayed at a low level by
a mutant form of full-length NRII, NRII (H139N), in which
the active-site histidine within the central domain was con-
verted to asparagine (6, 19, 25). The phosphatase activity of the
H139N protein was strongly activated by PII (19). Since the
H139N protein cannot become autophosphorylated, this indi-
cates that activation of the NRII phosphatase activity by PII
occurs even when the kinase activity is absent. In addition to its
activation by PII, the phosphatase activity is activated by the
binding of ATP or nonhydrolyzable ATP analogues to NRII.

Interestingly, polypeptides that consisted of just the central
and C-terminal domains of NRII, that is, consisting entirely of

the conserved “transmitter module” of NRII, were strongly
defective for the phosphatase activity, even in the presence of
PII (19). That is, the presence of the central domain is not
sufficient for observation of phosphatase activity; thus, this
domain must be able to adopt a conformation that permits the
activity. Apparently, the N-terminal domain of NRII is re-
quired for this conformational state to occur when the C-
terminal domain is present.

In addition to PII, E. coli contains a second PII-like protein,
GlnK, that is expressed only in ammonium-starved cells (3, 7,
54). Purified GlnK, like PII, activates the phosphatase activity
of NRII (8). The PII and GlnK proteins display 67% identity
overall and are nearly identical in their T-loops. The T-loop is
a loop at one end of the proteins (14, 16) that is implicated by
cross-linking studies and mutational analysis of PII to be the
site of interaction with NRII (24, 44). Thus, it is likely that PII
and GlnK have a common binding site on NRII.

By analogy to other “transmitter” proteins, which contain
N-terminal sensory domains (56), it was expected that PII
would regulate NRII by interaction with its N-terminal do-

FIG. 1. Mutations affecting the phosphatase activity of NRII map to all domains of the protein. (A) Model for the domain organization of the
NRII dimer based on structural information available for other two-component system transmitter proteins and biochemical studies of NRII. Each
NRII subunit is composed of three domains: an unconserved N-terminal domain involved in intramolecular signal transduction, and central and
C-terminal domains that together compose the conserved transmitter module. The central domain is involved in dimerization and probably forms
half of a four-helix bundle containing His139, the site of autophosphorylation. The C-terminal domain is the ATP-binding kinase domain that
directly interacts with PII. The dimer is shown viewed down the four-helix bundle. (B) Linear depiction of the domain structure of the
349-amino-acid NRII showing the distribution of mutations affecting the phosphatase activity. The top drawing shows the mutations obtained in
the 1992 study (5), while the bottom drawing shows the mutations obtained in this study. The lines indicate amino acid substitutions, the bar
indicates a deletion, and the triangles indicate insertions. The figure is roughly to scale.
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main. However, cross-linking studies indicated that PII inter-
acts directly with the C-terminal ATP-binding domain of NRII
(44). Also, PII regulates the ability of the isolated C-terminal
domain of NRII to bring about the phosphorylation of the
NRII central domain in an intermolecular reaction (19) and
regulates the autophosphorylation of the isolated transmitter
module of NRII (19). Thus, both enzymological and cross-
linking studies were consistent with PII interaction with the
ATP-binding C-terminal domain of NRII.

It was curious that no mutations affecting nitrogen regula-
tion were ever identified that mapped within the C-terminal
domain of NRII, although numerous mutations were identified
that reduced the PII-dependent phosphatase activity (5).
These were selected as allowing the use of a poor nitrogen
source, arginine, as the sole nitrogen source by a strain that
lacked the glnD-encoded uridylytransferase/uridylyl-removing
enzyme. A glnD strain cannot use arginine as a nitrogen source
because it cannot uridylylate PII, regardless of how low the
intracellular glutamine concentration becomes. PII interacts
with NRII and prevents the concentration of NRI�P from
reaching the level necessary for activation of the ast operon,
required for arginine utilization (49). Mutations that reduce
the interaction of PII with NRII or that reduce the phospha-
tase activity of NRII without decreasing the kinase activity
should then permit growth on arginine (5, 13). Many such
suppressing mutations were obtained, and they mapped to
many sites in the N-terminal domain of NRII, in the central
domain of NRII, and in the linker joining these domains (5).

Recent studies of the regulation of nitrogen assimilation
have clarified this issue. Cells lacking both PII and GlnK have
a severe growth defect on minimal medium that results from
overexpression of the nac gene, a part of the Ntr regulon (7,
11). The growth defect is most evident on nitrogen-rich mini-
mal medium containing ammonium and less evident on nitro-
gen-limited medium containing arginine as the sole nitrogen
source. The Nac protein is a LysR-type transcription factor
that represses the serA promoter (11). The serA gene encodes
phosphoglycerate dehydrogenase, the first step in the synthesis
of serine, glycine, and C1 units from glucose. Strains lacking
both PII and GlnK, such as strain BK, have high levels of Nac
accumulation and are starved for serine on ammonium-con-
taining minimal medium (11). It was first observed that this
phenotype was offset by inclusion of Casamino Acids (CAA) in
the growth medium (7) and subsequently observed that serine
or glycine were the components of CAA that rescued the poor
growth phenotype (11). The phenotype is also offset by muta-
tion of nac, glnL (ntrB) (encoding NRII), or glnG (ntrC) (en-
coding NRI) (7, 11). Thus, in retrospect, we could surmise that
mutations that eliminate the binding of both PII and GlnK to
NRII or otherwise completely inactivated the phosphatase ac-
tivity of NRII, without limiting the kinase activity, would result
in the unrestrained expression of Nac and poor growth in the
absence of added serine or glycine on nitrogen-rich minimal
medium. By inspection of old laboratory notebooks, we found
that numerous such strains were obtained in previous experi-
ments where suppressors were selected for the inability of the
glnD mutant to grow on arginine as nitrogen source (M. R.
Atkinson and A. J. Ninfa, unpublished data). In those studies,
strains that grew poorly on nitrogen-rich glucose-ammonium-
glutamine minimal medium were deliberately discarded (5).

Here, we again selected suppressors of the inability of a glnD
strain to use poor nitrogen sources and focused our attention
on strains that mimic the phenotype of a strain lacking both PII
and GlnK. We isolated many such mutant strains and observed
that they contained mutations in all three domains of NRII.
We purified NRII proteins containing representative muta-
tions in each of the three domains and showed that the purified
proteins retain kinase activity while lacking the phosphatase
activity to varying degrees. Two distinct parts of the C-terminal
ATP-binding domain were defined by clusters of mutations,
and we show that one of these clusters probably corresponds to
the PII-binding site of NRII.

MATERIALS AND METHODS

Bacteriological techniques. Mutant bacterial strains isolated in this work and
plasmids used in this work are listed in Table 1. Luria broth (LB) and W-salts
based minimal media were as described previously (5). Transformation with
plasmid DNA, preparation of phage P1 vir lysates, P1 generalized transduction,
and storage of strains were done by standard techniques or as described previ-
ously (32, 50).

DNA sequencing of chromosomal glnL alleles. The glnL gene was PCR am-
plified directly from bacterial colonies by using Taq polymerase, with the PCR
primers described previously (5). The PCR products were purified from Tris-
acetate–EDTA (TAE) agarose gels by using the Qiaex II gel extraction kit
(Qiagen) as specified by the manufacturer and directly sequenced. Sequencing
was performed by the University of Michigan DNA Sequencing Core Facility,
using sequencing primers described previously (5, 6). In all cases, a clear single-
strand sequence of the entire glnL coding region was obtained.

Strain constructions. For construction of strains bearing the mutant alleles
listed in Table 1 in a wild-type glnD background, phage P1vir lysates were
prepared on the D� (or D[5]) suppressor strains and the glnALG region was
crossed into strain YMC21K� (�glnALG glnKp-lacZYA). Strain YMC21K� is a
glutamine auxotroph due to the lack of the glnA-encoded glutamine synthetase.
Transductants were selected for glutamine prototrophy on glucose-ammonia-
tryptophan minimal medium supplemented with CAA (CAA at the concentra-
tions used does not supply enough glutamine to rescue the glutamine auxotrophy
of YMC21K�). Transductants were purified twice on the same medium and then
screened for the constitutive phenotype on glucose-ammonia-glutamine-trypto-
phan minimal medium supplemented with CAA and containing 5-bromo-4-
chloro-3-indolyl-�-D-galactopyranoside (X-Gal). We refer to these as L*�
strains. Similarly, strains bearing the mutant glnL alleles in a nac background
were constructed by crossing the glnALG region of the original suppressor strains
into strain YMC21NK� (�glnALG nac::Camr glnKp-lacZYA), with transductions
performed as above. We refer to these as L*N� strains.

�-Galactosidase assays. Bacterial strains containing the glnK promoter-
lacZYA fusion (7) were grown as indicated in the footnotes to the tables. Cells
were disrupted by treatment with sodium dodecyl sulfate (SDS) and chloroform
and directly assayed for �-galactosidase activity by the method of Miller (50),
results are expressed in Miller units.

Construction of overexpression plasmids encoding NRII proteins. The glnL
alleles of interest were PCR amplified from chromosomal DNA by using Pfu
polymerase (Stratagene) (46). The primers were engineered to add an NdeI
restriction site overlapping the ATG start codon and an EcoRI restriction site
downstream of the termination codon. The upstream primer was 5�-CCCGCA
GTCATATGGCAACAGGCACGCAGCCC-3�, and the downstream primer
was as described previously (26). The PCR products were digested with NdeI and
EcoRI and ligated into similarly digested pJLA503 (48). All constructs were
sequenced over the entire glnL coding region to ensure that only the desired
mutation was present. For construction of the pSJ4/glnL (L16R) plasmid ex-
pressing N-terminally histidine-tagged NRII (L16R), the NdeI-EcoRI glnL frag-
ment from the appropriate pJLA503-based construct was swapped into similarly
digested pSJ4. During the course of our studies, we observed that our wild-type
overexpression plasmid contained a mutation, I141V, and that our expression
plasmid for the A129T protein contained an additional mutation, I221V. For
construction of a plasmid overexpressing a “true” wild-type NRII, a SalI-SalI
fragment from pLOP (this fragment contains wild-type sequence) was used to
replace the SalI-SalI fragment of pAP076 (containing the Y302N mutation). The
resulting plasmid (pAP129 [Table 1]) was sequenced over the entire coding
region to ensure that it encoded wild-type NRII. Similarly, for construction of a
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TABLE 1. E. coli strains and plasmids used in this study

Strain or plasmid
Relevant genotype Construction, reference,

or sourceNumber Name

Strainsa

YMC10� Wild type
trpDC700::putPA1303[Kanr Cams glnKp-lac]

7

D� glnD99::Tn10
trpDC700::putPA1303[Kanr Cams glnKp-lac]

7

N2 nac::Camr 11
N� nac::Camr

trpDC700::putPA1303[Kanr Cams glnKp-lac]
11

BKc� �glnB �mdl-glnK::Camr

trpDC700::putPA1303[Kanr Cams glnKp-lac]
7

BKg� �glnB �Gmr� glnK1
trpDC700::putPA1303[Kanr Cams glnKp-lac]

11

BKgN� �glnB �Gmr� glnK1 nac::Camr

trpDC700::putPA1303[Kanr Cams glnKp-lac]
11

L� �glnL2001
trpDC700::putPA1303[Kanr Cams glnKp-lac]

7

TE� recD1903::Tn10
trpDC700::putPA1303[Kanr Cams glnKp-lac]

7

YMC15 glnL2302 (A129T) 17
RB9132 �glnL2001 13
YMC21 �glnALG 17
YMC21K� �glnALG trpDC700::putPA1303[Kanr Cams glnKp-lac] YMC21 	 TE� P1vir

AP1076 YMC21NK� �glnALG nac::camr

trpDC700::putPA1303[Kanr Cams glnKp-lac]
YMC21K� 	 N2 P1vir

BL21(DE3) F
 ompT hsdSB(rB

 mB


) gal dcm (DE3) Novagen
WS1004 glnD99::Tn10 glnL1004 (A138V) 5
WS1007 glnD99::Tn10 glnL1007 (L122P) 5
WS1015 glnD99::Tn10 glnL1015 (E120K) 5
WS4021 glnD99::Tn10 glnL4021 (L154R) 5
WS4042 glnD99::Tn10 glnL4042 (A35V) 5
WS5044 glnD99::Tn10 glnL5044 (R115C) 5
AP1004 DL*(P188R)� glnD99::Tn10 glnL (P188R) trpDC700::putPA1303[Kanr Cams glnKp-lac] D�3Gargtrp�

AP1005 DL*(�267-270)� glnD99::Tn10 glnL (�267-270) trpDC700::putPA1303[Kanr Cams glnKp-lac] D�3Gargtrp�

AP1009 DL*(I12F)� glnD99::Tn10 glnL (I12F) trpDC700::putPA1303[Kanr Cams glnKp-lac] D�3Gargtrp�

AP1010 DL*(S227N)� glnD99::Tn10 glnL (S227N) trpDC700::putPA1303[Kanr Cams glnKp-lac] D�3Gargtrp�

AP1011 DL*(S227N)� glnD99::Tn10 glnL (S227N) trpDC700::putPA1303[Kanr Cams glnKp-lac] D�3Gargtrp�

AP1012 DL*(D225V)� glnD99::Tn10 glnL (D225V) trpDC700::putPA1303[Kanr Cams glnKp-lac] D�3Gargtrp�

AP1013 DL*(G150S)� glnD99::Tn10 glnL (G150S) trpDC700::putPA1303[Kanr Cams glnKp-lac] D�3Gargtrp�

AP1015 DL*(D225V)� glnD99::Tn10 glnL (D225V) trpDC700::putPA1303[Kanr Cams glnKp-lac] D�3Gargtrp�

AP1016 DL*(D225V)� glnD99::Tn10 glnL (D225V) trpDC700::putPA1303[Kanr Cams glnKp-lac] D�3Gargtrp�

AP1017 DL*(G192D)� glnD99::Tn10 glnL (G192D) trpDC700::putPA1303[Kanr Cams glnKp-lac] D�3Gargtrp�

AP1019 DL*(L16R)� glnD99::Tn10 glnL (L16R) trpDC700::putPA1303[Kanr Cams glnKp-lac] D�3Gargtrp�

AP1020 DL*(S227R)� glnD99::Tn10 glnL (S227R) trpDC700::putPA1303[Kanr Cams glnKp-lac] D�3Gargtrp�

AP1022 DL*(E107K)� glnD99::Tn10 glnL (E107K) trpDC700::putPA1303[Kanr Cams glnKp-lac] D�3Gargtrp�

AP1023 DL*(INS/DUP)� glnD99::Tn10 glnL (INS/DUP) (resulting in a glnL composed of codons
1–120, followed by CAT, followed by codons 119–349)

trpDC700::putPA1303[Kanr Cams glnKp-lac] D�3Gargtrp�

AP1024 DL*(S227I)� glnD99::Tn10 glnL (S227I) trpDC700::putPA1303[Kanr Cams glnKp-lac] D�3Gargtrp�

AP1025 DL*(Y302N)� glnD99::Tn10 glnL (Y302N) trpDC700::putPA1303[Kanr Cams glnKp-lac] D�3Gargtrp�

AP1026 DL*(L228R)� glnD99::Tn10 glnL (L228R) trpDC700::putPA1303[Kanr Cams glnKp-lac] D�3Gargtrp�

AP1027 DL*(L185P)� glnD99::Tn10 glnL (L185P) trpDC700::putPA1303[Kanr Cams glnKp-lac] D�3Gargtrp�

AP1028 DL*(A138V)� glnD99::Tn10 glnL (A138V) trpDC700::putPA1303[Kanr Cams glnKp-lac] D�3Gargtrp�

AP1030 DL*(P303L)� glnD99::Tn10 glnL (P303L) trpDC700::putPA1303[Kanr Cams glnKp-lac] D�3Gargtrp�

AP1031 DL*(R116G)� glnD99::Tn10 glnL (R116G) trpDC700::putPA1303[Kanr Cams glnKp-lac] D�3Gargtrp�

AP1033 DL*(S227N)� glnD99::Tn10 glnL (S227N) trpDC700::putPA1303[Kanr Cams glnKp-lac] D�3Gargtrp�

AP1034 DL*(L83P)� glnD99::Tn10 glnL (L83P) trpDC700::putPA1303[Kanr Cams glnKp-lac] D�3Gargtrp�

AP1035 DL*(D225V)� glnD99::Tn10 glnL (D225V) trpDC700::putPA1303[Kanr Cams glnKp-lac] D�3Gargtrp�

AP1037 DL*(G187R)� glnD99::Tn10 glnL (G187R) trpDC700::putPA1303[Kanr Cams glnKp-lac] D�3Gargtrp�

AP1038 DL*(R116C)� glnD99::Tn10 glnL (R116C) trpDC700::putPA1303[Kanr Cams glnKp-lac] D�3Gargtrp�

AP1043 DL*(P303T)� glnD99::Tn10 glnL (P303T) trpDC700::putPA1303[Kanr Cams glnKp-lac] D�3Gargtrp�

Plasmids
pBUC10 Ampr, glnB� in pUC18 24
pgln62 Ampr, glnL� in pBR322 17
pJLA503 Ampr, temperature-inducible expression vector 48
pSJ4 Kanr, IPTG-inducible expression vector Zhaohui Xu
pLOP Ampr, overexpression of NRII (I141V) 42
pLOP15 Ampr, overexpression of NRII (A129T/I221V) 42

pAP073 pJLA503/glnL (S227R) Ampr, overexpression of NRII (S227R) glnL of AP1020 PCR cloned
NdeI-EcoRI into pJLA503

pAP076 pJLA503/glnL (Y302N) Ampr, overexpression of NRII (Y302N) Same as AP073, except glnL of AP1025
pAP096 pJLA503/glnL (L16R) Ampr, overexpression of NRII (L16R) Same as AP073, except glnL of AP1019
pAP121 pSJ4/glnL (L16R) Kanr, overexpression of histidine-tagged NRII (L16R) NdeI-EcoRI fragment of pAP096 swapped

into pSJ4
pAP129 true pLOP Ampr, overexpression of wild-type NRII SalI-SalI fragment from pLOP replaced

SalI-SalI fragment of pAP076
pAP131 true pLOP15 Ampr, overexpression of NRII (A129T) SalI-SalI fragment from pLOP

replaced SalI-SalI fragment of pLOP15

a For clarity, only the parental strains are listed here. A complete strain list is available on request from the authors.
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plasmid overexpressing a “true” NRII (A129T), the SalI-SalI fragment from
pLOP (containing wild-type sequence) was used to replace the SalI-SalI frag-
ment of pLOP15 (containing the extraneous I221V mutation). The resulting
plasmid (pAP131 [Table 1]) was sequenced over the entire coding region to
ensure that it encoded NRII (A129T) with no additional mutations.

Purified proteins. The preparations of PII, PII (E44C/C73S), and the N-
terminal domain of NRI (NRI-N) were described previously (26, 44). NRII,
NRII (I141V), NRII (S227R), NRII (Y302N), NRII (A129T/I221V), and NRII
(A129T) were purified by a modified version of the method described previously
(26, 41), as follows. Strain RB9132 (�glnL) (13) was transformed with the
appropriate expression plasmid, and transformants were selected for ampicillin
resistance. Cultures (4 liters) were grown at 30°C in LB medium containing
ampicillin, with induction carried out by shifting the temperature to 44°C as
described previously (26). Overexpression was sufficient in all cases to allow the
course of the purification to be monitored by SDS-polyacrylamide gel electro-
phoresis. Cells were harvested by centrifugation, and the cell paste was stored at

80°C. The purification was essentially identical for the wild-type and mutant
proteins, except for the differences noted for NRII (S227R). All steps of the
purification were carried out at 4°C. The cell pellet was resuspended in buffer A
[buffer C for NRII (S227R)], and cells were disrupted by sonication. Streptomy-
cin sulfate (Sigma) was added to 1.5% (wt/vol) with stirring for 20 min, and the
extract was clarified by centrifugation. Solid ammonium sulfate was added to the
supernatant to 0.18 g/ml to precipitate NRII. The ammonium sulfate precipitate
was collected by centrifugation, resuspended into a minimal amount of buffer C,
and diluted to 50 ml with buffer B. This solution was loaded onto a �70-ml ethyl
agarose (Sigma) column equilibrated in buffer B. The column was washed with
buffer B and eluted with a linear gradient of buffer B to buffer C. NRII eluted in
a broad peak centered at �0.05 g of ammonium sulfate per ml. Peak fractions
containing NRII were pooled, and the NRII was precipitated with ammonium
sulfate at 40% saturation. The ammonium sulfate pellet was resuspended in a
minimal volume of buffer A [buffer C for NRII (S227R)] and loaded onto a
�500-ml Bio-Gel A 0.5 M (Bio-Rad) gel filtration column equilibrated in buffer
D. For NRII (S227R), the column was equilibrated in 50 mM Tris-HCl (pH
7.5)–10% (vol/vol) glycerol–50 mM KCl–1 mM dithiothreitol (DTT). NRII
eluted in a single peak corresponding to the dimeric protein. At this point, the
preparation was �95% pure as judged by visualization of Coomassie brilliant
blue R-250 stained gels. NRII (S227R) peak fractions were pooled, dialyzed to
storage buffer, and stored at 
80°C. For the remaining proteins, a final ion-
exchange chromatography step served mainly to concentrate the protein. Peak
NRII fractions from the gel filtration column were pooled and dialyzed against
buffer A. The dialyzed solution was loaded onto a �15-ml DE52 (Whatman)
column equilibrated in buffer A. After extensive washing, the NRII was eluted
with a linear gradient of buffer A to buffer E. NRII eluted between �140 and
�250 mM KCl depending on the mutant. The peak NRII fractions were pooled,
dialyzed against storage buffer, and stored at 
80°C. Typical yields from 4 liters
of starting material were 50 to 100 mg of pure protein, although the NRII
(S227R) yield (�20 mg) was lower due to losses over the course of the purifi-
cation. Protein concentrations were determined by the method of Bradford (12)
and are stated in terms of the monomer for NRI-N, the dimer for NRII, or the
trimer for PII.

Purification of histidine-tagged NRII (L16R). Strain BL21(DE3) (Novagen)
was transformed with the pSJ4/glnL (L16R) plasmid with selection for kanamy-
cin resistance. A 4-liter culture was grown at 37°C in LB medium containing
kanamycin. Mid-log-phase cells were induced by addition of isopropyl-�-D-thio-
galactopyranoside (IPTG) to 0.4 mM (final concentration) with growth for 4 h.
Overexpression was sufficient to allow the course of the purification to be mon-
itored by SDS-polyacrylamide gel electrophoresis. Cells were harvested by cen-
trifugation and stored as a paste at 
80°C. All steps of the purification were
carried out at 4°C. For NRII (L16R), buffers A, D, and E were the same as listed
below, except that they lacked DTT. The cell pellet was resuspended in buffer A
and sonicated to break open the cells. The resulting extract was clarified by
centrifugation, and the supernatant was loaded directly on a �20-ml Ni-nitrilo-
triacetic acid-agarose (Quiagen) column equilibrated in buffer A. After extensive
washing with buffer D, the column was eluted with a linear gradient of buffer D
to buffer F. Histidine-tagged NRII (L16R) eluted in a broad peak centered at
�160 mM imidazole. Peak fractions were pooled and dialyzed against buffer A.
The dialyzed solution was loaded onto a �12-ml DE52 (Whatman) ion-exchange
column equilibrated in buffer A. After extensive washing, the column was eluted
with a linear gradient of buffer A to buffer E. Histidine-tagged NRII (L16R)
eluted in a sharp peak centered at �200 mM KCl. At this point, the preparation
was �95% pure. The protein concentration was determined by the method of
Bradford (12). Peak fractions containing �100 mg of pure protein were pooled,
dialyzed against storage buffer, and stored at 
80°C.

Proteolytic removal of the histidine tag from histidine-tagged NRII (L16R). A
9-mg sample of purified histidine-tagged NRII (L16R) was incubated with 2,000
U of rTEV protease (Invitrogen Life Technologies) overnight at 4°C in a reac-
tion mixture containing 50 mM Tris-HCl (pH 7.5), 5% (vol/vol) glycerol, 0.5 mM
EDTA, and 1 mM DTT. Analysis of the cleavage reaction product by SDS-
polyacrylamide gel electrophoresis indicated that �98% of the tagged NRII
(L16R) was digested. The cleavage reaction product was dialyzed to 50 mM
Tris-HCl (pH 7.5)–5% (vol/vol) glycerol–25 mM KCl and passed over a 2-ml
Ni-nitrilotriacetic acid-agarose (Qiagen) column equilibrated in the same buffer
to remove the residual tagged NRII (L16R), the cleaved tag, and the histidine-
tagged protease. The flowthrough fraction containing purified cleaved NRII
(L16R) was concentrated using a 10-kDa-molecular-mass cutoff Ultrafree-15
centrifugal filter device (Millipore), dialyzed to storage buffer, and stored at

80°C.

Buffers for protein purifications were as follows. Buffer A consisted of 50 mM
Tris-HCl (pH 7.5), 10% (vol/vol) glycerol, 25 mM KCl, and 1 mM DTT; buffer
B consisted of 50 mM Tris-HCl (pH 7.5), 10% (vol/vol) glycerol, 1 mM DTT, and
0.10 g of ammonium sulfate per ml; buffer C consisted of 50 mM Tris-HCl (pH
7.5), 10% (vol/vol) glycerol, and 1 mM DTT; buffer D consisted of 50 mM
Tris-HCl (pH 7.5), 10% (vol/vol) glycerol, 200 mM KCl, and 1 mM DTT; buffer
E consisted of 50 mM Tris-HCl (pH 7.5), 10% (vol/vol) glycerol, 500 mM KCl,
and 1 mM DTT; and buffer F consisted of 50 mM Tris-HCl (pH 7.5), 10%
(vol/vol) glycerol, 200 mM KCl, and 250 mM imidazole. Storage buffer was 50
mM Tris-HCl (pH 7.5)–50% (vol/vol) glycerol–100 mM KCl–1 mM DTT for
NRII, NRII (I141V), NRII (Y302N), NRII (A129T/I221V), and NRII (A129T).
NRII (S227R) was stored in 50 mM Tris-HCl (pH 7.5)–50% (vol/vol) glycerol–25
mM KCl–1 mM DTT. Histidine-tagged NRII (L16R) and cleaved NRII (L16R)
were stored in 50 mM Tris-HCl (pH 7.5)–50% (vol/vol) glycerol–25 mM KCl.

Polyacrylamide gel electrophoresis. SDS-polyacrylamide gel electrophoresis,
nondenaturing (native) polyacrylamide gel electrophoresis, and urea-polyacryl-
amide gel electrophoresis were carried out as described previously (21, 36).

Autophosphorylation assays. The reactions for the autophosphorylation assays
were similar to those described previously (21, 55). Briefly, the reactions were
carried out on ice and the mixtures contained 50 mM Tris-HCl (pH 7.5), 100 mM
KCl, 10 mM MgCl2, 0.5 mg of bovine serum albumin (BSA) per ml, 50 �M
2-ketoglutarate, 0.5 mM [�-32P]ATP (or as indicated), 2 �M NRII or mutants as
indicated, and 12 �M PII as indicated. For quantitative assessment, aliquots of
the reaction mixtures were removed at various times, spotted on nitrocellulose
filters, and washed in 0.1 M Na2CO3 (pH 
11). The filters were dried briefly and
counted in liquid scintillation fluid. For qualitative assessment by nondenaturing
and urea-polyacrylamide gel electrophoresis, the reaction mixtures contained
unlabeled ATP, and BSA and 2-ketoglutarate were omitted. Reactions were
stopped by addition of 50 mM EDTA, and the mixtures were made 5% (vol/vol)
glycerol to facilitate loading and analyzed on 10% nondenaturing polyacrylamide
gels; alternatively, the reactions were stopped by addition of 4 M urea and the
mixtures were analyzed on 10% polyacrylamide–6 M urea gels (21). The gels
were stained with Coomassie brilliant blue R-250.

Combined kinase and phosphatase assay. The combined kinase and phospha-
tase assay was performed essentially as described previously (39). Briefly, the
purified N-terminal domain of NRI (NRI-N, 30 �M) was incubated with NRII or
mutant forms of NRII (0.3 �M) at 25°C in a reaction mixture containing 50 mM
Tris-HCl (pH 7.5), 100 mM KCl, 10 mM MgCl2, 0.3 mg of BSA per ml, 50 �M
2-ketoglutarate, and 0.5 mM [�-32P]ATP. After 25 min, the reaction mixture was
split into tubes containing either reaction buffer or various amounts of PII as
indicated. Aliquots of the reaction mixtures were removed at various times and
spotted onto nitrocellulose filters, which were washed extensively in 5% trichlo-
roacetic acid. Filters were dried and counted in liquid scintillation fluid.

Cross-linking reactions. PII (E44C/C73S) was labeled with the photoactivat-
able, heterobifunctional cross-linking reagent N-(4-azido-2,3,5,6-tetrafluoroben-
zyl)-3-maleimidopropionamide (TFPAM-3) (Molecular Probes) as described
previously (44). Cross-linking reactions were carried out as described previously
(44). Briefly, reaction mixtures contained 50 mM Tris-HCl (pH 7.5), 100 mM
KCl, 10 mM MgCl2, 2 mM DTT, 50 �M 2-ketoglutarate, 0.5 mM ATP, 4.5 �M
NRII (or mutant form of NRII), and 9 �M cross-linker-labeled PII. The reac-
tions were carried out on ice, and UV exposure was for 20 min. Reactions were
stopped by addition of SDS gel-loading buffer, and the mixtures were heated to
95°C for 5 min and analyzed on SDS–15% polyacrylamide gels; alternatively, the
reactions were stopped by addition of 120 mM glycine (pH 9.0) and the mixtures
were examined on 10% nondenaturing polyacrylamide gels. Gels were stained
with Coomassie brilliant blue R-250.

Gel filtration assay for PII binding. The indicated NRII protein (12 �M) and
PII (48 �M) were mixed on ice in a reaction mixture containing 50 mM Tris-HCl
(pH 7.5), 100 mM KCl, 1 mM MgCl2, 50 �M free 2-ketoglutarate, and 0.5 mM
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free ATP. The free concentration refers to the amount of 2-ketoglutarate and
ATP above that required for binding of one 2-ketoglutarate molecule and three
ATP molecules per PII trimer and two ATP molecules per NRII dimer. After a
10- to 15-min incubation period, the reaction mixture (0.5 ml) was loaded onto
a �190-ml-bed-volume Sephadex G-100 (Pharmacia) column equilibrated in 50
mM Tris-HCl (pH 7.5)–100 mM KCl–1 mM MgCl2–50 �M 2-ketoglutarate–0.5
mM ATP. The column was eluted with 50 mM Tris-HCl (pH 7.5)–100 mM KCl
at 4°C. Fractions were collected and analyzed on SDS–15% polyacrylamide gels
with Coomassie brilliant blue R-250 staining.

RESULTS

Isolation of spontaneous suppressors of the glnD99::Tn10
mutation, revisited. To isolate severely phosphatase-deficient
(constitutive) NRII mutants, some of which should be deficient
for PII binding, we selected spontaneous suppressor mutations
that permit a glnD mutant to grow on a poor nitrogen source
(arginine) and focused on the mutants that grew poorly on
nitrogen-rich glucose-ammonia-glutamine minimal medium.
To qualitatively assess Ntr gene expression in cells grown on
solid medium, we used a strain bearing the glnD99::Tn10 mu-
tation as well as a fusion of the nitrogen-regulated glnK pro-
moter to lacZYA placed in single copy in the trp locus (strain
D� [7]). The glnKp-lacZYA fusion allowed us to assess the Ntr
phenotype of strains on plates containing the �-galactosidase
activity indicator X-Gal; the presence of this fusion within the
trp operon results in a tryptophan auxotrophy that could be
compensated for by inclusion of a low concentration of tryp-
tophan in the medium. A glnKp-lacZYA fusion was chosen
because activation of the glnK promoter requires a high intra-
cellular concentration of NRI�P, permitting us to observe
differences in NRI�P when it is near the high end of its
physiological range (3). A total of 207 independent, spontane-
ous Ntr� pseudorevertants of strain D� were isolated on de-

fined glucose-arginine-tryptophan minimal medium at 37°C.
After purification, the mutants were screened for the desired
constitutive phenotype as detailed below.

Phenotypic screen for constitutive Ntr expression. The
D� suppressors were streaked onto solid nitrogen-rich glu-
cose-ammonia-glutamine-tryptophan minimal medium supple-
mented with or without CAA and containing X-Gal to deter-
mine which of them exhibited constitutive expression of the
glnK promoter and poor growth in the absence of CAA. Forty-
four of the D� suppressors exhibited the desired phenotype
(data not shown). A range of growth properties were observed
that varied from a subtle growth defect to very poor growth
similar to that of strain BK.

Complementation test to determine mutations in glnL. To
determine which of the constitutive D� suppressors were a
result of mutations in the glnL gene, we prepared competent
cells of the 44 strains showing a range of growth defects on
nitrogen-rich minimal medium and transformed them with
plasmids encoding either wild-type PII (pBUC10 [24]) or wild-
type NRII (pgln62 [17]). Transformants were selected for am-
picillin resistance on LB plus glutamine medium and colony
purified on the same medium. The purified transformants were
streaked for single colonies on glucose-ammonia-glutamine-
tryptophan minimal medium supplemented with CAA or not
supplemented and containing ampicillin and X-Gal. The con-
stitutive D� suppressors could be roughly divided into four
classes based on their phenotype in the presence of the PII-
and NRII-encoding plasmids. Class I mutants exhibited good
growth with or without CAA in the presence of pgln62 and
restored nitrogen regulation of the glnK promoter (white col-
onies). These mutants exhibited poor growth with or without
CAA in the presence of pBUC10 and remained constitutive for

TABLE 2. Summary of sequenced glnL alleles

Strain Codon DNA change Amino acid changea BK phenotypeb

AP1009 12 ATC3TTC I3F No
AP1019 16 CTG3CGG L3R Yes
AP1034 83 CTG3CCG L3P No
AP1022 107 GAG3AAG E3K Yes
AP1031 116 CGC3GGC R3G No
AP1038 116 CGC3TGC R3C No
AP1023 121 Insertion/duplicationc NDd

AP1028 138 GCA3GTA A3V No
AP1013 150 GGC3AGC G3S No
AP1027 185 CTG3CCG L3P No
AP1037 187 GGG3AGG G3R No
AP1004 188 CCG3CGC P3R No
AP1017 192 GGT3GAT G3D No
AP1012, AP1015, AP1016, AP1035 225 GAT3GTT D3V Yes
AP1010, AP1011, AP1033 227 AGC3AAC S3N No
AP1020 227 AGC3AGA S3R Yes
AP1024 227 AGC3ATC S3I Yes
AP1026 228 CTA3CGA L3R Yes
AP1005 266 ACC3ACG None

267–270 Deletion �267–270 No
AP1025 299 ACG3ACA None

302 TAC3AAC Y3N Yes
AP1030 303 CCG3CTG P3L No
AP1043 303 CCG3ACG P3T Yes

a In the standard single-letter symbols.
b Indicated by poor growth similar to that of strain BK after 42 h of growth on GNGlnTrp medium at 37°C.
c Resulting in a glnL consisting of codons 1 to 120, followed by an insertion of CAT encoding histidine, followed by codons 119 to 349.
d ND, not determined.
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glnK promoter expression (blue colonies). It should be noted
that the pBUC10 plasmid conferred somewhat poor growth on
many strains, and therefore we concentrated mainly on the
color of the colonies in the presence of this plasmid. Class II
mutants exhibited good growth with or without CAA in the
presence of pgln62 and gave a mixture of blue and white
colonies. These mutants remained constitutive for glnK pro-
moter expression in the presence of pBUC10 (blue colonies).
Class III mutants exhibited good growth with or without CAA
in the presence of pgln62 and restored nitrogen regulation of
the glnK promoter (white colonies). These mutants also exhib-
ited restored nitrogen regulation of the glnK promoter in the
presence of pBUC10 (white colonies). Class IV mutants re-
mained constitutive for glnK promoter expression in the pres-
ence of both pgln62 and pBUC10 (blue colonies). Some of the
mutants were difficult to define to one specific class, and some
overlap between classes existed. Approximately 30 of the con-
stitutive D� suppressors fell into classes I and II (data not
shown). The mixtures of blue and white colonies for the class
II strains were assumed to be due to the antagonism between
a mutant glnL allele on the chromosome and the wild-type
allele on the plasmid, which affect each other’s expression.

Sequencing of glnL alleles. The glnL gene of the class I and
II mutants was sequenced as described in Materials and Meth-
ods. Three of the 30 class I and II mutants contained the
wild-type glnL allele (data not shown). These strains may con-
tain glnG mutations that encode NRI proteins less responsive
to NRII; they were not pursued further. The constitutive D�
suppressors bearing mutations in the glnL gene, hereafter re-
ferred to as glnL* alleles, are summarized in Table 2. In total,
27 independent mutants were obtained in glnL that were dis-
tributed over the entire gene. Twenty-five of the mutations
involved nucleotide changes resulting in single amino acid al-
terations in the protein, one involved a deletion, and one

involved an insertion and duplication. The amino acid substi-
tutions involved 17 different codons, with two of the mutations,
D225V and S227N, being obtained multiple times. For three
codons, 116, 227, and 303, multiple alterations to different
amino acids were obtained. Two of the mutants, �267–270 and
Y302N, also contained an additional silent mutation that does
not result in an amino acid change in the protein. With the
exception of two mutations, L83P and A138V, the current set
of mutations was different from those previously isolated (5).
Nine unique mutations were obtained in the C-terminal ATP-
binding domain of NRII. Five of these clustered in a patch of
amino acid residues from positions 225 to 228, one was a

Fig. 2. Growth phenotypes of glnL* alleles. Strains containing
representative glnL* alleles in a wild-type or nac background were
streaked for single colonies on glucose-ammonia-glutamine-trypto-
phan minimal medium. Growth was carried out for 42 h at 37°C.
The strains were as follows, with relevant genotypes in brackets: 1,
YMC10� [wild type]; 2, BKg� [�glnB�Gmr�glnK1]; 3, L*(L16R)�
[glnL (L16R)]; 4, L*(L154R)� [glnL (L154R)]; 5, L*(S227R)�
[glnL (S227R)]; 6, L*(Y302N)� [glnL (Y302N)]; 7, N� [nac::Camr];
8, BKgN� [�glnB�Gmr�glnK1 nac::Camr]; 9, L*(L16R)N� [glnL
(L16R) nac::Camr]; 10, L*(L154R)N� [glnL (L154R) nac::Camr];
11, L*(S227R)N� [glnL (S227R) nac::Camr]; 12, L*(Y302N)N� [glnL
(Y302N) nac::Camr].

TABLE 3. Effect of glnL* alleles on the expression of the nitrogen-
regulated glnK promoter under nitrogen-rich conditions

in a wild-type glnD background

Straind Relevant genotypeb
�-galactosidase activitya

on GNGIn Trp �
5x CAAc

YMC10� Wild type 0 (1)
BKc� �glnB �mdl-glnK::Camr 2,100 (1)
L*(I12F)� glnL (I12F) 130
L*(L16R)� glnL (L16R) 1,470
L*(L83P)� glnL (L83P) 910
L*(E107K)� glnL (E107K) 1,980
L*(R116G)� glnL (R116G) 600
L*(R116C)� glnL (R116C) 200
L*(L185P)� glnL (L185P) 1,080
L*(G187R)� glnL (G187R) 900
L*(P188R)� glnL (P188R) 190

YMC10� Wild type 0 (1)
BKg� �glnB �Gmr �glnK1 1,790 (1)
L� �glnL2001 140
L*(A35V)� glnL (A35V) 110
L*(R115C)� glnL (R115C) 100
L*(E120K)� glnL (E120K) 300
L*(L122P)� glnL (L122P) 2,220
L*(A129T)� glnL (A129T) 540
L*(A138V)� glnL (A138V) 470
L*(G150S)� glnL (G150S) 50
L*(L154R)� glnL (L154R) 1,680
L*(G192D)� glnL (G192D) 470

YMC10� Wild type 0
BKg� �glnB �Gmr �glnK1 1,650
BKgN� �glnB �Gmr �glnK1 nac::Camr 1,680
L*(D225V)� glnL (D225V) 1,990
L*(S227N)� glnL (S227N) 1,240
L*(S227R)� glnL (S227R) 1,880
L*(S227I)� glnL (S227I) 1,950
L*(L228R)� glnL (L228R) 2,010
L*(�267–270)� glnL (�267–270) 840
L*(Y302N)� glnL (Y302N) 1,350
L*(P303L)� glnL (P303L) 720
L*(P303T)� glnL (P303T) 1,660

a �-Galactosidase activities are given in Miller units and are the average for
duplicate cultures except where indicated by the number of cultures in paren-
theses. Results from duplicate cultures differed by �10%. Cultures were grown
overnight in the indicated medium, diluted to an optical density at 600 nm of 0.02
and grown at 30°C to an optical density of 0.5.

b In addition to the genotype shown, all strains contain trpDC700::putPA1303
[Kanr glnKp-lac], which is a fusion of the lacZYA operon to the nitrogen-regu-
lated glnK promoter.

c The medium used was GNGln Trp � 5x CAA (glucose-ammonia-glutamine-
tryptophan plus Casamino Acids) and contained kanamycin. Glucose was
present at 0.4% (wt/vol), ammonia and glutamine were present at 0.2% (wt/vol),
tryptophan was present at 0.04 mg/ml, and 5	 casein hydrolysate was present at
0.5% (wt/vol).

d The breaks in the table indicate experiments performed on separate days.
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deletion of amino acids 267 to 270, and the other three in-
volved the adjacent amino acids 302 and 303. A comparison of
the positions of mutations isolated in the present study and in
the 1992 study (5) is shown in Fig. 1.

Growth properties of the glnL* alleles. Examination of the
growth phenotype of the glnL* alleles is hampered when X-
Gal-containing medium is used, due to the intrinsic growth
inhibition caused by X-Gal itself. To more accurately deter-
mine the growth phenotype of the glnL* alleles, we examined
the growth of the strains listed in Table 2 on glucose-ammonia-
glutamine-tryptophan minimal medium lacking X-Gal. The re-
sults are summarized in Table 2 and indicate that mutations
causing a severe growth phenotype were not limited to the
C-terminal kinase domain of NRII.

As a first step in the analysis of the glnL* alleles, they were
transduced into a genetic background that contained a wild-
type glnD locus and the glnKp-lacZYA fusion. We refer to the
products of these backcrosses as L*� strains. In addition, we
transduced the glnL* alleles isolated in 1992 that had the
constitutive phenotype (5) into the same background to allow
a comparison with the present mutations. The strain construc-
tions were performed as described in Materials and Methods.

Figure 2 shows the poor-growth phenotype of representative
L*� strains on glucose-ammonia-glutamine-tryptophan mini-
mal medium. All the glnL* alleles that exhibited the poor-
growth phenotype in the glnD99::Tn10 background also exhib-
ited the phenotype in a wild-type glnD background (Fig. 2 and
data not shown). Interestingly, two of the glnL* alleles from
the 1992 study, L122P and L154R (L154R was mistakenly
labeled as L154P in reference 5), exhibited the poor growth
phenotype when transduced into a clean background whereas
the original glnD99::Tn10 suppressor strains bearing these
glnL* alleles did not exhibit this poor-growth phenotype (Fig 2
and data not shown). Sequencing of the glnL gene of the newly
constructed strains revealed that these strains did in fact con-
tain the L122P and L154R mutations (data not shown). Pre-
sumably, the original glnD99::Tn10 suppressor strains contain-
ing these alleles picked up suppressor mutations in a gene
other than glnL, such as nac (see below), which alleviated the
poor-growth phenotype.

Previous studies indicated that the severe poor-growth phe-
notype of strain BK was due to high levels of NRI�P that
resulted in overexpression of the nac gene encoding the tran-
scription factor Nac (11) and that a null mutation in nac alle-
viated the poor-growth phenotype. We transduced the glnL*
alleles into a genetic background containing a null mutation in
nac as described in Materials and Methods. We refer to these
as L*N� strains. The growth phenotype of the L*N� strains
was examined on glucose-ammonia-glutamine-tryptophan
minimal medium as above. In every case where a glnL* allele
exhibited the poor-growth phenotype, the poor growth was alle-
viated by a null mutation in nac (Fig. 2 and data not shown).

Effect of the glnL* alleles on expression of the nitrogen-
regulated glnK promoter in intact cells. We examined expres-
sion of the glnK promoter in the L*� strains in physiology
experiments as described in Materials and Methods. The ex-
periments were carried out in nitrogen rich glucose-ammonia-
glutamine-tryptophan minimal medium supplemented with 5	
CAA and containing kanamycin. The CAA ensured that the
strains exhibiting the growth defect on minimal medium would

grow. The results are summarized in Table 3. YMC10� (wild
type) exhibited normal nitrogen regulation of the glnK pro-
moter, while BK� exhibited unregulated high expression of the
glnK promoter, as expected. The nac mutation had no effect on
glnK promoter expression, as indicated by strain BKN�. We
also examined glnK promoter expression in a strain bearing a
deletion of glnL (L�). In this strain, the low level of glnK
promoter expression is due to phosphorylation of NRI by the
metabolic intermediate acetyl- phosphate (18). The L*�
strains all exhibited unregulated expression of the glnK pro-
moter to various extents, varying from levels similar to those
observed in L� to those observed in BK�. The L*� strains
exhibiting the highest levels of glnK promoter expression con-
tained glnL* alleles that confer the growth phenotype. These
results suggest that the glnL* alleles encode NRII proteins that
lack phosphatase activity, have elevated kinase activity, or
both. Presumably the glnL* alleles exhibiting low levels of glnK
expression similar to strain L� encode NRII proteins that are
only slightly defective in phosphatase activity or have only slightly
elevated kinase activity, although this experiment does not rule
out the possibility that these mutants encode completely inactive
proteins.

We examined ammonia regulation in strains bearing the
glnL* alleles by assaying glnK promoter expression in the
L*N� strains containing a mutation in nac along with the glnL*
alleles and the glnKp-lacZYA fusion. The nac mutation allowed
us to grow the strains in the absence of CAA; thus, we were
able to compare glnK expression on minimal medium with or
without ammonia. Table 4 shows the results obtained with
representative strains. YMC10� exhibited normal regulation
by ammonia, and BKN� exhibited high expression of glnK
regardless of the nitrogen status, as expected. The nac muta-
tion did not have any effect on glnK expression. We observed
that strain BKN� retained some regulation of glnK expression
by ammonia. Since this strain lacks PII and GlnK and cannot
negatively regulate NRI�P, the regulation observed probably
stems from phosphorylation of NRI by acetyl phosphate. The
L*N� strains exhibited high expression of glnK regardless of
the nitrogen status of the medium. The results obtained in the
absence of ammonia, where PII and GlnK should be fully
uridylylated, suggest that the glnL* alleles encode NRII pro-
teins that are active kinases. The results obtained in both
media, taken together, suggest that the glnL* alleles encode
NRII proteins that lack the phosphatase activity to various
extents. Lesions in NRII could lead to defective phosphatase
activity for various reasons including loss of catalytic residues,
loss of residues involved in conformational changes associated
with PII activation of the phosphatase activity, and loss of
residues required for PII binding.

Purification of mutant NRII proteins. To understand the
molecular basis for our in vivo observations, we purified rep-
resentative mutant NRII proteins and characterized their
properties in vitro. Plasmids causing the hyperexpression of
NRII mutants were constructed as described in Materials and
Methods. All the mutants that were cloned were overex-
pressed, but many of the mutant proteins were found to be
insoluble when overexpressed at 44°C from the pJLA503 plas-
mid (data not shown). In particular, none of the N-terminal
domain mutants that were cloned were produced in soluble
form expressed from pJLA503. However, we obtained proteins
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with mutations in the C-terminal region of NRII that were
overexpressed in soluble form, permitting purification. We
chose to purify two proteins with mutations in the C-terminal
kinase domain, NRII(S227R) and NRII(Y302N), both of
which caused a severe growth phenotype in cells. The S227R
mutation lies in a cluster of mutations obtained within the
N-terminal part of the ATP-binding domain of NRII (residues
225 to 228), while the Y302N mutation lies within a cluster of
mutations obtained in the C-terminal part of this domain (res-
idues 302 to 303). In small-scale tests, these two mutant pro-
teins seemed to be the most soluble of those mapping to the
two clusters and exhibiting the severe growth phenotype in
cells. In addition, we purified the previously studied constitu-
tive NRII mutant NRII2302 (2, 25, 26, 34, 39, 43, 57), hereafter
referred to as NRII (A129T). We chose this mutation because
it was expressed in soluble form and because it was represen-
tative of a number of mutations that were obtained in the
central domain of NRII spread throughout residues 111 to 154
(5; this study). The A129T protein does not bring about the
poor growth phenotype in cells. The three mutants, NRII
(S227R), NRII (Y302N), NRII (A129T), and the wild-type
protein were purified to �95% purity as described in Materials
and Methods.

FIG. 3. Gel analysis of the autophosphorylation activities of NRII
mutants. (A) Nondenaturing polyacrylamide gel electrophoresis of
autophosphorylation reaction mixtures. NRII (2 �M) or mutant forms
of NRII were incubated on ice for 20 min in reaction mixtures con-
taining 0.5 mM ATP or as indicated, and autophosphorylation reac-
tions were performed as described in Materials and Methods. Reac-
tions were stopped by addition of 50 mM EDTA, and the mixtures
were analyzed on 10% nondenaturing polyacrylamide gels stained with
Coomassie brilliant blue R-250. The panel shows results from three
separate gels. (B) Urea-polyacrylamide gel electrophoresis of auto-
phosphorylation reactions. The indicated NRII proteins (2 �M) were
incubated on ice for 30 min in reaction mixtures containing 0, 0.02, 0.1,
0.5, or 2 mM ATP (left to right), as described in Materials and Meth-
ods. Reactions were stopped by addition of 4 M urea, and the mixtures
were analyzed on 10% polyacrylamide–6 M urea gels stained with
Coomassie brilliant blue R-250. The panel shows results from three
separate gels.

TABLE 4. Effect of glnL* alleles on the expression of the nitrogen
regulated glnK promoter under nitrogen-limiting and nitrogen-

replete conditions in a nac background

Straind Relevant genotypeb

�-Galactosidase
activitya on:

GGlnTrpc GNGlnTrpc

YMC10� Wild type 2,340 (1) 0 (1)
N� nac::Camr 1,900 (1) 0 (1)
BKgN� �glnB �Gmr� glnK1 nac::Camr 7,340 (1) 5,830 (1)
L� �glnL 2001 400 (1) 60 (1)
L*(I12F)N� glnL (I12F) nac::Camr 4,800 850
L*(L16R)N� glnL (L16R) nac::Camr 5,830 4,930
L*(R116C)N� glnL (R116C) nac::Camr 4,750 1,020
L*(A129T)N� glnL (A129T) nac::Camr 4,700 1,900
L*(L154R)N� glnL (L154R) nac::Camr 5,410 4,500
L*(G187R)N� glnL (G187R) nac::Camr 4,540 3,100

YMC10� Wild type 1,330 0
N� nac::Camr 1,390 0
BKgN� �glnB �Gmr� glnK1 nac::Camr 5,540 3,380
L*(D225V)N� glnL (D225V) nac::Camr 5,180 3,480
L*(S227N)N� glnL (S227N) nac::Camr 3,990 2,550
L*(S227R)N� glnL (S227R) nac::Camr 5,170 3,780
L*(S227I)N� glnL (S227I) nac::Camr 4,630 3,240
L*(L228R)N� glnL (L228R) nac::Camr 5,130 4,050
L*(�267–270)N� glnL (�267–270) nac::Camr 3,100 1,660
L*(Y302N)N� glnL (Y302N) nac::Camr 4,200 2,900
L*(P303L)N� glnL (P303L) nac::Camr 3,440 1,600
L*(P303T)N� glnL (P303T) nac::Camr 4,530 3,530

a �-Galactosidase activities are given in Miller units and are the average for
duplicate cultures except where indicated by the number of cultures in paren-
theses. Results from duplicate cultures differed by �10%. Cultures were grown
overnight in the indicated medium, diluted to an optical density at 600 nm of
0.02, and grown at 30°C to an optical density of 0.5.

b In addition to the genotype shown, all strains contain trpDC700::putPA1303
[Kanr glnKp-lac], which is a fusion of the lacZYA operon to the nitrogen regu-
lated glnK promoter.

c Media used were G GlnTrp (glucose-glutamine-tryptophan) and GN Gln
Trp (glucose-ammonia-glutamine-tryptophan) and contained kanamycin. Glu-
cose was present at 0.4% (wt/vol), ammonia and glutamine were present at 0.2%
(wt/vol), and tryptophan was present at 0.04 mg/ml.

d The break in the table indicates experiments performed on separate days.
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To obtain an N-terminal domain mutant expressed in solu-
ble form, we cloned the glnL (L16R) gene into the IPTG-
inducible expression plasmid pSJ4, as described in Materials
and Methods. The pSJ4 plasmid is a derivative of pET30a
(Novagen) allowing the expression of N-terminally histidine-
tagged proteins at 37°C. The plasmid encodes a fusion protein
consisting of a 29-amino-acid tag at the N terminus of the

protein, including a sequence of eight histidine residues, a
spacer, and a cleavage site for rTEV protease (Invitrogen Life
Technologies) followed by the protein of interest (Z. Xu, per-
sonal communication). Histidine-tagged NRII (L16R) ex-
pressed from the pSJ4 plasmid was soluble (data not shown).
The tagged NRII (L16R) was purified to �95% purity as
described in Materials and Methods. For the in vitro experi-

FIG. 4. Effect of PII on the autophosphorylation activities of NRII mutants. NRII (2 �M) or mutant forms of NRII were incubated on ice in
reaction mixtures containing 50 mM Tris-HCl (pH 7.5), 10 mM MgCl2, 100 mM KCl, 0.5 mg of BSA per ml, 50 �M 2-ketoglutarate, and 0.5 mM
[�-32P]ATP in the absence (■ ) or presence (E) of 12 �M PII. At various times, aliquots were spotted onto nitrocellulose filters and analyzed as
described in Materials and Methods. (A) NRII; (B) NRII (I141V); (C) NRII (S227R); (D) NRII (Y302N); (E) NRII (L16R); (F) NRII (A129T).
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ments described below, we used NRII (L16R) that had the tag
removed by protease digestion with rTEV protease as de-
scribed in Materials and Methods. The cleaved NRII (L16R),
hereafter referred to as NRII (L16R), contains an additional
three amino acids at the N terminus of the protein (Gly-Ser-
His).

After much of the work described below in this paper was

completed, we discovered that the overexpression plasmids
encoding wild-type NRII and NRII (A129T), designated pLOP
and pLOP15, respectively (Table 1), contained extraneous mu-
tations. DNA sequencing of the plasmids revealed that pLOP
encodes NRII (I141V), containing a mutation in the central
domain of NRII, near the active-site histidine, and pLOP15
encodes the double-mutant NRII (A129T/I221V), containing

FIG. 5. Kinase and phosphatase activities of NRII mutants. Reaction mixtures containing 30 �M NRI-N, 0.3 �M NRII (or mutant NRII), 50
�M 2-ketoglutarate, and 0.5 mM [�-32P]ATP were incubated at 25°C. After 25 min, the reaction mixtures were split into tubes containing buffer
(■ ), 0.075 �M PII (E), 0.15 �M PII (	), 0.30 �M PII (‚), 1.0 �M PII (}), or 3.0 �M PII (F). At the indicated times, aliquots were spotted onto
nitrocellulose filters and analyzed as described in Materials and Methods. (A) NRII; (B) NRII (I141V); (C) NRII (S227R); (D) NRII (Y302N);
(E) NRII (L16R); (F) NRII (A129T).
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an extra mutation in the C-terminal ATP- and PII-binding
domain. These mutations probably arose during PCR amplifi-
cation of the glnL gene with Taq polymerase. We constructed
plasmids encoding the “true” wild-type NRII and a “true”
NRII (A129T) as described in Materials and Methods. We
overexpressed the correct versions of the proteins and purified
them as above to �95% purity. Results are presented below
for both the pLOP- and pLOP15-encoded proteins containing
extraneous mutations and the correct proteins, and they are
clearly labeled with the identity of the protein. Effects of the
extraneous mutations are described where appropriate below.

The NRII mutants exhibit normal autophosphorylation.
The autophosphorylation activity of NRII can be assessed
qualitatively by nondenaturing (native) polyacrylamide gel
electrophoresis (21). On these gels, the phosphorylated NRII
dimers migrate faster than do the unphosphorylated NRII
dimers, allowing assessment of the fraction of NRII that is
active. NRII (I141V), NRII (S227R), NRII (Y302N), NRII
(A129T/I221V), NRII (L16R), wild-type NRII, and NRII
(A129T) all exhibited normal autophosphorylation (Fig. 3A),
since qualitatively all of the NRII became phosphorylated in
reaction mixtures that contained excess ATP. At least qualita-
tively, the extraneous I141V and I221V mutations had no effect
on the autophosphorylation activity. Previous results indicated
that the phosphorylated species on nondenaturing gels corre-
sponds to the hemiphosphorylated dimer, consisting of NRII
dimers in which one subunit is phosphorylated (21). A simple
qualitative test for the asymmetry of autophosphorylation in-
volves analysis of phosphorylated NRII on urea-polyacrylam-
ide gels. These gels allow separation of the unphosphorylated
and phosphorylated subunits of NRII (21). All of the NRII
proteins examined here exhibited normal asymmetry of auto-
phosphorylation as assayed by the urea-polyacrylamide gel
technique (Fig. 3B).

PII does not significantly affect the autophosphorylation
activities of the NRII mutants. The autophosphorylation ac-
tivity of the NRII proteins was quantitatively assessed in reac-
tion mixtures containing [�-32P]ATP, as indicated in Materials
and Methods. Previous results indicated that the PII protein
inhibits the rate of NRII autophosphorylation while slightly
increasing the stoichiometry of phosphorylation (21). In the
absence of PII, wild-type NRII, NRII (I141V), NRII (S227R),
NRII (Y302N), and NRII (A129T) all exhibited similar rates
and levels of autophosphorylation while NRII (L16R) exhib-
ited a slightly diminished rate of autophosphorylation (Fig. 4).
In the presence of excess PII (12 �M), only the wild-type
protein and NRII (I141V) clearly displayed a diminished rate
of autophosphorylation, while the other mutant proteins were
less affected by the presence of PII. Similar experiments with
the NRII (A129T/I221V) protein indicated that it was the
same as the A129T protein (data not shown). Thus, the I141V
and I221V mutations seemed to have no effect on NRII auto-
phosphorylation.

The NRII mutants are active kinases but lack phosphatase
activity to various extents. We examined the purified NRII
mutants for their ability to serve as NRI kinases and for their
ability to bring about the dephosphorylation of NRI�P in the
presence of the PII protein. We used a truncated version of
NRI consisting of the amino-terminal receiver domain (amino
acids 1 to 118, NRI-N) as the substrate for phosphorylation

and dephosphorylation in an assay described previously (26,
39) and performed as described in Materials and Methods.
Previous studies indicated that NRI-N was sufficient to serve as
a substrate for NRII and was capable of being dephosphory-
lated in the presence of NRII and PII (20, 26, 28). Figure 5A
shows typical results obtained with wild-type NRII, where un-
der our experimental conditions, approximately 13% of the
NRI-N became phosphorylated after 25 min and subsequent
addition of PII to 0.3 �M (trimer) was capable of bringing
about the rapid dephosphorylation of NRI-N�P. By compar-
ison, under the same conditions, NRII (I141V) brought about
phosphorylation of �22% of the NRI-N substrate (Fig. 5B);
that is, the I141V mutation apparently increased the ability of
NRII to act as an NRI-N kinase. As observed with wild-type
NRII, NRII (I141V) was a potent NRI-N�P phosphatase on
addition of PII (Fig. 5B). In contrast, NRII (S227R) displayed
wild-type kinase activity but was a very poor phosphatase in the
presence of an equimolar ratio of PII (Fig. 5C). The phospha-
tase activity of NRII (S227R) was increased at elevated con-
centrations of PII (Fig. 5C). NRII (Y302N) exhibited elevated
kinase activity, resulting in the phosphorylation of �25% of
the NRI-N under our experimental conditions, and was a very
poor phosphatase in the presence of PII (Fig. 5D). As with
NRII (S227R), NRII (Y302N) phosphatase activity was in-
creased at elevated PII concentrations (Fig. 5D). NRII (L16R)
also exhibited elevated kinase activity (�22% of NRI-N
phosphorylated) and poor phosphatase activity, albeit slight-
ly better than that of NRII (S227R) and NRII (Y302N) (Fig.
5E).

We reexamined the phosphatase activity of the intensively
studied NRII mutant, NRII (A129T). Previous results indi-
cated that this mutant did not display obvious phosphatase
activity in the presence of PII (25, 26, 39). In two of those
studies, the NRII (A129T/I221V) protein was studied (25, 26).
Since those studies were carried out in the absence of 2-keto-
glutarate, an activator of PII when present at low concentra-
tion (23, 27, 31), the deficiency in phosphatase activity of NRII
(A129T) was probably overstated. We observed that NRII
(A129T) exhibited elevated kinase activity, as reported previ-
ously (39), and was partially defective as a phosphatase (Fig.
5F). When assayed at elevated PII concentrations (1 �M), this
protein could bring about the nearly complete dephosphoryla-
tion of NRI-N�P (Fig. 5F). Thus, NRII (A129T) retained
more phosphatase activity than did NRII (S227R), NRII
(Y302N), and NRII (L16R). These results are consistent with
the in vivo results obtained above, which indicated that in
intact cells NRII (A129T) was more efficient at bringing about
the negative regulation of the glnK promoter than were NRII
(S227R), NRII (Y302N), and NRII (L16R) (Tables 3 and 4).
Results obtained with the NRII (A129T/I221V) protein were
identical to those obtained with NRII (A129T) indicating that
the extraneous I221V mutation had no apparent effect (data
not shown).

PII-binding ability of the NRII mutants. The results above
indicated that the purified NRII (S227R), NRII (Y302N),
NRII (L16R), and NRII (A129T) proteins were defective in
phosphatase activity. To determine whether the lack of phos-
phatase activity was due to a decreased ability to interact with
PII, we assayed PII binding in a cross-linking assay described
previously (44). NRII (I141V), NRII (Y302N), NRII (A129T/
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I221V), and NRII (L16R) were all cross-linked to PII in UV-
dependent reactions, while NRII (S227R) exhibited severely
diminished cross-linking (Fig. 6). In additional experiments, we
observed that wild-type NRII behaved identically to NRII
(I141V) (data not shown). These results suggest that the
S227R mutation affects PII binding while the other mutations
do not. The I141V and I221V mutations seemed to have no
effect on PII binding.

As another assay for PII-NRII interaction, we used a chro-
matographic method in which the elution profile of a mixture
of the proteins from a gel filtration column was examined
(reviewed in reference 9). PII and NRII (I141V) coeluted from
a gel filtration column when the column was preequilibrated in
buffer containing the PII allosteric effectors ATP and 2-keto-
glutarate at appropriate concentrations (Fig. 7A). Control re-
actions indicated that PII and NRII (I141V) did not coelute in

the absence of ATP and 2-ketoglutarate, demonstrating spec-
ificity (data not shown). We took advantage of this result to
examine the binding of mutant forms of NRII to wild-type PII.
The reaction mixtures contained an excess of the PII protein,
such that under suitable binding conditions PII eluted as two
peaks corresponding to NRII-bound and free PII. PII coeluted
from the gel filtration column with NRII (Y302N), NRII
(A129T/I221V), and NRII (L16R), although the results indi-
cated modestly reduced binding relative to the NRII (I141V)
protein (Fig. 7C, D, and E, respectively). In contrast, PII failed
to coelute with NRII (S227R), while NRII (S227R) eluted
from the column later, at the position of free NRII, indicating
that NRII (S227R) failed to bind PII in this assay (Fig. 7B).
These results, taken together with the cross-linking assay re-
sults, strongly suggest that serine 227 of NRII is required for
the interaction with PII and that NRII (S227R) is a poor

FIG. 6. Cross-linking of PII to NRII mutants. PII (E44C/C73S)-TFPAM-3 (9 �M) was incubated with the indicated NRII protein (4.5 �M) in
reaction mixtures containing 50 �M 2-ketoglutarate and 0.5 mM ATP as described in Materials and Methods. Cross-linking was initiated by
exposure to UV light for 20 min as indicated. (A) Reactions were stopped by addition of SDS gel-loading buffer, and the mixtures were analyzed
on SDS–15% polyacrylamide gels. Molecular mass markers are indicated in kilodaltons. (B) Alternatively, reactions were stopped by addition of
120 mM glycine (pH 9.0) and the mixtures were analyzed on 10% nondenaturing polyacrylamide gels. For both panels, the gels were stained with
Coomassie brilliant blue R-250.
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FIG. 7. Gel filtration assay for PII binding to NRII mutants. PII (48 �M) and the indicated NRII protein (12 �M) were mixed on ice in reaction
mixtures containing 1 mM MgCl2, 50 �M free 2-ketoglutarate, and 0.5 mM free ATP, as indicated in Materials and Methods. The bulk of the
reaction mixture was loaded onto a Sephadex G-100 column equilibrated in buffer containing 1 mM MgCl2, 50 �M 2-ketoglutarate, and 0.5 mM
ATP and eluted at 4°C. Fractions were collected and analyzed on SDS–15% polyacrylamide gels stained with Coomassie brilliant blue R-250.
Fraction numbers are indicated above the lanes, and IN indicates the column input. (A) NRII (I141V); (B) NRII (S227R); (C) NRII (Y302N);
(D) NRII (A129T/I221V); (E) NRII (L16R).
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phosphatase due to its inability to bind PII. Conversely, the
results suggest that the Y302N, A129T/I221V, and L16R mu-
tations do not directly affect PII binding and that these mutants
are poor phosphatases for another reason.

DISCUSSION

Our results indicate that all three domains of NRII play a
role in the PII-activated phosphatase activity and that two
distinct surfaces of the C-terminal ATP-binding domain are
involved in this activity. The approximate location of these
surfaces on the C-terminal domain of NRII may be surmised
by comparing the locations of the mutations to the known
structure of the related EnvZ transmitter protein (Fig. 8).
Since the structures of the ATP-binding domains of three
different histidine kinases have been solved (EnvZ, PhoQ, and
CheA [10, 33, 52]) and since these are all very similar, it is
reasonable to expect that the corresponding domain from
NRII has a similar structure. One of the mutation clusters
(residues 302 to 303) maps to the lid over the ATP-binding site,
while the other cluster (residues 225 to 228) maps to the
“back” or opposite side of the domain (Fig. 8). A mutation in
the latter cluster, S227R, was observed to severely diminish the
binding of PII to NRII; therefore, this surface may correspond
to the PII-binding site of NRII. Interestingly, the deletion
mutation (�267–270) maps to a region adjacent to the 225 to
228 cluster (Fig. 8), suggesting that alteration of residues 267
to 270 may also affect PII binding, although we did not directly
test the PII binding of this mutant. Comparison of our pro-
posed PII-binding region of NRII to other transmitter proteins
in GenBank indicates nonconservation of this part of the trans-
mitter proteins, with only NRII proteins sharing sequences
around positions 225 to 228. Our results with the purified
A129T/I221V protein are consistent with those of a previous
study showing that NRII (A129T) interacted with PII in a yeast
two-hybrid assay (34).

Since all three domains of NRII are required for the PII-
activated NRII phosphatase activity (19; this study), our results
are not consistent with the idea of distinct and modular func-
tions of the NRII domains. Rather, they are consistent with the
idea that the three domains of NRII interact in a concerted
fashion with little flexibility, as previously suggested by studies
of the asymmetry of NRII autophosphorylation (21). In addi-
tion to mutations spread throughout the NRII domains, mu-
tation clusters were obtained in regions of NRII that probably
correspond to “hinge” regions between the domains (e.g., res-
idues 185 to 192), again suggesting a concerted interaction
between domains. Indeed, one would expect reduced PII bind-
ing to result from mutations that block conformational changes
required for the phosphatase activity, and several of our mu-
tations that did not appear to directly affect PII binding did
result in a modest reduction in the binding of PII when assayed
by the sensitive gel filtration method. We hypothesize that the
A129T, Y302N, and L16R mutations affected the phosphatase
activity at steps after PII binding.

From a physiological perspective, the PII-activated phospha-
tase activity of NRII is its most important activity, since cells
can grow well on minimal medium in the absence of NRII
kinase activity (13, 18) but display a severe growth defect in the
absence of the NRII phosphatase activity (2, 7, 11). This

growth defect is due to the hyperexpression of Nac that occurs
in the absence of regulation of the concentration of NRI�P
(11). Our results indicate that mutations in NRII eliminating
its phosphatase activity resulted in the Nac-mediated growth

FIG. 8. Structure of the kinase domain of EnvZ modeled to show
the approximate positions of the mutations obtained in NRII.
(A) Amino acid sequence alignment of the kinase domains of NRII
and EnvZ. The alignment was generated using a basic BLAST search
of the E. coli genome with full-length NRII (accession number
AAC76866) as the query (1). The residues shown in bold indicate the
positions of the mutations obtained in the kinase domain of NRII.
Shown boxed are conserved residues that were used as “anchor” points
to represent positions of mutations obtained in NRII. Pro226 (NRII)/
Pro325 (EnvZ) represents the cluster of mutations obtained at posi-
tions 225 to 228, Thr266 (NRII)/Thr362 (EnvZ) represents the dele-
tion of residues 267 to 270, and Pro303 (NRII)/Pro389 (EnvZ)
represents the cluster of mutations obtained at positions 302 to 303.
(B) Nuclear magnetic resonance imaging structure of the kinase do-
main of EnvZ (52) shown as an alpha-carbon trace. Alpha-helices are
shown in magenta, and beta-strands are shown in yellow. The AMP-
PNP molecule is shown in stick representation with CPK coloring. The
positions of Pro325 (representing the 225-to-228 cluster), Thr362 (rep-
resenting the deletion), and Pro389 (representing the 302-to-303 clus-
ter) are shown in red, blue, and green, respectively. The figure was
generated using RasMol.
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defect previously associated with the simultaneous absence of
PII and GlnK. Thus, this growth defect is clearly shown to be
due to loss of control of the NRI�P concentration. Since we
used cells that contain PII and GlnK, the growth defect cannot
be ascribed to the action of another PII/GlnK receptor protein.

The mechanism of the PII-activated NRII phosphatase ac-
tivity is not addressed by our study; nevertheless, some specu-
lations are possible. Previous studies showed that the isolated
central domain of NRII, containing the active-site histidine
residue involved in the phosphotransfer reaction, displayed
very weak phosphatase activity (19, 29). This is consistent with
the identification of mutations in the central domain of NRII
that reduce the phosphatase activity (5; this study). Conceiv-
ably, the N-terminal and C-terminal domains of NRII are
required to allow the binding of PII to shift the central domain
into the conformation with potent phosphatase activity. PII
influences the conformation of the central domain by binding
to the “back” of the C-terminal ATP-binding domain. The lid
over the ATP-binding site is also required for the phosphatase
activity; this part of NRII may be necessary for transmission of
the signal provided by PII binding to the back of the C-termi-
nal domain or may form part of the “phosphatase active site”.
The “ATP site lid” must, by definition, map near to the active-
site histidine in the intact dimer, since the transfer of the
phosphoryl group from ATP to the active-site histidine in the
central domain requires apposition of these segments of NRII.
The N-terminal domain of NRII may act as an “anvil” to limit
the flexibility of the central domain and allow it to be forced
into the conformation with phosphatase activity. The L16R
mutation may affect the ability of the central domain to be put
into the phosphatase conformation.

Previous studies of other transmitter proteins have sug-
gested that their N-terminal domains act as sensory domains
and that in some cases transmembrane signaling results in
control of the kinase and phosphatase activities of the cyto-
plasmic transmitter module by an extracellular N-terminal do-
main (15, 53). However, our studies show that PII controls
NRII by binding to its C-terminal domain (44; this study). To
reconcile these findings, we speculate that the family of trans-
mitter proteins may be designed to integrate multiple signals,
with sensation by both the C-terminal and N-terminal domains.
For example, another (unknown) intracellular signal may reg-
ulate NRII activities by interaction with its N-terminal domain.
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