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ABSTRACT: The kinase/phosphatase nitrogen regulator Il (NRII, NtrB) is a member of the transmitter
protein family of conserved two-component signal transduction systems. The kinase activity of NRII
brings about the phosphorylation of the transcription factor nitrogen regulator | (NRI, NtrC), causing the
activation of Ntr gene transcription. The phosphatase activity of NRII results in the inactivation ef NRI

P. The activities of NRII are regulated by the signal transduction protein encodgihByPII protein,

which upon binding to NRII inhibits the kinase and activates the phosphatase activity. The C-terminal
ATP-binding domain of NRII is required for both the kinase and phosphatase activities and contains the
PII binding site. Here, we present the crystal structure of the C-terminal domain of a mutant form of
NRII, NRII-Y302N, at 1.6 A resolution and compare this structure to the analogous domains of other
two-component system transmitter proteins. While the C-terminal domain of NRII shares the general
tertiary structure seen in CheA, PhoQ, and EnvZ transmitter proteins, it contains a distiagpin
projection that is absent in these related proteins. This projection is near the site of a well-characterized
mutation that reduces the binding of PIl and near other less-characterized mutations that affect the
phosphatase activity of NRIl. Sequence alignment suggests thgi-llaérpin projection is present in

NRII proteins from various organisms, and absent in other transmitter proteinsHsahrerichia coli

K-12. This unique structural element in the NRII C-terminal domain may play a role in binding PIl or in
intramolecular signal transduction.

The two-component signal transduction systems comprisephosphorylating itself on a highly conserved histidine residue
the most common type of signaling system in bacteria and (2, 5, 6); phosphoryl groups are then transferred from the
are also found in lower eukaryotes (reviewed in I¥fIn phospho-histidine to the receiver aspartaf 7). The
these signaling systems, phosphorylation and dephosphorautophosphorylation of the transmitter occurs by a trans-
ylation of a protein receiver domain is used to control the intramolecular mechanism, in which ATP bound to the
activity of an enzyme or macromolecular complex. In most C-terminal domain of one subunit of the dimeric transmitter
cases, the receiver domain regulates an associated DNA{protein phosphorylates the highly conserved histidine within
binding domain that activates or represses a set of geneshe central domain of the opposing subunit of the din&r (
when the receiver domain is phosphorylated. Two observations suggest that the receiver catalyzes the

Interestingly, the receiver domain appears to catalyze its phosphotransfer step: a peptide containing the phosphor-
own phosphorylation as well as its own dephosphorylation ylated histidine from the CheA transmitter could be used to
on a highly conserved aspartate resid@e 3). Both the phosphorylate the CheY receiv@),(and in some cases, such
phosphorylation of the receiver and its dephosphorylation as the NRI/NRI} and Che systems, small molecule phos-
are facilitated by a partner known as the transmitter protein phorylated intermediates, such as acetyl phosphate, may serve
(4). The transmitter protein brings about the phosphorylation as the phosphoryl group donor for receiver phosphorylation
of the receiver domain (kinase activity) by binding ATP and independent of the transmitter protein (reviewed in9ef
The phosphorylated receiver proteins have variable stabil-
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increase the rate of the receiver autophosphatase actvity. We oJH;\ o
refer to this activity as the transmitter phosphatase activity.
For regulation, depending on the system the autophosphor-
ylation of the transmitter, the phosphatase activity of the
transmitter, or both activities may be controlled. Different
systems may respond to intracellular or extracellular signals _
that act directly on the conserved domains or on associated LN ﬁ

1— N-terminal [ Central —{ C-terminal 349

N-terminal domain\ ATP-lid

domains that are cytoplasmic or project through the mem-
brane and into the periplasm or extracellular space. In more
complex two-component signaling systems, multiple trans-

mitter and receiver modules may be incorporated into 4_helixbunditermmal domain 4-helix bundle
complex phospho-relay systems that may include other types

of phosphotransfer domains and unrelated phosphatase "Side view" "Top View"

activities 0). FiGURE 1: The proposed domain organization of NRII. NRII

The receiver and transmitter proteins of the two-component contains three domains: the N-terminal domain, a central dimer-
systems are easily recognized by the presence of conserveo'%lattion QOTgin that flo"t?ls ? fOUV'he|it>$ bunglﬁ: E}Ud an ATP birt‘)di”StJ

H H H H H H - . In the lower porton o e figure, one subuni
amino aCId. sequences (reviewed ml&?' Receiver proteins . of tﬁ;mﬁgfnoé)imglrnis drawn in wh?[e or light gray,gthe other in dark
are recognized by the presence of a highly conserved receiveyay “H denotes the histidine that becomes autophosphorylated.
domain of about 120 amino acids. The transmitter conserved
sequences, which are typically about 230 amino acids, form understood. The N-terminal domain of NRII contains a PAS
two domains: a four-helix bundle dimerization and phos- motif, which in other proteins has been found to be involved
photransferase domain (referred to as a DHP domain, orin binding regulatory ligands or in intramolecular and
“domain A”) and a C-terminal ATP binding domain (referred intermolecular domain interaction23). The isolated N-
to as “domain B”). The four-helix bundle contains the major terminal domain behaves as a monomer in soluti@i. (The
dimerization determinants, the site of histidine phosphor- central domain of the dimer consists of a four-helix bundle,
ylation, and amino acids involved in the phosphatase activity. two helices contributed by each monomer. When the central
In CheA and a subset of the transmitter proteins, the site of domain is expressed as a fusion with the monomeric maltose-
autophosphorylation is on a separate N-terminal domain binding protein (MBP), the fusion protein is a dimer that
(distinct from the dimerization domain). The C-terminal can be phosphorylated in a Pll-regulated fashion by the
ATP-binding domain, which is distantly related to the ATP- isolated C-terminal domain of NRIL#). The purified central
binding domain of gyrase and HSP90 proteid®){( is domain also displays weak phosphatase activity that is not
involved in both kinase and phosphatase activities. In mostregulated by PII 14). The C-terminal domain of NRII
transmitter proteins, unrelated domains are found at thecontains the ATP and PII binding sites. As is often seen in
N-terminus of the protein, while in a minority of cases ATP binding proteins, structures of histidine kinases and
unrelated domains are found at the C-terminus. Theserelated ATP-binding proteins (gyrase, HSP90) with bound
unrelated domains are inferred to play a role in sensation, nucleotide show an extended helix containing loop that forms
signal transduction, or cellular localization. In some cases, a lid over the ATP 12). Cross-linking studies show that the
the transmitter and receiver domains may be present in aphosphatase complex consists of a single Pl trimer bound
single protein. to one of the C-terminal domains of the NRII dimér5).

The NRII/NRI (NtrB/NtrC) two-component system con- All of the domains of NRII appear to collaborate in the
trols the expression of nitrogen-regulated Ntr genes in kinase and phosphatase activities and operate in a coordinated
Escherichia coliand related bacteria (reviewed in f). It fashion. Much like a two-stroke engine, the autophosphor-
is among the simplest of two-component systems with both ylation of NRII occurs by an apparent half-of-the-sites
transmitter (NRII) and receiver (NRI) being cytoplasmic mechanism. This results from a 70-fold difference in the
proteins. The regulation of the kinase and phosphataseequilibrium constants for the phosphorylation of the first and
activities of the transmitter NRII are understood in some second of the two histidine autophosphorylation sites in the
detail. The binding of the PII signal transduction protein to dimer 24). Furthermore, the doubly phosphorylated dimer
the C-terminal ATP-binding domain of NRII activates its is unstable and rapidly decays to the hemiphosphorylated
phosphatase activity and inhibits its kinase activiy4( 14— form. This asymmetry is relaxed by removal of either the
16). The availability of PII for this interaction is controlled  N-terminal domains or one of the C-terminal domains of the
by reversible covalent modification (uridylylation) of PlIl  NRII dimer, and these changes also destroy the phosphatase
catalyzed by the glutamine-controlled uridylyl transferase/ activity of NRII (24). Furthermore, mutations affecting the
uridylyl removing enzyme (UTase/UR) and by allosteric phosphatase activity can be found in all domains of NRII

control of PIl by small molecule effectors (primarity-ke- 17).
toglutarate) that reflect the cellular carbon and nitrogen status Genetic and biochemical studies of the Pll-activated
(reviewed in refl3). phosphatase activity of NRIl indicate that two distinct

Sequence comparison of NRII to related proteins, structural surfaces of the C-terminal domain are involved, as identified
information from related proteins1® 18—20), genetic by clusters of mutations that reduce the activity)( One
studies of NRII (7, 21, 22), and studies of the properties of these mutation clusters maps to a site deduced to be part
and activities of polypeptides derived from NR14j suggest of the ATP lid over the ATP binding site on the basis of the
that NRII is organized into three domains, as depicted in structures of related protein&& 20, 21). The other cluster
Figure 1. The interactions of the N-terminal domains are not of mutations maps to the opposite side of the domain and
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may define the PIlI binding site. One mutant protein from S-mercaptoethanol, 10% (v/v) glycerol] and further purified
this cluster, the S227R protein, was shown to be severelyby gel filtration chromatography on a Sephadex G-75 column
defective in binding PII. In contrast, mutant proteins altered equilibrated in buffer B. Fractions containing the CTD were
in other parts of NRII were severely defective in the again identified by SDSPAGE, pooled, dialyzed into
phosphatase activity yet retained the ability to bind to PIl storage buffer [50 mM Tris-HCI, pH 7.5, 200 mM KCI, 50%
(27). (v/v) glycerol], and stored in aliquots at80 °C. Proteins

Biochemical studies of the Pll-activated phosphatase Were greater than 90% pure as estimated by SPSGE.
activity of NRII provide a clue as to how the domains of ~ To remove the polyhistidine tag, purified CTD was cleaved
NRII collaborate in the Pll-activated phosphatase activity. With histidine-tagged TEV protease (Invitrogen), and the
Specifically, experiments with heterodimeric mutant proteins CTD was separated from the cleaved histidine tag and the
formed in vitro were only consistent with a model where Protease by passage through &NWTA column. Seleno-
the two C-terminal domains of NRII play distinct roles. One Methionine-substituted CTD was produced using B834(DE3)
of the NRII C-terminal domains binds PII, while the CTD cells and purified by the same methods.

ATP lid of the opposing subunit collaborates with the central ~ Transphosphorylation Assaf§he ability of the purified

domain to maintain the “phosphatase” conformation or CTD to bring about the phosphorylation of a fusion protein
participates directly in the reactio2¥). consisting of maltose-binding protein linked to the central

(DHP) domain of NRIl was assayed as described previously
(14).
Interaction of PIl with CTD.To test whether the CTD

Although the full-length NRII is a cytoplasmic protein, it
is relatively insoluble, not easily purified, and has proven

difficult t talli blished data). This behavior i
ffficult to crystallize (unpublished data) 1 Denavior 1S interacts with PII, a gel filtration assay using Sephadex G-75

shared by the isolated CTD of NRII, suggesting that these | I h | i
properties of the full-length protein are largely due to the _(36 mL column) was employed. The column was equilibrated

CTD. Here, we screened an existing set of mutant forms of in G75 buffer [50 mM _Tris-HCI, p_H 7.5, 200 mM KCl, 10%
NRII and observed that the Y302N mutation resulted in (¥/V) glycerol] containing or lacking MgGI(10 mM), ATP
improved solubility of the full-length protein and the isolated (0-> MM), ando-ketoglutarate (S@M). Pll was purified as

CTD. We observed that the purified NRII-Y302N-CTD was previously descril_:)gd 16). Samples (50QuL) containing
active as a kinase and that this activity was regulated by Pii €ither 2 mg of purified PIl (10&M), 0.95 mg of CTD (106

: ; ; M), or a mixture of both proteins were fractionated, and
as is the case with wild-type NRII. We also found that the #™: .
NRII-Y302N-CTD forms a stable complex with PIl that ~fractions were assessed by SEAAGE. Under these condi-
could be readily detected by gel-filtration chromatography. tions, NRII-CTD and PII elute from the column at distinct

Most importantly, the NRII-Y302N-CTD was able to pro- volumes, reflecting their difference in mass. When cochro-
duce diffraction quality crystals from which we could solve Matographed in the presence of Mg-ATP arketoglutarate,

the structure. The ATP lid of the domain is unobservable the two proteins coeluted, reflecting formation of a complex.

and assumed to be disordered in our structure, but our 1esting the Solubility of NRII Mutant Proteingor this
structure is well defined in the region where the S227R (€St the pJLASO3 expression system was used, as described

mutation described above affects the binding of PII. Interest- Previously (7). Proteins were induced by shifting the
ingly, this portion of the domain structure differs from related (€Mperature from 30 to 4%C for 4 h, after which cells were

transmitter protein domains that are not regulated by Pii, Pelléted, resuspended in lysis buffer [SO mM Tris-HCI, pH
and thus the differences may reflect features required for /-2» 1 MM DTT, 10% (v/v) glycerol] containing either 50

the binding of PII or intramolecular signal transduction of ©" 300 MM KClI, and disrupted by sonication. The disrupted
the signal provided by PII binding. cells were either mixed with SDPAGE loading buffer or

clarified by centrifugation and then mixed with SBBAGE
MATERIALS AND METHODS loading buffer. The samples were then heated at®@%or
10 min and subjected to SBFAGE; comparison of the

Overexpression and Purification of the NRII C-Terminal two samples revealed whether sonication in the presence of
Domain (CTD).The CTD (residues 196349) of wild-type high concentration of KCl resulted in loss of the NRII protein
NRII and NRII-Y302N were amplified by PCR as described from the soluble fraction. For wild-type NRII, greater than
previously (L4) and cloned into the vector pSJ4, a derivative 50% of the protein was lost from the soluble fraction after
of pET30a (Novagen). Cloning used thad and Ecadrl sonication in the presence of 300 mM KCI.
restriction sites of pSJ4, resulting in a polyhistidine (eight  Structure DeterminationThe structure was first deter-
histidines) tag being present at the N-terminus of the CTD. mined using the multiple wavelength anomalous diffraction
CTD was overexpressed i colistrain BL21(DE3) induced  (MAD) method with selenium as the anomalous scattering
with 0.4 mM isopropylg-p-thiogalactopyranoside (IPTG). atoms and later refined against a 1.6 A resolution native data
For purification, cells were lysed by sonication, and the set £6). Diffraction quality crystals were grown by the sitting
cellular debris was removed by centrifugation. The clarified drop method using native and selenomethionine-substituted
extract was then loaded onto a 20 mL2NNTA column proteins that had been cleaved with the TEV protease to
equilibrated with buffer A [50 mM Tris-HCI, pH 7.5, 200 remove the histidine tag. Two microliters of 5 mg/mL CTD
mM KCI, 20 mM f-mercaptoethanol, 10 mM imidazole, of NRII (determined by the Bradford assay) in 10 mM Tris-
10% (v/v) glycerol] and eluted with a gradient of 2050 HCIl, pH 7.5, was mixed with 2uL of mother liquor
mM imidazole in buffer A. Fractions were assayed by SDS  containing 5% PEG 20000, 0.1 M MES, pH 6.1, and
PAGE, and the peak fractions were combined, concentratedequilibrated over 1 mL of mother liquor at 2. CTD
by ammonium sulfate precipitation, resuspended in buffer crystals appeared overnight and grew to optimal size 0.2
B [50 mM Tris-HCI, pH 7.5, 200 mM KCI, 20 mM 0.2 x 0.6 mn?) within one week. Crystals were cryoprotected
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Table 1: Crystallographic Data Statistics

Data Collection Statistics

crystal space group cell dimensions

native c2 a=96.4Ab=329Ac=46.0A3=108.2
SeMet c2 a=96.4Ab=329Ac=46.0A3=1083
no. of
dmin No. of unique completeness Rsym
dataset (A) meas. reflns (%) I/oa (%)20

native 1.6 73198 18060 98.8(95.3) 35(4.2) 3.9(19.8)
SeMetZl 1.9 64589 10486 99.0(99.9) 34(10.4) 5.5(15.9)
(0.9784 A)
SeMetl2 1.9 64387 10488 99.1(100.0) 35(10.2) 5.7 (15.9)
(0.9786 A)
SeMet23 1.9 63733 10494 98.9(99.2) 32(6.4) 5.6 (21.8)
(0.9559 A)
SeMetl4 1.9 63757 10497 99.0(99.6) 35(8.4) 5.2(18.8)
(1.0023 A)

figure of merit vs resolution after SOLVE
D total 6.99 4.48 3.53 3.00 2.65 2.41 2.22 2.06

no. of reflns 9327 461 775 989 1163 1293 1428 1564 1654

FOM 0.50 0.74 0.64 0.63 0.63 0.56 0.48 0.38 0.28
figure of merit vs resolution after RESOLVE
Dmin total 5.7 3.6 2.9 2.5 2.1 2.0
no.ofreflns 9327 390 1270 1573 1582 2791 1721
FOM 063 093 091 082 068 051 0.32
Refinement Statistics (Native Dataset)
number of reflections (working/test) 15907/1742
number of non-hydrogen atoms 1062
number of water molecules 109
resolution (A) 27.6-1.6
Reryst Riree (%0)° 23.7/24.6
bond length deviation (A) 0.005
bond angle deviation (deg) 1.3
averageB-factor of model (&) 26.2
B overall (by Patterson) @ 26.3
optical resolution (A) 1.41
estimated minimal error (A) 0.039
estimated maximal error (A) 0.277
Matthews coefficient 2.12
corresponding solvent % 41.4

2Values in parentheses are for the highest resolution®#Rgm =
Shxilli(h) — O(h)@y n(h) T} whereli(h) is the ith measurement and
(i(h)Cis the weighted mean of all measurements(bj. R = 5 (|Fo|
— K|Fc|)/3|Fol. Rieeis theR-value obtained for a test set of reflections
that consisted of a randomly selected 10% subset of the diffraction
data used during refinement of, value calculations.

by immersion for 1 min in 12% PEG 20 000, 20% (v/v)
ethylene glycol, 0.1 M MES, pH 6.1, followed by flash
cooling in liquid nitrogen. The crystals belonged to the
monoclinic space grou@2, had unit cell dimensiona =
96.4 A,b =329 A c=46.0 A andp = 108.2, and
contained one molecule of the CTD of NRII per asymmetric
unit. A 1.9 A four-wavelength MAD data set from a
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Ficure 2: A ribbon model of the crystal structure of the Y302N-
CTD of NRII. The -hairpin uniquely found in NRII is colored
blue. The residues bordering the missing ATP binding site lid are
red.

Ficure 3: Structure comparison of the CTD of NRII with related
domains from CheA, PhoQ, and EnvZ. Ribbon diagrams of the
CTD of NRII (PDB accession code 1R62), PhoQ (PDB accession
code 11D0), EnvZ (PDB accession code 1BXD) and CheA (PDB
accession code 1158) ar compared. The loopg-brirpin con-
necting strands 4 and 5 are blue. The nucleotide (where observed)
is colored red.

SOLVE (29, 30). The high-quality map obtained allowed
unambiguous tracing of 102 residues of the CTD in four
segments by RESOLVE. All subsequent refinement was
performed against a 1.6 A native data set using the program
CNS @1). Progress was measured by cross-validatityae(
calculation) with a 10% randomly selected test set. Initial

selenomethionine crystal was collected at the SBC-CAT refinement was performed with data to 2.0 A resolution and
beamline 19-ID at the Advanced Photon Source and pro- consisted of several iterations of conjugated gradient mini-
cessed using the HKL2000 packa@é,(27). A 1.6 A native mization, groupedB-factor refinement, and torsion angle
data set was collected at the DND-CAT beamline 5-ID at dynamics simulated annealing using the maximum likelihood
the Advanced Photon Source and processed with DENZOtarget function (MLF), followed by model rebuilding in the
and SCALEPACK 27). program O 82). Once the model was completely built to
There are two expected selenium sites (methionine resi-132 residues, all the data from 30 to 1.6 A was used with
dues) in the CTD, but only one of these was identified (the individual atomicB-factors refined. The final model includes
other is located in a loop that is unobserved and assumed taesidues 194292, residues 313349, and a total of 109
be disordered) using the SOLVE packag8)( Phases were  water molecules. Residues 19093 and 293312 are not
subsequently improved by density modification with RE- visible and assumed to be disordered. Atomic coordinates
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FiGURE 4: A stereo @ trace of the CTD with every 10th amino acid numbered. BHeairpin connecting strands 4 and 5 is blue. Red
denotes the beginning and end of the missing ATP lid.

Ficure 5: Electron density observed for tfehairpin. A stereoview of a simulated annealing composite omit (unbiaged) . electron
density map contoured at b%nd superimposed upon the final model of fheairpin between strands 4 and 5 in NRII is shown.

and structure factors have been deposited into the ProteinL16R being the most soluble of the group (data not shown).
Data Bank (accession code 1R62). Final analysis of the For each of these proteins, the fraction remaining in the
atomic coordinates was performed in the program SFCHECK, supernatant after cell disruption ranged from 10% to 20%
which is a part of the CCP4 packada3). for the mutants and approximately 40% for the wild-type
Figure PreparationMolscript (34), POVSCRIPT 85) and enzyme. The Y302N protein uniquely displayed improved
POV-ray (http://www.povray.org) were used to produce solubility over the wild-type protein; essentially all the

Figures 2-6. Grasp 86) was used to produce Figure 6. protein remained in the supernatant fraction after cell
sonication in 300 mM KCI. The results of these experiments
RESULTS AND DISCUSSION dictated the choices of proteins that were analyzed in the

published enzymological studies/ 25). The Y302N protein
had slightly higher kinase activity than wild-type NRII, but
was severely defective in Pll-activated phosphatase activity

readily precipitated during crystallization trials. To overcome (17). Nevertheless, the mutant protein was observed to bind

; s . to PII nearly as well as does wild-type NRLLY).
this problem, we screened an existing collection of mutant
forms of NRII for proteins that remained in the supernatant  Purification of the NRII-Y302N-CTDAttempts to crystal-
fraction after sonication in 300 mM KCl and centrifugation. lize the full-length NRII-Y302N only gave rise to poorly
The D225V, S2271, S227R, L228R and P303T proteins (with diffracting crystals (@ 6 A resolution), so we attempted to
alterations in the CTD) were less-soluble than was the wild- crystallize its CTD alone. The Y302N-CTD was overex-
type protein, S227R being the most soluble of the group. pressed as a fusion with an N-terminal His tag and TEV
The I12F, L16R, A35V, and L83P proteins (with alterations protease cleavage site. The fusion protein was purified by
in the N-terminal domain) also displayed poor solubility, with  affinity chromatography and gel-filtration chromatography.

Identification of a Full-Length NRII Protein with Increased
Solubility. Although wild-type NRII expresses well, the
protein was prone to aggregation at high concentration and
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Ficure 6: The potential Pl interaction surface. AuxGrace (left)
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sandwich fold consisting of a five-stranded mixgdheet
(strands 2, 4, 5, 6, and 7) packed against three amphipathic
o helices (A, B, and D). One end of this core contains a
long stretch of unobserved residues connecting strand 5 and
helix D (residues 293312), which forms the ATP binding
site. The other end of the core is closed by a sfiesheet
composed of strands 1 and 3. Between strands 4 and 5, a
shortg-hairpin consisting of strands 4and 4' is observed.
Strand 4 packs against the loop connecting helix D and
strand 6. According to a Ramachandran analysis of the
protein, 96.5% of the residues are in most favorable
conformations and 3.5% are in additional allowed conforma-
tions. None of the residues are in generously allowed or
disallowed conformations.

A comparison of the NRII-CTD structure to the analogous
domains from the related EnvZ, CheA, and PhoQ transmitter
proteins (involved in porin gene regulation, chemotaxis, and

and a solvent-accessible surface (right) of the CTD drawn in the Virulence, respectively) is shown in Figure B2( 18, 20).
same orientation are presented. On the left panel, the backboneThe RMSD for thex-carbon atoms in this core between NRII

trace is colored green for residues 26770 and cyan for residues

225, 227, and 228. Mutations at these residues reduce the
phosphatase activity of NRIl. Hydrophobic side chains are colored

yellow. On the right panel, the surface is colored yellow where it
is formed by hydrophobic side chains.

and EnvZ, CheA, and PhoQ are 1.9, 1.3, and 13 A
respectively.

The structure of NRII did not contain an observable ATP
lid. This region was also disordered in the EnvZ NMR
structure. In the PhoQ and CheA structures, the ATP lid and

Aliquots of the purified fusion protein were cleaved with nucleotide were well defined and the region contained a helix
His-tagged TEV protease, and the CTD was purified from (helix C). To match the nomenclature of these other
the cleavage reaction mixtures by passage through the affinitystructures, we designated the three helices in the NRII-CTD
resin. Owing to the details of its construction, this purified structure A, B, and D. Attempts to cocrystallize the NRII-

domain contained three additional amino acids (glycine- CTD with non-hydrolyzable ATP analogues gave rise to

serine-histidine) at its N-terminus.
The binding of PIl to the CTD was analyzed by gel

crystals that belonged to a different space group but still had
no observable nucleotide. However, due to the similarity to

filtration chromatography on Sephadex G-75. Prior studies the related structures we believe the ATP binding site to be

had shown that the binding of PIl to NRII is observed only
in the presence of Mg, ATP, anda-ketoglutarate and that
for optimal interaction the concentration of freeketoglu-
tarate must be between 20 and 200 (15). In the presence

enclosed by a flexible lid that is inserted between strand 5
and helix D. Mutational studies have suggested that this
region of NRII is indeed involved in ATP bindin@®).

A new feature of the NRII-CTD structure is tifehairpin

of these ligands at the appropriate concentrations, PIl andlocated between strands 4 and 5 (Figure 2, Figure 3). This
the CTD when chromatographed separately eluted from theforms a projection from the surface of the CTD that is
gel filtration column at distinct volumes reflecting their missing in the other transmitter proteins. In its place, the
different molecular mass, while an equimolar mixture of PIl other transmitter proteins have a short turn that connects
and CTD coeluted from the column in a complex with mass strands 4 and 5 (Figure 3). A stereoview of the backbone
somewhat larger than PIl and considerably larger than CTD structure of the NRII-CTD is provided along with a stereo-

(data not shown). Under the conditions used, essentially all view of the density fit for the uniqug-hairpin of the NRII-

of the CTD and PIlI appeared to be in the complex. In the

CTD (Figures 4 and 5). This portion of the NRII-CTD is

absence of the small molecule ligands, there was no evidencewvell defined in our structural model. Given the similarity of

of complex formation between PIl and the CTD (data not
shown). These results indicate that the purified Y302N-CTD
retained the ability to bind tightly to PII.

We verified that our preparation of Y302N-CTD was
active in bringing about the phosphorylation of the isolated
central domain of NRII (transphosphorylation activity). For
this experiment, the wild-type dimeric central domain of
NRII was provided as a fusion to the maltose-binding protein,
as before14). The CTD brought about the phosphorylation
of the NRII central domain, and this activity was strongly
inhibited by PII (data not shown). However, the specific
activity of the Y302N-CTD was about half that of the wild-

the core of the CTD structures and the close apposition of
the ends of th@-hairpin of NRII, it is likely that this element
arose by a short insertion into the structurally conserved core
domain.

The S-Hairpin of the NRII-CTD May Be lmolved in PlI
Binding. Mutations of NRII in the ATP lid, in both helices
of the central domain, and throughout the N-terminal domain
can diminish the Pll-activated phosphatase activity. The most
soluble of these proteins were analyzed, indicating that they
did not result in a significant defect in the binding of PII
(17). Similarly, several mutations that lie in the vicinity of
the -hairpin element of the NRII-CTD dramatically reduce

type CTD in the transphosphorylation assay (data not shown).the Pll-activated phosphatase activity of NRIIl. This set

The Crystal Structure of the CTD of NRWe crystallized

includes three different mutations at position S227, mutations

the Y302N-CTD and determined its structure. The data and at positions D225 and L228, and a mutation that deletes
refinement statistics are summarized in Table 1. As illustrated residues 267270 (AFQL, forming the first part of strand

in Figure 2, the core of the NRII-CTD contains a3

4' that is part of the noveB-hairpin projection). Of these,
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------- ~CED>( TN e >——m>( @ ]
NRII CT 190 -LPGTRVTESIHKVAERVVTLVSMELPDNVRLIRDYDPSLPELA-HDPDQIEQVLLNIVR 247
------- —{B( ah O— B > aB |
Pho() 3371-486 331 TLLSRELHEVAPLLDNLTSALNEVYQREGVNISLDISPEISFVG-EQND=-=-=--- FVEVMG 384
: -
EnvZ 290-450 290 - -TGQEMPMEMADINAVLGEVIAAESGYEREIETALYPGSIEVK-MHPLS----TKRAVA 342
4lji}>_( oA (9—@—%} B |
CheA 352-540 352 - --GSHMVDPISFVFNRFDPRMVRDLAKKMNKEVNFIMEGEDTELDRTFVEEIGEPLLHLLR 408
N box D or G1 box
I}-m?—-?:az?—
NRII CT 190 248 NALQALGPEG----------- GEITLETRTAFQLTLHGERYRLAARTDVEDNGPGT - - - - 292
>
PhoQ 331-486 385 NVLDNACKYC----------- LEFVEISARGQTDE-----—--- DDGPGI---- 420
:aa'e)
ENVZ 290-45 343 NMVVNAARYG----------- NGWIKVSSGTEPNR--------- AWFQVEDDGPGI---- 378
[BO—( oF G—'jﬁ?—'I)?—(:l
CheA 352-540 409 NAIDHGIEPKEERIAKGKPPIGTLILSARHEGN---------- NVVIEVEDDGRGIDKEK 458
F box G or G2 box 5
NRII CT190 e I PPHLQDTLFYP---MVSGRE--GGTGLGLSIARNLIDQHS 327
aC oD
PhoQ 331-486 421 mmm e mmmmmmooo oo PLSKREVIFDRGQ-RVDTLR- - PGQGVGLAVAREITEQYE 457
(b 0
ENVZ 290-450 379 mmmmmmm e APEQRKHLFQPFV-RGDSARTISGTGLELATVORIVDNHN 417
oB" O— " (A oC 60— oG’ G— oD -
CheA 352-540 459 ITRKAIEKGLIDESEKAATLSDOEILNFLFVPGFSTEEKVSEVSGRGVGMDVVENVVESLN 518

NRII CT190 328 GKIEF—T;WPGHTEFSVYLP%RK —————————— 349
PhoQ 331-486 458 GKIVAé ;ESMLGGARMEVI ; GRQHSAPKDE---- 486

.,
Cps . >— 7
ENVZ 290-450 418 GMLELGTSERGGLSIRAWLPVPVTRAQGTTKEG 450

CheA 352-540 519 GSISIESEKDKGTKVTIRLPLT----------- 540

Ficure 7: Alignment of the ATP-binding domains of transmitter proteins with known structures. The sequences of the ATP-binding domains
of NRII, PhoQ, EnvZ, and CheA were initially aligned by the program ClustaB®j &nd then adjusted by hand to align the secondary
structural elements observed in the NMR and crystal structures. Secondary structure elements are indicated above the cdtwpleeses:

are drawn as cylinderg;strands as arrows, other elements as solid lines, and structurally unobserved residues at the N-terminus and in the
mid-sequence as dashed lines. Helices and strands from the conserved CTD core are colored yellow. The Aduitipivain NRII is

drawn in blue. Additional helices observed in CheA crystal structure are colored white. Highly conserved residues from the proposed ATP
binding site are indicated with red letters.

the S227R protein was the most soluble, and analysis of thisinto the hydrophobic core; its mutation to arginirdg)could
protein indicated that it was severely defective in binding disrupt the structure of thg-hairpin as well. Thus, these
PII, contrary to what was seen with the changes in other mutations may not define contacts directly but instead exert
parts of NRIl (7). Presumably the other mutations in this indirect effects by altering thg-hairpin position. In sum-

region of the protein also affect the binding of PII. mary, the PIl binding site may consist of the hydrophobic
As shown in Figure 6, there is a hydrophobic surface on patch, the3-hairpin element, or a combination of both.
NRII made up of residues from th&hairpin and from the How Does PII Binding to the CTD Regulate the Kinase

opposing loop found between strands 2 and 3. The hydro-and Phosphatase Actties? A reasonable hypothesis for the
phobic surface in this portion of the domain forms a shallow regulation of NRII kinase and phosphatase activities by PII
groove that could interact with another protein. The presenceis that the binding of Pll affects the conformation of the ATP
of mutations diminishing the phosphatase activity and an lid. The ATP lid is implicated in both the kinase and
appropriately hydrophobic patch raised the possibility that phosphatase activities of NRII, as revealed by the effects of
this is the PlI-binding site. Another possible explanation of mutations in this part of the proteit, 22, 37). Furthermore,
the role of the side chains mentioned above is that they ATP is an activator of the phosphatase activity of NR3| (
stabilize the position of thg-hairpin element, allowing PlIl  14). The Y302N, P303L, and P303T mutations in the ATP
recognition and binding. Thg-hairpin appears to be held lid cause a severe and specific defect in the phosphatase
in place by a hydrogen bond network formed between the activity in vivo, and the purified Y302N protein was shown
side chains of S227 and D225 and the side chain andto be specifically defective in the phosphatase activity yet
backbone amide of T266. Mutations of any of these residuesretained the ability to bind to PII1{). In light of all the
could displace thg-hairpin. The L228 side chain projects available data for NRII and the related transmitter proteins,
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it seems likely that the ATP lid of the CTD is close to and information is available clearly shows that PhoQ, EnvZ, and
interacts with the active site histidine-containing region (H- CheA lack thes-hairpin element found in NRII (Figure 7).
box) of the central domain containing the site of autophos- None of the two-component systemskafcoli K-12 appear
phorylation and where numerous mutations affecting the to contain thisg-hairpin, while the NRIlI sequences from
phosphatase activity of NRIR(Q) and other transmitters map. various organisms all appear to contain the element (not
Furthermore, recent enzymological studies suggest that theshown). Thus, the8-hairpin seems to be specific to NRII
two CTDs of the NRII dimer play two distinct roles in the proteins. Further, it is unlikely that PIl plays a role in
phosphatase activity, suggesting that the ATP lids have controlling other two-component systemshkn coli K-12.

different conformations corresponding to different functional
activities @8). ACKNOWLEDGMENT
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