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(NtrB): How the Different Domains of NRII Collaborate to Act as a Phosphatase
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ABSTRACT. The phosphatase activity of the homodimeric NRII proteifestherichia colis activated by

the PII protein and requires all three domains of NRIIl. Mutations in the N-terminal domain (L16R),
central domain (A129T), C-terminal domain PII-binding site (S227R), and C-terminal domain ATP-lid
(Y302N) of NRII result in diminished phosphatase activity. Here, we used heterodimers formed in vitro
from purified homodimeric proteins to study the phosphatase activity. A129T, S227R, and Y302N mutant
subunits and A129T/S227R, A129T/Y302N, and S227R/Y302N double-mutant subunits formed stable
heterodimers and were amenable to analysis; heterodimers containing these mutant subunits in various
combinations were formed and their activities assessed. Complementation of the Pll-activated phosphatase
activity was observed in heterodimers containing S227R and Y302N subunits and in heterodimers containing
A129T and Y302N subunits, but not in heterodimers containing A129T and S227R subunits. Comple-
mentation of the Pll-activated phosphatase activity was also observed in heterodimers containing A129T/
S227R and Y302N subunits, but not in heterodimers containing A129T/Y302N and S227R subunits. Finally,
inclusion of an S227R/Y302N subunit in a heterodimer with a subunit having wild-type phosphatase
activity resulted in a dramatic decrease in phosphatase activity, while inclusion of an A129T/S227R subunit
did not. These results suggest that the phosphatase activity of NRIl requires the collaboration of the
PlI-binding site from one subunit of the dimer, the central domain from the same subunit, and the ATP-
lid from the opposing subunit, in addition to the undefined N-terminal domain requirement(s).

Two-component signal transduction systems (TCS) are pathogenesis. There are approximately 30 such systems in
common in prokaryotes and are also found in lower eukary- Escherichia colithat regulate a variety of metabolic adapta-
otes and plants (reviewed in rdf~3). These regulatory  tions and various aspects of cell physiolod@y. (
systems couple the sensation of environmental signals to  The mechanisms by which the dimeric transmitter proteins
specific responses using conserved phosphoryl transferpring about the phosphorylation of the receiver (kinase
mechanisms. The TCS contain two protein components activity) have been studied in some detail in a number of
termed the “transmitter” or sensor histidine kinase and the systems. In a typical TCS, a phosphoryl group is transferred
“receiver” or response regulator. Environmental signals from ATP bound to the C-terminal domain of one subunit
control the phosphorylation and dephosphorylation of the of the transmitter to a conserved histidine residue in the
receiver by the transmitter, with the phosphorylation state central domain of the opposing subunit byrans-intramo-
of the receiver determining its activity. In most cases, the lecular mechanism (autophosphorylation activity), and then
receiver activates or represses the transcription of specifictransferred from the phosphorylated histidine to a conserved
genes when it is phosphorylated. Genomic studies haveaspartate residue in the receives—@). This flow of
indicated that many bacteria contain numerous TCS thatphosphoryl groups from ATP to the receiver may be
regulate various aspects of metabolism, development, andregulated in response to environmental signals sensed by the

transmitter ). In other cases, more elaborate phosphorelay
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receiver (2). This activity has been referred to as the optimal form of Pll for bringing about the regulation of NRII
regulated phosphatase activiy3], although it is not known is the unmodified, asymmetric trimer with three ATP
whether it represents a unique activity or the activation of molecules and one 2-ketoglutarate molecule bound.
the receiver autophosphatase activity. Here, we refer to this A large exposed loop of PIl known as the T-loop is
activity of the transmitter as the phosphatase activity. Geneticresponsible for the interaction of Pl with NRII3§).
and physiological analysis of several TCS indicates that this Heterotrimeric PIl molecules that contained a single wild-
activity plays a central role in the regulation of receiver type subunit and two subunits that had a deletion of the
activity (reviewed in refl4). In some TCS, phosphatase T-loop retained the ability to elicit the phosphatase activity
activities are found in additional proteins, unrelated to the of NRII (37), suggesting that a single T-loop of the PII trimer
transmitter protein (reviewed in réf). was sufficient for binding NRII. In addition, cross-linking
The transmitter proteins of TCS are typically composed agents uniquely positioned at sites in the PIl T-loop are
of an unconserved N-terminal domain linked to the conserved specifically cross-linked to NRII in an ATP and 2-ketoglu-
transmitter module that forms the central and C-terminal tarate dependent manngj. The purified cross-linked PH
domains (reviewed in refl6). The lack of conservation NRII complex, which exhibited phosphatase activity, con-
among the N-terminal domains of the transmitter may reflect sisted of the PII trimer covalently linked to a single subunit
the need for the various TCS to respond to distinct signals, of the NRII dimer @3).
with the N-terminal domain providing a sensory function.  Genetic and biochemical analysis of the phosphatase
Many transmitter proteins are membrane-bound proteins, andactivity of NRII indicated that this activity is not a reversal
in some cases, transmembrane signaling has been implicatedf the phosphotransfer reaction and that the role of PIl is
in the control of the activities of the cytoplasmic transmitter strictly regulatory 88). Studies with purified truncated
module (7, 18). In other cases, sensation involves cyto- derivatives of NRII indicated that the phosphatase activity
plasmic domains located immediately adjacent to the con- resides in the central domain of NRIl and suggested that the
served transmitter modulelq, 20), is due to sensory phosphatase activity requires a particular conformation of
properties of the transmitter module itselflj, or is due to NRII (38). Pll binds to the C-terminal domain of NRI2)
the interaction of additional signal transduction proteins with and apparently causes the central domain to adopt the
the cytoplasmic transmitter modut2X 23). These regulatory ~ conformation with potent phosphatase activity; this intra-
interactions may control the transmitter kinase or phosphatasemolecular signal transduction requires the presence of the
activity or both, depending on the system, to control the N-terminal domain of NRII 88).
phosphorylation state of the receiver. Numerous mutations affecting the Pll-activated phos-
The NRII/NRI (NtrB/NtrC) TCS ofE. coli controls the phatase activity of NRIl have been identified, and these
expression of genes belonging to the Nitrogen (Ntr) regulon mutations map in all three domains of NRII. Specifically,
in response to intracellular signals of nitrogen and carbon mutations mapping within the N-terminal domain of NRIl,
availability (reviewed in ref24). The transmitter NRII throughout the central domain, on two distinct surfaces of
phosphorylates and dephosphorylates the receiver NRI. NRIIthe C-terminal domain, and in the linkers connecting the
is a cytoplasmic transmitter protein that consists of a small domains, result in reduction of the NRII phosphatase activity
N-terminal domain containing a PAS motif linked to its while having little or no effect on kinase activitg9, 40).
central and C-terminal domain that together comprise the Of these, a mutation within the N-terminal domain (L16R),
conserved transmitter module. PAS motifs have been shownat the beginning of the central domain (A129T), and at each
to bind regulatory ligand<26) or in some cases are involved of the two surfaces of the C-terminal domain (S227R and
in mediating proteir-protein interactions26). NRII auto- Y302N) were selected for in vitro studies of the purified
phosphorylation occurs at histidine 139 in the central domain. proteins 40). The Y302N mutation mapped to the “ATP-
The phosphoryl group is then transferred to aspartate 54 inlid” of the C-terminal domain, and the S227R mutation
the N-terminal receiver domain of NRI. The phosphorylated mapped to the “back” of the C-terminal domain. The S227R
form of NRI (NRI~P) activates the initiation of transcription  protein was a defective phosphatase due to its inability to
of o>*-dependent Ntr gened?, 27). bind PIl. The L16R, A129T, and Y302N proteins were
Genetic and physiological studies have indicated that the defective phosphatases but retained normal or nearly normal
phosphatase activity of NRII is the primary target of Pll-binding. The A129T, S227R, and Y302N mutant proteins
regulatory signals28, 29). This regulation is carried out by  displayed normal autophosphorylation kinetics, suggesting
the PII protein. The homotrimeric PIl protein is a member normal interactions with ATP and ADR(). The biochemi-
of a large family of signal transduction proteins that are found cal data available for NRII, in conjunction with structural
throughout nature, with representatives in prokaryotes, lower information available for other TCS transmitter proteins
eukaryotes, and plants (reviewed in 8. The binding of (41-44), led us to propose a model for the domain
Pl to NRII results in a modest inhibition of the autophos- arrangement in the NRII dime#Q, 45) as shown in Figure
phorylation of NRIlI and a dramatic activation of the NRII 1.
phosphatase activityl@, 31). The ability of PII to regulate Since mutations spread throughout the NRII protein can
NRII is controlled by the covalent modification of PIl in  affect the phosphatase activity, we were interested to
response to the nitrogen signal glutamii®®)(and by the determine how the domains of NRII collaborate to function
binding of the allosteric effector, 2-ketoglutarate (the carbon as a phosphatase in the presence of PIl. Here, we describe
signal) to PIl 83—35). In the presence of saturating ATP, the use of purified single or double-mutant NRII proteins
the binding of a single molecule of 2-ketoglutarate to the and incorporation of their subunits into heterodimeric proteins
PII trimer exhibits negative cooperativity such that binding to study the mechanism of the Pll-activated phosphatase
of additional 2-ketoglutarate molecules is disfavored. The activity of NRIl. We show that in certain cases, the inclusion
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N-terminal domain mutation] or from pAP076 40) [containing the Y302N
mutation]. The resulting plasmids, pAP125 (encoding A129T/
ATP-lid S227R) and pAP127 (encoding A129T/Y302N), were se-
guenced to ensure that only the correct combination of
mutations was present. Sequencing of plasmid DNA was
performed using sequencing primers described previously
(39) by the University of Michigan DNA Sequencing Core
Facility. Plasmid pAP123 (encoding S227R/Y302N) con-
struction made use of two conveniegplsites, one located
I between codons 227 and 302 and the other in the expression
‘ ----------- Central domain plasmid outside of the NRII coding sequence. Plasmid
4-helix bundle pAP076 @0) was digested withSsp| and the Y302N-
containing fragment was used as the vector for blunt-end
Ficure 1: Model for the domain arrangement of the NRII dimer ligation with the S227R-containir§sptSsplfragment from

showing the positions of mutations used in this study. The model . ;
is similar to those in referenced(, 45) and is based on structural PAPO73 €0). The resulting plasmid was sequenced to ensure

information available for related two-component system transmitter that it contained the proper combination of mutations.
proteins ¢#1—44) and biochemical studies of NRIl. Each NRII Purified Proteins.The preparations of PlI, Pll (E44C/

subunit is composed of three domains. The N-terminal domain is C73S) labeled with the cross-linking reagent TFPAM-3
unique to NRII proteins and is important for intramolecular signal (Molecular Probes), and NRI-N (consisting of amino acids

transduction. The central domain is the dimerization domain . .
containing the site of autophosphorylation and harbors the phos- -~ 118 0f NRI) were described previousigg, 40, 47). The

photransfer and phosphatase activities. It is presumed to consist ofusion proteins MBP-NRII (NRII linked to the C-terminus
two adjacenio-helices separated by a hairpin loop that, together of maltose binding protein), MBP-CT111 (amino acids 411
with the central domain of the opposing subunit, make up a putative 349 of NRII linked to the C-terminus of MBP), MBP-CT126
four-helix bundle. The active site histidine (His139), which resides (amino acids 126349 of NRII linked to the C-terminus of
in the first putative helix, is shown labeled as an “H". The ;

C-terminal domain is responsible for PlI- and ATP-binding and is MBP), and the CT111 and CT126 proteins (generated by
presumed to exhibit the conserveds sandwich fold common to ~ proteolytic cleavage of the corresponding MBP-fusion

the ATP-binding domain of other transmitter proteins. This domain proteins and removal of the MBP) were described previously
contains the ATP-binding site, a loop over the ATP-site termed (5 38 48). The preparations of wild-type NRII, NRII

the ATP-lid, and the PII-binding site on the “back” side. In the
picture, the dimer is shown viewed down the four-helix bundle. (1141V), NRII (A129T), NRII (S227R), and NRII (Y302N)

The N- and C-terminal domains connect to the central domain above Were described previously; each of these proteins was
the plane of the page, while the twoehelices of a central domain  purified in its native form 40). The preparation of NRII
g acid SUDSTIUONS relevant 6 tHis Study aro hown 88 GO pre e s g o i o PrEVIOUSY Cescribed (O)
amino acl i i i ictidi i i
with their identity labeled. The L16R, A129T, an)(/j Y302N mutations This pmte-m -W-as purified as a histidine-tagged fu_S|0r] pmt-em_’
result in diminished phosphatase activity while retaining Pll-binding and the histidine tag was removed, by pmtemyu,c, dlgeSIIO!’I,
ability, whereas the S227R mutation results in decreased phos-the protease cleaved product retains three additional amino
phatase activity due to severely diminished PIlI-binding. acids (Gly-Ser-His) at the N-terminus of the prote#o)
The NRIl double-mutant proteins, A129T/S227R, S227R/
_ ) o ) Y302N, and A129T/Y302N, were purified by the method
of two Q|ﬁ(_arent mutant subunits within a heterod|mer_can described previously with the S227R-containing proteins
result in intramolecular complementation that partially receiving the same considerations as the S227R praté)n (
restores the Pll-activated phosphatase aptivity. In ano.ther-rhiS involved overexpression of the proteingEincoli strain
case, we shOV\_/ thatadquble-mutant subunit, Whe_n _corr_1b|nedRBgl32 A ginL) [28], followed by purification at 4°C
with a subunit with wild-type phosphatase activity in a jnyolving ammonium sulfate precipitation, and chromatog-
heterodimer, prevents the Pll-activated phosphat.ase aCt'V'ty-raphy on ethyl agarose (Sigma) and Bio-gel A-0.5M (Bio-
The results suggest a model for how the domains of NRII Raq). In addition, the A129T/Y302N protein was chromato-
collaborate in the phosphatase activity. graphed on a DE52 (Whatman) ion-exchange column as
described 40). Protein concentrations were determined by
MATERIALS AND METHODS the method of Bradford4®) and are stated in terms of the
Plasmid ConstructionDNA manipulations were by stan- monomer for NRI-N, the dimer for NRII and NRII deriva-
dard procedurestp). Construction of plasmids overexpress- tives, and the trimer for PII.
ing the NRII double-mutant proteins A129T/S227R and  Preparation off?P-Labeled NRN~P. F?P]NRI-N~P was
A129T/Y302N involved a cloning strategy making use of prepared similar to a previously described method used for
two conveniently locatedall restriction sites in the over-  full-length NRI (38). The MBP-CT111 protein was used as
expression plasmids for the single mutant proteins, onethe kinase for phosphorylation of NRI-N. MBP-CT111
between codon 129 and codons 227 and 302 and the othecompletely lacks phosphatase activity while retaining kinase
outside of the NRII coding sequence in the expression activity and does not undergo spontaneous subunit exchange
plasmid. Plasmid pLOP1%) [encoding the A129T/1221V  or form stable heterodimer8§, 48, this study). A reaction
protein] was digested to remove ttgall-Sall fragment containing 50 mM Tris-HCI, pH 7.5, 100 mM KCI, 10 mM
covering the distab%/3 of the NRII coding sequence and MgCl,, 0.2 mM [y-32P] ATP, 48uM NRI-N, and 0.6uM
containing the 1221V mutation. The A129T-containing MBP-CT111 was incubated at 2& for 35 min. The {2P]-
fragment was used as the “vector” for ligation with Bl NRI-N~P was separated from nucleotides on a PD10
Sall fragment from pAP07340) [containing the S227R  Sephadex G-25 column (Pharmacia) equilibrated in 50 mM

‘ Al129T

C-terminal domain
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Tris-HCI, pH 7.5, 100 mM KCI, 10% (v/v) glycerol, 2 mM  control sample was prepared, the heterodimer and control
EDTA, 1 mM DTT, and stored at-20 °C. samples were prewarmed to the assay reaction temperature

Polyacrylamide Gel Electrophoresislondenaturing and  (as indicated) for 3 min before starting the assays.
SDS-polyacrylamide gel electrophoresis were carried outas NRII Autophosphorylation AssayBhese assays were as
described previously6( 50). The nondenaturing gels were  previously described4Q). Errors in the quantitative assay
run at 150 V at 4#°C for 3—3.5 h. Gels were stained with  were <10%. The qualitative assay allows us to determine
Coomassie Brilliant Blue R-250. the fraction of our protein preparation that is active, since

Heterodimer Formation and Analysis of Agties. Forma-  the phosphorylated NRII dimer exhibits faster mobility than
tion of NRII heterodimers by spontaneous subunit exchange unphosphorylated NRII on nondenaturing polyacrylamide
was as previously describe8]. The indicated combinations  gels 61).

of NRII proteins (6uM total dimer, ratios as indicated) were Combined Kinase and Phosphatase As3#ys assay was
incubated fo 3 h at 37°C in reactions containing 50 MM simijlar to those previously describet 38, 40). Here, PII
Tris-HCI, pH 7.5, 100 mM KCl, 10 mM MgGl Formation  was added to the reactions from the start; thus, in this assay
of heterodimers by the urea-dialysis procedure was similar the final steady-state level of NRI-NP reflects the balance

to a previously described metho)(These reactions were  of the kinase and phosphatase activities of NB8)(Errors

the same as those for spontaneous subunit exchange, excepising this assay were10%, and day-to-day reproducibility
they also contained 2.8 M urea and were incubated for 3 yas very good. An example of the reproducibility is provided
min at 30°C, followed by dialysis against 4000 volumes of  py comparing the wild-type NRH: PII controls among the

50 mM TI’iS-HCl, pH 75, 100 mM KCI for 1.5 h at 4C. pane's in Figure 6.

After dialysis the protein concentrations were determined by = iract Phosphatase Assayhis assay was similar to one

the method of Bradford4®). Heterodimer formation was — reyiously described3@), except that the N-terminal domain

monitored by analysis on nondenaturing 10% polyacrylamide ¢ \jg (NRI-N) was used in place of NRI, and the substrate

gels. ) L i [32P]NRI-N~P was present at 1.18Vl. The data shown here
Enzymatic activities of the NRII heterodimers were were obtained using two separately prepared batch@R [

monitored using the assays described below, with the Ngi.N~P and were highly consistent. Errors using this assay
heterodimer” and “control” samples prepared as follows. \\qrq <5%, and day-to-day reproducibility was good, as

In most experiments the heterpdimer semple was.preparedevidenced by comparing the P# wild-type NRII data
by mixing two different homodimers (as indicated) in a 1'1  gmong the figures. For plotting the data the starting level of
molar ratio (6uM total dimers) and subjecting the mixture 22P]NRI-N~P (zero time point) was determined by a best

to the urea-dialysis procedure. The theoretical equilibrium &: ¢ the PII alone data to a simple exponential decay
distribution of NRII molecules in this sample is 25% each ¢,ction.

homodimer and 50% heterodimer, assuming random reas-
sociation of the NRII subunits. The activity of this sample
was compared to a control sample containing the same total
amount of NRII dimers, but which was prepared by subject-
ing the two different homodimers individually @\ total RESULTS
homodimer) to the urea-dialysis procedure followed by
mixing of the two homodimers in a 1:1 molar ratio resulting Subunit Exchange Acity of Phosphatase-Deficient NRII
in a sample containing 50% each homodimer (assuming noProteins.We sought to determine if Pll-activated phosphatase
spontaneous subunit exchange effects). In a few experimentsctivity can be restored to phosphatase-deficient mutant NRII
the heterodimer samples were prepared by mixing two proteins by including different mutant subunits in NRII
different homodimers (as indicated) in a 9:1 molar ratio heterodimers. Toward this end, we examined the ability of
(6 uM total dimers) and subjecting the mixture to the urea- different phosphatase deficient NRII proteins to form stable
dialysis procedure. The theoretical equilibrium distribution heterodimers. Previous results showed that the simple mixing
of NRII molecules in this sample is 81% major homodimer, of a homodimeric mutant NRII protein that contains a
1% minor homodimer, and 18% heterodimer, assuming substitution of valine for isoleucine at residue 141, NRII
random reassociation of the NRII subunits. In this case the (1141V), with a homodimeric NRII protein consisting of
control samples were prepared as for the 1:1 ratio, exceptNRII linked to the C-terminus of maltose binding protein
that after the urea-dialysis procedure the two different (MBP-NRII) resulted in the formation of the heterodimer
homodimers were mixed in a 9:1 molar ratio, resulting in a species, with the equilibrium position reached in approxi-
sample containing 90% major homodimer and 10% minor matel 3 h at 37°C (38). The 1141V protein exhibits slightly
homodimer (assuming no spontaneous subunit exchangeelevated kinase activity, while retaining wild-type phos-
effects). phatase activity in the presence of RADY; this protein will
Since the spontaneous exchange of NRII subunits occursbe used in some of the experiments described here. We
slowly at low temperatures3g), the urea-dialysis treated examined the ability of wild-type NRII and the L16R,
samples (heterodimer sample and two individually treated A129T, S227R, and Y302N mutant proteins to form stable
homodimer samples) were stored on ice after dialysis. The heterodimers with MBP-NRII by spontaneous subunit ex-
control samples were prepared by mixing the two urea- change (Materials and Methods). The larger size of the MBP-
dialysis-treated homodimers together on ice just before NRII fusion protein allows the homodimer and heterodimer
beginning the activity assays. This minimized the amount species to be resolved by nondenaturing polyacrylamide gel
of heterodimer that could be formed in the control samples electrophoresis 6). The wild-type, A129T, S227R, and
by spontaneous subunit exchange. Immediately after theY302N proteins were all capable of forming stable het-

Cross-Linking Reaction3.he binding of PIl to NRIl was
assessed using a cross-linking assay performed as described
previously @3, 40).
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x 2 Z to the C-terminus of MBP) versus the 1141V protein and
5 8 did not detect any heterodimer formation (data not shown).
v & & & E ?_ E In addition, we tested 1:1 molar ratios of the CT111 and
S € N o @ o o o CT126 proteins (MBP removed by protease digestid])[
o 1S 17 versus the L16R, A129T, S227R, and Y302N proteins and
WP WY S50 B9 W50 090 W — MEP-NRII did not detect any heterodimer formation (data not shown).
— e i e e __hetero- Intersubunit Complementation of Phosphatase /gtin
dimers NRII HeterodimersThe results presented thus far demon-
- o e b L NRI strated that stable NRII heterodimers containing subunits
i i == ' proteins from the wild-type, A129T, S227R, and Y302N proteins

FIGURE 2: Spontaneous subunit exchange activity of NRII dimers. could be formed. We examined whether subunits containing
Wild-type NRII or mutant forms of NRII were mixed with MBP-  the A129T, S227R, and Y302N mutations, when placed in
NRII (3 M each homodimer) in reactions containing 50 mM Tris-  heterodimeric NRII molecules, could complement and restore

HCI, pH 7.5, 100 mM KCI, 10 mM MgGl After incubation for 3 . L .
h at 37°C aliquots of the reaction mixtures were analyzed on a Pll-activated phosphatase activity to the NRII heterodimers.

nondenaturing 10% polyacrylamide gel stained with Coomassie Heterodimers were formed by the urea-dialysis procedure
Brilliant Blue R-250. Positions of the homodimers and heterodimers (2.8 M urea), since this method ensures that the equilibrium

are indicated to the right of the gel, and the identities of the NRI position will be obtained by a standard treatment for all of
proteins are listed above the gel lanes. the proteins.

The NRII heterodimer species cannot be isolated and
studied in the absence of the homodimer species since any
purified preparation of heterodimer would form homodimers
. . . ) .2 by spontaneous subunit exchange. Thus, the heterodimer
that will be described in detall IaFer; as shown, these proteins i<t be studied in the presence of the homodimers. As a
also were able to form heterodimers with MBP-NRII. control for this, we compare the activities of two mixtures

The L16R protein was further examined in spontaneous of NRI| dimers that have the same total amount of NRII
subunit exchange experiments using a 1:1 molar ratio of the gimers, but their composition varies in terms of the fraction
L16R protein versus the 1141V, A129T, and Y302N proteins. that is homodimer versus heterodimer. The heterodimer
These proteins can be separated on nondenaturing polyacrylsample consists of a mixture of a single heterodimer species
chain. Heterodimer formation was not detected (data notyith very little of the heterodimer species formed. The
shown). We also tried using a 10-fold molar excess of the preparation of these heterodimer and control samples and
MBP-NRII protein over the L16R protein (and vice versa) theijr predicted compositions is described in Materials and
and did not detect any heterodimer formation (data not pethods.
shown). The activities of heterodimer and control samples for alll

Previous experiments have shown that NRII heterodimersthree possible combinations of mutations (S227R with
can also be formed by treating a mixture of two homodimers Y302N, A129T with S227R, and A129T with Y302N) were
with urea to dissociate the subunits followed by dialysis to examined in a combined kinase and phosphatase assay
remove the urea and allow reassociation and re-assortmentiescribed previously3g, 40). In this assay the kinase and
of subunits 6). In those experiments 2.8 M urea was the phosphatase activities of NRII are assessed in the absence
minimal concentration that permitted dissociation of the NRIl or presence of PIl with the N-terminal receiver domain of
subunits while not affecting the ability of the subunits to NRI (NRI-N) serving as the substrate for phosphorylation
bind ATP. We attempted to form heterodimers containing and dephosphorylation (Materials and Methods). Pl is added
the L16R protein using the urea-dialysis procedure (Materials to the reactions from time zero (where indicated), and the
and Methods). We tested 1:1 molar ratios of the L16R protein final steady-state level of phospho-NRI-N (NRRW)
versus the 1141V, A129T, and Y302N proteins with urea reflects the balance of the kinase and phosphatase activities
concentrations of 1.4, 2.8, 5, and 6.7 M. In all cases of NRII (38).
heterodimer formation was not detected with the L16R  Figure 3A shows the results obtained with heterodimer
protein (data not shown). and control samples of the S227R and Y302N proteins. A

The results with the L16R protein suggested that it could nondenaturing polyacrylamide gel analysis demonstrated that
only form stable homodimers. Our current results are our heterodimer sample contained the S227R::Y302N het-
consistent with previous results that indicated that truncated erodimer species in roughly the predicted amount while the
polypeptides of NRII lacking the N-terminal domain, des- control sample contained little or no S227R::Y302N het-
ignated CT111 and CT126, were unable to form heterodimerserodimers (Figure 3A inset). [The double colon is used to
by spontaneous subunit exchange, while a truncated polypep+efer to the heterodimer species; double-mutant proteins that
tide consisting of just the N-terminal domain and the central will be described later are designated with a forward slash
domain was capable of spontaneous subunit exché88)e (  between the two mutations.] The activities of equal amounts
Here, the ability of the truncated versions of NRII lacking (0.3uM total NRII dimer) of the two samples were assessed
the N-terminal domain to form stable heterodimers using the in the absence or presence of QB PIl trimer. In the
urea-dialysis procedure with 2.8 M urea was examined. We presence of PII, the control sample resulted in a lower steady-
tested 1:1 molar ratios of the MBP-CT111 and MBP-CT126 state level of NRI-N-P than that in the absence of PII
proteins (in which the transmitter module of NRII is fused reflective of the residual phosphatase activities of the S227R

erodimers with MBP-NRII, while the L16R protein did not
detectably form heterodimers (Figure 2). Figure 2 also shows
the results obtained with the NRII double-mutant proteins
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and Y302N homodimers (Figure 3A). In contrast, in the
presence of PIl the heterodimer sample resulted in a
significantly lower steady-state level of NRI-NP than the
control sample in the presence of PIll, while the kinase
activity of the heterodimer sample in the absence of Pll was
slightly elevated. This indicates that the Pll-activated phos-
phatase activity may have been restored to some extent in
the S227R::Y302N heterodimers.

Figure 3B shows the results using the A129T and S227R
proteins. The activity of equal amounts (@B total NRII
dimer) of the samples was assessed as above, except that
the PII concentration was Qi@ trimer. The A129T protein
is not as severely defective for the phosphatase activity as
the S227R and Y302N proteins and retains significant
phosphatase activity under our assay conditions auM3
PIl (40). The defect of the A129T protein is more pronounced
when assayed at lower PIl concentrations (@\2), while
the wild-type NRII protein still exhibits potent phosphatase
activity under these conditiond@). The heterodimer sample
exhibited slightly higher kinase activity in the absence of
Pll than the control sample and resulted in a steady-state
level of NRI-N~P in the presence of PIl similar to the control
sample (Figure 3B). This suggests that the Pll-activated
phosphatase activity was not restored in the A129T::S227R
heterodimers.

Figure 3C shows the results with the A129T and Y302N
proteins. In this case we were unable to resolve the
heterodimer species from the homodimer species by non-
denaturing polyacrylamide gel electrophoresis (data not
shown). Nonetheless, the results show that the heterodimer
sample resulted in a significantly lower steady-state level of
NRI-N~P in the presence of PIl (0/2V) than the control
sample, while the kinase activity of the two samples in the
absence of Pll was essentially the same (Figure 3C). This
indicates that the phosphatase activity may have been restored
to some extent in the A129T::Y302N heterodimers.

The results presented thus far have suggested that the
S227R::Y302N and A129T::Y302N heterodimers had either
. restored phosphatase activity in the presence of PII, restored
LD inhibition of kinase activity in the presence of Pll, or some

Time (min) combination of the two, while having normal or slightly
FicuRe 3: Combined kinase and phosphatase assay of NRII eI_evated kinase acti_vity_in the absenc_e of PII. Similar_ resu_lts
heterodimers containing single amino acid substitutions in trans. With all three combinations of mutations were obtained in
(A) Heterodimer and control samples were prepared by the urea-experiments where heterodimers were formed by the spon-
dialysis procedure using a 1:1 molar ratio of the S227R and Y302N taneous exchange of subunits in the absence of urea (data
proteins (Materials and Methods). The activity of the samples was 1, shown). To distinguish between phosphatase activity and
measured at 2%C in reactions containing 08V total NRII dimer S . - :
(control or heterodimer sample) in the absence or presence of Piinhibition of kinase activity, we directly assayed phosphatase
(0.3 M) and also containing 50 mM Tris-HCI, pH 7.5, 100 mM  activity of the heterodimer and control samples in the absence
KCl, 10 mM MgCh, 0.3 mg/mL BSA, 0.5 mM }-32P]ATP, 50 of competing kinase activity in reactions containifi-
#M 2-ketoglutarate, and 30M NRI-N. Symbols: control sample  |aheled NRI-N~P as the substrate and the non-hydrolyzable

— PII (O), control samplet+ PIl (W), heterodimer sample- Pll _ : :
(©), heterodimer sample- Pll (®). The inset shows a nondena- ﬁﬂzshggs)logue AMP-PNP in place of ATP (Materials and

turing 10% polyacrylamide gel analysis of the samples used in the ! o
assay. Lanes (left to right): Ag Y302N, 3.54g control sample, Figure 4 shows the results for all three combinations, 1:1
3.5 ug heterodimer sample, &g S227R. (B) Heterodimer and ~ S227R with Y302N (Figure 4A), 1:1 A129T with S227R
control samples were prepared using a 1:1 molar ratio of the A129T (Figyre 4B), and 1:1 A129T with Y302N (Figure 4C).

and S227R proteins and assayed as in panel A except that Pl (whe A .
present) was 0.2M. Symbols are the same as those in panel A. amples were prepared by the urea-dialysis method. The

The inset shows a nondenaturing 10% polyacrylamide gel analysis'€actions included 1.18M [*P]NRI-N~P substrate and 0.3
of the samples used in the assay. Lanes are (left to right) asuM total NRII dimer (heterodimer or control sample) in the
follows: 1ug S227R, 3.5g control sample, 3.;xg heterodimer  presence of 0.3(M PII (for all three combinations). For
sample, lug A129T. (C) Heterodimer and control samples were o mparison the panels also include reactions lacking NRII

prepared using a 1:1 molar ratio of the A129T and Y302N proteins . Lo :
and assayed as in panel A except that PIl (when present) was O.Z(Show'ng the intrinsic dephosphorylation rate of NRH-R)

uM. Symbols are the same as those in panel A. and Containing O&M each Pll and Wlld-type NRII (ShOW-

NRI-N~P (M)

o

NRI-N~P (uM)

2

NRI-N=P (i)
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A1 —— and Al129T with Y302N combinations (Materials and

] Methods). The reactions containeckl total NRII dimer
(heterodimer or control sample) in the absence or presence
of 6 uM PIl. The S227R::Y302N and A129T:Y302N
heterodimer species did not exhibit any restoration of

0.8

£ 06 Lo : e
5 inhibition of autophosphorylation activity in the presence of
é 0a PIl (Supporting Information, Figure 1). Thus, most of the
z = effect observed in Figure 3A,C was probably due to
[ enhancement of the phosphatase activity of the heterodimer
0.2

species.

The results presented thus far indicated that combining
the S227R with Y302N or A129T with Y302N mutant
subunits in heterodimers resulted in some restoration of
phosphatase activity. The observed complementation could
have been due to the presence of two different nonmutant
sites in trans in the heterodimer. For example, in the
S227R::Y302N heterodimer there is a wild-type Pll-binding
site trans to the wild-type ATP-lid of the opposing subunit.
Alternatively, the complementation could have been due to
suppressing effects of a mutation in one subunit on the
mutation in the opposing subunit. For example, in the
A129T::Y302N heterodimer, the mutant central domain in
trans with the mutant ATP-lid may have been the source of
the complementation. To explore the two possibilities, we
examined the properties of double-mutant NRII homodimers
containing two different mutations in each subunit. The
behavior of such double-mutant proteins in heterodimer
experiments should provide additional information regarding
C - how the domains of NRII collaborate in the phosphatase

activity.

Construction and Purification of NRII Double-Mutant
Proteins.We constructed plasmids causing the overexpres-
sion of the NRII double-mutant proteins, A129T/S227R,
S227R/Y302N, and A129T/Y302N. The three proteins were
overexpressed and purified t0 95% purity (Materials and
Methods). All three proteins behaved as dimers on a gel
] filtration column (data not shown).

7 Autophosphorylation Actities of the NRII Double-Mutant
1 Proteins.We examined the autophosphorylation activities
of the double-mutant homodimers in the absence or presence
0 2 4 6 8 10 12 of PII. Figure 5A shows typical results obtained with wild-
Time (min) type NRII (2uM) assayed in the absence or presence of 12
FIGURE 4. Direct phosphatase assay of NRII heterodimers contain- 4M PII. The inset of panel A shows the results of a
ing single amino acid substitutions in trans. (A) Heterodimer and qgjitative assessment of the autophosphorylation activity

control samples were prepared by the urea-dialysis procedure usin :
a 1:1 molar ratio of the S227R and Y302N proteins and directly g(MaterlaIs and Methods) and demonstrated that our NRII

assayed for phosphatase activity (Materials and Methods). ThePreparation was essentially completely active. The A129T/
reactions were incubated at 256 and contained 50 mM Tris-HCI,  S227R and S227R/Y302N proteins autophosphorylated
pH 7.5, 100 mM KCI, 10 mM MgGl, 0.3 mg/mL BSA, 0.5 mM  similar to the wild-type protein in the absence of PIl and
AMP-PNP, 50uM 2-ketoglutarate, 1.13M [*2PINRI-N~P, 0.3 \yere not inhibited by PII (panels B and C, respectively, of

uM PIl, and the following additions: buffera), 0.3 M control . . o
sample W), 0.3 uM heterodimer sample®), 0.3 xM wild-type Figure 5). The A129T/Y302N protein exhibited normal

NRII (X). Panels B and C show similar experiments using 1:1 molar @utophosphorylation in the absence of Pll, and this auto-
ratios of A129T to S227R and A129T to Y302N, respectively. The phosphorylation was inhibited by PIl similar to the wild-

reaction conditions and symbols are the same as those in panel Atype protein (Figure 5D). The preparations of the double-
mutant proteins appeared to be completely active, as assessed

ing wild-type phosphatase activity). The results showed a jn qualitative autophosphorylation reactions (insets of Figure
pattern consistent with Figure 3 and demonstrated that thesg—p). The inhibition of autophosphorylation of the A129T/
S227R::Y302N and A129T::Y302N heterodimers exhibited y302N protein by PIl was surprising. We expected this
more phosphatase activity in the presence of PlI than theprotein to bind PIl since a previous study showed that the
homOdimerS, while the A129T::S227R heterodimer did not A129T and Y302N Sing|e-mutant proteins exhibited normal
(Figure 4). PIl binding; however, the autophosphorylation of the A129T

We directly examined the autophosphorylation activity of and Y302N proteins was not significantly inhibited by PII
heterodimer and control samples for the S227R with Y302N (40).

0.6

NRI-N~P (uM)

o
IS

02 [

NRI-N~P (uM)
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Ficure 5: Autophosphorylation activities of NRII double-mutant homodimers and their regulation by PII. Wild-type NRII or the indicated
double-mutant protein (M dimer) was incubated on ice in reactions containing 50 mM Tris-HCI, pH 7.5, 100 mM KClI, 10 mM MgCl

0.5 mg/mL BSA, 0.5 mM $-32P]JATP, and 5QuM 2-ketoglutarate in the absendg)(or presencel) of 12 uM PII trimer. (A) NRII, (B)
A129T/S227R, (C) S227R/Y302N, and (D) A129T/Y302N. The insets show a hondenaturing 10% polyacrylamide gel analysis of qualitative
autophosphorylation reactions similar to those above, except they lacked BSA, 2-ketoglutarate, and Pll and were performed in the absence
or presence of unlabeled ATP. These reactions were stopped after 20 min by addition of 50 mM EDTA. Lanes (left to right): io ATP,
ATP.

Kinase and Phosphatase Agties of NRII Double-Mutant ~ reaction and once a steady-state level of NRHNhad been
Proteins.The balance between the kinase and phosphatasaeached the reaction was split into tubes containing buffer
activities of the NRII double-mutant proteins was examined or various amounts of PIl. This method was used previously
in the combined kinase and phosphatase assay. For eacko assess the phosphatase activities of the L16R, A129T,
double-mutant protein, we assessed its activities in the S227R, and Y302N single-mutant proteid€)( The A129T/
absence or presence of excess Pllufll) in reactions Y302N protein (0.3uM) was a very poor phosphatase in
containing 0.3uM NRII double-mutant protein, and we the presence of 0.8M PII but retained significant phos-
compared the activity of the double-mutant protein to the phatase activity when assayed at elevated Pll concentrations
activity of wild-type NRII in an identical reaction. The (Figure 6D), similar to results obtained previously with the
A129T/S227R and S227R/Y302N proteins exhibited elevated Y302N protein 40). Thus, in the A129T/Y302N protein the
kinase activity in the absence of PIl, while in the presence effects of the single mutations were not additive.
of excess PII (1uM), these proteins did not exhibit any Importantly, for all three double-mutant proteins, no
detectable phosphatase activity (panels A and B, respectivelyrestoration of phosphatase activity was observed. This
of Figure 6). A previous study showed that the A129T, indicates that the mutations do not complement in cis, and
S227R, and Y302N single-mutant proteins still retained that the combination of two different mutations in trans, in
considerable phosphatase activity when assayeg st Bl the context of a double-mutant homodimer, does not comple-
(40); thus, it seems that combining the S227R mutation with ment. These results strongly suggest that the mutations do
either the A129T or Y302N mutation in a double-mutant not act as suppressors of each other in trans.
protein had an additive effect. The A129T/Y302N protein  PIlI-Binding Ability of the NRII Double-Mutant Proteins.
exhibited elevated kinase activity in the absence of PII, but Previous results indicated that the S227R mutation resulted
in contrast to the other double-mutant proteins, it appearedin a drastic reduction in Pll binding, while the A129T and
that the A129T/Y302N protein still retained considerable Y302N mutations had little or no effect on Pl bindirggj.
phosphatase activity in the presence ofill PII (Figure Here, PII binding of the NRII double-mutant proteins was
6C). To determine whether this was due to phosphataseassessed using a cross-linking assay described previ@gsly (
activity of the A129T/Y302N protein or due to Pll effects 40). The A129T/Y302N protein was cross-linked to PIl in a
on the autophosphorylation of the A129T/Y302N protein, UV-dependent manner similar to that of the wild-type
we performed a similar combined kinase and phosphataseprotein, while both the A129T/S227R and S227R/Y302N
assay where PIl was omitted from the initial stage of the proteins exhibited drastically reduced cross-linking to PlII,
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Ficure 6: Kinase and phosphatase activities of NRIlI double-mutant homodimers. (A) The A129T/S227R protein or wild-type NRII (0.3
uM) was incubated at 25C in the absence or presence of¥ Pll in reactions containing 50 mM Tris-HCI, pH 7.5, 100 mM KCl, 10

mM MgCly, 0.3 mg/mL BSA, 0.5 mM§-32P]JATP, 50uM 2-ketoglutarate, and 30M NRI-N. Symbols: NRII— PII (O), NRIl + PII (m),
A129T/S227R- PIl (O), A129T/S227R+ Pl (@). (B) Assay showing the kinase and phosphatase activities of the S227R/Y302N protein.
Reaction conditions were the same as those in panel A. Symbols: NRII (O), NRIl + PIl (W), S227R/Y302N— PII (O), S227R/
Y302N + PII (®). (C) The A129T/Y302N protein was assayed with reaction conditions identical to those in panel A. Symbols:- NRII
PIl (O), NRIl + PII (m), A129T/Y302N— PII (O), A129T/Y302N+ PII (@). (D) The A129T/Y302N protein (0.2M) was incubated at

25 °C in a reaction containing 50 mM Tris-HCI, pH 7.5, 100 mM KCI, 10 mM Mg@.3 mg/mL BSA, 0.5 mM $-32P]ATP, 50uM
2-ketoglutarate, and 3@M NRI-N. After 25 min the reaction was split into tubes containing bufte), 0.3uM PII (W), 1 «M PII (@), or

2.7 uM Pl (aA).

as expected (Supporting Information, Figure 2). The results shown); thus, spontaneous subunit exchange is of minimal
presented thus far with the NRII double-mutant proteins concern in this experiment. The reactions contained PII in
suggested that they had all the desired properties for use inexcess (1xM), the S227R/Y302N protein was Qud/, and
heterodimer experiments: they were active kinases, theywild-type NRIl was varied in 3-fold increments from 300
lacked phosphatase activity or were severely defective for nM down to 1.23 nM. In the presence of 4 Pl and the
phosphatase activity, their pattern of Pll-binding was as absence of competing wild-type NRII, the S227R/Y302N
expected, and they formed stable heterodimers with MBP- protein exhibited potent kinase activity (Figure 7A). In the
NRIL. absence of the S227R/Y302N protein and the presence of
Analysis of the Sensiities of the Combined Kinase and 15 #M PIl, wild-type NRII exhibited the expected low
Phosphatase Assay and the Direct Phosphatase A¥¢ay. steady-state level of NRI-NP. In the presence of 08V
took advantage of the opportunity afforded by the S227R/ S227R/Y302N, 100 nM wild-type NRII was still sufficient
Y302N protein to assess the sensitivity of the combined to counteract the kinase activity of S227R/Y302N, while 33.3
kinase and phosphatase assay in a calibration experiment teaM wild-type NRII resulted in an intermediate steady-state
determine how much enhancement of phosphatase activitylevel of NRI-N~P, and 11.1 nM wild-type NRIl was not
was obtained in the heterodimer experiments. The ability of significantly different from the reaction lacking wild-type
various amounts of the wild-type NRII protein to counteract NRII (Figure 7A). This indicated that the phosphatase activity
the constitutive kinase activity of a fixed level of the S227R/ of wild-type NRII was at least 3-fold more potent than the
Y302N protein in the presence of excess Pll was assessedkinase activity of the S227R/Y302N protein, which itself
The S227R/Y302N protein was ideal for this experiment exhibited elevated kinase activity. By comparing the level
since it completely lacked the phosphatase activity and did of phosphatase activity obtained from 3-fold changes in NRI|
not bind PII. Even though the S227R/Y302N protein formed concentration in this experiment (Figure 7A) with the level
heterodimers with MBP-NRII (Figure 2), this protein did not of phosphatase activity we observed with our heterodimer
form heterodimers very well with wild-type NRII (data not samples in Figure 3A,C, we estimate that the complemen-
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A1OE....

hancement, in agreement with the combined kinase and
phosphatase assay. The results of the two assays together
suggests that the effects observed with the heterodimer
samples in the combined kinase and phosphatase assay
(Figure 3A,C) were predominantly due to enhancement of
phosphatase activity in the presence of Pll. These results
render unlikely the possibility that the complementation was
due to a Pll-activated inhibition of phospho transfer from
the heterodimer species to NRI-N, or due to a decreased
ability of the heterodimer species to bind to NRI-N in the
presence of PII.

The Phosphatase Aetly of NRII Dimers Requires Two
C-Terminal DomainsSince the S227R and Y302N mutant
subunits could complement in heterodimers for Pll-activated
phosphatase activity, we examined the possibility that the
two C-terminal domains of the NRII dimer play distinct roles
in the phosphatase activity. If so, then the presence of the
double-mutant S227R/Y302N subunit in a heterodimer with
a wild-type subunit should “kill” the phosphatase activity
of the wild-type subunit. For this type of experiment, it is
best to have as little of the wild-type NRII homodimer
remaining in the heterodimer sample as possible, especially
since the phosphatase activity of NRIl is much more robust
than the kinase activity (Figure 7A). Thus, these experiments
were performed by preparing the heterodimer and control
samples starting with a 9:1 molar ratio of the double-mutant
protein to the wild-type protein. The 9:1 ratio results in a
control sample that contains10% wild-type homodimer,

. I _ . and this amount of the wild-type homodimer is sufficient to
FiGure 7: Analysis of the sensitivities of the combined kinase and

phosphatase assay and the direct phosphatase assay. (A) Effect 'Sp"?‘Y dramatlc phosphatase aCtI.VIty under our as-say
varying the level of wild-type NRII in the combined kinase and conditions (Figure 7). In the heterodimer sample, the wild-
phosphatase assay in the presence of a fixed level of the S227Rtype NRII homodimer should be reduced+d % of the total
Y302N protein and excess PIl. The reactions were incubated at 25NRI| dimers.

°C and included 50 mM Tris-HCI, pH 7.5, 100 mM KCI, 10 mM As mentioned earlier, preliminary experiments indicated
MgClz, 0.3 mg/mL BSA, 0.5 MM §-?PIATP, 50uM 2-ketoglu- 2= 7 b 250 o D s T able het
tarate, 30uM NRI-N, and 15 xM PlI, with the following at the wild-type protein did not form stableé het-

additions: 300 nM S227R/Y302Nm), 300 nM NRII @), 300 nM erodimers with the S227R/Y302N protein in appreciable
each S227R/Y302N and NRHH), 300 nM S227R/Y302N+ 100 amounts (data not shown). In contrast, the 1141V protein

nm g'g'?(RA/\){,S%%O n'\/i 18527I\/IR/|¥1I§%?|2(<N>JS %3(58 nll\\/l/l ’13\152”7%3('3%02?\1 formed stable heterodimers with the S227R/Y302N protein
n N+ 11.1n , n i nifi :

+3.70 nM NRII O), 300 nM S227R/Y302N+ 1.23 nM NRII S'gn'fr']ca”t _zi\gwounts édat?] not shown). S'Q.Ce the 1141V
(). (B) Effect of varying the level of wild-type NRIl in the direct ~ Protéin has wild-type phosphatase activity, this protein was

phosphatase assay in the presence of excess PII. The reactions wetésed instead of wild-type NRII. We prepared heterodimer
incubated at 25C and included 50 mM Tris-HCI, pH 7.5, 100  and control samples by the urea-dialysis procedure using a
mM KCI, 10 mM MgCl, 0.3 mg/mL BSA, 0.5 mM AMP-PNP,  9:1 mgolar ratio of the S227R/Y302N protein to the 1141V

- 32 -N~ . . Lo . . .
\?v?tﬁ'\t/tlw e2 fﬁl?v%!gga:jtgi'ti%{nlgMbElffePr]gl)RI;(\)lo ﬁi\ﬂa&%ﬁ%ﬂ\)" Fl)(l)lb protein and assessed their activities in the combined kinase

nM NRII (A), 33.3 nM NRII (X), 11.1 nM NRII ©), 3.70 nM and phosphatase assay (Figure 8A) and the direct phosphatase
NRII (O), 1.23 nM NRII @). assay (Figure 8B). A nondenaturing polyacrylamide gel

analysis demonstrated that the heterodimer sample contained

tation we observed resulted in a-3-fold enhancement of  the S227R/Y302N::1141V heterodimer and very little 1141V
phosphatase activity. homodimer (Figure 8A inset). The heterodimer and control

A similar experiment was performed to analyze the samples (0.3M total dimer each) exhibited similar kinase
sensitivity of the direct phosphatase assay. The reactionsactivities in the absence of PII, while the heterodimer sample
contained PIl in excess (16M), and wild-type NRII was exhibited significantly less phosphatase activity in the
varied in 3-fold increments from 300 nM down to 1.23 nM. presence of 0.8M PII than the control sample (Figure 8A).
In the presence of 1.13M substrate PP]NRI-N~P, 33.3 Similarly, in the direct phosphatase assay, the heterodimer
nM wild-type NRIlI was a potent phosphatase, while 11.1 sample displayed dramatically less phosphatase activity than
nM wild-type NRII resulted in an intermediate rate of the control sample (Figure 8B).
dephosphorylation, and 3.70 nM wild-type NRII resulted in ~ As a control for the above experiment, we prepared
phosphatase activity similar to the residual phosphataseheterodimer and control samples using a 9:1 molar ratio of
activities observed with the single mutant proteins assayedthe A129T/S227R protein to the 1141V protein and assessed
at 0.3uM in the presence of 0.8M PII (Figure 7B). The their activities in the same manner. Figure 8C shows the
results suggested that the restored phosphatase activity imesults of the combined kinase and phosphatase assay. The
Figure 4A,C was probably equivalent to a2-fold en- heterodimer and control samples had similar phosphatase

NRI-N~P (uM)

NRI-N~P (uM)

Time (min)
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Ficure 8: The S227R/Y302N protein, but not the A129T/S227R protein, severely diminishes the wild-type phosphatase activity of the
1141V protein in heterodimers. (A) Heterodimer and control samples were prepared by the urea-dialysis procedure using a 9:1 molar ratio
of the S227R/Y302N protein to the 1141V protein (Materials and Methods). The activity of the samples was assessed in the combined
kinase and phosphatase assay at@5The reactions contained Qud/ total NRII dimer (control or heterodimer sample) in the absence

or presence of 0.8M PII and also contained 50 mM Tris-HCI, pH 7.5, 100 mM KCI, 10 mM Mg@.3 mg/mL BSA, 0.5 mM §-32P]-

ATP, 50uM 2-ketoglutarate, and 30M NRI-N. Symbols: control sample- PII (O), control samplet Pl (W), heterodimer sample Pl

(O), heterodimer sample- Pll (®). The inset shows a nondenaturing 10% polyacrylamide gel analysis of aliquots of the samples used in
the assay. Lanes (left to right): @ of 1141V, 5ug of control sample, &g of heterodimer sample, /g of S227R/Y302N. (B) Heterodimer

and control samples were prepared as in panel A, and their phosphatase activity was directly assessgdMate5sials and Methods).

The reactions included 50 mM Tris-HCI, pH 7.5, 100 mM KCI, 10 mM Mg®OL3 mg/mL BSA, 0.5 mM AMP-PNP, 50M 2-ketoglutarate,

and 1.13uM [32P]NRI-N~P, with the following additions: 0.ZM PII (A), 0.3uM control sample [no PII] @), 0.3 «M control sample

+ 0.3uM PII (m), 0.3uM heterodimer sampleg- 0.3 M PII (®). (C) Combined kinase and phosphatase assay measuring the activity of
heterodimer and control samples prepared by the urea-dialysis procedure starting with a 9:1 molar ratio of the A129T/S227R protein to the
1141V protein. The assay conditions are identical to those in panel A. Symbols are the same as those in panel A. The inset shows a
nondenaturing 10% polyacrylamide gel analysis of aliquots of the samples used in the assay. Lanes (left togpbf)i141V, 5ug of

control sample, g of heterodimer sample, /g of A129T/S227R. (D) Direct phosphatase assay assessing the activity of heterodimer and
control samples prepared as in panel C. The assay conditions and symbols are identical to those in panel B.

activities in the presence of 08V PII (Figure 8C). The Intersubunit Complementation of PhosphataseAtgtin
direct phosphatase assay revealed a slightly diminishedHeterodimers Containing an A129T/S227R Subunit and a
phosphatase activity of the heterodimer sample as compared¥302N SubunitThe results presented so far hinted at the
to the control sample, but it was not dramatic (Figure 8D). possibility that the minimal arrangement of functional sites
In addition to the combinations highlighted in Figure 8, required for the phosphatase activity would be present within
we also assessed the activities of heterodimer and controlthe A129T/S227R::Y302N heterodimer. To test this, het-
samples prepared from a 9:1 molar ratio of the Y302N single erodimer and control samples were prepared by the urea-
mutant protein to the 1141V protein. In this case we were dialysis procedure using a 1:1 molar ratio of the A129T/
unable to sufficiently resolve the heterodimer and homodimer S227R and Y302N proteins, and their activities were assessed
species on nondenaturing polyacrylamide gels to determinein the combined kinase and phosphatase assay (Figure 9A),
unequivocally that the heterodimer species was formed (datathe direct phosphatase assay (Figure 9B), and the autophos-
not shown). Nonetheless, both the Y302N and 1141V proteins phorylation assay (data not shown). The inset of Figure 9A
were capable of forming heterodimers in multiple other cases,shows a nondenaturing polyacrylamide gel analysis of
so it is not unreasonable to expect that heterodimer wasaliquots of the samples used in the combined kinase and
formed in this case. When assayed in the combined kinasephosphatase assay. We could not completely resolve the
and phosphatase assay, the heterodimer and control samplésomodimer and heterodimer species for this combination of
exhibited similar kinase and phosphatase activities (data notproteins; however, the gel clearly shows a decrease in the
shown). amount of A129T/S227R homodimer in the heterodimer
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T T T T T T prepared heterodimer and control samples by the urea-
] dialysis procedure starting with a 1:1 molar ratio of the

g A129T/Y302N and S227R proteins and assessed their
3 activities in the combined kinase and phosphatase assay and
the direct phosphatase assay (Supporting Information, Figure
; 3). The samples used in the assay had the expected
7 compositions as assessed by a nondenaturing polyacrylamide
3 gel. The combined kinase and phosphatase assay showed that
the heterodimer sample had higher kinase activity than the
control sample in the absence of PII, but it did not appear to
- ' - - have any enhanced phosphatase activity in the presence of
P S I 0.3 uM PII. The direct phosphatase assay showed that the

0 10 20 30 40 heterodimer and control samples had nearly-identical phos-

NRI-N=P (M}

Time {min) phatase activities in the presence of Pll (Supporting Informa-
tion, Figure 3).

DISCUSSION

The results of this study demonstrate that Pll-activated
phosphatase activity can be partially restored to phosphatase
deficient NRII proteins by including the appropriate mutant
subunits in heterodimers. In heterodimers containing the
S227R (Pll-binding site) and Y302N (ATP-lid) mutant
subunits, complementation of phosphatase activity was
observed. Since our results with the NRII double-mutant
proteins indicated that the complementation was not due to
a suppressing effect of one mutation on another, this result
suggests that the phosphatase activity requires two NRII
Time {min) C-terminal domains, one from each subunit, and that one

Ficure 9: Activities of NRII heterodimers containing an A129T/ provides a functional Pll-binding site and the other a

S227R subunit and a Y302N subunit. (A) Combined kinase and functional ATP-lid. This result also shows that a complex
phosphatase assay showing partially restored phosphatase activitf NRII and PIl in which PIl is bound to a single subunit of
of the A129T/S227R::Y302N heterodimer. Heterodimer and control the NRII dimer has phosphatase activity. This is consistent

Sanlnp'es vere t%re%agggT?éégc;Ilqlrea;jdi?\lo)yoszi?\lproctequre(l\ljlsi{]g.al 1:3with our previous cross-linking study where we showed that
molar ratio of the an proteins (Materials o T -

and Methods). The activity of the samples was assessed 4t 25 the purified Cross: linked PHNR” complex, Whlc_h had
in reactions containing 0.%M total NRII dimer (control or ~ Phosphatase activity, consisted of Pl covalently linked to a

heterodimer sample) in the absence or presence qil.BIl and single subunit of the NRII dimer2@). The A129T (central
containing 50 mM Trls-HCI,sg)H 7.5, 100 mM KCI, 10 mM Mgg| domain) and Y302N (ATP-lid) mutant subunits also comple-
0.3 mg/mL BSA, 0.5 mM7->*PJATP, 50uM 2-ketoglutarate, and  mented for phosphatase activity in heterodimers, suggesting
30uM NRI-N. Symbols: control sample PII (O), control sample that the ph hat tivit . functi | tral
+ PII (m), heterodimer sample- Pl (O), heterodimer sample- a .e phosphatase "’_‘C ity re,qu'res a func |qna centra
PIl (®). The inset shows a nondenaturing 10% polyacrylamide gel domain from one subunit of the dimer and a functional ATP-
analysis of aliquots of the samples used in the assay. Lanes (left tolid from the opposing subunit. In contrast, the A129T (central
right): 1ug of A129T/S227R, 3.ag of control sample, 3.ag of domain) and S227R (PlI-binding) mutant subunits did not
heterodimer sample, g of Y302N. (B) Direct phosphatase assay .o mplement for phosphatase activity in heterodimers. All

showing enhanced activity of the A129T/S227R::'Y302N het- th Its tak togeth t del wh th
erodimer. Heterodimer and control samples were formed as in panel € resulls taken together suggest a moael where the

A and their activity assessed at 26. The reactions included 50 ~ Phosphatase activity of NRII requires the collaboration of a
mM Tris-HCI, pH 7.5, 100 mM KCI, 10 mM MgGl 0.3 mg/mL functional central domain and PlI-binding site in the same
BSA, 0.5 mM AMP-PNP, 5QiM 2-ketoglutarate, 1.13M [*2P]- NRII subunit, and the ATP-lid of the opposing subunit.
&?]-gg;Macnodngb%sl\g rsp')'lé":)t’hotgitm”ﬁg‘t’g‘r% d?%%ﬁ'ggi} p?elg’er We were unable to determine the NRII N-terminal domain
and 0.3uM wild-type NRII (X). requirement(s) for the phosphatase activity due to the lack
of a suitable protein, able to form heterodimers, to use for
sample as compared to that in the control sample suggestingsuch studies. Our previous genetic study yielded several
that the heterodimer was formed. The heterodimer samplemutations in the N-terminal domain of NRII that affected
exhibited enhanced phosphatase activity in the presence othe phosphatase activity; however, only the L16R protein
PlI, approximately 2-3-fold above the level observed with was overexpressed in soluble form and therefore able to be
the control sample (Figure 9A,B). The heterodimer sample purified (40). Our inability to form heterodimers with the
did not display restored inhibition of autophosphorylation L16R protein in this study was apparently not due to an
in the presence of PIl as compared to the control sampleincreased stability of the L16R dimer since treatment with
(data not shown). 6.7 M urea was not sufficient to allow heterodimer formation.
Heterodimers Containing an A129T/Y302N Subunit and In a previous study, we showed th&aM urea was sufficient
an S227R Subunit Do Not Exhibit Enhanced Phosphataseto dissociate the subunits of the L16R dim@)( In addition,
Activity. Last, we analyzed heterodimers containing a double- we were unable to form heterodimers with truncated deriva-
mutant A129T/Y302N subunit and an S227R subunit. We tives of NRII lacking the N-terminal domain. These results

NRI-N=P ()
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taken together clearly point to an important role for the  The double-mutant proteins behaved as predicted by our
N-terminal domain of NRII in dimer stability and het- model when assayed in heterodimer experiments. The wild-
erodimer formation, despite the fact that the isolated N- type phosphatase activity of the 1141V protein was severely
terminal domain (amino acids—1110) was monomeric in  diminished by incorporation into heterodimers with the
solution 38). S227R/Y302N protein, but not in heterodimers with the
Interestingly, in our heterodimer experiments, the A129T/S227R protein (Figure 8), indicating that the phos-
S227R::Y302N and A129T::S227R heterodimer species phatase activity requires two NRII C-terminal domains. In
appeared to have increased kinase activity in the absence ofddition, the A129T/S227R::Y302N heterodimer exhibited
PIl, while the A129T::Y302N species did not (Figure 3). restored phosphatase activity (Figure 9), while the A129T/
One possible explanation for this lies in the properties of Y302N::S227R heterodimer did not (Supporting Information,
the single mutant proteins. The A129T and Y302N proteins Figure 3). Our model predicts that the A129T/S227R::Y302N
both exhibit similar elevated kinase activity, while the S227R heterodimer contains the minimal arrangement of wild-type
protein exhibits wild-type kinase activity4(Q). In the sites necessary for the Pll-activated phosphatase activity.
S227R::Y302N and Al129T::S227R heterodimer samples, We obtained a 23-fold restoration of phosphatase activity
roughly 75% of the total dimers will contain subunits having from our heterodimer samples in the experiments where we
elevated kinase activity, while in the control samples, only observed complementation. Since this restoration came from
about 50% of the total dimers will contain subunits having ~50% of the dimers in the heterodimer sample, our results
elevated kinase activity. This difference could explain the indicate that the heterodimer species exhibited-&-4old
elevated kinase activity observed with these heterodimerrestoration of phosphatase activity. This restoration resulted
samples. In the A129T::Y302N heterodimer sample, the in less phosphatase activity than observed with wild-type
percentage of dimers containing subunits having elevatedNRII (compare Figure 4 and Figure 7B, for example). This
kinase activity is essentially the same as that in the control could be explained by the possibility that the effect of an
sample, and therefore the heterodimer sample did not exhibitindividual mutation is not solely limited to the domain it
significantly increased kinase activity (Figure 3C). This resides in. Indeed, previous studies of truncated derivatives
explanation is consistent with all the other experiments. For of NRII (38), the asymmetry of NRII autophosphorylation
example, the A129T/S227R::Y302N heterodimer sample did (51), and mutations affecting the phosphatase activig) (
not exhibit increased kinase activity (Figure 9A), while the indicated that the domains of the NRII dimer act in a highly
A129T/Y302N::S227R heterodimer sample did (Supporting concerted manner. Despite its partial nature, the restoration
Information, Figure 3). of phosphatase activity was easily discerned in our assay
We constructed and purified the NRII double-mutant systems.
proteins, A129T/S227R, S227R/Y302N, and A129T/Y302N,  Previous results have indicated that our in vitro assays are
to determine the effects of combining the various mutations relevant for explaining in vivo observation4Q) and that a
in a double-mutant homodimer. The A129T/S227R and 4—6-fold restoration of the phosphatase activity would be
S227R/Y302N proteins, where one of the mutations reducedphysiologically significant. For example, in intact cells,
PIl binding, completely lacked phosphatase activity even expression of the nitrogen regulatgbhK promoter, which
when assayed at elevated PIl concentrations. The additiveis activated by NRFP under nitrogen limiting conditions,
effect of these mutations suggests that these pairs ofwas about 1.53.5-fold higher in cells containing the S227R
mutations affect distinct functions. In contrast, the A129T/ or Y302N proteins than in cells containing the A129T protein
Y302N protein retained a low level of phosphatase activity under nitrogen rich conditions4Q). In addition, cells
similar to the Y302N protein (Figure 6). Apparently, containing the S227R or Y302N proteins exhibit a severe
deleterious effects in the central domain coupled with growth defect on minimal media due to an elevated level of
mutations in the ATP-lid (at least for A129T and Y302N) NRI~P that leads to overexpression of the Nac protein and
are not additive. The A129T and Y302N mutations may repression of theserAgene 40, 52). Cells containing the
affect a common function such that, when combined, the A129T protein do not exhibit this growth defe@®9 40).
effects are similar to those observed with the more severeThe purified S227R and Y302N proteins exhibited poorer
of the two mutations, Y302N. phosphatase activity than the purified A129T protein when
Surprisingly, the A129T/Y302N protein had restored assayed in the combined kinase and phosphatase @ay (
ability to respond to PIl with respect to inhibition of its Thus, both in vivo and in vitro studies indicated that the
autophosphorylation activity (Figure 5D). This complemen- A129T protein retains more phosphatase activity than the
tation was apparently not due to the combination of the S227R and Y302N proteins. Importantly, the differences in
A129T and Y302N mutations in trans since the autophos- the levels of phosphatase activity observed for the A129T
phorylation of the A129T::Y302N heterodimer sample was protein versus the S227R and Y302N proteins in the in vitro
not inhibited by PII any more than the control sample assay were very similar to the differences in the levels of
(Supporting Information, Figure 1). This suggests that the phosphatase activity observed in this study for the experi-
combination of the A129T and Y302N mutations in cis ments where complementation was observed. It is clear that
resulted in the observed PII effect on the A129T/Y302N a 2—3-fold difference in NRII phosphatase activity can have
protein (intra-subunit complementation). However, we cannot very dramatic consequences in living cells.
rule out that a combination of three or four of the mutant  Our results have defined how the domains of the conserved
sites in the A129T/Y302N homodimer was required for the transmitter module of NRII collaborate in the phosphatase
PIlI effect. At this point in time, it is unclear why the two activity. In addition to the NRII/NRI TCS, transmitter
mutations apparently complement in cis for restored inhibi- phosphatase activity has been implicated as playing a role
tion of autophosphorylation. in other TCS. For some transmitter proteins, the isolated
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central domain has been shown to harbor phosphatase activity
(53, 54), similar to NRIl. Recently a topological and
functional coordination of the central and C-terminal domain
of theE. colitransmitter protein EnvZ in trans was suggested
by Zhu and InouyeJ5). Unlike NRII, however, the EnvZ
protein does not require an accessory protein to activate its
phosphatase activity. Certain aspects of our mechanism are
likely to apply to other members of the transmitter family
of proteins, while the specific mechanism of activation of
the phosphatase may differ from protein to protein. The
requirement for a functional central domain and ATP-lid in
trans may be a conserved feature of the phosphatase activity
among the transmitter proteins. It will be interesting to see
if the requirement of two C-terminal domains for the
phosphatase activity applies to other transmitter proteins or
is merely reflective of the need for the accessory PIl protein
in the case of NRII.
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The autophosphorylation activity of NRII heterodimers
containing single amino acid substitutions in trans, in the

absence or presence of excess PIlI; the results of the cross-

linking assay that assessed the PlI-binding ability of the NRII
double-mutant homodimers; the activities of heterodimer and
control samples prepared with a 1:1 molar ratio of the
A129T/Y302N and S227R proteins. This material is available
free of charge via the Internet at http://pubs.acs.org.
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