13450 Biochemistry2000, 39, 13450-13461

The Escherichia coliPIl Signal Transduction Protein Regulates the Activities of the
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ABSTRACT. The PII signal transduction protein regulates the transcription of nitrogen-regulated genes by
controlling the kinase and phosphatase activities of NRII. We used a cross-linking approach to study the
interaction of the T-loop of the PII protein with NRII. Cross-linking of PII to NRII required ATP and
2-ketoglutarate, allosteric effectors known to control PII activity, and was not affected by the presence of
excess nonspecific proteins such as bovine serum albumin. The purified cross-linked species appeared to
consist mainly of PIl trimers in which one of the three subunits was cross-linked to a single subunit of
the NRII dimer; this complex had the phosphatase activity characteristic of the un-cross-linké&d_l|
complex, and had significant phosphatase activity in the absence of 2-ketoglutarate, suggesting that once
PIl was tethered to NRII the active conformation was stabilized. Studies with truncated forms of NRII
indicated that the purified N-terminal “sensory” domain of NRII was not cross-linked to PII, nor was a
polypeptide consisting of NRII residues-189. In contrast, polypeptides containing the kinase domain

of the transmitter module of NRII (residues 19849) were cross-linked to PIl in an ATP- and
2-ketoglutarate-dependent reaction. These results indicate that PIl controls NRII by interaction with the
conserved kinase domain of the transmitter module.

The two-component regulatory systems comprise the site, phosphoryl groups are transferred to the receiver in a
largest family of related signal transduction systems in nature, reaction that is probably catalyzed by the receivér§).
with representatives in bacteria, archaea, lower eukaryotesMany receiver proteins can also be phosphorylated directly
and plants (for reviews, see refsand 2). These signal by metabolic intermediates such as acetyl phospl@ate)y.
transduction systems regulate target activities by a conservedn addition to their kinase activity, many transmitter proteins
phospho-transfer mechanism involving the transfer of phos- display a phosphatase activity that brings about the rapid
phoryl groups from ATP to conserved histidine residues on dephosphorylation of the phosphorylated recei¢dy.(Thus,
“transmitter” proteins to conserved aspartate residues onthe transmitter protein may be both a positive and negative
“receiver” proteins. IrEscherichia colithe cellular responses  regulator of the phosphorylation state of the receiver in intact
to nitrogen starvation, osmotic stress, and other physiological cells or reconstituted system$ 13). When the counter-
processes are regulated by such binary systems. In othepised kinase and phosphatase activities of the transmitter

cases, phosphoryl groups are passed from transmitter togre palanced, rheostat-like control of the phosphorylation
receiver, then to another histidine residue on yet another typegiate of the receiver may be obtaine,(14).

of conserved protein domain, and from there to the aspartate
on yet another receiver protein, forming a phospho relay.

For both variations of the basic theme, the phosphorylation q ins. Most f | dN inal
state of the ultimate receiver controls the activity of the domains. Most frequently, an unconserved N-terminal mem-

regulatory target, which is usually RNA polymerase at brane-spanning domain is found, fused to the transmifcter
specific gene promoters. Stimuli may act by increasing or Medule. In some cases, such as the two Nar transmitter
decreasing the rate of flow of phosphoryl groups to the proteins (NarX and NarQ), there is a considerable periplasmic

ultimate receiver, or by stimulating the dephosphorylation domain involved in the detection of the extracellular signals
of the ultimate receiver. (15). In other cases, such as FixL, the membrane-spanning
o- part serves only to anchor the protein to the membrane, and
a cytoplasmic N-terminal domain is involved in sensation
(16). These N-terminal domains may regulate the balance
of the kinase and phosphatase activities of the associated
transmitter modulel, 17). In the case of the enteric bacteria
Towh g - chemotaxis system, the CheA transmitter lacks phosphatase
4581 phnom °(3r§i§p7%'},-§3§§.353ﬁ éjmbiﬁﬂ?ée@@sﬁfﬂ'cﬁ 2’3“_(734) 763 activity, and stimuli control the rate of CheA autophospho-

t Department of Biological Chemistry. rylation by acting through transmembrane receptors and an

8 Human Genetics Training Program. adaptor protein. The receptors and adaptor interact with a
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The transmitter proteins consist of the conserved transmit-
ter module typically flanked by one or more nonconserved

The dimeric transmitter proteins bind ATP and phosph
rylate themselves on a conserved histidine motif by a trans-
intramolecular mechanism in which one subunit phospho-
rylates the opposing subunit in the dim&6). From this
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segment of CheA at the C-terminal side of the transmitter 2-ketoglutarate may represent a mechanism for the regulation
module (8). Finally, it has recently been observed that of NRII activities by carbon status (for a review, see26¥.
factors may interact directly with the transmitter module itself Thus, antagonistic signals of carbon and nitrogen status are
to regulate its activitiesl@). Thus, signals may impinge upon integrated by PIl and communicated to NRII, controlling the
the transmitter module in a variety of ways. Interestingly, phosphorylation state of NRI and thus the expression of
there are examples in nature of proteins that consist entirelynitrogen-regulated genes.

of the conserved transmitter module, and in these cases, NRI| consists of the transmitter module linked to a small

regulation must be either strictly at the level of synthesis or N-terminal domain bearing a PAS motif. PAS motifs are
due to factors that interact with the transmitter module itself. sometimes involved in the b|nd|ng of sensory |igands such

The transmitter module consists of two domains separatedas heme 16) and in other cases are involved in the
by a short linker. The N-terminus of these is a dimerization/ interactions between domair33j. In this report, we describe
phospho-transfer domain bearing the site of transmitter studies of the interaction of Pll and NRII using a protein

autophosphorylation20—22); the C-terminal is a kinase
domain with an ATP site related to Hsp90 protei3, 24).

cross-linking approach. Our results indicated that PII regu-
lated the kinase and phosphatase activities of NRII by binding

The dimerization/phospho-transfer domain may also be to the kinase domain of the transmitter module of NRII. In
responsible for the phosphatase activity of the transmitter the accompanying pape2?), functional dissection of the

module @2, 25).
The NRII/NRF (NtrB/NtrC) two-component system plays

activities of NRII and their regulation by PII also suggested
that PIl interacted with the conserved transmitter module of

a key role in the regulation of nitrogen assimilation in enteric NRII.

bacteria (for a review, see r26). The response to nitrogen
starvation includes the activation of transcription initiation

of several genes, including the structural gene for glutamine

synthetase glnA. The transcriptional activator, NRP,

consists of three domains. The N-terminal domain is the
conserved receiver domain; the central domain is involved

in transcriptional activation, and the C-terminal domain is

responsible for binding the enhancer elements upstream from
nitrogen-regulated promoters. The phosphorylation and de-
phosphorylation of the receiver domain of NRI are catalyzed

by the NRII transmitter protein, which thus indirectly controls
the rate of transcription initiation by controlling the concen-

tration of NR~P (11). The kinase and phosphatase activities

of NRII are reciprocally regulated by the binding of the PII
signal transduction protein to NRIIl. The binding of PII to

NRII activates the phosphatase activity of NRIl and decreases

the rate of NRII autophosphorylatio2%). The interaction
of PIlI with NRII is regulated by signals of intracellular

nitrogen and carbon status. Nitrogen status controls the

uridylylation state of PIl due to reciprocal regulation of the
activities of the bifunctional uridylyltransferase/uridylyl-
removing enzyme (product oflnD) by glutamine; the
uridylylation of PIl when the level of glutamine is low
prevents the interaction of PIl with NRIR8, 29). Carbon
status regulates the interaction of unmodified PII with NRII
by affecting the availability of 2-ketoglutarate, a key allos-
teric effector controlling the binding of PIl to NRII and its
other receptors28, 30, 31). A low concentration of 2-
ketoglutarate, resulting in binding of a single molecule of
2-ketoglutarate to the trimeric PII, favors the interaction of
Pl with NRIl. A high concentration of 2-ketoglutarate,
resulting in the binding of three molecules of this effector
to the trimeric PII, reduces the level of interaction of PII
with NRII (28, 30, 32). This allosteric regulation of PII by

1 Abbreviations: PII, signal transduction protein encodedyinB;
NRII and NtrB, signal transduction protein encodeddigL (ntrB);
NRI and NtrC, signal transduction protein encodedghyG (ntrC);
NRI~P, phosphorylated form of NRI; 2-KG, 2-ketoglutarate; DTT,
dithiothreitol (Cleland’s reagent); BSA, bovine serum albumin; TF-
PAM-SS1 N-[2-[[2-[[(4-azido-2,3,5,6-tetrafluoro)benzoyllamino]ethyl]-
dithio]ethyllmaleimide; TFPAM-3N-(4-azido-2,3,5,6-tetrafluorobenzyl)-
3-maleimidopropionamide; PEASL-[(2-pyridyldithio)ethyl]-4-azido-
salicylamide.

MATERIALS AND METHODS

Construction of Site-Specific Mutants of ginB, Encoding
Altered Pl Proteins Mutations were introduced intginB
by oligonucleotide-based mutagenesis with the Altered Sites
Il in »itro mutagenesis kit (Promega), used according to the
manufacturer’s directions. The native cysteine 73 of Pll was
mutated to serine, and subsequent cysteine mutants were
introduced at positions 44 and 50 in the C73S background.
All constructs were sequenced over the entire coding region
with a Sequenase kit (Amersham-USB) to ensure that only
the desired mutations were introduced. The mutagenic
primers were 5SGTCGATACCTCTGTCGATACC-3(C73S),
5-GGCCATACCTGTCTGTACCGCGGC-3(E44C), and
5'-GTACCGCGGCGCGTGTTATATGGTGG-3 (E50C).
Overexpression plasmids were constructed for gfeB
alleles as described previousBg|. This involved subcloning
a glnB Ndd—BanH| fragment into similarly digested
pJLA503. These plasmids were transformed into strain
RB9060 AgInB) (12), with selection for ampicillin resis-
tance. Growth of cultures for protein purification was carried
out in LB medium at 3C0°C, and induction was carried out
by raising the temperature to 4€ as described previously
(35).

Purified ProteinsPurification of wild-type PIl was carried
out as described previouslB&) except that the hydroxyl-
apatite step was replaced with a phenyl-Sepharose step. The
purification involved ammonium sulfate fractionation and
chromatography on DE52 (Whatman), Sephadex G-75
(Pharmacia), and phenyl-Sepharose (Pharmacia). The progress
of purification was followed by examining aliquots of
fractions by SDSPAGE. Briefly, conditions for phenyl-
Sepharose were as follows. The pooled Sephadex G-75 peak
fractions were precipitated with ammonium sulfate at 60%
saturation, resuspended in a minimal volume of buffer
lacking ammonium sulfate, loaded directly onto a phenyl-
Sepharose column equilibrated in buffer containing 0.8 M
ammonium sulfate, and eluted with a decreasing gradient of
ammonium sulfate. PIl eluted from the column in a broad
peak centered at approximately 0.5 M ammonium sulfate.
Purification of altered PII proteins was the same except all
buffers contained 1 mM DTT. Typical yields from 4 L
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cultures, with pooling of only highly enriched fractions at bromophenol blue, and the gels were run at 100 V af@ 4
each step, were-100 mg of PII protein. The proteins were for 2.5 h. Nondenaturing gels were stained with Coomassie
judged to be about 90% pure by SBBAGE analysis with brilliant blue R250. SDSpolyacrylamide gel electrophoresis
Coomassie brilliant blue staining. NRIl was purified as was as described previousi¢3). The 5-fold concentrated
described previously 35), except that Sephadex G-100 SDS loading buffer was 250 mM Tris-HCI (pH 6.8), 50%
(Pharmacia) was used for the gel filtration step and the glycerol (v/v), 10% SDS (w/v), and 0.1% bromophenol blue.
storage buffer for NRIl contained no DTT. Our NRIl DTT or f-mercaptoethanol was added to samples as indi-
preparation is about 90% pure, and contains a minor cated. Ureapolyacrylamide gels were as described previ-
contaminant of~88 kDa. Preparations of polypeptides ously (34).
derived from NRII described in the accompanying paper were  Nondenaturing Gel Electrophoresis Purification of the
used R2). Protein concentrations were determined by the PII—NRII Cross-Linked ComplexCross-linking reactions
methods of Lowry 87) or Bradford 88) with BSA as the were carried out as described above, using PII(C73S/E44C)
standard. Hemiphosphorylated NRFP was prepared by =~ TFPAM-3 and ATP or AMP-PNP as indicated. The reactions
autophosphorylation of NRII as described previousiy)( were stopped by addition of 120 mM glycine (pH 9.0), and
followed by chromatography on a PD10 Sephadex G-25 aliquots of the reaction mixtures were run on a nondenaturing
column (Pharmacia) to remove nucleotides. 10% polyacrylamide gel at4C. The gel was lightly stained
Labeling of Altered Pl Proteins with Cross-Linkeighe with Coomassie brilliant blue R250 and briefly destained
cross-linking reagenthl-[2-[[2-[[(4-azido-2,3,5,6-tetrafluo-  with a 50% methanol/10% acetic acid solution. The gel was
ro)benzoyllamino]ethyl]dithio]ethyllmaleimide (TFPAM-  soaked in water briefly to remove the acetic acid. The protein
SS1),N-(4-azido-2,3,5,6-tetrafluorobenzyl)-3-maleimidopro- bands representing the cross-linked complexes formed in the
pionamide (TFPAM-3), and\-[(2-pyridyldithio)ethyl]-4- presence of ATP and AMP-PNP were excised from the gel
azidosalicylamide (PEAS) are described elsewhgge-41) with a razor blade, and the gel slices were placed in the wells
and were purchased from Molecular Probes. Cross-linkersof a 15% SDS-polyacrylamide gel. The gel slices were
were resuspended into pure DMSO and the stock solutionsoverlaid with 5< SDS loading buffer and allowed to incubate
stored at-20°C in the dark. For TFPAM-SS1 and TFPAM-  for ~15 min before running the gel. The gel was run-&0
3, labeling conditions included 50 mM Tris-HCI (pH 7.5), V through the stacking gel and then at 150 V through the
100 mM KClI, 10% (v/v) DMSO, 20«M monomer PII, and resolving gel. Samples from the cross-linking reactions and
4 mM cross-linker. For PEAS, labeling conditions were the control reactions were run on the same StpSlyacrylamide
same except the pH was 8.4. All labeling reactions were gel for comparison.
carried out in the dark at room temperature overnight. Cross- Gel Filtration Chromatography Purification of the PH
linker-labeled proteins were separated from the free cross-NRII Cross-Linked CompleA 2.1 mL cross-linking reaction
linker using a PD10 Sephadex G-25 column (Pharmacia) runwas carried out using PII(C73S/E44€)FPAM-3, AMP-
in the dark in 50 mM Tris-HCI (pH 7.5), 100 mM KCI, and PNP, and NRII under the conditions described above. This
1 mM EDTA. Labeled proteins were stored protected from was done using 14 wells of the 96-well plate, each containing
light at 4°C and used within a few days. Protein concentra- 150 uL of the reaction mixture. After UV exposure for 20
tions were determined by the method of Bradfog)( min, the aliquots were combined and DTT was added to a
Cross-Linking Reactiong.or PlII-TFPAM-SS1 and PH final concentration of 10 mM. The bulk of the reaction
PEAS, conditions included 50 mM Tris-HCI (pH 7.5), 100 mixture was loaded onto a 150 mL Sephadex G-100 column
mM KCI, 10 mM MgCh, 0.5 mM ATP as indicated, 50M equilibrated in 50 mM Tris-HCI (pH 7.5), 200 mM KCI,
2-ketoglutarate as indicated, /M NRII dimer or NRII and 1 mM DTT and eluted at room temperature using the
truncations, and 1@M cross-linker-labeled PII trimer. For ~ same buffer. Fractions were collected and placed on ice soon
PII-TFPAM-3, conditions were the same except the reaction after elution from the column. Fractions were analyzed by
mixtures contained 2 mM DTT, and the nonhydrolyzable SDS and nondenaturing polyacrylamide gel electrophoresis.
ATP analogue AMP-PNP was used in place of ATP where Peak fractions containing the complex were combined and
indicated. Total reaction volumes were typically-Z80 uL. concentrated using a 10 kDa molecular mass cutoff Ul-
All components except labeled PIl were mixed in a 96-well trafree-15 centrifugal filter device (Millipore). The protein
plate and incubated at room temperature for 10 min. Cross-concentration of the complex was determined by the method
linker-labeled PIl was added, and a further 10 min incubation of Bradford 38), and the molarity was estimated using a
on ice was carried out in the dark. Cross-linking was initiated molecular mass corresponding to one PII trimer and one NRI|
by exposure to long-wave UV light from a hand-held UV dimer (~114 kDa). The purified complex was stored on ice
source (model UVGL-25 Mineralight Lamp, UV at 254 and at 4°C and did not appear to lose activity over a period of
366 nm, 115V, 60 Hz, 0.16 A, UVP Inc., San Gabriel, CA) 1 week.
placed directly onto the 96-well plate on ice. UV exposure  Activity of Mutant PIl Proteins.The kinase and phos-
times were as indicated. Reactions were stopped by additionphatase activity of NRIl was measured as described previ-
of SDS gel loading buffer with or without reducing agent, ously (1, 35). Briefly, NRI (15 uM) was incubated with
as indicated, and analyzed by 15% SBf®lyacrylamide NRII (0.3 uM) at 25°C in a reaction mixture containing 50
gels, or stopped with 120 mM glycine (pH 9.0) and examined mM Tris-HCI (pH 7.5), 100 mM KCI, 10 mM MgG| 1 mM
on 10% nondenaturing polyacrylamide gels. DTT, 50uM 2-ketoglutarate, and 0.5 mM{?P]ATP. After
Polyacrylamide Gel Electrophoresislondenaturing gel 20 min, wild-type or mutant PII proteins were added to a
electrophoresis was as described previougBs 29). These final concentration of 0.3«tM. Aliquots were spotted on
gels were prerun at 100 V and € for 15 min before nitrocellulose filters at the indicated times and washed in
loading. Samples were loaded in 10% glycerol and 0.04% 5% TCA. Errors using this assay method were generally
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=10%. PP]NRI was assessed by liquid scintillation counting A B Lrpamsst g
of washed filters.
Phosphatase Actity of the PII(C73S/E44C) TFPAM-3- e NN .
NRIl Cross-Linked Complex?hosphatase activity of the Hs \ LI
purified cross-linked complex was assayed as described ™™™ l““ H ° )
above, with the following modifications. MBPCT111 was He o
used in place of NRII to phosphorylate NRI. Previous studies 8:}8 TERAMS q
showed that MBP-CT111, consisting of maltose-binding o N\/\( ’
protein fused to residues 11849 of NRII, lacks phos- PIENRIl complex ° ¢ ’
phatase activity42). Also, 2-ketoglutarate was omitted from vs l sbs
the initial reaction mixture and added as indicated with PII O RS ;
and NRII or the cross-linked complex. Protein concentrations Ors ij/ g
were 8.5uM NRI, 0.17 uM MBP—CT111, and PII, NRII, O I ~ v
and cross-linked PII::NRII complex as indicated. The cross- ™ CT
linked complex was also assayed for phosphatase activityFicure 1: Overview of the cross-linking approach. (A) Cross-
using PZP]NR| as the substrate, as describ2g, @_2) [32P]- Iinkirjg of PIl to NR”. .A Pl trimgr is ShOWh, which has been
NRI was prepared as describex®) except the storage buffer ~Medified to contain a single cysteine residue on the T-loop of each
. . . . . subunit. The cysteine residue has been modified with a heterobi-
contained 1 mM DTT. Briefly, reaction mixtures containing functional cross-linking reagent such as TFPAM-3. The diamond
12 uM NRI, 0.3 uM MBP—CT111, 0.1 mM {-*?P]ATP, end represents a maleimide that reacts specifically with thiols. The
and 10 mM MgC} were incubated at 2%C for 30 min to circle represents an aryl azide, which is photoactivatable and reacts
allow phosphorylation of NRI.3P]NRI was separated from  honspecifically. The modified Pl trimer is incubated with dimeric
small molecule reaction components by gel filtration on a NRII to which it binds. UV exposure activates the aryl azide group,
and a covalent bond is formed tethering PIl to NRIl. Under
PD10 Sephadex G-25 column. The phosphatase assay Wagenaturing conditions, such as in SBolyacrylamide gel elec-
carried out as in the accompanying page2)( Briefly, the trophoresis, the tethered complex gives rise to the three species
reaction mixtures contained 0.181 monomer f?P]NRI, 1 that are shown. For simplicity, we have shown a single PII subunit
MM AMP-PNP, 10 1M MgC), 0.3 mginl BSA, 80uM _labeled wih 3 rossnker, s kely that oy subunts witnn
: : | S well, u u I ICI was
2_-ketog|utarate where |ndlcat§d, gnd Pll, NRII,_and th_e CTOSS™ 1ot 100%. We only depict the majgor cross—linkgd specieg; Pl
linked PII=NRII complex as indicated. Reaction mixtures  trimers linked to more than one NRII dimer or NRII dimers linked
were incubated at 2%C; at the indicated times, aliquots were to more than one PII trimer may also be formed. (B) Structure of
spotted on nitrocellulose filters, and TCA-precipitable ra- f;rOS»Sl-linlélerf1 Utsed ti'n tTiSblsm'?}I{]. Thelcr_os_z-linkers ar?#;éit&bi;usnlc-
dioactivity was measured by liquid scintillation counting. gﬂgaT?:rl‘D AF')\AOSO‘;? Jvﬁqg e'ri d Iea?sau‘laf'irgé e%ﬁ’“po? PEAS romer
Errors using this assay method were generallb—20%. specifically with thiols. Tﬁg ar};/l azide moi%tiespof TFPAM-SS1,

Autophosphorylation of the PHNRII Cross-Linked Com-  TFPAM-3, and PEAS are activated upon exposure to UV light and
plex. Reactions were performed at 26, and the mixtures ~ react nonspecifically. TFPAM-SS1 and PEAS also contain an
contained the PII(C73S/E44€YFPAM-3—NRII complex internal disulfide bond that can be cleaved with reducing agents.
(2.33uM) or NRII (1.33 M) in 50 mM Tris-HCI (pH 7.5),
150 mM KCI, 10 mM MgC}, 1 mM DTT, 50 uM
2-ketoglutarate, and 0.5 mM/{*?P]ATP. Reactions were
started by addition ofy[-*2P]JATP and stopped at indicated
times by addition of SDS gel loading buffer. Samples wer
run on a 15% SDSpolyacrylamide gel and the labeled
protein bands visualized by autoradiography.

Wild-type PII contains a single cysteine at position 73.
This was altered to serine by site-specific mutagenesis, and
subsequent mutations were constructed in the C73S back-

e ground. Glutamate 44 and glutamate 50 were chosen for
mutation to cysteine on the basis of their positions in the
crystal structure of PlI44) and on the basis of available
genetic and biochemical data. The side chains of both

RESULTS glutamates are solvent-exposed, projecting from the T-loop

of PII. Previous studies showed that mutation of glutamate
To study the interaction between PIl and NRIl, we used 50 to glutamine had no effect on the interaction of PII with

a chemical cross-linking approach that has previously beenNRII (36). Glutamate 44 was chosen for study because it

used to examine the interactions of the subunits of the F1lies on the surface of Pll, and because studies from our

ATPase ofE. coli (39, 40) and the interaction of the complex laboratory on the related GInK protein suggest that this part

of CAMP and CAP (CRP) with RNA polymerase Bf coli of GInK is involved in the interaction of GInK with NRII

(41). An overview of the approach is shown in Figure 1. (45, 46; Q. Sun, A. Tseng, M. R. Atkinson, and A. J. Ninfa,

Previous genetic and biochemical studies have demonstratedinpublished data).

that an exposed loop of PIl known as the T-loop interacts The cross-linking reagents that were used are shown in

with NRII and the other known PII receptors Bf coli (36). Figure 1B. TFPAM-SS1 and TFPAM-3 feature a maleimide

We engineered unique cysteine residues at specific positionggroup that reacts specifically with thiols by addition of the

in the T-loop to allow the labeling of PIl with heterobifunc- thiol across the double bond of the maleimide, forming a

tional cross-linking reagents. One end of the cross-linker is thioether. PEAS features a pyridyl disulfide group that
thiol reactive and reacts specifically with the unique cysteine undergoes disulfide exchange with thiols. All three cross-
engineered onto the T-loop of PII. The other end of the cross- linkers feature an aryl azide that becomes activated upon
linker is activated upon UV exposure and reacts nonspecifi- exposure to UV light and reacts nonspecifically. The
cally. Thus, regardless of where PIl touches NRII, the cross- fluorinated aryl azides of TFPAM-SS1 and TFPAM-3 form
linker can form a covalent bond linking PII to NRII. aryl nitrenes upon photolysis, which form—-@& bond
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FiGure 2: Activity of altered PII proteins. (A) SDS gel of purified

proteins used in this study. Two micrograms of purified proteins

was mixed with SDS loading buffer containing 2 mpimercap-

toethanol and run on a 15% gel at 200 V for 1 h. The gel was A — —Pll

stained with Coomassie brilliant blue R250. Shown are NRII, PII, 10—

altered PII proteins, and the PINRII cross-linked complex that

was purified in this study. The molecular masses of the markers 1 2 3 4 5 6 7 8 9 10

are shown in kilodaltons. (B) Activity of wild-type and mutant PII - .

proteins. Phosphorylation (re?alction trr):ixtures ctgﬁtainingMEl\IRl, Ficure 3: Cross-linking of PIl to NRII requires ATP and

0.3uM NRII, 0.5 mM [y-32P]JATP, and 5:M 2-ketoglutarate were 2-ketoglutarate and is not affected by BSA. (A) PII(C73S/E44C)

neubatd a 25 for 0 min, AL 20 min, i ype o utant il TEEANESSS sl (o MR, Crossinn feectons nere
roteins were added to final concentrations of @\ to analyze h ’ .

{)heir effect on the phosphorylation state of NRfI? At the ingicated 10uM trimer PII(C73S/E44C)y TFPAM-SS1, 5uM dimer NRII,

times, samples were removed and spotted onto nitrocellulose filters0-> MM ATP, and 5«M 2-ketoglutarate as indicated. Reaction

and analyzed as described in Materials and Methdils:b(iffer mixtures were exposed to long-wave UV light for the indicated

trol, ild- PII, PII(C73S), PII(C73S/E44C), times (minutes) and reactions stopped by addition of SDS loading
g(r)lgl ré) g?(év;:;,sty&eoc). ) PIIC ) &) PIIC ) buffer that lacked reducing agent. Samples were run on a 15%

SDS—polyacrylamide gel. The gel was stained with Coomassie
. . : . brilliant blue R250. For the sample in lane 10, DTT was added to
insertion products47; for reviews, see refé8and49). The 5 final concentration of 100 mM before loading. Lane 1 shows
simple aryl azide of PEAS forms a nitrene upon photolysis, markers with molecular masses in kilodaltons. (B) PII(C73S/
which undergoes ring expansion and reacts with nucleophilesE44C)-TFPAM-SS1 and PII(C73S/ES0EPEAS cross-linking to
(48). In addition to these features, TFPAM-SS1 and PEAS NRII in the presence of BSA. Conditions were as described for

contain an internal disulfide that can be cleaved with reducing g%rfl F’?é:éicoenptnf&?uiggcxgperg';g‘érsfa ?ffoﬁg?\fvicgdug?igmh?@}

agents (Figure 1B). 20 min where indicated and reactions stopped by addition of SDS
Activity of Mutant PIl Proteins The mutant PIl proteins ~ 9gel loading buffer that did not contain reducing agent. Samples

described above were overexpresse& imoli and purified ~ Were analyzed by 15% SD$olyacrylamide gel electrophoresis,

(Figure 2A). The mutant proteins behaved essentially the and the gel was stained with Coomassie brilliant blue R250.

same as wild-type PII during purification. DTT was used in ng that the cross-linkers do not react nonspecifically with
all buffers to prevent aggregation of the proteins. All mutant the protein (data not shown). Figure 3A shows typical results
proteins were able to activate the phosphatase activity of of cross-linking reactions of PII(C73S/E44€)FPAM-SS1
NRII nearly as well as wild-type PII (Figure 2B). with NRII. Proteins were mixed together in the presence or
Cross-Linking of PIl to NRIIPII(C73S/E44C) and PIlI-  absence of the small molecule effectors ATP and 2-keto-
(C73S/E50C) were labeled with the cross-linkers TFPAM- glutarate and exposed to long-wave UV light for various
SS1 and PEAS overnight at room temperature in the dark.times. Reactions were stopped by addition of SDS gel loading
The labeled proteins were separated from the free cross-linkebuffer and analyzed on a nonreducing 15% SipSlyacry-
by gel filtration. P11(C73S) did not become labeled, confirm- lamide gel.
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Lane 2 of Figure 3A shows the result of incubating PII- a high concentration (0.3 mg/mL, Figure 3B). Results for
(C73S/E44CyTFPAM-SS1 and NRIl in the absence of UV both PII(C73S/E44Cy TFPAM-SS1 and PII(C73S/E50€)
exposure. PlI(C73S/E44€ETFPAM-SS1 migrated as two  PEAS are shown. Lanes 2 and 6 show that in the presence
species corresponding to a monomer and a dimer. This isof BSA both labeled PII proteins were cross-linked to NRII;
due to the fact that our labeling was not complete, and thelanes 5 and 9 show that this cross-linking was effector-
free cysteines formed disulfide bonds. The band just below dependent. The labeled PII protein also did not appear to
90 kDa is a contaminant in the NRII preparation. Lanes 3 cross-link to BSA. Lane 10 shows the result of incubating
and 4 show the reaction products after UV exposure for 15 BSA and NRII in the presence of UV light. The high-
and 30 min, respectively. An additional prominent band was molecular mass bands are present in the BSA preparation;
apparent that corresponds to the size of a PIl subunit linkedtheir appearance did not require UV exposure (lanes 4
to a NRII subunit. Additional experiments showed that UV and 8).
exposure beyond 30 min did not result in an increased yield Gel Purification of the Cross-Linked CompleSince our
of the cross-linked species (data not shown). Lane 5 showsPlII proteins containing unique T-loop cysteine residues form
that the level of PH-NRII cross-linked species was greatly high-molecular mass multimers in the absence of DTT and
reduced when reactions were conducted in the absence othe cleavable cross-linkers TFPAM-SS1 and PEAS are
the PII allosteric effectors ATP and 2-ketoglutarate. Lanes cleaved by DTT, we used the noncleavable cross-linker
6 and 7 show the results of single omissions of ATP and TFPAM-3 and conducted the cross-linking reactions in the
2-ketoglutarate, respectively. Removal of either effector presence of 2 mM DTT. This was necessary, as studies of
greatly reduced the level of cross-linking of PII to NRII, the phosphatase activity of the cross-linked complex required
suggesting that the cross-linking is specific to the-fNRI| the complex uncontaminated by un-cross-linked PII. Studies
interaction and is not adventitious. Lane 8 shows the result of the autophosphorylation activity of the cross-linked species
when PII(C73S/E44C)TFPAM-SS1 was exposed to UV  required that the NRII not be phosphorylated, necessitating
light in the absence of NRII. Note that high-molecular mass purification of the complex from reaction mixtures that
species were obtained; these were less evident when NRIllacked ATP. Previous studies have shown that ATP is an
was present (compare lanes 8 and 4), but were still evidentallosteric effector of PII that binds synergistically with
when the small molecules were omitted (compare lanes 82-ketoglutarate 48, 35) and that the nonhydrolyzable ana-
and 5). Thus, the binding of NRII to PIl suppressed-PIll  logue AMP-PNP could substitute for ATP in activating the
PII cross-linking. It was not surprising that the trimeric Pl interaction of PIlI with NRII 2). Thus, we examined the
could cross-link to itself as the cross-linkers were on the cross-linking of PII(C73S/E44C)TFPAM-3 to NRIl in the
highly flexible T-loop of PIl which projects above the surface presence of 2 mM DTT and AMP-PNP (Figure 4). Denatur-
of the PII trimer @4), and since some PII trimers may have ing and nondenaturing gel electrophoresis of cross-linking
been linked to other PII trimers through disulfide bonds of reaction products indicated that AMP-PNP could substitute
unlabeled cysteines. Lane 9 shows that NRIl in isolation did for ATP in activating cross-linking, and that in reaction
not exhibit any UV-induced cross-linking. Lane 10 shows mixtures containing DTT the cross-linked species was the
that the PI+NRII cross-linked species disappeared upon major species with a molecular mass greater than that of
addition of 100 mM DTT immediately prior to gel loading, NRII (Figure 4). For PII(C73S/E44CG)TFPAM-3 cross-
as we would expect from the cleavable TFPAM-SS1 cross- linking, we observed a small amount of UV light-induced
linker. The magnitude of the band corresponding toPIl  PlI—-PII dimers. PlII(C73S/E50C)TFPAM-3 was also cross-
PII dimers was also greatly reduced upon addition of DTT; linked to NRII in the presence of AMP-PNP and DTT, but
this result taken together with the fact that the-FRIl dimer not as efficiently as was PlI(C73S/E44€)FPAM-3 (data
was present in the absence of UV exposure indicates thatnot shown).
this species was a dimer formed by a disulfide bond between To characterize the components of the cross-linked PII-
unlabeled cysteines of PIl subunits. (C73S/E44CyTFPAM-3—NRII  complex, cross-linking

Similar results were obtained with PII(C73S/ES6@EAS reactions were conducted in the presence of 2 mM DTT, as
cross-linking to NRII (data not shown). Remarkably con- in Figure 4, and aliquots of the reactions were subjected to
sistent results were obtained in numerous experiments usinghondenaturing gel electrophoresis, as in Figure 4B. After very
PII(C73S/E44CyTFPAM-SS1 and PII(C73S/E50EPEAS, brief staining of the gel to permit visualization of the bands,
where~5—10% of the NRII subunits became cross-linked the bands corresponding to the cross-linked complex were
to PIl as estimated from the intensity of bands on gels. Cross-excised from the gel with a razor blade, and the central
linking of PII(C73S/E50CY TFPAM-SS1 and PII(C73S/  portion of this band was subjected to SBBAGE (Figure
E44C)-PEAS to NRIl was also examined (data not shown). 5). For comparison, aliquots of the cross-linking reaction
In the former case, diminished cross-linking was seen in most mixtures and control reaction mixtures were run on the same
experiments, but in one experiment, cross-linking similar to gel. As shown, the purified complex formed in the presence
that shown in Figure 3A was obtained. This suggests thatof ATP or AMP-PNP appeared to consist of PIl trimers
the variability in results with this Pl cross-linker pair may linked to NRII dimers via a single covalent attachment, as
be in part due to inconsistencies in the labeling of PII(C73S/ free NRII and PII subunits were present along with the cross-
E50C) with TFPAM-SS1. Cross-linking activity of PII(C73S/ linked PII=NRII subunits (Figure 5).

E44C) that had been labeled with PEAS was poor in multiple  Since gel purification of the cross-linked complex resulted
experiments. This may also reflect the poor labeling in the recovery of both the branched species and unaltered
efficiency of PII(C73S/E44C) with PEAS. NRII subunits, we used this method to assess whether there

As a further test of the specificity of the cross-linking was a bias in the cross-linking of subunits when hemiphos-
reactions, we assessed the effect of the presence of BSA aphorylated NRII was used in place of unphosphorylated
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Ficure 5: Purification of the cross-linked complex by nondena-
£ turing polyacrylamide gel electrophoresis. Cross-linking reactions
2 mM DTT S were as in Materials and Methods, and mixtures containegM.0
B < trimer PII(C73S/E44C)yTFPAM-3, 5uM dimer NRIl, 2 mM DTT,
Ea4c-TFPAM3 | + | + | + | + | + | +| + 0.5 mM ATP or AMP-PNP as indicated, and B® 2-ketoglutarate.
NRII T =1 <13 Reaction mixtures were exposed to UV light for 20 min; reactions
were stopped by addition of 120 mM glycine (pH 9.0), and mixtures
AMP-PNP | + | + | + | + + were analyzed on a 10% nondenaturing polyacrylamide gel run at
ATP + 4 °C. The gel was stained with Coomassie brilliant blue R250. The
oka |+ | + 1 + | + w1+ bands on the nondenaturing gel corresponding to the cross-linked
A1 complexes were excised from the gel, trimmed to include only the
w 20 10 ] 207] 20°f 20) 20 central part of the bands, and placed in the wells of a 15%-SDS

polyacrylamide gel. Lanes labeled A and B show the cross-linked
species formed in the presence of ATP and AMP-PNP, respectively.
The gel slices were overlaid with>5 SDS loading buffer and
H H u H H — PILNRII allowed to incubate for-15 min before running the gel. The first
— NRI five lanes show aliquots of the cross-linking reactions for com-
parison. The gel was stained with Coomassie brilliant blue R250.

The image shows different portions from the same Sp&8y-
u H ‘ ‘ —Pll acrylamide gel.

conducted using hemiphosphorylated NR#P and PII-
. . o (C73S/E44C)yTFPAM-3 as described above; the cross-
FiGurRE 4: AMP-PNP can substitute for ATP in activating cross- |inked Comp|ex was puriﬁed from a nondenaturing ge|, and

linking, and DTT prevents the formation of high-molecular mass o complex components were characterized by denaturing
PII multimers. Cross-linking reactions were as described in Materi-

als and Methods, and the mixtures containedud trimer PlI- SDS-PAGE and autoradiograph_y. Both the unaltered NRI!
(C73S/E44CY TFPAM-3, 5uM dimer NRII, 0.5 mM AMP-PNP band and the band corresponding to the branched species
or ATP, 50 uM 2-ketoglutarate, and 2 mM DTT as indicated. had similar radioactivities (data not shown), indicating no

Reaction mixtures were exposed to long-wave UV light for the discernible bias in the cross-linking of the unphosphorylated
indicated times (minutes). (A) SDSPAGE analysis of PII(C73S/

E44C)-TFPAM-3 cross-linking to NRII in the presence of AMP- and p_h.OSp_horylatEd SUbumts of hemiphosphorylated NRII.
PNP and DTT. Aliquots of cross-linking reaction mixtures were  Purification of the Cross-Linked PHNRII ComplexTo
stopped by addition of SDS loading buffer and analyzed on a 15% study the activities of the cross-linked complex, we purified

SDS—polyacrylamide gel, which was stained with Coomassie ip; _linki ; i
brilliant blue R250. Lane 1 shows markers with molecular masses this complex from a large cross-linking reaction mixture by

in kilodaltons. (B) Nondenaturing polyacrylamide gel analysis of gel filtration on Sephadex G-100 (Matferials a”?' Met,hOdS)'
PII-NRII cross-linking in the presence of AMP-PNP and DTT. We performed a large-scale cross-linking reaction with PII-
Portions of the cross-linking reactions were stopped by addition of (C73S/E44C)TFPAM-3 and NRII, with results similar to

120 mM glycine (pH 9.0). Samples were made 10% glycerol and those shown in Figure 4. Approximately 8@@ of NRII

0.04% bromophenol blue to facilitate loading and were analyzed was used in a 2.1 mL reaction mixture containing 0.5 mM
on a 10% nondenaturing polyacrylamide gel run &4 The gel ) .
was stained with Coomassie briliiant blue R250. AMP-PNP, 50uM 2-ketoglutarate, and 2 mM DTT. After

UV exposure for 20 min, DTT was added to a final
NRII. Previous studies showed that autophosphorylation of concentration of 10 mM, and the bulk of the reaction mixture
NRII results in an asymmetrical form of the enzyme, where was fractionated on a 150 mL Sephadex G-100 column in
the phosphorylation of the second subunit proceeds with athe presence of 1 mM DTT. The cross-linked complex eluted
70-fold diminished equilibrium constanB4). Hemiphos- just ahead of dimeric NRII, with the two peaks slightly
phorylated NRI~32P was formed, purified, and characterized overlapping, and well ahead of un-cross-linked PII trimers
as previously describe@®4). Urea gel analysis showed that (Figure 6). This again suggests that the cross-linked species
the NRI32P preparation was almost exclusively hemiphos- probably consists of a single PlII trimer linked to a single
phorylated (data not shown). Cross-linking reactions were NRII dimer. Such a species would have a molecular mass
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Ficure 6: Gel filtration chromatography purification of the PINRII cross-linked complex. (A) SDSPAGE analysis of Sephadex G-100
fractions. A 2.1 mL cross-linking reaction was carried out as in Materials and Methods. The reaction mixture contaihddrib@er
PII(C73S/E44Cy TFPAM-3, 5uM dimer NRII, 0.5 mM AMP-PNP, 5Q:M 2-ketoglutarate, and 2 mM DTT. Long-wave UV exposure

was for 20 min on ice at which point DTT was added to a final concentration of 10 mM. The sample was loaded onto a 150 mL Sephadex
G-100 column run in 50 mM Tris-HCI (pH 7.5), 200 mM KCI, and 1 mM DTT at room temperature. Aliquotgl(16f fractions were
analyzed on 15% SDSpolyacrylamide gels, which were stained with Coomassie brilliant blue R250. Fraction numbers are shown above
the gels. Lane 1 shows input from a typical reaction. Fractions35lwere pooled and spin concentrated. Figure 2A shows the final
concentrated preparation of the complex. (B) Nondenaturing polyacrylamide gel analysis of fractions. The same amounts of fractions as in
panel A were run at 100 V for 2.5 h on 10% nondenaturing polyacrylamide gel$@t The gels were stained with Coomassie brilliant

blue R250. Note that the native proteins do not stain as well as the SDS-denatured proteins. Positions of PII(C73SHRNIG)3,

NRII, and the PlI(C73S/E44C)TFPAM-3—NRII cross-linked complex are shown.

of roughly 114 kDa. Dimeric NRII has a molecular mass of
about 77 kDa. The cross-linked complex must form a
relatively compact structure as it was not eluted in the void
of the G-100 column and partially overlapped with the NRII
peak. On SDSpolyacrylamide gels, the complex displayed
three species as expected (Figure 2A), corresponding to PlI
and NRIl subunits and the two types of subunits linked
together.

Fractions 3135 were pooled and spin concentrated.
Fractions 3%+33 are not shown in Figure 6 as the image
reproduced poorly due to the small amount of protein in these ;
fractions. The final yield of complex was roughly »@. FiGurRe 7: Autophosphorylation of the PII(C73S/E44€)
Nondenaturing gel analysis of the concentrated complex TFPAM3—NRII cross-linked complex. The purified complex
revealed that the preparation was slightly contaminated with Was assayed for autophosphorylation activity as described in

: Materials and Methods. Reaction mixtures contained 0.5 mM
free NRII (data not shown), but this does not affect the assays[y_szp] ATP, 504M 2-ketoglutarate, and 1.38V PII(C73S/E44CY.

for phosphatase activity. Importantly, free Pll was not evident Tepanm-3-NRII complex or NRII as indicated. Reaction mixtures
in the preparation (data not shown). were incubated at 25C for the indicated times and reactions
Actizities of the Cross-Linked PHNRII Complex. Auto- stoppedoby addition of SDS gel loading buffer. Samples were run
php_sphorylation of the PHNRII Cross-Linked CompleXhe ggn?islsvgres 3?&%'%’33%?@&%@5L;g?ggﬁ;e radioactive protein
ability of the cross-linked complex to become autophospho-
rylated was examined. An autophosphorylation reaction wasand that the presence of Pll did not prevent the phosphoryl-
carried out using j}-*?P]JATP, and the reactions were ation of the cross-linked subunit of NRII. This experiment
analyzed by SDSPAGE and autoradiography (Figure 7). does not address the issue of whether there is a bias in the
Both species corresponding to the unlinked NRII subunit and phosphorylation of the two subunits once PII is tethered to
the PIE-NRII linked subunits became phosphorylated. This the enzyme. This is because the purified complex contained
demonstrates that the complex was indeed active as a kinase small amount of free NRII, and additionally, the complex

E44C-TFPAM3::NRII

wt NRII

Time(min) 1 5 10 20 20

— PIL:NRI
— NRII
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appeared to undergo very slow subunit exchange with NRIl A
dimers (data not shown). Subunit exchange could potentially
give rise to NRIl homodimers from the pure cross-linked
PII—=NRII complex. However, prior studies showed that PII
is a stable trimer that is only dissociated by urea at high
concentrations50); thus, subunit exchange cannot result in
the formation of un-cross-linked PII trimers from our purified
cross-linked complex.

Phosphatase Aciity of the PIF-NRII Complex.The
purified cross-linked complex was tested for the phosphatase
activity characteristic of the un-cross-linked PNRII
complex. The first assay method that was used was similar
to that in Figure 2B. In this case, however, we used MBP
CT111 as the kinase instead of wild-type NRIl. MBP Time (min)
CT111 retains the ability to phosphorylate NRI while lacking B —
the phosphatase activity. This allowed us to examine the
phosphatase activity of the PINRII cross-linked complex
in an assay measuring the balance between the kinase and i
phosphatase activities. Figure 8A shows the results of a ¢ 6000
typical assay. As expected, the addition of PII to the reaction & I
mixture containing NRI and MBPCT111 had no effecton &
the phosphorylation state of NRI (data not sho&B; 42). <
The addition of PIl and NRII (0.085tM each) in the I
presence of 2-ketoglutarate resulted in the expected dephos- 2000 r
phorylation of NRhP (Figure 8A). Addition of the PH i
NRII cross-linked complex at twice the concentration (0.17 ol

NRI-P (uM)

8000

4000

uM) in the presence of 2-ketoglutarate resulted in slightly e 2 4 6 8 10 12
more rapid dephosphorylation of NRP than that realized Time (min)

with un-cross-linked PIlI and NRIl. We know that the pFgyre 8: Phosphatase activity of the PINRII cross-linked
complex preparation is slightly contaminated with free NRII, complex. (A) Phosphorylation assay of NRI with MBET111
however, and thus, the complex is probably more active thanand the cross-linked complex. Reaction mixtures initially contained

is evident in this experiment. The dephosphorylation of 8-5#M NRI, 0.17 uM MBP—CT111, 10 mM MgCj}, 0.5 mM

N i : [y-32P]JATP, 1 mM DTT, and 5QtM 2-ketoglutarate except where
NRI~P by the same amount of cross-linked complex in the indicated. After 20 min, PIl, NRII, and the cross-linked complex

absence of 2-ketoglutarate was examined; interestingly, théwere added as indicated. Samples were analyzed as in Materials
complex was still active, although to a lesser extent. This and Methods: M) buffer control, ®) PIl and NRII at 0.08M

suggests that the presence of Pl tethered to NRII is in parteach, ) 0.17 uM PII(C73S/E44C)-TFPAM-3—NRIl complex,

i ; ; (x) 0.17uM PII(C73S/E44C)TFPAM-3—NRII complex without
sufficient to induce the phosphatase conformation of NRII >-ketogltarate, @) 0.057uM PII(C73S/E44Cy TFPAM-3—NRIl

even in the absence of 2-ketoglutarate. complex, and ¢) 0.057uM PII(C73S/E44C) TFPAM-3-NRIl
We next tested the phosphatase activity of the complex complex without 2-ketoglutarate. (B) Phosphatase activity of-PlI

using NR2% as the subsuate. This assay s diferent rom |51 S0 ed, oo uong BEED 22 16 Moot
the previous assay in that it directly measures the phosphatas%_lsuM NRI~32P monomer, 1 mM AMP-PNP, 10 mM Mg&l

activity in the absence of competing kinase activity. Reaction 50 ,M 2-ketoglutarate except where indicated, and PII, NRII, and
mixtures contained the nonhydrolyzable ATP analogue PII(C73S/E44C)TFPAM-3—NRIl as indicated. Reaction mixtures

AMP-PNP to allow direct examination of the phosphatase Wwere incubated at 25C, and at the indicated times, aliquots were

i ; ; spotted on nitrocellulose filters, which were washed in 5% TCA
activity. Figure BB shows the results of a typical assay. and counted by liquid scintillation counting®) buffer control,

NRI~P had a §Iow rate of dephqsphorylatlon in the absence(.) 0.154M NRII, (O) NRII and PIl at 0.15:M each, () 0.3M

of added proteins, and the addition of NRII (04/8) alone PII(C73S/E44C)-TFPAM-3—NRII complex, ©) 0.3 uM PII-

had no effect on this rate. Addition of PIl and NRII (0.15 (C73S/E44C)TFPAM-3—NRII complex with no 2-ketoglutarate,

uM each) in the presence of 2-ketoglutarate resulted in the @nd €©) 0.1uM PII(C73S/E44C) TFPAM-3—NRII complex.
dephosphorylation of NR¥P. The PIENRII cross-linked

complex at twice the concentration (Q:B1) in the presence Mapping the Site of Interaction between PIl and NRIL.
of 2-ketoglutarate was about as active as Pll and NRIl in We mapped the site of interaction between PIl and NRII at
bringing about NR+P dephosphorylation. In the absence the domain level using polypeptides derived from NRIL.
of 2-ketoglutarate, the cross-linked complex was still active, These polypeptides are described in the accompanying paper
although to a lesser extent. (22). NT110 consists of the N-terminal domain of NRII, and

The results presented so far suggest that the P||(C738/NT189 consists of the N-terminal domain and four-helix
E44C)»TFPAM-3—NRIl complex represents the physi- bundle (central domain) of NRIl. CT111 and CT126 are
ologically relevant form of PIl bound to NRII. Efficient slightly different versions of the NRII transmitter module,
formation of this complex required 2-ketoglutarate and ATP containing the four-helix bundle (central domain) and C-
(or AMP-PNP), and the complex had the ability to bring terminal kinase domain of NRIl. CT190 consists of the
about the dephosphorylation of NRIP. C-terminal kinase domain and the linker connecting this
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Ficure 9: PII(C73S/E44CyTFPAM-SS1 cross-linking to domains == T — TNNT10

of NRII. (A) PII(C73S/E44CY TFPAM-SS1 cross-links to the o )
C-terminal domain of NRII and not to the N-terminal domain. FIGURE 10: PII(C73S/ES0C)PEAS cross-linking to domains of
Conditions were as in Materials and Methods. Reaction mixtures NRII. (A) PII(C73S/ES0C)-PEAS cross-links to the C-terminal
contained 10uM trimer PlI(C73S/E44CyTFPAM-SS1, 5uM domain of NRIl and not to the N-terminal domain. Conditions were
dimer NRIl or NRII truncations, 0.5 mM ATP, and 58M as in Materials and Methods. Reaction mixtures containedMO
2-ketoglutarate as indicated. NRII truncations were treated as dimerstrimer PIl(C73S/E50CyPEAS, 5uM dimer NRII or NRII trunca-

for purposes of concentration. Long-wave UV exposure was for tions, 0.5 mM ATP, and 5@M 2-ketoglutarate as indicated. NRII
20 min where indicated, and reactions were stopped by addition of truncations were treated as dimers for purposes of concentration.
SDS gel loading buffer that did not contain any reducing agent. Long-wave UV exposure was for 20 min where indicated, and
Samples were run on a 15% SBpolyacrylamide gel. The gel ~ reactions were stopped by addition of SDS gel loading buffer that
was stained with Coomassie brilliant blue R250. (B) PII(C73s/ did not contain any reducing agent. Samples were run on a 15%
E44C)-TFPAM-SS1 cross-linking to various domains of NRIl. SDS-polyacrylamide gel. The gel was stained with Coomassie
Conditions were the same as for panel A except different NRII brilliant blue R250. (B) PII(C73S/ES0E)PEAS cross-linking to
truncations were analyzed. The samples were analyzed on a 159@dditional domains of NRII. Conditions were the same as for panel

SDS-polyacrylamide gel, and the gel was stained with Coomassie A except different NRII truncations were analyzed. The samples
brilliant blue R250. were analyzed on a 15% SB$¢olyacrylamide gel, and the gel
was stained with Coomassie brilliant blue R250.

domain to the central domain. The cross-linking of these DISCUSSION
polypeptides to PlI(C73S/E44ETFPAM-SS1 (Figure 9)

and PII(C73S/E50C)PEAS (Figure 10) was examined. The P!l is & key regulator of nitrogen assimilation & col;
polypeptides that lacked the C-terminal kinase domain which acts in part by regulating the kinase and phosphatase

(NT110 and NT189) were not cross-linked to PIl. However activities of NRII. Previous studies indicated that the binding

each of the polypeptides that contained the C-terminal kinaseOf Pilto NRIlis regulated by ATP and 2-ketoglutarate, smal

. . molecule effectors of PII, and that the binding of Pll to NRII
domain (CT111, CT126, and CT190) was UV-cross-linked g1 in the activation of the phosphatase activity of NRII.

to PII in an ATP- .and 2.-ketoglutgrate—depepdent reac_tion. Also, previous results have established that the T-loop of
Since CT190 consists of just the kinase domain and the linker p|; is involved in the interaction of PIl with NRII and the

connecting this domain to the central domain of NRII, these giher PJ| receptors. Here, we showed that cross-linking of
results indicated that Pll interacted with the C-terminal kinase the T-loop of PII to NRII required ATP (or the nonhydro-
domain of the NRII transmitter module. Interestingly, two lyzable analogue AMP-PNP) and 2-ketoglutarate, and that
cross-linking products with slightly different electrophoretic the level of this cross-linking was not diminished by the
mobilities were obtained when PlI(C73S/ES6PEAS was presence of BSA. Also, cross-linking of PIl to BSA was not
cross-linked to CT190, suggesting that two different branched observed under similar conditions. These results suggested
species were formed by cross-linking (Figure 10A). that the cross-linking of PIl to NRII in our experiments was
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due to the physiologically important interaction of PIl and that most or all of the determinants for Pll binding lie within
NRII. In further support of this conclusion, we observed that the CT190 polypeptide.

the purified cross-linked complex had NRP phosphatase Our demonstration that PII interacts with the kinase
activity, whereas neither the PIl nor the NRII used to form domain of NRII raises the issue of how PII can distinguish
this cross-linked complex had such activity in isolation. between the 32 related kinase domains present in the
Finally, the cross-linked complex had significant 2-ketoglu- cytoplasm ofE. coli (1) and raises the possibility that PII
tarate-independent phosphatase activity, which is a novelmay interact with some of the other related kinase domains
activity not seen with the starting materials or in numerous present in the cell. Such regulation could contribute to the
experiments with purified PIl and NRII at the concentrations coordination of carbon and nitrogen metabolism with other
used in our experiments. Thus, this novel activity was likely physiological processes.

due to the cross-linked complex. In prior work, 2-ketoglu-  PII proteins are the most widely distributed of all signal
tarate-independent Pl activity was observed using very high transduction proteins, being found in the archaea, bacteria,
concentrations of PIII(1, 30). We interpret this as indicating and plants (for a review, see ré&fl). In many cases,
that in the absence of 2-ketoglutarate, Pll may infrequently organisms contain Pll proteins but lack a transmitter protein
obtain the conformation required for interaction with NRII.  specifically resembling NRII. Our results suggest that another
One explanation for the 2-ketoglutarate-independent phos-transmitter protein kinase domain, or a related ATP-binding
phatase activity of our cross-linked complex is that when domain, may be the target of PII action in such cases. Our
tethered to NRII, the effective concentration of PIl is very results, along with the recent results with the unrelated FixT
high, greatly increasing the probability of the necessary protein (L9), show that two-component systems may be
interaction. Also, in the cross-linked complex, the active regulated by factors that target the transmitter kinase domain.
conformation of the PIl T-loop may be stabilized by Additional factors may also exist, which regulate the activity
interaction with NRII. Alternatively, the cross-linked com- of the kinase domains and coordinate their activities.

plex may bind 2-ketoglutarate so tightly that the effector was

retained during gel filtration and spin concentration. If so, ACKNOWLEDGMENT

then this is a novel property of the cross-linked complex
that is not observed with PI2g).
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we examined the cross-linking of Pl to purified domains of REFERENCES
NRIl. The studies in the accompanying pap2?)(showed
that these domains of NRII were stable during hyperexpres-

We thank Mariette R. Atkinson for advice and assistance
with the cloning and hyperexpression experiments.

1. Ninfa, A. J. (1996Escherichia coli and Salmonella: Cellular
and Molecular Biology(Neidhardt, F. C., Ed.) 2nd ed., pp

sion and purification. For NT189, CT111, CT126, and 1246-1261, American Society for Microbiology, Washington,
CT190, the polypeptides displayed activities further indicat- DC.

ing they were properly folded. For example, NT189, which 2. Appleby, J. L., Parkinson, J. S., and Bourret, R. B. (1996)
contains the N-terminal and central domains of NRII, could Cell 86, 845-848.

Ninfa, A. J., and Bennett, R. L. (1991) Biol. Chem. 266

form heterodimers with wild-type NRII and could be 68886893

3.

phosphorylated by NRII, CT111, CT126, and CT190. The 4 weiss, V., and Magasanik, B. (1988Joc. Natl. Acad. Sci.

CT111 and CT126 polypeptides, which essentially consist U.S.A. 858919-8923.

of just the transmitter module of NRII, were dimeric and 5. Ninfa, E. G., Atkinson, M. R., Kamberov, E. S., and Ninfa,

able to become autophosphorylated, and were able to _ A J. (1993)J. Bacteriol. 1757024-7032. .
hosphorylate NRI as well as NT189 and the isolated central 6. Surette, M. G., Levit, M., Liu, ¥., Lukat, G., Ninfa, E. G.,

phosphory _ : Ninfa, A., and Stock, J. B. (1996). Biol. Chem. 271939~

domain of NRII £2). CT190, corresponding to essentially 945,

just the kinase domain of the transmitter module, was able 7. Hess, J. F., Bourret, R. B., and Simon, M. |. (198Bjture

to phosphorylate the isolated central domain of NRII. Thus, 336 139-143. )

these polypeptides appear to be valid tools for studying the 8- Sanders, D. A., Gillece-Castro, B. L., Burlingame, A. L., and

interaction of Pl with NRII. The results in the accompanying o Egiglagf’s[.)'I\I/EI(':’CJIga(ri/gsvz?'R?aSC;[gglg I'iﬁ%ﬁé}%ii' 1B

paper showed that PIl regulated the autophosphorylation of  (1992)Proc. Natl. Acad. Sci. U.S.A. 8918-722.

CT111 and CT126, and regulated the transphosphorylation 10. Feng, J., Atkinson, M. R., McCleary, W., Stock, J. B., Wanner,
activity of CT190 @2). PII also regulated the weak phos- B. L., and Ninfa, A. J. (1992). Bacteriol. 1746061-6070.
phatase activity of CT111 and CT1282). Thus, activity 11. Ninfa, A. J., and Magasanik, B. (198Bjoc. Natl. Acad. Sci.

assays indicated that PIl interacts with CT190. Our cross- 12.%5(5?6 83_5?;,%%_65'9&?' and Magasanik, B. (19BBacteriol.

linking results are completely consistent with the activity 164 816-822.
assays, and thus, the two studies support each other. Eachi3. Jiang, P., Peliska, J. A., and Ninfa, A. J. (19B&chemistry
of the polypeptides that contained the kinase domain of NRII 37, 12795-12801.

was UV-cross-linked to the T-loop of PIl in an effector- 14 Russo. F- D and Silhavy, T. J. (1991Mol. Biol. 222 567~
d_ependent re_actlon; NT110, NT189, and BSA’ lacking the 15. Cavicchioli, R., Chiang, R. C., Kalman, L. V., and Gunsalus,
kinase domain of NRII, were not UV-cross-linked to PII. R. P. (1996)Mol. Microbiol. 21, 901-911.

While our results therefore show that the T-loop of PIl  16. Gong, W., Hao, B., Mansy, S. S., Gonzalez, G., Gilles-

interacts with the kinase domain of NRII, they do not exclude Gonzalez, M. A., and Chan, M. K. (1998yoc. Natl. Acad.

il ; ; ; Sci. U.S.A. 951517715182.
thetPOSSI2||£3|;TPa|: other potriglorlls O]; Pf” |nterallptkwlth cf)tgﬁr 17. Lois, A. F., Weinstein, M., Ditta, G. S., and Helinski, D. R.
portons o . Aowever, the level o1 Cross-linking o (1993)J. Biol. Chem. 2684370-4375.

to CT190, relative to that seen with NRII, suggests that 18 Bourret, R. B., Davagnino, J., and Simon, M. I. (1993)
CT190 binds PII similarly to intact NRII, which would imply Bacteriol. 175 2097-2101.



Interaction ofE. coli NRIl and PlII

19. Garnerone, A.-M., Cabanes, D., Foussard, M., Boistard, P.,
20.
21.

22.
23.

24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.

35.

and Batut, J. (1999). Biol. Chem. 27432500-32506.

Park, H., Saha, S. K., and Inouye, M. (19P8)c. Natl. Acad.
Sci. U.S.A. 956728-6732.

Tomomori, C., Tanaka, T., Dutta, R., Park, H., Saha, S. K.,
Zhu, Y., Ishima, R., Liu, D., Tong, K. I., Kurokawa, H., Qian,
H., Inouye, M., and Ikura, M. (199%at. Struct. Biol. 6729—
734.

Jiang, P., Srisawat, C., Sun, Q., and Ninfa, A. J. (2000)
Biochemistry 3913433-13449.

Tanaka, T., Saha, S. K., Tomomori, C., Ishima, R., Liu, D.,
Tong, K. I, Park, H., Dutta, R., Qin, L., Swindells, M. B.,
Yamazaki, T., Ono, A. M., Kainosho, M., Inouye, M., and
Ikura, M. (1998)Nature 396 88—92.

Bilwes, A. M., Alex, L. A, Crane, B. R., and Simon, M. I.
(1999)Cell 96, 131-141.

Kramer, G., and Weiss, V. (19909joc. Natl. Acad. Sci. U.S.A.
96, 604-6009.

Ninfa, A. J., Jiang, P., Atkinson, M. R., and Peliska, J. A.
(2000) Curr. Top. Cell. Regul. 3631-75.

Jiang, P., and Ninfa, A. J. (1999) Bacteriol. 181 1906~
1911.

Jiang, P., Peliska, J. A., and Ninfa, A. J. (19B8)chemistry
37, 12782-12794.

Atkinson, M. R., Kamberov, E. S., Weiss, R. L., and Ninfa,
A. J. (1994)J. Biol. Chem. 26928288-28293.

Kamberov, E. S., Atkinson, M. R., and Ninfa, A. J. (1995)
Biol. Chem. 27017797-17807.

Jiang, P., Peliska, J. A., and Ninfa, A. J. (19B8)chemistry
37, 12802-12810.

Liu, J., and Magasanik, B. (1993) Bacteriol. 177 926—
931.

Ponting, C. P., and Aravind, L. (199Curr. Biol. 7, R674~
R677.

Jiang, P., Peliska, J. A., and Ninfa, A. J. (20B@)chemistry
39, 5057-5065.

Kamberov, E. S., Atkinson, M. R., Feng, J., Chandran, P.,
and Ninfa, A. J. (1994Cell. Mol. Biol. Res. 40175-191.

36.

37.

38.
39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.
50.

51.

Biochemistry, Vol. 39, No. 44, 2003461

Jiang, P., Zucker, P., Atkinson, M. R., Kamberov, E. S.,
Tirasophon, W., Chandran, P., Schefke, B. R., and Ninfa, A.
J. (1997)J. Bacteriol. 1794342-4353.

Lowry, O. H., Rosenbrough, N. L., Farr, A. L., and Randall,
R. J. (1951)J. Biol. Chem. 193265-275.

Bradford, M. M. (1976Anal. Biochem. 72248-254.

Aggeler, R., Cai, S. X., Keana, J. F., Koike, T., and Capaldi,
R. A. (1993)J. Biol. Chem. 26820831+-20837.

Aggeler, R., Chicas-Cruz, K., Cai, S. X., Keana, J. F., and
Capaldi, R. A. (1992Biochemistry 312956-2961.

Chen, Y. C., Ebright, Y. W., and Ebright, R. H. (19®&tience
265, 90—-92.

Kamberov, E. S., Atkinson, M. R., Chandran, P., and Ninfa,
A. J. (1994)J. Biol. Chem. 26928294-28229.

Ninfa, A. J., and Ballou, D. P. (199Bundamental Laboratory
Approaches for Biochemistry and Biotechnolpgp 125-
156, Fitzgerald Science Press, Bethesda, MD.

Carr, P. D., Cheah, E., Suffolk, P. M., Vasudevan, S. G.,
Dixon, N. E., and Ollis, D. L. (1996Jcta Crystallogr., Sect.
D 52, 93—-104.

Atkinson, M. R., and Ninfa, A. J. (1998)ol. Microbiol. 29,
431-447.

Atkinson, M. R., and Ninfa, A. J. (1999)ol. Microbiol. 32
301-313.

Keana, J. F., and Cai, S. X. (199D)Org. Chem. 553640-
3647.

Schuster, G. B., and Platz, M. S. (1992). Photochem. 17
69—-143.

Brunner, J. (1993Annu. Re. Biochem. 62483-514.

Jiang, P., Zucker, P., and Ninfa, A. J. (1997Bacteriol. 179
4354-4360.

Ninfa, A. J., and Atkinson, M. R. (2000)rends Microbiol.
171 (in press).

BI000795M



