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ABSTRACT. The dimeric two-component system transmitter protein NRII (NtrBstherichia coli product

of gInL (ntrB), controls transcription of nitrogen-regulated genes by catalyzing the phosphorylation and
dephosphorylation of the transcription factor NRI (NtrC). Previous studies showed that the PII signal
transduction protein inhibits the kinase activity of NRII and activates its phosphatase activity. We observed
that PIl greatly stimulated the NRIl phosphatase activity under conditions where the cleavage of ATP
was prevented, indicating that the phosphatase activity did not result simply from prevention of the
antagonistic NRII kinase activity by PII. Rather, Pll was an activator of the phosphatase activity. To
study this regulation, we examined the dimerization and enzymatic activities of NRIl and various
polypeptides derived from NRII, and their regulation by PIl. Our results were consistent with the hypothesis
that NRII consists of three domains: an N-terminal domain found only in NRII proteins and two domains
formed by the conserved transmitter module of NRII, the phosphotransferase/phosphatase/dimerization
(central) domain and the kinase domain. All three domains were involved in regulating the kinase and
phosphatase activities of NRIIl. The N-terminal domain was involved in intramolecular signal transduction,
and controlled access to the NRII active site for the isolated dimeric central domain added in trans. The
central domain was responsible for dimerization and the phosphotransferase and phosphatase activities of
NRII, but the latter activity was weak in the isolated domain and was not regulated by PII. The C-terminal
kinase domain was responsible for the kinase activity. The PIl protein appeared to interact with the isolated
transmitter module of NRII, and not with the N-terminal domain as previously thought, since PII
dramatically increased the stoichiometry of autophosphorylation of the isolated transmitter module.
However, the phosphatase activity of the transmitter module of NRII was low even in the presence of PlI,
suggesting that the N-terminal domain was necessary for the central domain to assume the conformation
necessary for potent phosphatase activity. Also, Pll significantly reduced the rate of transphosphorylation
of the isolated central domain by the isolated kinase domain, suggesting that PII interacts directly with
the kinase domain. We hypothesize that the binding of PIl to the kinase domain of NRII results in an
altered conformation that is transmitted to the central and N-terminal domains; this causes the central
domain to assume the conformation with potent phosphatase activity.

The two-component signal transduction systems constitutesystems, a single receiver is present. The phosphorylation
the largest family of signal transduction systems in prokary- state of the receiver module (or final receiver module in
otes, and are also found in lower eukaryotes and plantssystems with a phospho relay arrangement) is used to control
(reviewed in refl). Forming the core of these systems are associated domains with various activities (e.g.,7edr to
two protein modules known as the transmitter and receiver. control separate proteins or macromolecular complexes. In
The transmitter modules bind ATP and phosphorylate addition to the reactions described above, some transmitters
themselves (autophosphorylation) on a conserved histidinealso display phosphatase activity toward the phosphorylated
motif (2, 3). [In a small number of cases, for example, the receiver {), and the receivers themselves display “auto-
chemotaxis protein CheA, the site of phosphorylation is phosphatase” activities to various exter8p (n such cases,
outside the transmitter module, mapping within a related it is not known whether the apparent phosphatase activity
histidine motif @).] The autophosphorylated forms of these of the transmitter module represents a unique activity or
proteins serve as the phosphodonor for autophosphorylationresults from activation of the autophosphatase activity of the
of the receiver module on a conserved aspartatel,(5). phosphorylated receiver.

Depending on the system, phosphoryl groups may be  comparison of translated DNA sequences for transmitter

transferred from this receiver module to a conserved histidine mogules has permitted the identification of several conserved

within another domain, and from there to yet another motifs, known as the H-box, N-box, D-box, F-box, and

receiver, forming a phospho relay syste).(In many G-box (for the positions of these motifs in NRIsee Figure

2 below). Certain proteins are known, which contain only
* To whom correspondence should be addressed. Phone: (734) 763the N-, D-, F-, and G-boxes, and these proteins have serine

8065. Fax: (734) 763-4581. E-mail: aninfa@umich.edu. kinase activity (e.g., re®). Furthermore, recent studies of
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the EnvZ transmitter protein, involved in osmotic control of
porin gene expression i&. coli, have shown that the N-,
D-, F-, and G-boxes form a “kinase domain” of the
transmitter module, which contains an ATP-binding site
related to that found in HSP90 proteind0( 11). The
structure of the CheA protein from a thermophile exhibits a
similar domain and ATP binding site for this portion of CheA
(12). When disconnected from the rest of the protein, the
kinase domain of EnvZ is monomerid@). Mutational
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module was retained when it was provided in three segments
containing the H-X motifs, the N-motif, and the D-, F-,
and G-motifs 20). That is, the NRII kinase domain could
be fragmented into two segments with retention of function.
The autophosphorylation of all of the (wild-type) trans-
mitter domains probably occurs exclusively by a transintra-
molecular mechanism, in which one subunit binds ATP and
phosphorylates the other subunit in the dimer. Transphos-
phorylation of subunits was first shown for EnvZ1j. The

analysis of the conserved sites in NRII and other transmitters exclusive use of this mechanism was demonstrated with NRI|

has been consistent with the hypothesis that the N-, D-, F-,

and G-boxes of transmitters are involved in ATP binding
and autophosphorylation activitie$d).
The H-box region of the transmitter module contains the

(22). In the latter work, heterodimers were formed from wild-
type and mutant proteins, and from different mutant proteins,
by treatment of protein mixtures with a low concentration
of urea (2.8 M) followed by dialysis. This low concentration

conserved histidine that is the site of autophosphorylation of urea converted NRII to monomers, but did not prevent

in the largest class of transmitter proteid$. (A clue about
the structure of this portion of the transmitter comes from
the structure of the SpoOB protein Bécillus subtilis which

NRII subunits from binding ATP. Upon dialysis of the urea,
heterodimers were formed in proportion to the ratio of
different subunits in the mixtures, suggesting that the subunits

is not itself a transmitter but part of the phospho relay system that were tested were sorted into dimers randor2B).(The

involved in the control of sporulation. The phospho-accepting
histidine of Spo0OB is within am-helix that, along with an
adjacent helix, forms a four-helix bundle in the dimeric
Spo0B (4). The four-helix bundle is the primary dimeriza-
tion determinant of SpoOB. A similar four-helix arrangement
had been previously observed in proteins (e.g., 18f
Although CheA does not have a functional H-box that is
phosphorylated in the region where the typical transmitter
module contains an H-box, this portion of CheA also forms
a helix that is part of a four-helix bundle that mediates
dimerization of CheA 12). Finally, the structure of the
isolated four-helix bundle of EnvZ has recently been
determined 16). Thus, structural studies of EnvZ, CheA,

pattern of phosphorylation observed in heterodimers contain-
ing two mutant subunits or a wild-type and mutant subunit
was only consistent with an obligatory transintramolecular
autophosphorylation mechanism.

The highly concerted nature of the interactions between
subunits in NRII is illustrated by the asymmetry of NRII
autophosphorylation2@). The equilibrium constant for the
autophosphorylation of the first subunit of the NRII dimer
is ~0.35, while that for the phosphorylation of the second
subunit is~0.0044. The net effect is that at 1 mM ATP,
NRII consists mainly of hemiphosphorylated dimers, unless
the ADP generated in the reaction is remove8) (Isotope
exchange experiments suggested that in hemiphosphorylated

and Spo0B lead to the hypothesis that the transmitter moduleNRII dimers, the unphosphorylated histidine site is undergo-

consists of two domains, consisting of the four-helix bundle
and the kinase domain.

In addition to the well-conserved motifs noted above, many
transmitters contain recognizable homology in the region
immediately downstream from the H-box, designated the
X-box (17). Mutations in the X-box have been obtained in
NRII and the EnvZ transmitter regulating porin gene expres-

ing rapid phosphorylation by ATP and even more rapid
reversal of the autophosphorylation reacti@g)(

The NRII transmitter indirectly controls transcription from
nitrogen-regulated promoters by catalzying the phosphoryl-
ation and dephosphorylation of the NRI receiver protein,
which is only able to activate transcription when phospho-
rylated. The NR+P phosphatase activity of NRII is greatly

sion, which decrease the level of negative regulatory function stimulated when NRII is complexed to the PII signal
of these in vivo, presumably by diminishing the phosphatase transduction protein7). Various lines of evidence suggest

activity of the transmitter proteinl@, 17, 18). The X-box
region maps in the portion of these transmitters that is likely

that the phosphatase activity of NRII is intrinsic and that
the role of PII in this activity is strictly regulatory. (i) PIl is

to constitute one of the two helices from each subunit that not a phosphatase in the absence of NRII. (ii) Mutations in

form the four-helix bundle.

The modularity of transmitter proteins was demonstrated
by Inouye and colleagues, who showed that the purified
kinase domain of EnvZ could phosphorylate a purified
peptide from EnvZ containing the H- and X-motifs0j. In
these studies, theHX polypeptide was dimeric, while the
kinase domain was monomeritQj. Similarly, the phospho-

NRII can eliminate the activity. (iii) Mutations in NRII can
result in the activity in the absence of PII. (iv) Mutations
that decrease the extent of autophosphorylation of NRII result
in an increase in the basal phosphatase activity in the absence
of PII (13, 18). The binding of PIl to NRII also results in

the inhibition of the rate of NRII autophosphorylation; thus,
PllI reciprocally regulates the autophosphorylation and phos-

accepting domain of CheA can be phosphorylated by the phatase activities of NRII 24). However, although it

kinase domain derived from CheA9). Kramer and Weiss
showed that the autophosphorylation of the NRII transmitter

1 Abbreviations: PK, pyruvate kinase; PEP, phosphoenolpyruvate;
BSA, bovine serum albumin; MBP, maltose-binding proteio€oli;
NRII, nitrogen regulator II; NtrB, product a@finL (ntrB); NRI, nitrogen
regulator I; NtrC, product ofInG (ntrC); NRI-N, N-terminal domain
of NRI consisting of amino acid residues-118 of NRI; PII, signal
transduction protein encoded by ttginB gene; GS, glutamine
synthetase, product gfinA

decreases the rate of autophosphorylation, Pll increases the
stoichiometry of NRII autophosphorylatior23). This in-
crease in the stoichiometry of NRIl autophosphorylation was
most noticeable when conditions were such that NRII
autophosphorylation characteristically occurrecc&0% of
the available sites in the absence of PAB)

Mutations that affect the ability of NRII to act as negative
regulator ofgInALG expression are easily isolate@5].
Presumably, these mutations diminish the phosphatase activ-
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Table 1: PCR Primers

polypeptide sequence
NT110 (ds} 5'-CCGAATTCGGATCCTCATTACTCGAGCGGAGCCATCTCCAGCA:3
NT125 (ds) 5CCGAATTCGGATCCTCATTACTCGAGGGCGTGCTGTAGCTGTT-3
NT135 (ds) 5CCGAATTCGGATCCTCATTACTCGAGGCGCACTAAATCACGGGCA-3
NT145 (ds) 5CCGAATTCGGATCCTCATTACTCGAGAAGCGGATTTTTAATCTCA-3
NT155 (ds) 5 CCGAATTCGGATCCTCATTACTCGAGGAGCAGCTGCGCCGCGCCA-3
NT169 (ds) 5-GGGATCCGTCGACTCATTATTTGGTATATTCGAGTAGTGATGG-3
NT189 (dsj 5-GGGATCCGTCGACTCATTACTGCGGCCCCAACAGACGGTC-3
NT series (us) S5CCCGAATTCATATGGCAACAGGCACGCAGCCC-3
CT190 (ds) 5GGGAATTCGAGCTCTGCGAGCGCACGTTCAAGCACCCAACGG-3
CT190 (us) 5GGAATTCCATATGCTGCCCGGTACGCGCGTTACC!3
CT151 (us) 5GGAATTCCATATGGCGGCGCAGCTGCTCAGCAAA-3
CT126 (us) 5GGAATTCCATATGCAGCAGGTTGCTGCCCGTGAT-3
CT126 (ds) 5'-CCAAGCTTGAGCTCGCGAGCGCACGTTCAAGCACCCAACGG-3
HX3 (us) B-GGAATTCCATATGCAGGAACAGCTACAGCACGCC-3
HX; (usy 5-GGAATTCCATATGATCCTGCTGGAGATGGCT-3

aUpstream and downstream primers are designated us and ds, respekfivesyprimer was also used as the ds primer for +This primer
was also used as the ds primer for Hahd HX. ¢ This primer was also used as the ds primer for CTEJhis primer was also used as the us
primer for H,.

ity of NRII. While most of these mutations mapped near outlined above, except that the PCR primers introduced an
the site of autophosphorylation in the H-box region, other EcadRl site at the upstream end of tiggL sequence and a
mutations mapped to the N-terminal domain of NRII, to the Hindlll or BarHI site downstream from thglnL sequence.
linker connecting the N-terminal domain to the H-box region, PCR products were digested wifttoR| and eitheHindlll
and to the X-box region. Kramer and Weiss demonstrated or BanHl, and cloned into pMAL-c2 (New England Bio-
that the phosphatase activity of NRIl resides in a short labs).
peptide (residues 12221 of NRII) that contains the H-box Purification of Truncated Forms of NRIIl. NT Series and
and X-box regions30). Overexpression of this polypeptide  cT190.The general strategy used to purify the polypeptides
fused to the N-terminal domain df repressor resulted in \ya5 as follows. Mid-exponential cells in LB medium with
negative regulation ofInA expression in vivo. Also, the  anpropriate antibiotics (4 L) were induced to hyperexpress
purified fusion polypeptide brought about the dephospho- the desired protein by incubation at 4€ for 4 h, as
rylation of NRI~P in vitro. Thus, together the genetic and ' gescribed previously26). Overexpression in each case was
biochemical data suggest that the phosphatase activity residegfficient to permit the direct visualization of the desired
in the H-X segment, and that a precise conformation of this olypeptide by SDSpolyacrylamide gel electrophoresis;
segment is required, which is affected by distant parts of gyring purification, gel electrophoresis of aliquots was used
NRI. ) ) ) to identify fractions containing the desired polypeptides. Cells
In this paper, we characterize the roles of the domains of yyere collected by centrifugation and stored as a frozen cell
NRII in its activities and interaction with the PIl protein. paste at-80 °C for 1-3 weeks. Frozen cells were thawed
and resuspended in buffer A and disrupted by sonication in
a Branson sonifier at-04 °C, and the extracts were clarified
by centrifugation. Solid ammonium sulfate was added to the
extracts at a sufficient concentration to just precipitate the
desired protein. The concentration of ammonium sulfate
gel filtration chromatography size standards, cytochreme required for each protein was determined by small-scale tests
(12.5 kDa), chymotrypsinogen A (25 kDa), egg albumin (45 using aliquots of the extract. Ammonium sulfate precipitates
kDa), and bovine serum albumin (68 kDa) were used were collected by centrifugation, dissolved and diluted with
(Boehringer-Mannheim). buffer B, and subjected to chromatography on DE52 (What-
Construction of gInL Deletion Alleles and Gene Fusions. man, preswollen microgranular grade) equilibrated in buffer
NT Series and CT190The desired portion ofjinL was B. After extensive washing of the columns, the desired
amplified using the primers shown in Table 1. PCR condi- proteins were eluted with a KCI gradient from 0 to 0.6 M in
tions were as described previousl28|. The upstream  buffer B. Fractions containing the desired protein were
primers are designed to add &fdd site overlapping the  pooled and concentrated by ammonium sulfate precipitation
ATG start codon, and the downstream primers are designedat a final concentration of 70% saturation (at@). The

MATERIALS AND METHODS

Purified ProteinsNRII, NRII-H139N, MBP—NRII, MBP—
CT111, NRI, the N-terminal domain of NRI (NRI-N), and
PIl were purified as described previoustig( 26, 27). For

to add anEcaRl or BanHI site downstream of the termina-
tion codon. The PCR products were digested Wtid and

either EcaRIl or BanHl, as appropriate, and ligated into
similarly cleaved pJLA50329). The entire sequence of the

ammonium sulfate precipitates were collected by centrifuga-
tion, resuspended in a small volume—2 mL) of 50 mM
Tris-HCI (pH 7.5), and subjected to gel filtration chroma-
tography on Sephadex-G75 (Pharmacia) equilibrated in

cloned fragment was determined by sequencing the resultingbuffer A. For NT110, NT125, NT145, and NT155, these
recombinant plasmids, using a Sequenase version 2.0 DNAsteps were sufficient to result in preparations that we86—
sequencing kit (U.S. Biochemicals Corp.) according to the 90% pure, as judged by gel electrophoresis. For these, the

manufacturer’s directions.
MBP Fusion Proteins (MBRPCT126, MBP-CT151, MBP-
Hi;, MBP—HX,, and MBP-HX3). The procedure was as

peak fractions were pooled, dialyzed against storage buffer
(buffer S), and stored in aliquots at80 °C. For NT135,
NT169, and NT189, peak fractions from the gel filtration
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column were pooled and subjected to phenyl-Sepharoseprotease digestion, MBP and uncleaved fusion proteins were
chromatography. Depending on the protein, the samples weranostly removed by passing the reaction mixtures over
either loaded directly onto phenyl-Sepharose or brought to amylose affinity columns. The flow-through material, cor-
0.5 M ammonium sulfate prior to loading the column. responding to the NRII segments from the fusion proteins,
Columns were washed extensively and eluted with either awas dialyzed against buffer S and stored-&80 °C in
decreasing ammonium sulfate gradient or an increasingaliquots. This treatment typically did not completely remove
ethylene glycol gradient, depending on the protein. Peakthe liberated MBP segement from the fusion proteins, as
fractions were pooled and dialyzed against storage buffer asshown for the HX polypeptide in Figure 3. Trypsin digestion
described above. conditions were 50 mM Tris-HCI (pH 7.5), 10 mM Mggl

MBP Fusion ProteinsHyperexpression of the desired 100 mM KCI, and various mass ratios of trypsin to target
fusion proteins was achieved by induction with IPTG as protein spanning a 10-fold range. Digestion was carried out
described previouslyl@). Overexpression was sufficientin  at 23°C for 10 min and stopped by addition of SDS gel
each case to permit detection by SDS gel electrophoresis,loading buffer. For electrophoretic analysis, samples were
which was used to follow the course of purification. Frozen separated on an SB94% polyacrylamide gel and stained
cells were resuspended in buffer A and disrupted by with Coomassie brilliant blue R250.

sonication, and the extracts were clarified by centrifugation.  gg| Filtration Chromatography for Estimation of Molec-
The fusion proteins were precipitated from the extracts with 5; MassesA Sephadex G-75 column (95 cm 1.1 cm,
ammonium sulfate, resuspended in buffer E, and subjected._4g m| hed volume) was used. The elution buffer consisted
to amylose affinity chromatography (New England Biolabs) ot 50 mm Tris-HClI (pH 7.5), 200 mM KCI, and 1 mM
according to the manufacturer’s directions. Fusion proteins gpa Separation was carried out af@, and aliquots of
were eluted from the amylose resin with 10 mM maltose in 4 cions were examined on SDS gels to identify the elution

buffer E. Peak fractions were pooled and subjected to gel\ | mes for each species. Blue dextran 2000 was used to
filtration chromatography on BioGel A1.5 M (Bio-Rad) or ?etermine the void volumevg) visually.
0

on Sephadex G-75 (Pharmacia), depending on the mass . _ . .

the desired protein. In all cases, the desired proteins were_ SuPunit ExchangeReaction mixtures contained 50 mM
observed to elute as two peaks from gel filtration columns. 1"1S"HCI (pH 7.5), 10 mM MgCj, 100 mM KClI, and the
The first peak contained aggregated material that eluted inindicated proteins and were incubated &CAfor 69 h or at

the voided volume: the second peak corresponded to mono-he indicated temperature for the indicated time interval. The

meric (MBP-CT151, MBP-H.) or dimeric (the other sample; were then subjected to nond.enaturing g_el glectro-
samples) material. When the voided peak 1 material was Phoresis on a 12 or 16% polyacrylamide gel, as indicated,
subjected to a second round of gel filtration chromatography, 2nd the protein bands were visualized by Coomassie brilliant
it again eluted as two peaks corresponding to voided material?!u® R250 staining or by silver staining using a kit (Bio-
and either monomeric or dimeric material, depending on the R2d). For quantitation of staining intensities, Commassie
protein. Peak fractions were pooled and dialyzed againstPrilliant blue-stained gels were scanned using a Fluor-S
buffer S. Multilmager (Bio-Rad), and the intensity of the bands was
Buffers were as follows: (A) 50 mM Tris-HCI (pH 7.5), duantified with the Multi-Analyst program.
200 mM KCI, 1 mM DTT, and 10% glycerol (v/v); (B) 50 Autophosphorylation and Phospho Transfer Ass@emn-
mM Tris-HCI (pH 7.5), 1 mM DTT, and 10% glycerol; (E) erally, the reaction conditions contained 50 mM Tris-HCI
50 mM Tris-HCI (pH 7.5), 200 mM KCI, and 1 mM EDTA;  (pH 7.5), 10 mM MgC4, 100 mM KCI, 30uM 2-keto-
and (S) 50 mM Tris-HCI (pH 7.5), 200 mM KCI, 1 mM  glutarate (or as indicated), 0.5 mM/-f?P]JATP (or as
DTT, and 50% glycerol (v/v). indicated), enzymes and substrates as indicated, PIl as
Gel ElectrophoresisSDS—polyacrylamide gel electro- indicated, and NRI where indicated. Incubation was carried
phoresis, nondenaturing (simple) polyacrylamide gel elec- out at 25°C or as indicated. For quantitative assessment by
trophoresis, and urea denaturing polyacrylamide gel elec-liquid scintillation counting, samples were removed from
trophoresis were performed as described previosy For reaction mixtures at various times and spotted onto nitro-
pore-limit nondenaturing gel elctrophoresis, we used gradientcellulose filters, and the filters were washed extensively with
gels [either 5% T (6% C) to 35% T (6% C) or 5% T (6% C) either 5% TCA (for detecting NRI phosphorylation) or 0.1
to 35% T (8% C), where T signifies total acrylamide (w/v) M NaCO; (pH ~11, for detecting NRII phosphorylation).
and C signifies the percentage of bis relative to total] at pH Filters were then dried briefly and counted with liquid
8.9 without stacking gels. Voltage X time ranged from 2900 scintillation fluid. Errors using these assay methods were
to 10 000 volt hours, at 4C. In pore-limit gel electrophore-  generally<10%. For analysis of reaction samples by SDS
sis, polypeptides migrate to a position in the gradient gels gel electrophoresis (Figure 8), reaction mixtures contained
where their further migration is sterically prevented by the 0.1 mM [y-*?P]JATP, and the reactions were stopped by
limiting pore size. After this position has been reached, addition of SDS loading buffer and heating at 85 for 5
further electrophoresis leads to focusing of the bands at thismin. SDS-14% polyacrylamide gels were used, and radio-
position. The molecular mass of the polypeptides then canactive protein bands were detected by autoradiography of
be deduced by comparisons with standards run on the samehe wet gels at £4C. The protein bands were then stained
gradient gels. with Coomassie brilliant blue R250, and the identities of the
Cleavage of MBP Fusion Proteins with Protease Factor labeled bands in the autoradiograph were confirmed by
Xa and TrypsinMBP fusion proteins were cleaved with comparison with the stained gels (not shown in Figure 8).
factor Xa (New England Biolabs) according to the vendor’s For analysis of reactions by urea gel electrophoresis, reactions
directions, to liberate the NRIl segments from MBP. After were stopped with urea as described previouB).(
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Phosphatase AssayShree different phosphatase assays
were used. The first was essentially as described previously
(18), except that 3@M 2-ketoglutarate was included. In this
assay, MBP-CT111, which has no phosphatase activity in
the presence of PII1g), was used to phosphorylate NRI,
present in excess. After incubation for 20 min at 5,
protein storage buffer, NRII, PII, or polypeptides derived
from NRIl were added as indicated. The extent of NRI
phosphorylation was monitored at the indicated times by the
TCA filter method described above. The second phosphatase=
assay was identical to the first, except that all protein
components were present at the start of the reactions, which
were initiated by addition of ATP. Errors using these assay
methods were generally10%. The third phosphatase assay
measured the extent of dephosphorylation of NRP in
the absence of antagonistic phosphorylation. For this assay,
NRI~3P was formed using MBPCT111 as the kinase, and
the reaction mixtures were subjected to gel filtration on Time (sec)

Sephadex G-25 (Pharmacia) to remove small molecules. Thergure 1: Effect of AMP-PNP and Pl on the phosphatase activity
voided fraction was then used as the NRIP substrate for  of NRII and NRII-H139N. Reaction mixtures contained 04
dephosphorylation by added components as indicated. ReacNRI~*%P (subunit concentration;53000 cpmiM), 10 mM MgCb,

8000 — ————
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4000 |

3000 |
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2000 |

1000 |

]

ol v e
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250

tion conditions were 50 mM Tris-HCI (pH 7.5), 10 mM
MgCl,, and 100 mM KCI at 25C. Errors using these assay
methods were generally 15—20%.

30 uM 2-ketoglutarate, 0.3 mg/mL BSA, and the following
additions: @) none, () 0.3 uM NRII-H139N, (&) 3 uM NRII,
(©) 0.3u4M NRII-H139N and 1 mM AMP-PNP, x) 3 uM NRII
and 1 mM AMP-PNP, ¥) 0.3 M NRII, 0.3 uM PII, and 1 mM

Measurement of Glutamine Synthetase Expression in IntactAMP-PNP, and #) 0.3uM NRII-H139N, 0.3uM PII, and 1 mM
Cells The y-glutamy ransierase aciiy of dluamine 48N 000 e o e o et rosance of 1
synthetase was _measure(_i as described preVIOlNy_ ( ml\a ATP or 1 mM ATP and 0.3M PII d?d not alter the Fl;asal rate
W-Salt-based defined medium was as described previouslyos NRi~32P dephosphorylation. The preparation of NRIP is
(25). Cultures from single-colony isolates were adapted in described in Materials and Methods.
the indicated medium, subcultured to an &f»f 0.02 and
grown to an Olgy of 1. Strains YMC10 (wild-type) and
RB9060 AgInB) have been described3@. Strain BL
(AgInB, gInL200)) was constructed in two steps. First, the
gInA::Tn5 mutation was introduced into strain RB9060 by

these hypotheses, we assessed the ability of NRII to bring
about the dephosphorylation of NR¥?P under conditions
where ATP cleavage was prevented (Materials and Methods).
NRII was a weak NRFP phosphatase in the absence of
phage Plvir-mediated generalized transductdi, Creating nucleotides, and this activity was increased by addition of
strain BA, which is a glutamine auxotroph. Strain BA was the nonhydrolyzable ATP analogue, AMP-PNP (Figure 1).
transduced to glutamine prototrophy with phage grown on Thus, PIll was not essential for the phosphatase activity.
strain RB9132 @InL2007Y), which contains a null internal  Addition of PII to the combination of NR¢P, NRII, and
deletion in ginL (30). Prototrophic transductants were AMP-PNP resulted in very rapid dephosphorylation of
checked by PCR to ensure that they had inherited the NRI~P (Figure 1). This indicates that even under conditions
gInL2001 mutation. Cells were rendered competent and where NRII was not autophosphorylated, Pll was a potent
transformed with plasmid DNA by standard methods. Plas- activator of the phosphatase activity. In additional experi-
mid pgInL* is pgln62 described previouslg?); this plasmid ments, we observed that a slightly faster rate of dephospho-
consists of the vector pBR322 with an insert beaigig_* rylation was obtained with NRII, PIl, and ATP (data not
and thegInL promoter. Previous studies showed thhtlL* shown).
from this plasmid complements a chromosorghiL2001 The mutant protein NRII-H139N is unable to be auto-
mutation for normal regulation of glutamine synthetak®.( phosphorylated, due to mutation of the H139 site of
Plasmid glnL-H139N is isogenic to ginL", except that it phosphorylation. Previous studies with this protein showed
contains a point mutation altering histidine 139 to asparagine that it has elevated basal phosphatase activity in the absence
(13. of PII (13, 26). In our experiments, the NRII-H139N protein
RESULTS appeared to have &10-fold elevation of the basal phos-
phatase activity (Figure 1). This also suggests that Pll was
Pll Is an Actiwator of the Phosphatase Actly of NRII. not directly involved in the activity. The NRIP phosphatase
Pll is an inhibitor of the NRII autophosphorylation reaction

activity of NRII-H139N was dramatically stimulated when
as well as an activator of the NRII phosphatase activdg).( PIl and AMP-PNP were present (Figure 1). Since NRII-

One possible explanation for these observations was that theH139N is altered at the site of NRIl phosphorylation, the
unphosphorylated form of the central domain of NRII was, dephosphorylation of NRIP in this experiment cannot be
by default, the phosphatase and that the role of PIl in due to the reversal of the kinase reaction. This conclusion
activating this activity was due to its ability to inhibit the was supported by thin-layer chromatography analysis of the
autophosphorylation of NRII. Alternatively, PIl might serve reaction mixtures, which indicated that even when wild-type
as an activator of the phosphatase activity, or might NRII was present, essentially all of the liberated phosphoryl
participate directly in this activity. To distinguish between groups appeared as Rlata not shown). Since previous
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Table 2: Glutamine Synthetase Expression in Adapted Cultures of

%

E. coli A
- . NT110
glutamine synthetase transferase activity
(NM min~ mg%) NT125
glucose/glutamine  glucose/ammonia/ NT135
strain mediunt glutamine mediurh NT145 ——————
YMC10 (wild-type) 1625 158 NT156 ———P
YMC10/pgInL* 2281 158 NT169 %
YMC10/pginL-H139N 83 75
RB9060 AgInB) 2226 1201
RB9060/gInL" 2506 1245
RB9060/gInL-H139N 1964 1086
BL (AgIinBgInL2001) 2669 722
BL/pgInL* 3342 1198
BL/pgInL-H139N 31 55

2 The nitrogen-limiting glucose/glutamine medium contained 0.4%
(w/v) glucose and 0.2% (w/v) glutamine. The nitrogen-excess glucose/

ammonia/glutamine medium contained in addition 0.2% (w/v) am- . 7 HAE lcTieo
monium sulfate.

— ] H, (103-169)
results 7, 8, 24, 26) and control experiments (data not —77 7 HX, (103-189)
shown) have shown that PII is not itself a phosphatase, our
results suggest that Pll is an activator of the phosphatase —A_ HX, (119-189)
activity. We hypothesize that when PII binds, a conformation Ficure 2: Truncated versions of NRII used in this study. A
of NRII with potent phosphatase activity is stabilized. schematic depiction of NRII is shown at the top, followed by

_ i truncated versions of NRII. The N-terminal domain of NRII and
The Pll-dependent and Pll-independent phosphatase acthe linker connecting the N-terminal domain to the transmitter

tivities of the NRII-H139N protein were also assessed in qquie are depicted with a thin line. The conserved transmitter
intact cells, by examining the ability of NRII-H139N to act  module of NRII'is depicted as a thick line, and the positions of the
as a negative regulator @nA expression when it was conserved H-, X-, N-, D-, F-, and G-motifs are depicted as cross-
expressed from a multicopy plasmid (Materials and Meth- hatched boxes.

ods). Previous experiments have shown that expression ofin an increased level of expression of GS in the presence or
gInA, encoding glutamine synthetase (GS), is very sensitive absence of ammonia, while addition afipL-H139N to such

to activation by NR+P. In wild-type cells, the phosphoryl-  cells resulted in the inability to activatginA expression
ation state of NRI is primarily controlled by NRII, which is  (Table 2). Thus, in the absence of PIl and NRII, the H139N
in turn regulated by PII. In cells lacking NRINGINL), acetyl  protein was able to effectively antagonize the activation of
phosphate brings about the phosphorylation of NRI, resulting ginA by acetyl phosphate. Together, the results from Table
in activation ofgInA expression33). Previous studies have 2 suggest that the NRII-H139N protein had both PII-
shown that the level of acetyl phosphate is higher in independent phosphatase activity and Pll-dependent phos-
ammonia-starved cells than in ammonia-replete cells, andphatase activity in intact cells, and that only the PII-
that in ammonia-replete cells, NRIl and PIl are responsible dependent activity could effectively antagonize the kinase
for counteracting the phosphorylation of NRI by acetyl activity of the NRIl encoded by the single-copy chromosomal
phosphate 33). gene.

In wild-type cells, which contain NRII and PlI, GS was Functional Dissection of the Acfties of NRIl and Their
regulated by ammonia, and addition aflpL* resulted ina  Regulation by PLI NRII exhibits four known activities. (i)
modest increase in the level of GS under nitrogen-limiting It forms dimers in solution. (i) It catalyzes its own
conditions (Table 2). In contrast, addition oflpL-H139N phosphorylation on H139 (autophosphorylation) in a reac-
to wild-type cells resulted in the inability to activate GS in  tion where the rate and stoichiometry are regulated by PII.
response to nitrogen limitation (Table 2). Thus, under these (iii) When phosphorylated, it serves as a source of phosphoryl
conditions, the NRII-H139N protein was able to effectively groups for NRI phosphorylation (phospho transfer). (iv)
antagonize NRII and acetyl phosphate. When complexed with PII, it brings about the dephospho-

In cells lacking Pl due to thé\ginB mutation, GS was  rylation of NR~P (phosphatase). To dissect the roles of
elevated in both the presence and absence of ammonia, asarious parts of NRIl in these activities, we formed the series
expected30), and the addition ofginL* did not significantly of truncated proteins depicted in Figure 2 and characterized
alter the levels of GS (Table 2). Addition ofjmL-H139N their activities and the regulation of these activities by PII.
to cells lacking PII resulted in only a modest decrease in We refer to polypeptides containing the N-terminus of NRII
the expression of GS (Table 2). Thus, in the absence of PlI, by the designation “NT” followed by the last amino acid in
the NRII-H139N protein could not effectively antagonize the the polypeptide. We refer to polypeptides containing the
phosphorylation of NRI by NRII and acetyl phosphate. C-terminus of NRII by the designation “CT” followed by

In cells lacking both PII and NRII, acetyl phosphate alone the first amino acid found in the polypeptide. Internal
is responsible for the activation of GS expression, which is polypeptides containing the H-box were also formed, and
about 4-fold regulated by ammonia under the growth are designated “H” or “HX", depending on whether an intact
conditions that were used (cultures grown in these media to X-box is also present (Figure 2). Each of the polypeptides
an ODyo of 1.0). Addition of mInL* to such cells resulted  depicted in Figure 2 was hyperexpressed and purified. The



Structure-Function Analysis oE. coli NRII Biochemistry, Vol. 39, No. 44, 2003439

(] (n]
- XX
%] (%] w
5 T = —_ - T T =T 5
f2o82 8 es £8%8Z4:: .
= = S B R B B S
sEgEEE EEE = 0 0 Lo == = = -
84—
974 — == 62—
662 — = - 51—
310 — ==
— - —— — 26—
— —
215 - o - 20—
-— —
144 — ——— il 15—
9 — -

Ficure 3: SDS-polyacrylamide gel electrophoresis of purified NRII truncations. Aliquots of each polypeptide were separated eh a SDS
14% polyacrylamide gel, which was stained with Coomassie brilliant blue R250.

H and HX polypeptides were recalcitrant to overexpression A~ Time(min)-> 1 2 8 20 40 60 90 120
and purification, as were CT111, CT126, and CT151; thus, P
these polypeptides were expressed as fusions to the C- MBP-NRII -'"1"_',:::
terminus of the maltose-binding protein (MBP). To obtain -
the HX; (residues 119189) polypeptide free from MBP

HXs3, the fusion protein was cleaved with protease factor Xa,

followed by purification of the polypeptide to remove the

bulk of the liberated MBP and uncleaved fusion protein. The

CT111, CT126, and CT151 polypeptides were also purified ' -
as MBP fusions, cleaved from the fusion with protease factor
Xa, and purified further to remove MBP [MBRCT111 was
previously describedl)]. The NT polypeptides and CT190  Temperature (°C)-> 42 37 30 23 0 42 37 30 23 0
were expressed and purified without fusion to another — - B

o

——
S
e

NRI] s S &

20 min 120 min

v v e e w¢ MBP-NRII

protein. In some experiments, the MBET, MBP—Hj, and MBP-NRII e omemmeme ™ — — 7 7 o0
MBP—HX fusion proteins were used, as indicated. SBS Heterodimer JRED i 06 Wb £a B Lo o ol \om
polyacrylamide gels showing the purified polypeptides are

presented in Figure 3. NRIT [ s o

Dimerization of NRII.NRII behaved like a dimer on gel

filtration chromotography 34), on pore-limit gel electro- . 4 Subunit h bet NRIl and MERRII
phoresis (see beloyv), and on nondenatur.ing polyacrylamided:ﬁqUeRr'; (A) Tl:mltjamcoﬁ)r(ge %r}gs?ubfn\i/:ee?(r::hange.apﬂﬁmu and

gel electrophoresis (see below). Previous results havengi, 2 uM each, were incubated at 3T in 50 mM Tris-HCl
indicated that dimers of NRIl and MBMANRII, a fusion (pH 7.5), 10 mM MgC}, and 100 mM KCI. At the indicated times,
protein consisting of the maltose-binding protein (MBP) aliquots were removed and loaded onto a running 12% acrylamide
fused o the N-terminus of NRIl, coud exchange subunits TOPenatiin g6, Ater, ocen Sspaanon of 1 Sampies s
if a mixture of these proteins was sgbjected to denatyratlon (B) Effect of temperature on subunit exchange. Conditions were
with 2.8 M urea followed by dialysis2Q). In our earlier as described for panel A, except that the indicated temperatures
experiments, no exchange of subunits between NRII andand times were used.

MBP—NRII was observed in the absence of urea for reaction

mixtures that had been incubated for 1 mig2)( We 25 °C was similar to that seen at@ (Figure 4B).

observed that upon longer incubation, NRIl and MBWRI| The subunit exchange reaction involving NRII and MBP
exchanged subunits spontaneously, forming heterodimers thalNRII was regulated by ATP and PII. In the presence of ATP
contained one of each type of subunit (Figure 4A). In the or AMP-PNP, the rate of subunit exchange was inhibited
experiment whose results are depicted in Figure 4A, whereslightly (Figure 5, 18% inhibition by ATP and 26% inhibition
the incubation was carried out at 3T and each of the by AMP-PNP). Since the nonhydrolyzable AMP-PNP level
homodimers was initially present at 2V, the subunit was inhibitory, the binding of nucleotides by NRII appeared
exchange reaction approached the steady state within 2 h, ato result in a slightly slower rate of subunit exchange. The
which point the heterodimers (qualitatively) constituted the combination of PIl, 2-ketoglutarate, and either ATP or AMP-
expected fraction of the total staining intensity after staining PNP resulted in a dramatic inhibition of the rate of subunit
of gels with Coomassie brilliant blue. The rate of subunit exchange (Figure 5, 57% when AMP-PNP was used and 60%
exchange was strongly affected by the temperature (Figurewhen ATP was used). This is consistent with the hypothesis
4B). Exchange was most rapid at 4Z, but at this that PIl stabilizes the “phosphatase conformation” of NRII,
temperature, significant losses of proteins occurred asand implies that when so stabilized, NRII is not able to
revealed by material that failed to enter the gel or had a very undergo subunit exchange.

high molecular mass. At37 °C, significant losses of Dimerization Determinants in NRIl and Domain Organi-
material did not occur. The rate of heterodimer formation at zation of NRII.To define the portion(s) of NRII responsible
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L between mobility and molecular mass exists. Nevertheless,
] the difference in migration between monomers and dimers
9 was generally sufficient to permit an unambiguous determi-
] nation. All of the polypeptides migrated as well-defined
bands upon nondenaturing gel electrophoresis with the single
] exception of CT 151, which reproducibly ran as a broad
smear. While MBP-NRII appeared to be mostly dimeric,
MBP—-CT111, MBP-CT126, and MBP-CT151 each dem-
onstrated the presence of higher-molecular mass aggregates.
] By this analysis, MBP-CT111 and MBP-CT126 appeared
7 to be mostly dimers, while MBPCT151 appeared to be
mostly monomeric. All of the NT species appeared to be

1 ] dimeric except NT110, which appeared to be monomeric.
0 TS S Y Y R CT111 and CT126 were dimers, while CT190 was mono-

0.4 |
0.35 |
0.3 |

0.25 [

Heterodimer
(Fraction of Total Stained Intensity)

0 40 80 120 160 meric. The status of CT151 could not be determined by this
Time (min) method, as noted above. Significantly, MBHAX, and

FIGURE 5: Regulation of NRII subunit exchange by PIl and MBP—HXsappeared to be dimeric, indicating residues-119
nucleotides. Reaction conditions were as described in the legend189 were sufficient to bring about the dimerization of MBP.
of Figure 4, except that MBPNRII and NRII were at M each, Since MBP-H; appeared to be monomeric (Figure 6, data
and ATP or AMP-PNP was at 3 mM, Pll was at 204, and ot shown), residues 169489 (the X-box region) were

2-ketoglutarate was at 50M, where indicated. Samples were - : T . .
resolved on 12% acrylamide nondenaturing gels, stained with "€duired for the dimerization of MBP by fusion with H-box

Coomassie brilliant blue R250, and scanned with a Flour-S regions of NRII.

Multiimager (Bio-Rad), and the intensity of the bands was  As another test of the oligomeric state of the polypeptides,
quantified using the Multi-Analyst program. The fraction of total pore-limit electrophoresis was performed. In pore-limit gels,
staining intensity of the heterodimer band is plotted as a function polypeptides migrate to an equilibrium position in the

of time. Symbols with rate in parentheses (fraction of total staining . | wh heir furth . . .
intensity per minute): @) control with no PIl or nucleotide  dradient gel where their further migration is prevented

(0.00692), @) ATP (0.00578), ¥) AMP-PNP (0.00506),£) PII, (Materials and Methods). The results of pore-limit gel
AMP-PNP, and 2-ketoglutarate (0.00305), adg PII, ATP, and analysis were consistent with the results presented above.
2-ketoglutarate (0.00284). NT110, CT190, and CT151 were monomeric, and the

remainder of the NT and CT series were dimeric. MBR
was monomeric, and MBPHX, and MBP-HX; were
dimeric (data not shown).

The domain organization of NRIl may be surmised on the
basis of the available information for related proteins

100

I . BSA (68 KDa)
Foe

e MBP-H, (49 KDa)

g [ fethmn® KD) (introductory section), by sequence inspecti@h énd the
g NTI35 (30.5 KDa)®. o CTISI (29.5 KDa) properties of the polypeptides described above. NRIl appears

e Chymoteypsin, NTI25 (25 KDa) to consist of three domains, with two linkers connecting
them. The N-terminal domain consists of residuds-110.
A linker is formed by residues'111—126. A central dimeric
domain containing the four-helix bundle comprises residues
X . ~126—-189. A linker and the C-terminal domain are com-
12 29 prised of residues 198349. The H-X region of NRII
VelVo appeared to form a distinct domain. In the course of our
F|GURE_6: Sephadex G_-_75 gel filtration chro_mato_graphy o_f NRII  studies on cleavage of MBRHX 3 with protease factor Xa,
truncations. The conditions were as described in Materials and ;o axamined the cleavage of this fusion protein with trypsin.

Methods. The data that are shown were from three separateSDS_ I lamid l el h is of cl d
experiments with the same column and conditions. The protein polyacrylamide gel electrophoresis of cleavage prod-

standards (BSA, egg albumin, chymotrypsinogen A, and cyto- UCts indicated that under the appropriate conditions, trypsin
chrome c) were eluted at identicaVy/V, values in the three  released the HX segment nearly as well as did factor Xa
experiments, and NT125 was assayed twice with identical results. (data not shown). Since a potential trypsin site is within the
for dimerization and subunit exchange, we examined the H-box motif, and this trypsin site is cleaved in denatured
polypeptides shown in Figure 2. Gel filtration chromatog- NRII (3) and upon exposure to a very high trypsin concen-
raphy was performed on Sephadex G-75 for selectedtration (data not shown), this trypsin site must be fairly
polypeptides (Figure 6). The results of these experimentsinaccessible due to the structure of the dimerie-Xd
unambiguously indicated that NT110, CT190, and MBP  segment.

H; were monomeric and NT125 and NT135 were dimeric.  Regions of NRIl Required for Subunit Exchange used
CT151 was unusual, in that it eluted from gel filtration the series of truncated proteins to determine which portions
columns at a volume corresponding to a mass intermediateof NRIl were required for the ability to undergo subunit
between those of its monomeric and dimeric forms. The exchange with wild-type (full-length) NRIl or MBPNRII.
mobilities of these species were examined on nondenaturingOf the constructs shown in Figure 2, only NT189 was able
gels and compared to those of the other species (data noto undergo subunit exchange with NRII or MBRRII to
shown). Mobility in nondenaturing gel electrophoresis is detectable levels (Figure 7 and data not shown). This shows
affected by size and charge, so no simple correspondencehat the subunit exchange activity of intact NRIl was not an

NT110 (15.5 KDa) ®-.__

e,
Cytochrome C, CT190 (125 KDa)

10
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Table 3: Oligomeric State, Autokinase, Kinase, Phospho-Accepting,
and Phosphatase Activities of NRII Truncations

NT189 + NRII
+ ATP

- 2 g2
E E E= phospho-
* polypeptide oligomér autokinase kinaseaccepting phosphatase
NT110 m - - - -
. NT125 d - - - -
NRII dimer
— NT135 d - - - -
— L I W NRIL-P. dimer NT145 d - - - -
: NT155 d - - - -
P ~ Heterodimer NT169 d B B 1b B
“ Heterodimer~P NT189 d — — +c +
u u CT111 d + +d NT® +
b —— NTI9 dimer CT126 d + 44 NTe +
—— NT189~P, dimer CT151 m/d — 4d — _
. . —NTI89-P, dimer CT190 m _ 4+ _ _
MBP—H; m - - - -
— — — C
FicurRe 7: Subunit exchange between NRII and NT189 and MBP_HX2 d _ _ +C +
. . . MBP—HX3 d + +
formation of doubly phosphorylated NT189 dimers. The conditions HX d _ _ 4o +

were as described in Materials and Methods. A 16% polyacrylamide
nondenaturing gel was used. am, monomer; d, dimer Phosphorylated by WT, CT111, CT126,
and CT151¢Phosphorylated by WT, CT111, CT126, CT151, and

PR . P . CT190.9Able to phosphorylate NT189, MBPHX,; MBP—HXs,
intrinsic property of the central, dimerization, domain of NT169. and Hx, © Not tested! Able to phosphorylate NT189, MBP

NRII, but required the presence of the N-terminal domains. pyx, ‘MBP—HXs, and HX.
Indeed, the isolated central domain (MBHX3; and HX)
and transmitter module (CT111 and CT126) of NRIl formed . . . S
stable dimers that did not undergo detectable subunitindicated that the phospho-accepting histidine may become
exchange. The formation of heterodimers of NRIl and NT189 phosphorylated when present on a short polypeptide in the
was at least 1 order of magnitude slower than the formation Présence of the intact kinase or a truncated form of the kinase
of heterodimers of NRIl and MBPNRII (data not shown). bearing the kinase domain. Similarly, we previously observed
Also, the yield of heterodimers in experiments with NRII that & truncation of NRII, NT202 (using the terminology
and NT189 was low at equilibrium (data not shown), €mployedhere), could be phosphorylated by intact NE2).(

suggesting that NRII dimers or NT189 dimers (or both) were ~ The results of our analysis are summarized in Table 3,
more stable than NRII::NT189 heterodimers. Together, the and representative autoradiographs are presented in Figure
results suggested that in full-length NRII, interactions 8. The NT110, NT125, NT135, NT145, and NT155 polypep-
between the N-terminal and kinase domains of NRII tides were not autophosphorylated upon incubation with
destabilize the dimeric central domain, favoring the subunit ATP, and could not be phosphorylated by wild-type NRIL.
exchange reaction. Among these, the latter two polypeptides contain active site
Previous results have indicated that upon addition of ATP, histidine 139 but are nevertheless completely inactive. NT169
NRII dimers have slightly greater mobility on nondenaturing Was not autophosphorylated, but could become phosphor-
gels (ref23 and Figure 7). Extensive gel analysis of this Ylated when mixed with wild-type NRII. NT169 was poorly
alteration has suggested that only a single phosphorylated?hosphorylated by CT111, CT126, and CT151, and was not
NRII species was detected in similar experiments, even whenpPhosphorylated by CT190 (Figure 8). Curiously, when a
doubly phosphorylated NRII was loaded onto the gel, and 5-fold higher concentration of CT151 was used, the extent
that this species corresponded to the hemiphosphorylated®f phosphorylation of NT169 was increased more than 5-fold
species (reR3 and unpublished data). One explanation for (Figure 8). Thus, for CT151 at low concentrationsu(d),
these results is that the doubly phosphorylated NRII dimer, the low kinase activity toward NT169 may reflect a dimer-
known to be unstable in solutio23), rapidly decays to the ization defect in CT151. NT189 was not autophosphorylated,;
hemiphosphorylated species soon after it is loaded onto theit could be phosphorylated by NRII and by each of the CT
gel. Yet, we observed that when ATP was present along with Polypeptides at approximately equal rates (Figure 8). Thus,
NRIl and NT189, doubly phosphorylated NT189 dimers were @among the NT series of polypeptides, only NT169 and
clearly detected on nondenaturing gels as a band with fastefNT189 could be phosphorylated, and of these, the NT189
migration than hemiphosphorylated NT189 dimers (Figure Protein was the more promiscuous phospho acceptor (Figure
7 and data not shown). This result suggests that removal of8 and Table 3).
the kinase domain removes an impediment to the accumula- Among the CT series of polypeptides, only CT111 and
tion of the doubly phosphorylated dimer or, more likely, CT126 contain the active site histidine 139. These two
renders such dimers more stable during electrophoresis. polypeptides were autophosphorylated when incubated with
Autophosphorylation and Transphosphorylation Aitits ATP. All four proteins of the CT series (CT111, CT126,
of NRII TruncationsWe examined the ability of the poly- CT151, and CT190) could phosphorylate NT189 (Figure 8),
peptides shown in Figure 2 to become autophosphorylatedMBP—HX; (not shown) and MBPHX3 (not shown), and
upon incubation with ATP, their ability to become phos- the isolated HX polypeptide (Figure 8). MBPH; could not
phorylated when mixed with ATP and NRII (or an active be phosphorylated by wild-type NRIl, CT111, CT126,
truncated form of NRII), and the regulation of these CT151, or CT190. Thus, the X-box region was required (that
phosphorylation reactions by PII. Previous results from is, an intact H-X region was required) for phosphorylation
studies of NRII 20), EnvZ (10), and CheA 19 have of the H-box in the MBP-H context. Surprisingly, CT111
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Ficure 9: Stoichiometry of autophosphorylation. (A) Effect of PK
and PEP on the stoichiometry of autophosphorylation of NRII,
CT111, and CT126. Conditions were as described in Materials and
Methods, and where indicated, ATP was at 0.5 mM, pyruvate kinase
(PK) at 48 units/mL, and phosphoenolpyruvate (PEP) at 2 mM.
Incubation was carried out at 2& for 40 min; then urea was added
to a final concentration of 4 M, and the samples were resolved on
—_ a 10% polyacrylamide/6 M urea gel, which was carried out at 260

wT V for 2.5 h. The bands were visualized by Coomassie brilliant blue
. — CT111,CTI26 R250 staining. (B) Effect of temperature on the stoichiometry of
— NT169 autophosphorylation. Conditions were similar to those described
for panel A, except that ATP, where included, was 0.1 mM for
wild-type NRII and 0.5 mM for CT111 and CT126.

& CTI51

v CTI190
o CTI5I(XS)

5§
2

v CTI26

Ficure 8: Autophosphorylation and phospho-accepting activities
of NRIl truncations. The conditions and procedures were as ) )
described in Materials and Methods and on the panels; only the that dephosphorylation of NT169 by NRI was consider-

autoradiographs are shown. In the experiments whose results areably slower than dephosphorylation of the other species (data

mM, and enzyme concentrations wereul¥l except as indicated. 1169 p were less accessible to NRI than in the other cases.

(A) Phosphorylation of HX by various NRII polypeptides. HX L .
was present at 10M in each reaction mixture. (B) Phosphorylation The stoichiometry of autophosphorylation was compared

of NT189 by various NRII polypeptides. NT189 was present at 8 for CT111, CT126, and NRII by urea gel electrophoresis.
uM in eiclgurealdion tf)?jiXtUF'(\El-_l_(l%)gPhOSPhOMattion Of.NT16a by These denaturing gels, which contain urea in place of the
various olypeptides. was present a0 in eac i
reaction mixtuF;e.y'IPhepIane designated C'IE)151 (XS)mtained 5-fold typically used SDS.’ resolve phosphorylated and unph_ospho-
more kinase (5M) than the other lanes. rylated NRII subunits a.nd.are therefore useful for qualitative
assessments of the stoichiometry of autophosphoryla@)n (
and CT126 were considerably more active in phosphorylating In experiments where autophosphorylation occurred at 25
MBP—HX, and MBP-HX3 than was NRII (not shown), and  °C for 40 min with ATP at 0.5 mM, about half of the
CT111 and CT126 were similarly more active than NRIl in available sites in NRIl were phosphorylated, but essentially
phosphorylating the isolated HXolypeptide (Figure 8). This  complete phosphorylation of the available sites was obtained
indicates that the N-terminal domain of NRII reduces the when an ADP-consuming system consisting of pyruvate
transphosphorylation activity, perhaps by limiting access to kinase and PEP was present (Figure 9A), as shown previously
the active site by the central domain of NRII provided in (23). However, under these conditions, the extent of auto-
trans. phosphorylation of CT111 and CT126 was clearly greater
To determine if the phosphorylation events we observed than that of NRII, and little further phosphorylation of CT111
were due to phosphorylation of the active site His-139, we and CT126 subunits was obtained by inclusion of PK and
examined whether phosphorylated species could transferPEP (Figure 9A). This suggests that under these conditions,
phosphoryl groups to NRI. In every case where a phospho-most of the active CT111 and CT126 subunits were phos-
rylated NRII species was formed, the phosphoryl groups phorylated. However, at reduced ATP concentrations, a lower
could be transferred to NRI (data not shown). This suggestsstoichiometry of CT111 and CT126 autophosphorylation was
that all of these phosphoryl groups were indeed due to theobserved, and under these conditions, inclusion of PK and
phosphorylation of His-139, and is consistent with the PEP increased the stoichiometry of CT111 and CT126 auto-
hypothesis that NRI catalyzes the transfer of phosphoryl phosphorylation to completion (Figure 10, upper panel). This
groups from NRI+-H139~P to itself. However, we noticed indicates that the asymmetry of NRIl autophosphorylation
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Ficure 10: Effect of PIl on the autophosphorylation of CT111 and CT126. (Top) Effect of Pll and the combination of PK and PEP on the
stoichiometry of autophosphorylation. Reaction conditions and-taegylamide gel electrophoresis were as in Figure 9 except as follows.
For the four left lanes, incubation was carried out at’@5for 40 min, and for the six right lanes, incubation was carried out & €or

40 min. Where indicated, PIl was at 184, 2-ketoglutarate at 3@M, PK at 48 units/mL, and PEP at 2 mM. A49P signifies PII-A49P,
which contains the alteration of alanine at position 49 to proline. This mutant form of Pll retains other PII activities, but does not interact
with NRII (28). Time courses of CT111 autophosphorylation (middle panel) and CT126 autophosphorylation (bottom panel) were similar
to Figure 9; ATP was at 0.5 mM and 2-ketoglutarate atB0 and where indicated, PIl was at 481. For all three panels, only the portion

of the urea-acrylamide gel showing the NRII, CT111, and CT126 subunits is shown.

is partially reduced by removal of the N-terminal domain. the stimulation; PII-A49P was previously shown to com-
Decreasing temperatures resulted in an increase in NRIlpletely lack the ability to interact with NRII but retained the
autophosphorylation stoichiometry and a decrease in CT111other activities of Pll [2-ketoglutarate and ATP binding,
and CT126 autophosphorylation stoichiometry (Figure 9B); uridylylation by UTase/UR, and activation of ATas2g]].
that is, the temperature effect on autophosphorylation stoi- Second, stimulation of autophosphorylation required 2-keto-
chiometry was reversed upon deletion of the N-terminal glutarate; previous studies have shown that 2-ketoglutarate
domain. By manipulation of temperature, time, and ATP at the concentration used is a potent allosteric activator of
concentration, various equilibrium extents of autophos- PII that enables it to bind to NRIR{, 35). The time course
phorylation could be obtained (Figure 9B and data not of autophosphorylation of CT111 and CT126 (Figure 10)
shown). indicated that the presence of PII had little effect on the initial
Pll Increases the Stoichiometry of Autophosphorylation rate of autophosphorylation, but dramatically affected the
of CT111 and CT126We examined the effect of the PIl  stoichiometry of autophosphorylation. To confirm the urea
protein on the autophosphorylation of CT111 and CT126. gel results, experiments with labeled ATP were performed
Previous results have shown that PIl inhibits the rate of to directly measure the extent of autophosphorylation of
autophosphorylation of NRII2@) but under certain condi- CT111 and CT126; the results of these experiments also
tions increases the stoichiometry of NRII autophosphoryl- indicated that Pll significantly increased the stoichiometry
ation 23). of autophosphorylation of CT111 and CT126, but did not
As already noted, at OC the autophosphorylation of increase the initial rates of autophosphorylation (data not
CT111 and CT126 was slow, and about half of the available shown). Since Pll increased the extent of autophosphorylation
sites were phosphorylated at equilibrium when the ATP of the CT111 and CT126 polypeptides, PIl must interact with
concentration was 0.5 mM. Addition of PII resulted in a the transmitter module of NRII. Furthermore, PII slightly
significant increase in autophosphorylation stoichiometry increased the rate and steady-state extent of NRI phospho-
under these conditions, as indicated by urea gel analysisrylation by CT111 and CT126 (data not shown). This latter
(Figure 10). This increase in the extent of autophosphoryl- effect was most dramatic for CT126, and we will show below
ation of CT111 and CT126 was not due to nonspecific effects that this difference between CT111 and CT126 was due in
of Pll as indicated by two types of control experiments. First, part to CT111 having weak NRIP phosphatase activity,
addition of the P1I-A49P protein in place of Pll eliminated while CT126 had less of this activity.
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Ficure 11: Effect of PIl on the transphosphorylation activities of CT190, NRII, and CT111. Phosphorylation of histidine residues was
monitored by the NZO; filter method and liquid scintillation as described in Materials and Methods. (A) Effect of PIl on transphosphorylation

of HX3 by CT190. Reaction mixtures contained 0.5 mM3fP]JATP, 6 uM HX3, 3 uM CT190, 12u4M PII where indicated, 3Q«M
2-ketoglutarate, and 0.5 mg/mL BSA. The rates in this experiment from linear regression analysis werdR5HM/min in the absence

of PIl and 3.55+ 0.09 nM/min in the presence of PII, indicating 36% inhibition by Pi®) fvithout PIl and @) with PII. (B) Effect of

PIl on transphosphorylation of NT189 by CT190. Reaction mixtures contained 0.5RIRPJATP, 10uM NT189, 4uM CT190, 12uM

PIl where indicated, 3@M 2-ketoglutarate where indicated, and 0.5 mg/mL BSM) with PIl and 2-ketoglutarate &) with PIl and

without 2-ketoglutarate, and@®] without PII and with 2-ketoglutarate. The rates from linear regression anaylsis were 23.28 nM/min in the
absence of Pll and 23.63 nM/min in the presence of Pll and absence of 2-ketoglutarate. In the presence of Pll and 2-ketoglutarate, the rate
was 15.20 nM/min, indicating a 35% inhibition by PII. (C) Effect of PIl on transphosphorylation of byXwild-type NRII. Reaction

mixtures contained 0.5 mM/[S2P]ATP, 6uM HX 3 where indicated, 0.6M NRII, 12 uM PIl where indicated, 3@M 2-ketoglutarate, and

0.5 mg/mL BSA: () NRII alone, €) NRII and PlI, ©) NRII and HX;, and (¢) NRII, PIl, and HX;. The Y-axis indicates total molarity

of phosphoryl groups incorporated into both Hahd NRII. The initial rates of transphosphorylation of £y NRII were 41.76 nM/min

in the absence of Pll and 8.33 nM/min in the presence of Pl after correction by subtraction of the phosphoryl groups from autophosphorylation
of NRII. Thus, PIl caused an 80% inhibition of transphosphorylation. (D) Effect of PIl on the transphosphorylatiory bfyHOT111.

Reaction mixtures contained 0.5 mM-f2P]JATP, 6 uM HX3 where indicated, 0.&«M CT111, 12uM PII where indicated, 3Q«M
2-ketoglutarate, and 0.5 mg/mL BSAO) CT111 alone, ¢) CT111 and PII, ©) CT111 and HX, and @) CT111, HX, and PII. The

Y-axis indicates the total molarity of phosphoryl groups incorporated into botham CT111.

Pl Inhibits the Kinase Actiity of the Isolated Kinase PIl was a very potent inhibitor of the transphosphorylation
Domain of NRIl.We examined the effect of PIl on the of the HX; polypeptide by wild-type NRII (Figure 11C). At
phosphorylation of NT189 and the HXolypeptide by the the same PII concentration that provide®6% inhibition
isolated kinase domain of NRII (CT190). PIl was a weak of the CT190 transphosphorylation activity80% inhibition
inhibitor of these transphosphorylation reactions but, when of NRII transphosphorylation activity was observed. How-
present at a sufficient concentration, caused significant ever, when CT111 was used as the kinase for transphos-
inhibition (36% inhibition under the conditions used in the phorylation of the HX polypeptide, PII did not affect the
experiments whose results are depicted in Figure 11A andrate of transphosphorylation (Figure 11D). Since CT111 and
three additional experiments employing similar conditions, NRII autophosphorylation is also detected in these experi-
35% inhibition under the conditions used in the experiments ments, a limiting concentration of CT111 or NRII was used
whose results are depicted in Figure 11B and one additionalalong with excess HXpolypeptide with or withour excess
experiment under the same conditions). Inhibition by Pll was PII. If the inhibition seen with the isolated kinase domain
observed in the presence of a vast excess of BSA, and thuslso occurs with CT111, it must be balanced by an activation
was not due to bulk effects (Figure 11). The inhibition by of transphosphorylation that is seen with the isolated
PIl depended on 2-ketoglutarate (Figure 11B), as expected.transmitter module (CT111) but not with the isolated kinase
Since PII can inhibit the transphosphorylation activity of the domain (CT190) or with intact NRII. Similarly, PIl inhibition
isolated kinase domain of NRII, the kinase domain is likely of NRII transphosphorylation activity cannot be explained
the site of PIl interaction with NRII. by simple inhibition of the kinase domain, and must involve
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( ) Ficure 13: Effect of NRII truncations on the phosphorylation of
FiGURE 12: Phosphatase activities of NRII truncations. (A) Phos- NRI by MBP—CT111. (A) Experiment showing that the final
phatase activity of NR” and NT189. The initial reaction conditions steady-state level of NRI phosphorylation reflects the balance of
included 50 mM Tris-HCI (pH 7.5), 10 mM Mg&l 100 mM KCl, the kinase and phosphatase activities. Conditions were as described
50 uM 2-ketoglutarate, 1M NRI, 0.3 uM MBP—CT111, and in the legend of Figure 12, except NRI was atid, NRIl was at
0.5 mM [y-32P]ATP. After incubation at 28C for 25 min, additions 0.3uM, and 2-ketoglutarate was at 04: (W) no Pll, (0) 0.03
were () protein storage bufferd) 8.1uM NT189, (#) 8.1 uM uM PIl added at 20 min,4) 0.03xM PIl added at time 0, (O) 0.3
NT189 and 5.1uM PII, and (v) 0.3 uM NRIl and 2.5uM PII. uM PIl added at time 0, andw) 0.3 M PIl added at 20 min. (B)
Previous experiments have shown that addition of similar amounts Phosphatase activities of H-region truncations. The reaction condi-
of Pll in the absence of NRII had no effecit). (B) Phosphatase  tions were as described in the legend of Figure 12B, except that
activities of H-region truncations. The conditions were similar to all protein components were present from time @) (10 uM
those described for panel A, except that 2-ketoglutarate was at 30MBP—H;, (®) protein storage buffer, and) 10 uM MBP—
uM, BSA was at 0.3 mg/mL, and the additions were carried out at HX, but from different preparations;H) 10 uM MBP—HX3, (O)

30 min. Additions were ) protein storage buffer<X) 4.7 uM 10 uM HX3, and @) 0.3 M NRII and 0.3uM PII.
MBP—Hy, (O) 4.7 uM MBP—HX3, (O) 3.5uM HX3, (x) 4.7uM
MBP—HX,, and (7) 0.34M NRIl and 0.3uM PII. activated by PII (Figure 12 and Table 3). Of these, NT189

regulation of the NRII conformation by PII. This confor- clearly had the most potent phosphatase activity, and this
mational regulation apparently required the N-terminal activity was considerably lower than that observed with NRII
domain of NRII. and PII (Figure 12A).

Phosphatase Actity of NRII TruncationsThe ability of Another way to measure the phosphatase activity of NRI|
the various truncated NRII polypeptides to bring about the is to include PII in the reaction mixtures from the start. To
dephosphorylation of NRIP was assessed. In one set of show that this assay measures the balance of the kinase and
experiments, the MBPCT111 protein was used to phos- phosphatase activity of NRIl, we examined the effect of
phorylate NRI, and when the level of NRI phosphorylation adding PII either from the start or after wild-type NRII had
had achieved a steady state, either buffer or an NRI truncationbeen allowed to phosphorylate NRI for 20 min (Figure 13A).
was added, along with PIl or PII storage buffer. Previous As shown, the final steady-state level of NRI phosphorylation
work has shown that MBPCT111 lacks phosphatase was the same inthe two assay mixtures, suggesting that this
activity, as does PlI, and that addition of NRIl and Pll results final steady-state level reflects the balance between the kinase
in the rapid dephosphorylation of NRP (18). This assay = and phosphatase activities in the reaction mixture. Thus, the
is convenient, since it does not require the purification of final steady-state level of NRI phosphorylation could be used
NRI~P, but it does not directly measure the phosphataseto assess the phosphatase activity of NRIl in the presence
activity but rather measures the balance between the kinasef Pll, and the phosphatase activity of various polypeptides
activity of MBP—CT111 (and any added species) and the derived from NRII. We included the polypeptides in Figure
phosphatase activity. Using this assay, we observed that, of2 (from time zero) in reaction mixtures containing MBP
the polypeptides depicted in Figure 2, only NT189, MBP  CT111, excess NRI, and ATP, and assessed the final steady-
HX,, MBP—HX3, and the isolated Hxpolypeptide exhibited  state extent of NRI phosphorylation. Under these conditions,
significant phosphatase activity, and this activity was not MBP—HX,, MBP—HX3, and the isolated HxXpolypeptide
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Ficure 14: Effect of ATP and AMP-PNP on phosphatase activities. Reaction conditions were as described in the legend of Figure 1,
except that the concentration of NR#2P differed slightly from experiment to experiment. (A) Phosphatase activity of NT189 and NT169:
(©) control, @) 1 mM ATP, (a) 54M NT169, ©) 5u4M NT169 and 1 mM ATP, k) 5uM NT189, and ¢-) 5u4M NT189 and 1 mM ATP.

The concentration of NR{P subunits was 0.14M. (B) Phosphatase activity of CT111 and CT12&3) control, (¢) 1 mM AMP-PNP,

(®) 3uM CT126 and 1 mM AMP-PNP,@) 3 uM CT126, (x) 3 uM CT111 and 1 mM AMP-PNP,«) 3 uM CT111, €) 3 uM NRII,

and @) 3 uM NRII and 1 mM AMP-PNP. The concentration of NRP subunits was 0.12M. (C) Phosphatase activity of H-region
truncations: ¢©) control, 0) 1 mM ATP, ©) 5 uM MBP—Hj, (+) 5 uM MBP—H; and 1 mM ATP, &) 5 uM MBP—HX3, (x) 5 uM
MBP—HX3and 1 mM ATP, ¥) 5 uM MBP—HX,, (l) 5uM MBP—HX; and 1 mM ATP, #) 5 uM HX3, and () 5 uM HX3zand 1 mM

ATP. The concentration of NRIP subunits was 0.14M. (D) PIl increases the phosphatase activity of CT111 and CT1PB:céntrol,

(O) 1 mM AMP-PNP, () 3 uM PIl and 1 mM AMP-PNP, 4) 3 uM CT151 and 1 mM AMP-PNP,x) 3 uM CT151, 3uM PII, and 1

mM AMP-PNP, @) 3 uM CT126 and 1 mM AMP-PNP,X) 3 uM CT126, 3uM PIl, and 1 mM AMP-PNP,¢) 3 uM CT111 and 1 mM
AMP-PNP, and M) 3 uM CT111, 3uM PIl, and 1 mM AMP-PNP. The concentration of NRP subunits was 0.145M.

clearly resulted in a decreased extent of NRI phosphorylation, lacks phosphatase activityl), the observation of this
although not to the extent seen with the combination of NRII activity by purified CT111 polypeptide indicates that in the
and PII (Figure 13B). fusion protein the MBP segment inhibits the phosphatase
A direct assay for the NRII phosphatase activity involves activity. The CT126 polypeptide had detectable phosphatase
assessing the dephosphorylation of NR¥P, as in Figure activity, which was inhibited by AMP-PNP (Figure 14B).
1. Using this assay, NT189 clearly had phosphatase activity, While MBP—H; lacked discernible phosphatase activity,
which was only slightly stimulated by ATP, while NT169 MBP—HX,, MBP—HX3, and the isolated HXpeptide all
lacked this activity (Figure 14A). The CT111 polypeptide had phosphatase activity, which was not greatly stimulated
had detectable activity, which was reduced slightly when by the presence of ATP (Figure 14C). The phosphatase
AMP-PNP was present (Figure 14B). This activity of CT111 activity of MBP—HX3 and the isolated Hxpolypeptide were
was not detected in the other assays; in those assayspearly equal, indicating that fusion to MBP does not affect
enhanced phosphorylation of NRI by CT111 apparently the phosphatase activity of the HX segment.
balanced the dephosphorylation of NR? by CT111. Since The weak phosphatase activity of CT111 and CT126 was
previous studies have shown that MBET111 completely  stimulated by the PII protein (Figure 14D). Although the
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stimulation of CT126 was barely detectable, stimulation of for the phosphatase activity, and stabilization of this con-
the CT111 phosphatase activity by PIl was clearly discernible formation by PIlI requires the presence of the N-terminal
(Figure 14D). This result, along with the autophosphorylation domain of NRII. Also, the interaction of the isolated central
data already presented, indicates that Pll interacts with thedomain of NRIl with NRKP may be poor, and in the intact

NRII transmitter module. protein, more extensive contacts with NF? may result in
more effective phosphatase activity. Finally, the phosphatase
DISCUSSION activity is likely to require the unphosphorylated form of

_ ) the H-box region. This is consistent with the genetic and

Our studies suggest that Pl activates the phosphatase,;ochemical data indicating that mutations reducing the
activity of NRIl and inhibits the autophosphorylation of NRIl  inase activity of NRII increase its basal phosphatase activity

by stabilizing a (_:onformgtlon Of_ NR,“ that has_ potent (13, 18). Thus, the very weak phosphatase activity of CT111
phosphatase activity. Consistent with this hypothess, Pllwas 304 cT126 may be due in part to the decreased asymmetry
not required for the phosphatase activity, and greatly autophosphorylation of these proteins. Interestingly, the

activated this activity even when the cleavage of ATP by pinging of PII to CT111 and CT126 resulted in a dramatic
NRII was prevented (Figure 1). Furthermore, the binding of j,-rease in the stoichiometry of autophosphorylation of these
Pll to NRII greatly reduced the rate of subunit exchange . qteins (Figure 10), and the weak phosphatase activity of
between NRII dimers (Figure 5), and very strongly inhibited ye56 proteins in the presence of Pil was only detected under

the transphosphorylation of the central domain of NRII by ¢4 gitions where their autophosphorylation was prevented
NRII (Figure 11), indicating regulation of the NRII confor- (Figure 14).

mation by PII. Earlier studies showed that the autophos-
phorylation of NRII was strongly asymmetric and that PII
influenced this asymmetry28), suggesting that the two
subunits of the NRII dimer act in a highly concerted fashion.
We observed that all three domains of NRII are involved in
the regulation of the NRII conformation and that all three

domains of NRII are required for proper regulation of NRII and in trans). These results suggest that the N-terminal

activities by PII. domain is involved in controlling the conformation of the
The most surprising result to come from our studies central domain of NRII. The highest phosphatase activity

concerns the role of the N-terminal domain of NRIIl. On the opserved among the truncated versions of NRII was that of

basis of analogy with other two-component systems, which NT189, which contains intact N-terminal and central do-

contain N-terminal sensory domains, it was previously mains. An interaction between the N-terminal domain and
thought that the N-terminal domain of NRII should serve as the central domain may be involved in stabilizing the

the site of interaction with PII. This conclusion was consistent “phosphatase” conformation of the central domain.
with the observation that MBPCT111 completely lacked The N-terminal domain played a role in other activities

phosphatase activity in the presence of BB)(Indeed, the  of NRII, even in the absence of PIl. For example, the
N-terminal domain of NRIl is often termed the “sensory N-terminal domain regulated the transphosphorylation activ-
domain” @0, 31). However, our experiments indicated that ity of NRII, perhaps by limiting access to the NRII active
Pll interacted with the isolated transmitter module of NRII, site for the central domain provided in trans (Figure 8) Also,
specifically, with the kinase domain of the transmitter the N-terminal domain was required for highly asymmetric
module. For example, we observed that Pl influenced the NRII autophosphorylation (Figure 9). In both cases, the
stoichiometry of autophosphorylation and phosphatase activ-N-terminal domain may act by limiting the flexibility of
ity of the isolated transmitter module (Figures 10 and 14) NRII. Two additional observations suggest a direct or indirect
and that PIl inhibited the transphosphorylation activity of interaction between the N-terminal domain and the kinase
the isolated kinase domain (Figure 11). In the accompanying domain. First, the N-terminal domain was required for the
paper 86), a protein-protein cross-linking method was used  subunit exchange reaction, and the presence of both N-
to probe the interaction of PIl and NRII. Consistent with terminal domains and kinase domains was required for rapid
our results, the results of that study show that PII interacts subunit exchange_ Thus, an interaction (direct or indirect)
with the kinase domain of NRII. Thus, both the activity petween the N-terminal and kinase domains may destabilize
studies in this paper and the direct mapping of the interactionthe NRII dimer, favoring subunit exchange. Second, an
site in the accompanying paper point to the kinase domain ynfavorable interaction between the N-terminal and kinase
as the site for interaction with PII. domains appears to contribute to the instability of the doubly
Our studies, along with the work of Kramer and Weiss phosphorylated NRII dimer, since doubly phosphorylated
(20), indicate that the minimal segment of NRII required NT189 dimers appeared to be unusually stable (Figure 7 and
for the phosphatase activity was the central domain, consist-data not shown). One possible explanation for these results
ing of the H-X region of NRII. Thus, this portion of NRII is that the two N-terminal domains of NRII interact with
must contain the “active site” for the phosphatase activity. the central and kinase domains in the dimer. The N-terminal
Yet, the phosphatase activity of this portion of NRIl was domain of NRII contains a PAS motif, which in certain other
weak when compared to that of the NRPII complex, and proteins is thought to mediate interactions between domains
two constructs containing an intact transmitter module, (37; for a review, see re88).
namely, CT111 and CT126, had very weak phosphatase How does PII bring about the phosphatase activity of
activity even in the presence of PIl. Thus, a precise NRII? An admittedly speculative model that is nevertheless
conformation of the central domain is apparently required consistent with the existing genetic and biochemical data is

The role of the N-terminal domain of NRIlI seems to be
mainly in intramolecular signal transduction. While this
domain was not required for interaction with PII, it was
required for the proper response to Pl binding, that is, it
was required for PIl to greatly stimulate the phosphatase
activity and to greatly inhibit the kinase activity (both in cis
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as follows. We hypothesize that the phosphorylation of NRI that this segment of NRII, when grafted onto the monomeric
by NRIl may proceed by an alternating-sites mechanism, in MBP, brought about dimerization of MBP. However, our
which the hemiphosphorylated NRII dimer must transfer its studies of subunit exchange showed that the stability of the
phosphoryl group to NRI before the second subunit of NRII NRII dimer is affected by the other domains of the protein.
can become phosphorylated. Yet, existing data suggest that The X-box region of NRIl was not required for dimer-
in the hemiphosphorylated state, the autophosphorylation ofization per se. For example, NT125, NT135, NT145, NT155,
the second subunit is occurring rapidly, but its dephos- and NT169 were dimers as purified after overexpression.
phorylation is occurring more rapidl28). Thus, we imagine  Indeed, NT125 completely lacks both H- and X-motifs, yet
that in hemiphosphorylated NRII, the unphosphorylated was dimeric. However, NT110 was clearly monomeric.
subunit is in close association with the kinase domain of the Therefore, a segment of NRII mapping between positions
other subunit. Upon dephosphorylation of hemiphosphoryl- 110 and 125 seems to be involved in dimerization of these
ated NRII by NRI, the previously unphosphorylated NRII polypeptides. This region of NRII is thought to be a linker
subunit rapidly becomes phosphorylated and NRII undergoesregion connecting the N-terminal domain and the transmitter
a conformational change in which the two subunits trade module. The dimerization of these NT polypeptides may
conformations. That is, the phosphorylated subunit is moved reflect an unnatural process not observed with native NRII.
into position for interaction with NRI, and the unphospho- NT125, NT135, NT145, NT155, and NT169 did not undergo
rylated subunit is moved out of position for interaction with  subunit exchange with NRII or MBPNRII. One possibility
NRI and into close association with the opposing kinase is that in the absence of the intactPX region, the segment
domain. Thus, the unphosphorylated H-box region of NRIl of NRIl between positions 110 and 125 may be in an
is seldom in position to interact with NRIP, explaining the unnatural conformation. This conclusion is consistent with
low phosphatase activity of NRII in the absence of PIl. Pl our observation that NT145 and NT155 could not be
may act by slowing the alternating-sites cycle after dephos- phosphorylated by wild-type NRII and that NT169 could be
phorylation of NRIMP by NRI. This would cause the efficiently phosphorylated only by wild-type NRII, despite
unphosphorylated H-box region of NRII to persist in a the fact that NT145, NT155, and NT169 contain the H-box
conformation that is ideal for interaction with NRP. region. Also, the slow rate of NT16%P dephosphorylation
However, Pl also seems to act in a positive sense to forceby NRI suggested that this species is in an unnatural
NRII into the conformation that displays phosphatase activity conformation.
(Figure 1). Thus, we hypothesize that Pll both slows the The CT series of proteins provides information about
alternating-sites phosphorylation mechanism and forces thedimerization determinants in the transmitter domain of NRII.
unphosphorylated H-box region into the conformation dis- CT111 and CT126 were dimers, while CT190 was a
playing phosphatase activity. Since the binding of Pl to NRII monomer. CT151 behaved as if it formed very unstable
inhibited the subunit exchange reaction, PIlI apparently dimers. MBP-CT111 and MBP-CT126 were also mostly
stabilizes the dimer in this phosphatase conformation. Of dimeric, while MBP-CT151 was mostly monomeric. These
course, other models may be envisioned, and future workresults suggest that positions 280, that is, the HX
must address the issue of whether the kinase reactionregion, were involved in dimerization and that positions
proceeds by an alternating-sites mechanism. 151-190, that is, the X region, had weak dimerization
We used transphosphorylation assays to examine thepotential by itself.
activity of various constructs derived from NRII. Our results Previous results have shown that mutations in the X-box
suggest that transphosphorylation may have occurred byregion may result in a reduced ability to negatively regulate
distinct mechanisms in these experiments, depending on thesystem output in vivo, which has been interpreted as
kinase-substrate pair. Phosphorylation of substrates by signifying a decrease in the phosphatase activiy (7).
CT190, which lacks any ability to form heterodimers owing Since our results show that the X-box is involved in
to no overlap with the substrates, probably represents a truedimerization and subunit exchange, one possibility is that
intermolecular phosphorylation. Phosphorylation of NT189 the X-box mutations alter the conformation in a way that
by wild-type NRII, on the other hand, may occur primarily favors phosphorylation of the H-box under conditions where
in heterodimers, since NT189 and NRII readily form it typically is not phosphorylated. For example, these
heterodimers. We did not detect any ability of CT111, mutations may affect the phosphatase activity by diminishing
CT126, NT169, MBP-HX,, MBP—HXg3, or the isolated HX the asymmetry of NRII autophosphorylation. Alternatively,
polypeptide to form heterodimers using our gel electrophore- these mutations in the central domain may destabilize the
sis assay; however, the possibility remains that theseconformation with high phosphatase activity.
polypeptides may form heterodimers that are very unStable'ACKNOWLEDGMENT
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