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The PhoU Protein from Escherichia coli Interacts with PhoR, PstB,
and Metals To Form a Phosphate-Signaling Complex at the

Membrane
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Robust growth in many bacteria is dependent upon proper regulation of the adaptive response to phosphate (P;) limitation. This
response enables cells to acquire P; with high affinity and utilize alternate phosphorous sources. The molecular mechanisms of P;
signal transduction are not completely understood. PhoU, along with the high-affinity, P;-specific ATP-binding cassette trans-
porter PstSCAB and the two-component proteins PhoR and PhoB, is absolutely required for P; signaling in Escherichia coli. Lit-
tle is known about the role of PhoU and its function in regulation. We have demonstrated using bacterial two-hybrid analysis
and confirmatory coelution experiments that PhoU interacts with PhoR through its PAS (Per-ARNT-Sim) domain and that it
also interacts with PstB, the cytoplasmic component of the transporter. We have also shown that the soluble form of PhoU is a
dimer that binds manganese and magnesium. Alteration of highly conserved residues in PhoU by site-directed mutagenesis
shows that these sites play a role in binding metals. Analysis of these phoU mutants suggests that metal binding may be impor-
tant for PhoU membrane interactions. Taken together, these results support the hypothesis that PhoU is involved in the forma-
tion of a signaling complex at the cytoplasmic membrane that responds to environmental P; levels.

Escherichia coli employs seven genes whose products sense en-
vironmental phosphate (P;) and control the expression of the
Pho regulon (1, 2). These genes include phoB, phoR, pstS, pstC,
pstA, pstB, and phoU. Together, these genes are necessary and
sufficient for P; signal transduction. While the identities of the
corresponding signaling proteins have been known for some time
(3-5), the mechanisms by which they function to transduce the P;
signal have not yet been fully elucidated.

The hub of the signaling pathway consists of the two-component
signaling proteins PhoB and PhoR (6). PhoB is a typical winged-helix
response regulator that upon aspartyl phosphorylation forms a
dimer, which binds to DNA sequences upstream of Pho regulon
genes to recruit RNA polymerase and initiate transcription (7-10).
PhoR is the bifunctional histidine autokinase/phospho-PhoB phos-
phatase that donates a phosphoryl group to PhoB when environmen-
tal P; is limiting and removes the phosphoryl group from phosphor-
ylated PhoB (PhoB~P) when environmental P; is abundant (11, 12).
PhoR is an integral membrane protein that does not contain a signif-
icant periplasmic domain but does contain a membrane-spanning
region (Mem), a cytoplasmic charged region (CR), a Per-ARNT-Sim
(PAS) domain (11, 13), with prototypical Dimerization/Histidine
phosphorylation (DHp) and Catalytic ATP binding (CA) domains at
its C terminus (14). Since PhoR does not contain a significant
periplasmic sensory domain, it is assumed that its PAS domain senses
a cytoplasmic signal, but the nature of the signal is not known.
Changes in intracellular P; concentration are not the signal, because
these levels remain relatively constant in the presence of various ex-
tracellular P; concentrations and different P;-signaling states (15, 16).

It has been suggested that the PhoR/PhoB proteins assess P;
availability by monitoring the activity of the Pst transporter (17).
The Pst proteins form a type I ATP-binding cassette (ABC) im-
porter that exhibits high-affinity, P;-specific transport (18-20).
PstS is the periplasmic P;-binding protein, PstC and PstA are in-
tegral membrane proteins that form the pore through which P;
passes, and PstB is the dimeric, cytoplasmic ATPase. Based upon
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data from other well-described ABC transporters (21), P;-bound
PstS likely stimulates the ATPase activity of PstB to facilitate the
significant conformational changes that are involved in P; trans-
port (20). When external P; levels are above ~4 wM, the trans-
porter exists in a high-activity state that stimulates the phospho-
PhoB phosphatase activity of PhoR (5). The low-activity-state
transporter signals for the high autokinase activity of PhoR, which
leads to elevated levels of phospho-PhoB.

In addition to the four transporter proteins, PhoU is also re-
quired for P; signal transduction but not for transport through the
PstSCAB complex (22). When phoU is mutated or deleted, PhoR is
a constitutive PhoB kinase leading to high expression of the Pho regu-
lon genes. This is accompanied by poor growth and frequently leads
to the accumulation of compensatory mutations in phoR, phoB, or
the pstSCAB genes. It has been reported that PhoU is a peripheral
membrane protein that is a negative regulator of the signaling path-
way and that it modulates P; transport through the PstSCAB proteins
(22-24). Multiple crystal structures have been reported for PhoU
proteins in various organisms (25-27). Each of the structures shows
that PhoU consists of two fairly symmetric, three-alpha-helix bundles
(Fig. 1). These structures show several different quaternary struc-
tures: monomer, dimer, trimer, and even hexamer. Metal ions are
found associated with two of these structures and are coordinated by
highly conserved amino acid residues that are found in each three-
helix bundle (25, 26). PhoU from Thermotoga maritima coordi-
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FIG 1 Modeled structure of E. coli PhoU. The structure of the PhoU protein
from Escherichia coli was modeled based upon known structures from the
Protein Data Bank using the Phyre2 server. The protein is colored blue to red,
going from the amino terminus to the carboxyl terminus. The six helices are
labeled from to a1 to a6. The side chains of several highly conserved amino
acids are shown. In particular, D58, N62, E100, and D104 form a putative
metal binding site between helices 2 and 3, and D161, D165, E200, and D204
form another metal binding site between helices 5 and 6. Also shown is the
F194 residue used in the fluorescence assays.

nates trinuclear and tetranuclear iron clusters (25), while PhoU
from Streptococcus pneumoniae shows zinc ions bound (26). One
metal group is bound by residues that correspond to E. coli PhoU
D58, N62, E100, and D104, and another is bound by D161, D165,
E200, and D204 (Fig. 1). It is not known whether these metals are
important for physiological function or if they are artifacts of crys-
tallization conditions.

It is not known how PhoU functions in the signaling pathway.
However, two general classes of models have been suggested:
PhoU may mediate the formation of a signaling complex between
the PstSCAB transporter and PhoR (2, 27), or it may produce a
soluble messenger that is recognized by the cytoplasmic domains
of PhoR (consistent with observations reported by Hoffer and
Tommassen [28] and by Rao et al. [29]). No experimental evi-
dence has yet been presented supporting physical interactions be-
tween signaling proteins.

We employed bacterial adenylate cyclase two-hybrid (BACTH)
analysis as well as coelution experiments to show that PhoU inter-
acts with both PhoR and PstB. Our results show that the PhoU/
PhoR interaction involves the PAS domain of PhoR. This is con-
sistent with the presence of a P;-signaling complex consisting of
the PstSCAB transporter, PhoU, and PhoR. We have also shown
that the soluble form of E. coli PhoU is a dimer that binds manga-
nese and magnesium at conserved sites and that metal binding
may be important for localizing PhoU to the membrane.
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MATERIALS AND METHODS

Bacterial stains, growth media, and growth conditions. The bacterial
strains and plasmids used in this study are shown in Table 1. P1clr trans-
ductions were carried out as previously described (31). Strains were grown
in LB medium (36) at 37°C or in morpholinepropanesulfonic acid
(MOPS) defined medium containing either 0.06% glucose and 2.0 mM P;
(MOPS HiP;) or 0.4% glucose and 0.1 mM Pi (MOPS LoP;) (37). When
indicated, kanamycin, ampicillin, or chloramphenicol was used at 50 p.g/
ml, 50 pg/ml, or 40 wg/ml, respectively. BACTH strains were grown on
MOPS LoP; plates with 0.2% maltose as a carbon source with ampicillin
(50 wg/ml), kanamycin (30 pg/ml), and isopropyl-B-p-thiogalactopyra-
noside (IPTG) at 0.5 mM and 5-bromo-4-chloro-3-indolyl-3-p-galacto-
pyranoside (X-Gal) at 40 wg/ml. The His-tagged versions of PhoR, PhoU,
and PstB and the other site-directed mutants were created using the
QuikChange site-directed mutagenesis kit from Agilent Technologies and
verified by DNA sequence analysis (see Table S1 in the supplemental ma-
terial for primer sequences).

E. coli PhoU structure prediction. The three-dimensional structure
of the PhoU protein from E. coli was predicted by using the Phyre2 web
site (http://www.sbg.bio.ic.ac.uk/phyre2) (38). The PhoU sequence was
submitted as a query and was analyzed in intensive mode. The server
indicated that 216 residues were modeled at >90% accuracy. The pre-
dicted structures were displayed using the software program MacPyMol
(Schrodinger, LLC).

Bacterial adenylate cyclase two-hybrid analysis. Two-hybrid screens
were carried out using the plasmids pKT25 and pUT18C from the
BACTH kit and grown in the BTHI01 indicator strain (EuroMedex).
Control plasmids, coding for T18 and T25 fragments that were fused to a
leucine zipper (GCN4), were also provided by the BACTH system kit.
Plasmid constructs carrying phoR, phoR truncations, pstB, and phoU fu-
sions to the T18 or T25 fragments were generated by cloning PCR frag-
ments that incorporated Xbal and Kpnl restriction sites by using the
primers listed in Table S1 in the supplemental material. About 1 pl of
overnight cultures were spotted on MOPS—maltose—ampicillin—kanamy-
cin—IPTG-X-Gal plates and grown at 30°C until color developed.

B-Galactosidase activity assays. 3-Galactosidase has long been uti-
lized as an easily assayable enzyme to measure gene expression, and in the
BACTH system, gene expression is linked to protein-protein interactions
(31). Assays of B-galactosidase activity were based on methods published
previously (39). Specifically, quadruplicate cultures in LB with ampicillin,
kanamycin, and IPTG were grown at 30°C with shaking overnight. Then,
50 pl of overnight culture was added to 150 pl LB in a 96-well flat-bottom
plate (Greiner Bio-One), and the optical density at 600 nm (ODy,) values
were read. In addition, in a 1.7-ml centrifuge tube, 200 wl of overnight
culture was added to 800 wl of Z buffer (16 g Na,HPO, - 12H,0, 6.25 g
NaH,PO, - H,0, 0.75 g KCl, 0.246 g MgSO, - 7H,0, and 2.7 ml of B-mer-
captoethanol added to 1 liter of water and pH adjusted to 7.0 [39]). One
drop 0f 0.1% SDS and 2 drops of chloroform were added to the cells, and
samples were vortexed vigorously for 15 s. The tubes were spun for 1 min
at 16,000 X gin a benchtop centrifuge to pellet cell debris and chloroform.
Two hundred microliters of the cell lysates were then loaded into wells of
a 96-well flat-bottom plate. Forty microliters of 0.4% ONPG (o-nitrophe-
nyl-B-p-galactopyranoside) in Z buffer was added to each sample, and the
OD,,, values were read once a minute for 30 min in a plate reader that was
maintained at 28°C (BioTek Synergy HT). Different units of activity for
B-galactosidase activity assays in 96-well plates have been reported for
various studies (40, 41). Units of activity were calculated as follows:
units = (1,000 X slope of a line fit to OD,,, in mOD/min)/(4 X ODy,, of
1:4-diluted overnight sample), based on previously described tests for the
BACTH system (39).

PstB/PhoU coelution experiments. Cell cultures were grown over-
night in 250 ml MOPS LoP; medium (except the mixed culture, which
combined the ApstB strain containing pRR48 in 125 ml MOPS HiP; with
the ApstB strain containing p48pstB-His in 125 ml MOPS LoP;). Samples
were collected by centrifugation at 5,000 X g and stored at —20°C. Cell
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TABLE 1 Strains and plasmids

PhoU Interacts with PstB and PhoR

Strain or plasmid Description Source or reference

E. coli strains
BW25113 Wild type 30
CSH126 recA Tnl10, Tet" 31
BM261 PsiiPac ApitAzFRT ApitB:FRT pRR48 23
BM263 Pgs::P . ApitAzFRT ApitB:FRT AphoU pRR48 23
BM265 BM263 pstB::pBU3 recAl, encodes wild-type phoU This study
BM266 BM263 pstB::pBQ3 recAl, encodes phoUQuad This study
BTH101 F~ cya-99 araD139 galE15 galK16 rpsL1 (Str') hsdR2 mcrAl mcrBl1 EuroMedex
BW26337 BW25113 ApstSCAB-phoU::FRT 30
BW26390 BW25113 ApstB::FRT Yale CGSC
JW0390-2 BW25113 AphoR::kan Yale CGSC
ANCH1 AphoBR::kan 32
SG1 BW26337, AphoBR::kan from ANCHI1 by P1clr transduction This study

Plasmids
pKGl116 pACYC184-based replicon, Cam®, nahR 33
plieU2 Cam" phoU expression plasmid, salicylate inducible 23
pl16U2His p116U2 with a C-terminal 6 XHis tag This study
pl16U2D58A p116U2 with D58A mutation This study
p116U2E100A p116U2 with E100A mutation This study
pl16U2R101A p116U2 with R101A mutation This study
p116U2E200A p116U2 with E200A mutation This study
pl16U2R201A p116U2 with R201A mutation This study
p116U2D204A p116U2 with D204A mutation This study
pl16U2D58A,N62A p116U2 with D58A and N62A mutations This study
p116U2E100A,R101A p116U2 with E100A and R101A mutations This study
p116U2E200A,R201A p116U2 with E200A and R201A mutations This study
p116U2Quad p116U2 with E100A, R101A, E200A, and R201A mutations This study
pBU3 Cam" temp-sensitive, carries phoU This study
pBQ3 Cam' temp-sensitive, carries phoUQuad This study
pRR48 pBR322-based replicon, Amp*, lac[? 34
pIB307 PMAK?705-based vector with a temp-sensitive replicon 35
p48phoR pRR48-based phoR expression plasmid, lactose inducible This study
p48phoRNHis p48phoR with an amino-terminal 6 XHis tag This study
p48pstB pRR48 with pstB cloned into the Ndel and Kpnl sites, lactose inducible This study
p48pstB-His p48pstB with a carboxyl-terminal 6 X His tag Ths study
pKT25 Kan', BACTH plasmid for T25 fragment of AC EuroMedex
pUT18C Amp", BACTH plasmid for T18 fragment of AC EuroMedex
pUT18zip Amp", BACTH plasmid for T18 fragment fused to leucine zipper EuroMedex
pKT25zip Kan', BACTH plasmid for T25 fragment fused to leucine zipper EuroMedex
pKT25phoU Kan', BACTH plasmid for phoU-T25 fusion This study
pKT25quad Kan', BACTH plasmid for phoUQuad-T25 fusion This study
pKT25pstB Kan', BACTH plasmid for pstB-T25 fusion This study
pUT18phoU Amp", BACTH plasmid for phoU-T18 fusion This study
pUT18Cquad Amp*, BACTH plasmid for phoUQuad-T18 fusion This study
pUT18CD85A Amp", BACTH plasmid for phoUD85A-T18 fusion This study
pUT18CE100A Amp", BACTH plasmid for phoUE100A-T18 fusion This study
pUT18CAI147E Amp", BACTH plasmid for phoUA147E-T18 fusion This study
pUT18CE200A Amp", BACTH plasmid for phoUE200A-T18 fusion This study
pUTI18CE200A, R201A Amp", BACTH plasmid for phoUE200A, R201A-T18 fusion This study
pUT18CphoRN-C Amp", BACTH plasmid for phoR-T18 fusion This study
pUT18CRN-DHp Amp*, BACTH plasmid for N-DHp portion of PhoR-T18 fusion This study
pUT18CRN-PAS Amp', BACTH plasmid for N-PAS portion of PhoR-T18 fusion This study
pUTI18CRN-CR Amp’, BACTH plasmid for N-CR portion of PhoR-T18 fusion This study
pUT18CRPAS Amp", BACTH plasmid for PhoR PAS-T18 fusion This study
pUT18CRCR-C Amp', BACTH plasmid for CR-C portion of PhoR-T18 fusion This study
pUT18CRPAS-C Amp", BACTH plasmid for PAS-C portion of PhoR-T18 fusion This study
pUT18CRDHp-C Amp", BACTH plasmid for DHp-C portion of PhoR-T18 fusion This study

pellets were thawed on ice and resuspended in 5 ml PstB lysis buffer (50
mM Tris-HCl [pH 7.2], 300 mM NaCl, and 20 mM imidazole) with pro-
tease inhibitor cocktail for use in purification of histidine-tagged proteins
(Sigma). Cells were lysed by one passage at 4,000 Ib/in” and three addi-
tional passages at 18,000 Ib/in” using a Microfluidics LV1 cell disruptor.
The crude lysate was then cleared by centrifugation in a Sorval SLA-600
TC rotor at 10,000 X gat 4°C for 10 min. An aliquot of the cleared, crude
lysate (0.5 ml) was collected and stored at —20°C for later analysis. The
remaining cleared crude lysate was loaded onto a fresh 1-ml HisTrap FF
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nickel column (GE Healthcare). The HisTrap column was then loaded
onto a GE Healthcare Akta Prime Plus liquid chromatography system.
The column was washed with 20 ml of PstB lysis buffer followed by elution
with 5 ml of PstB elution buffer (Tris-HCI [pH 7.2], 300 mM NaCl, and
250 mM imidazole). Wash and elution samples were collected in 1-ml
fractions and stored at —20°C before analysis.

PhoR/PhoU coelution experiments. SG1 cells (a AphoB AphoR
ApstSCAB-phoU strain) were transformed with p48phoRNHis or pRR48
(asanegative control) and p116U2 (Table 1). Fifty-milliliter cultures were
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grown overnight in LB with ampicillin, kanamycin, and 100 M IPTG.
These cells were collected by centrifugation, resuspended in 5 ml PhoU
lysis buffer (50 mM Tris, 0.5 M NaCl, 2 mM imidazole, and 14 mM
B-mercaptoethanol, pH 7.2) and 25 pl of protease inhibitor cocktail for
use in purification of histidine-tagged proteins (Sigma). Then, cells were
lysed by one passage at 5,000 Ib/in* and three passages at 18,000 Ib/in?
through a Microfluidics LV1 microfluidizer. Lysates were cleared by cen-
trifugation, and a lysate sample was taken. Cleared lysates were mixed with
1 ml of nickel-nitrilotriacetic acid (Ni-NTA) agarose slurry (Qiagen) and
shaken for 1 h on ice. Samples were then loaded onto a 1-ml disposable
polypropylene column (Qiagen); flowthrough was collected and reap-
plied to the column. Ten milliliters of PhoU lysis buffer was applied for
the first wash, followed by 6 ml PhoU wash buffer (like PhoU lysis buffer
but with 35 mM imidazole) for the second wash. Finally, 2 ml of PhoU
elution buffer (PhoU lysis buffer with 0.5 M imidazole) was applied to
elute the bound proteins. We added equal volumes of Laemmli sample
buffer (Bio-Rad) to each sample and boiled for 5 min, and 5 .l of each was
used for Western blot analysis (the lysate sample was diluted 1:20 to run
on the gel).

AP and Western immunoblot assays. The alkaline phosphatase (AP)
assays were carried out as described previously (42). The immunoblot
assays were performed as described previously (43, 44) using a polyclonal
rabbit anti-PhoU antibody and a mouse anti-penta-His antibody (Qia-
gen). Immunoblots were visualized using the WesternBreeze chemilumi-
nescent Western blot immunodetection kit (Invitrogen).

PhoU purification and gel filtration. The DH5a E. coli strain harbor-
ing p116U2His was grown overnight in LB medium containing 40 pg/ml
chloramphenicol and 100 wM sodium salicylate. Cells were harvested by
centrifugation and resuspended in lysis buffer (20 mM NaPO,, 0.5 M
NaCl, 20 mM imidazole, 0.5 mM dithiothreitol [DTT], 10% glycerol, and
0.1 mM phenylmethylsulfonyl fluoride [PMSF], pH 7.4), after which they
were lysed by one passage at 5,000 Ib/in* and three passages at 18,000
Ib/in® through a Microfluidics LV1 microfluidizer. The crude lysate was
centrifuged at 12,000 X g for 15 min, and the supernatant fraction was
used for purification on an Akta Prime-plus chromatography system (GE
Healthcare) using a 1-ml HisTrap column as directed by the manufac-
turer. Specifically, we washed with 20 ml of a mixture of 80% lysis buffer
and 10% elution buffer (20 mM NaPO,, 0.5 M NaCl, 0.5 M imidazole, 0.5
mM DTT, and 10% glycerol). Then, we eluted with 100% elution buffer
collecting 1-ml fractions. All steps were carried out at a 1-ml/min flow
rate. It should be noted that the PhoU-His protein remained soluble only
at concentrations below ~0.7 mg/ml, whereas mutant derivatives fell out
of solution at concentrations above ~0.1 mg/ml. Gel filtration chroma-
tography was also performed with this system using a HiPrep 16/60 Sep-
hacryl S-200 HR column (GE Healthcare) and a 0.5-ml sample loop run at
0.7 ml/min at 4°C. Standards of 450, 158, 45, 25, and 12.5 kDa were run
under the same conditions to create a calibration curve used to predict the
size of soluble PhoU.

ICP-MS. Samples of purified PhoU-His were collected from the His-
Trap column in 1-ml fractions. For a buffer-only control, the same puri-
fication protocol was followed using these same buffers without loading
any cell lysate onto the HisTrap column. PhoU-His and the correspond-
ing buffer-only 1-ml fractions were collected during elution and then
diluted to 12 ml of 5% nitric acid. These samples were incubated for 3 h at
55°C, centrifuged for 10 min at 2,250 X g, filtered through a 0.2-pm
Nalgene syringe filter (Thermo Scientific), and analyzed for metal content
using inductively coupled plasma mass spectrometry (ICP-MS) on an
Elan6000 instrument using the TotalQuant method. We scanned over the
whole range using distilled deionized water as the blank and an optimiza-
tion solution containing 10 ppb of various metals as the standard. Five
replicates (each) were performed, and the metal content of the PhoU-His
fraction was compared to that of the buffer-only control.

Fluorescence assays for metal binding. To confirm metal binding, we
used the PhoU-His F194W protein purified by metal affinity chromatog-
raphy, dialyzed extensively in dialysis buffer (20 mM sodium phosphate,
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0.5 M NaCl, 0.1 mM DTT, and 10% glycerol, pH 7.4), and assayed in a
FlouroMax-3 spectrofluorometer with excitation at 280 nm (the excita-
tion wavelength for tryptophan) at 21°C in a temperature-controlled con-
tinuously stirred chamber and scanned for fluorescence from 300 to 400
nm. For manganese interactions, we assayed purified protein (70 pg
F194W PhoU and 26.4 pg E100A R201A F194W E200A R201A PhoU
[QuadW]) in dialysis buffer. To the protein samples, we added 10 mM
MnCl, stepwise to get 5 M, 25 uM, 75 wM, and 150 uM final concen-
trations of manganese and scanned the sample for fluorescence. These
scans were performed in triplicate. We averaged the fluorescence values
for the 345- to 355-nm wavelengths, subtracted the corresponding buffer
plus MnCl, control values, corrected for dilution, and then fit curves to
the data to determine the K; (dissociation constant) and derived the peak
fluorescence of each scan. For MgCl,, we followed the same protocol as for
MnCl, but added stocks of MgCl, stepwise to get 25 uM, 75 wM, 150 uM,
250 wM, 500 pM, 1.5 mM, and 2.75 mM final concentrations.

Integrated strain construction. Temperature-sensitive plasmids car-
rying a 300-bp fragment of pstB upstream of phoU were constructed in
order to introduce phoU (or its mutant derivative) back into the chromo-
some at its native location. To create the plasmid insert, the 3’ end of
the pstB gene extending 67 bp into the phoU gene was first amplified
from chromosomal DNA obtained from BW25113 using the primers
PstBfor and PstBrev (see Table S1 in the supplemental material for
primer sequences). The phoU gene was then amplified from p116U2 or
p116U2Quad using the PhoUfor and PhoUrev primers. These two PCR
fragments were purified, diluted 1:50, combined, and amplified again us-
ing the PstBfor and PhoUrev primers to generate a PCR fragment encod-
ing the 3’ end of the pstB gene upstream of phoU, exactly as found in the
chromosome. This PCR product was subsequently digested with Xbal and
HindIII (sites that were engineered into the primers) and ligated into the
temperature-sensitive plasmid pIB307, which had been similarly digested.
The resulting plasmids were called pBU3 and pBQ3 and carried phoU and
phoU encoding the E100A, R101A, E200A, and R201A substitutions
(phoUQuad), respectively. The plasmids were then transformed into
BM263, which contains a chromosomal deletion of phoU, and subse-
quently grown at 30°C. To select for cells in which the whole plasmid
integrated into the chromosome via RecA-mediated recombination in the
pstBregion, several colonies from each transformation were streaked onto
fresh LB chloramphenicol plates and incubated at 42°C. To prevent exci-
sion of the integrated plasmid, isolated colonies were grown in LB me-
dium at 37°C and then transduced with P1 phage carrying a marked recA
allele from E. coli strain CSH126. The resulting strain with an integrated
phoU gene was called BM265, and the strain with the integrated quadruple
mutant was called BM266. Strains were confirmed by PCR analysis.

Cell fractionation. Membranes were prepared from the indicated
strains by harvesting cells from 300 ml of liquid cultures grown to station-
ary phase in LB. Cells were harvested by centrifugation and resuspended
in 14 ml of cold buffer A (phosphate-buffered saline [PBS], 1 mM DTT,
and 0.1 mM PMSF, pH 7.2). The cells were then lysed by three to four
passages through a Microfluidics M-110L microfluidizer at 4°C. The
crude lysates were centrifuged for 10 min at 13,000 X g to remove unbro-
ken cells and aggregated proteins, and 5 ml of the supernatant fractions
was then subjected to ultracentrifugation at 100,000 X g for 1 h at 4°C in
an L100XP Beckman Coulter ultracentrifuge using a type 90 Ti rotor. The
soluble fractions were saved, and the pelleted fractions were resuspended
in 5 ml of 0.1% SDS. Fifty microliters of each fraction was mixed with 50
pl Laemmli sample buffer (Bio-Rad) prepared with B-mercaptoethanol
and boiled for 10 min.

RESULTS

Bacterial two-hybrid analysis shows interactions between P;-
signaling proteins. Since preliminary experiments to isolate a sta-
ble signaling complex from membranes using affinity chromatog-
raphy with nonionic detergents were unsuccessful, we employed
alternate approaches to address this important question. Since
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FIG 2 PhoU interacts with PhoR and PstB. A BACTH system was used to
investigate interactions of PhoU with other proteins. For a qualitative analysis,
cultures were spotted onto MOPS-HiP;-maltose plates containing X-Gal and
incubated at 30°C for the indicated time. All samples shown were from the
same plate. For a more quantitative analysis, B-galactosidase assays were per-
formed. The average 3-galactosidase activities (8-Gal Units) are reported with
the standard deviations (SD) (1 = 4). (A) PhoU interacts with both PhoR and
PstB. Leucine zippers (Zip) fused to the adenylate cyclase domains functioned
as a positive control, whereas PhoU paired with the Zip plasmid or an empty
vector functioned as negative controls. (B) PhoU interactions with nested
deletions of PhoR. Constructs without the PAS domain have significantly
fewer interactions than full-length PhoR. The PAS domain alone shows weak
interactions with PhoU as observed with color development after 72 h, as well
as significantly higher (3-galactosidase units than either of the negative controls
(two-tailed t test gave P values of <0.05). (C) PhoU mutants interact with
PhoR.

PhoU, PstB, and PhoR are predicted to be found at the cytoplas-
mic surface of the cytoplasmic membrane, we probed for interac-
tions between these proteins. We conducted bacterial two-hybrid
experiments using the BACTH system. When the T18 and T25
domains of adenylate cyclase from Bordetella pertussis are in close
proximity, they create an active enzyme that produces cyclic AMP
(cAMP). By attaching proteins to the T18 and T25 fragments,
cAMP production is a measure of whether the fused proteins in-
teract. Since cAMP binds to cAMP receptor protein (CRP), cAMP
can be measured indirectly by assaying certain catabolic gene
products, such as -galactosidase. We prepared plasmids that ex-
pressed T18-PhoU, T25-PhoR, and T25-PstB and introduced
various combinations into an E. coli strain that was deleted for
adenylate cyclase (BTH101). The strains were plated on MOPS-
maltose plates containing X-Gal to provide a qualitative measure
of B-galactosidase activity. For a more quantitative evaluation of
protein interactions, we performed {3-galactosidase assays in 96-
well plates. We found that PhoU interacted with both PhoR and
PstB, with the PhoU/PhoR interaction being stronger than that for
PhoU/PstB (Fig. 2A). We did not observe interactions between
T18-PhoU and the T25 domain alone or the T25 domain fused to
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a leucine zipper. Interactions between T25-PhoU and T18-PhoR
and T18-PstB were also detected (data not shown).

Several nested deletions of phoR were constructed to identify
the region(s) of the protein that interacts with PhoU (Fig. 2B). The
deletions were named PhoRN-(domain name) to indicate a pro-
tein that extends from the amino terminus of PhoR through a
particular domain or PhoR(domain name)-C when deletions re-
moved residues from the amino terminus. The PhoRN-DHp and
PhoRN-PAS constructs showed that the CA and DHp domains
were not required for the PhoU interaction. Importantly, the inter-
action was lost when the PAS domain was removed (PhoRN-CR).
When PhoR was truncated from the amino terminus, we found that
neither the membrane-spanning region nor the CR was required for
interaction (PhoRCR-C and PhoRPAS-C), but loss of the PAS do-
main again disrupted the interaction (PhoRDHp-C). The PAS do-
main alone showed a weak interaction with PhoU. PhoU fused with
T25 and PhoR truncations with T18 gave similar results (data not
shown).

PstB and PhoR coelute with PhoU during affinity chroma-
tography. As a complementary method, we employed protein
coelution experiments using His-tagged versions of either PstB or
PhoR. The pstB gene was cloned into pRR48 to express versions of
PstB with and without a C-terminal 6 XHis tag, and both con-
structs were tested for signaling. P; signaling is apparent under
P;-replete conditions because cells produce small amounts of al-
kaline phosphatase (AP). In contrast, elevated AP levels are ob-
served when signaling is defective, such as when mutations occur
in any of the pstSCAB genes, phoU, or even phoR. Wild-type cells
also display high AP levels when grown in low-P; medium.

Under high-P; growth conditions, ApstB strains expressing ei-
ther pstB or pstB-His exhibited low AP levels, indicating that a
functional signaling pathway was reconstituted (see Fig. 3A). The
empty-vector strain showed elevated AP levels. However, under
low-P; conditions, while the p48pstB strain demonstrated an ex-
pected increase in AP activity, the strain carrying p48pstB-His ex-
hibited low AP levels. This indicates that the pstB-His construct
constitutively signaled a high-P; environment regardless of the P;
levels in the growth medium.

We were aware that potential interactions between PstB and
PhoU could be transient and difficult to detect due to the large
conformational changes that occur in the PstSCAB protein as a
consequence of P; transport. We also recognized that the PstB-His
construct may have the fortuitous effect of trapping a complex
between PstB and PhoU because it is locked into a “high-P;” sig-
naling conformation, making the PstB/PhoU interaction easier to
detect.

We next tested whether interactions between PstB and PhoU
occurred by retaining PstB-His on a HisTrap nickel column along
with any interacting proteins and then performing immunoblot-
ting with the subsequent lysate and elution fractions. Since we
required elevated expression levels of the Pst transporter and the
strains expressing PstB-His were repressed for the Pho regulon, we
chose to mix extracts from two ApstB strains to detect protein-
protein interactions. The first strain harbored the pRR48 plasmid
and highly expressed the pstSCA-phoU operon (including phoU)
but was missing PstB. The second strain harbored p48pstB-His
and expressed elevated levels of PstB-His but did not produce the
other Pst proteins or PhoU. Cells were grown in MOPS HiP; me-
dium, pelleted, and mixed together before disruption. The
cleared, lysed sample was incubated for several minutes on ice,
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FIG 3 PstB and PhoR coelute with PhoU. (A) Genetic complementation of a
ApstB mutation with p48pstB and p48pstB-His. The ApstB E. coli strain
BW26390 was transformed with the indicated plasmids, and AP assays were
performed. Cells were grown in MOPS HiP; or MOPS LoP; medium, where
indicated. (B) Binding of PhoU to PstB-His. Cells were lysed, and the soluble
extracts were subjected to nickel affinity purification by passage over a HisTrap
column. Identical samples from the lysate and elution fraction were separated
by SDS-PAGE, transferred to nitrocellulose membranes, and analyzed by im-
munodetection. The mixed lysate sample contained extracts from a strain
expressing high levels of PstS, PstC, PstA, and PhoU with a sample expressing
high levels of PstB-His. The use of the mixed lysate was necessary because the
expression of PstB-His decreased the expression of the Pho regulon in the
ApstB genetic background. (C) Plasmids expressing PhoR-His (PhoR with an
amino-terminal 6 X His tag) and PhoU were both transformed into a AphoBR
ApstSCAB-phoU strain (SG1). Nickel affinity chromatography was used to
retain the PhoR-His on the affinity column. Cell lysate and elusion fractions
were analyzed by Western blotting to see that PhoU coelutes with PhoR-His.

subjected to affinity chromatography, and then processed for
Western immunoblotting with anti-His antibody to detect the
PstB-His protein and with anti-PhoU antibody to detect PhoU.
The mixed sample showed bands for PstB-His and PhoU in the
lysate and elution fractions (Fig. 3B). These results demonstrated
that PstB-His retained PhoU on the column through the washing
procedure. A ApstB strain harboring the empty vector pRR48 was
grown in MOPS LoP; medium and subjected to the same protocol.
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As shown in Fig. 3A, this strain constitutively expressed high levels
of AP and also produced elevated amounts of PhoU (Fig. 3B,
central panel). No PstB-His was observed in any fraction, but a
strong PhoU band was observed only in the crude fraction, indi-
cating that PhoU does not bind to the HisTrap nickel column in
the absence of PstB-His. When a ApstSCAB-phoU strain contain-
ing p48pstB-His was analyzed, it showed low-level expression of
PstB-His in the crude fraction but accumulation in the elution
fraction. This strain also showed the absence of PhoU in every
fraction, indicating that the antibody was specific for PhoU.

We also confirmed the PhoU/PhoR interaction with coelution
experiments. We constructed a plasmid that expressed PhoR with
an amino-terminal 6 X His tag (p48PhoRNHis) and confirmed its
signaling activity by introducing it into the AphoR deletion strain
JW0390-2 (45) and performing AP assays (data not shown). Be-
cause of difficulties with protein expression levels in this genetic
background, we assayed interactions between PhoR and PhoU in
SG1, a strain in which genes for all seven of the P;-signaling pro-
teins were deleted. Either pRR48 or p48PhoRNHis was intro-
duced into the SGI strain containing p116U2. The new strains
were grown in LB medium, pelleted, lysed, and subjected to affin-
ity chromatography. Figure 3C shows that PhoU was observed in
the lysate fractions of both strains but was found in the elution
fraction only when PhoR-His was also present. The anti-His anti-
bodies showed that PhoR-His was produced only when SG1 har-
bored p48PhoRNHis. These results show that PhoU interacts with
both PhoR and PstB, and they are consistent with the presence of
a P;-signaling complex. To further understand the role of PhoU in
P; signaling, we characterized its native structure, explored the
functions of the its most highly conserved residues by mutational
analysis, and determined whether PhoU binds metal ions.

E. coli PhoU forms a dimer. We cloned phoU, to encode a
native protein or a version with a C-terminal 6XHis tag (PhoU-
His), into pKG116 and confirmed that the constructs were func-
tional by complementation analysis (data not shown). We then
purified PhoU-His using immobilized metal ion affinity chroma-
tography and analyzed its native structure using gel filtration
chromatography. Under nonreducing conditions, PhoU-His
(with a predicted molecular mass of 28,240 Da) eluted in several
peaks corresponding to high-molecular-mass oligomers (data not
shown). The oligomers were resolved when (3-mercaptoethanol
was included in the sample buffer. We think that these oligomers
represent nonfunctional forms of PhoU because the side chains of
each of its five Cys residues are predicted to extend toward the
interior of the protein. Any covalent bonds involving these Cys
residues would require PhoU to be partially or completely un-
folded. When PhoU-His was analyzed with B-mercaptoethanol in
the column buffer, it eluted as a single peak with an apparent
molecular mass of 52.1 kDa, which is comparable to the predicted
molecular mass of a PhoU dimer (Fig. 4A).

We used the BACTH system to confirm our gel filtration ex-
periments. Using compatible plasmids that expressed T18-PhoU
and T25-PhoU, we observed that PhoU interacts with itself (Fig.
4B). We did not observe interactions when T18-PhoU was coex-
pressed with the T25 fragment alone or when T25-PhoU was co-
expressed with the T18 fragment.

E. coli PhoU binds manganese and magnesium. To screen for
metals bound to PhoU, the PhoU-His protein was purified and
analyzed by inductively coupled plasma mass spectrometry (ICP-
MS). We identified manganese as a potential bound metal because
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FIG 4 PhoU formsa dimer. (A) E. coli PhoU-His was purified and analyzed on
a gel filtration column. The PhoU-His protein eluted as a single peak at an
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His has a predicted molecular mass of 28.2 kDa, so this peak corresponds with
the expected size of a PhoU dimer. (B) BACTH analysis of PhoU interactions
with itself. Strains grown in LB medium with different combinations of plas-
mids were spotted onto MOPS-HiP;-maltose plates containing X-Gal and in-
cubated at 30°C.

significantly more manganese was found with the PhoU-His sam-
ple than with a buffer only control (¢ test with a P value of 2.4 X
1077). Nickel and zinc were also identified as potentially binding
to PhoU; however these metals may be artifacts from the 6 XHis
tag. We did not detect a significant increase in iron in the sample
containing PhoU compared with the control.

We then used a fluorescence assay to further investigate metal
binding by PhoU. Tryptophan fluorescence intensity changes and
the maximum wavelength shifts when the polarity of its local en-
vironment changes. Assays that follow changes in intrinsic tryp-
tophan fluorescence are frequently used to detect changes in local
protein environments (46). We engineered a PhoU-His F194W
mutant and confirmed that the construct is still functioned in P;
signaling (data not shown). This engineered tryptophan is located
6 residues upstream of the conserved putative metal binding res-
idue, E200, and is on the same face of the o-helix as one of the
predicted metal binding sites (Fig. 1). PhoU-His F194W was ex-
cited at 280 nm, and emission was followed from 300 to 400 nm.
When manganese was added to the sample, fluorescence was en-
hanced in a pattern that fit a predicted binding curve (Fig. 5A).
Fitting a curve to the peak fluorescence values with various con-
centrations of manganese, we found that PhoU-His F194W
bound manganese with an apparent K, (dissociation constant) of
18.3 wM, with a standard error of 6.2, based on three replicates
(Fig. 5B). This value is similar to intracellular levels of manganese
in E. coli reported between 15 pM (47) and 21.1 pM (48), al-
though it is proposed that the free manganese levels in E. coli are
much lower than this (49). Magnesium and manganese often
overlap in function for cellular processes, and magnesium is at
much higher concentrations in the cell than manganese (50). So,
we also tested whether the PhoU-His F194W protein bound mag-
nesium and found that it bound this metal with a K, of ~1.5 =
0.68 mM (see Fig. S3 in the supplemental material). The high K,
for magnesium may explain why we did not observe this metal
bound to PhoU in the ICP-MS experiment. Since the amount of
free magnesium in E. coli cell is between 1 and 2 mM (51), binding
this metal may be important for its physiological function. We saw
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FIG 5 PhoU binds manganese. (A) A representative emission scan of tryp-
tophan fluorescence when purified E. coli PhoU-His F194W (F194) was
mixed with increasing levels of manganese and excited at 280 nm. The addition
of manganese caused an enhancement of the fluorescence and a shift in the
peak fluorescence. (B) Manganese binding curve. With the addition of man-
ganese, the mean change in fluorescence between 345 nm and 355 nm was
plotted, and a binding curve was fit to the data (error bars represent = stan-
dard errors; n = 3).

a shift in the wavelength of peak fluorescence with metal binding.
We did not see any significant fluorescence change with zinc or
nickel (data not shown). Zinc and nickel are known to bind to
6XHis tags (52). Apparently, binding at the C-terminal 6 X His tag
is far enough away that it does not alter F194W construct fluores-
cence.

Mutational analysis of conserved residues. To examine the
role of metal binding in P; signaling, we mutated the phoU gene to
encode proteins in which several of the highly conserved charged
residues were converted to alanine residues. These plasmids were
introduced into a AphoU strain in which the pstSCAB-phoU pro-
moter was replaced with a lactose-inducible promoter (BM263) to
prevent the poor-growth phenotype seen in phoU mutants that
overexpress a functional PstSCAB transporter (23). Strains were
grown overnight in a high-P; medium, and AP assays were per-
formed to assess signaling (Fig. 6A). Each of the mutants displayed
nearly wild-type signaling activity, repressing the expression of
alkaline phosphatase. The strongest phenotype was associated
with the R201A mutation, which still left PhoU with nearly 80% of
its wild-type activity. Immunoblot analysis showed that each of
the mutant proteins was expressed at a level similar to those of the
others (data not shown).

We created three mutants that carried two mutations in a sin-
gle site, D58 A/N62A, E100A/R101A, and E200A/R201A, to test if
it was necessary to alter more than a single residue within a puta-
tive metal binding pocket to block function. Each of these double
mutants also retained significant PhoU signaling activity. We then
created a quadruple mutant which had mutations in each three-
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for visualizing protein expression by immunoblot analysis.

helix bundle to alter residues predicted to bind metal (E100A and
E200A) as well as mutations of two other highly conserved resi-
dues (R101A and R201A). This version of PhoU also retained
~80% of its signaling activity.

Analysis of phoU integrants. Since the mutations were carried
on a medium-copy-number plasmid, we postulated that the lack of a
prominent phenotype was due to elevated expression levels rather
than to those residues not being important for function. To address
this possibility, we engineered two new strains, BM265 and BM266,
which inserted the wild-type phoU gene or the phoUQuad variant
into the chromosome of the AphoU strain BM263 at its normal loca-
tion. AP assays were performed with strains that were grown over-
night in MOPS HiP; medium with or without 50 uM IPTG. This
amount of IPTG was found to be the minimal amount needed to
achieve full repression of the Pho regulon in BM261 (a strain for
which the native P, promoter was replaced by the P,,. promoter).
Analysis of the parent strain BM261 showed that repression of the
Pho regulon required expression of the pstSCAB-phoU operon as AP
was derepressed in the absence of IPTG (Fig. 6B). The Pho regulon
was induced both in the presence and absence of IPTG in the AphoU
strain BM263. The strain containing the integrated phoU gene
showed a response that was indistinguishable from that of the BM261
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parent strain, indicating that the reconstruction of the pstSCAB-phoU
operon was functional and was regulated in a normal pattern. How-
ever, the phoUQuad mutant showed a pattern that was like that of the
AphoU strain BM263, indicating that when expressed at lower levels
from the chromosome, the PhoUQuad mutant was not functional.
We performed Western blotting to ensure that the signaling differ-
ences between the phoU™ construct and the phoUQuad mutant were
not due to differences in protein expression or protein stability (Fig.
6C). These results support the conclusion that elevated expression of
phoU from a multicopy-number plasmid suppresses the phenotype
of the site-directed phoU mutations.

We hypothesized that these conserved sites may be involved in
targeting PhoU to its proper cellular location. When it is expressed
from a plasmid, there may be sufficient PhoU throughout the cell
so that targeted membrane localization is not required for signal
transmission. However, proper cellular targeting would be essen-
tial for signaling when the phoU gene is present in single copy and
expression levels are low. To test this membrane affinity hypoth-
esis for these conserved residues, plasmids expressing several
phoU mutants were introduced into the AphoU strain BM263, and
membrane localization experiments were performed. The
amount of PhoU in the membrane fraction progressively de-
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creased as the number of mutations in PhoU increased from zero
to four (Fig. 7).

Biochemical analysis of the PhoUQuad protein. We analyzed
the PhoUQuad mutant protein for dimer formation and metal
binding. When examined by gel filtration chromatography, the
PhoUQuad protein eluted from the column at the same volume as
the PhoU-His protein (see Fig. S1 in the supplemental material).
Moreover, the PhoUQuad mutant interacted with itself in the
BACTH assay (Fig. 4D). Gel filtration experiments analyzing
PhoU-His with buffers that contained either EDTA to chelate
metal or excess manganese to saturate metal binding did not pro-
duce any changes in the elution profiles (see Fig. S2). From these
observations, we conclude that PhoU forms a dimer and that the
E100, R101, E200, and R201 residues are not essential for dimer
formation.

We also tested the purified PhoU-His Quad F194W protein
using the fluorescence assay to measure metal binding and found
that it did not bind manganese as well as PhoU-His F194W (K, of
85.2 uM = 26.3 versus a K; of 18.3 wM = 6.2 with no overlap of
94% confidence intervals of the calculated Ks based on triplicate
tests). The fluorescence peak shift observed with PhoU-His Quad
F194W was significantly less than the shift caused by PhoU-His
F194W (4.2 nm for the F194W mutant versus 1.7 nm for the
“Quad” F194W mutant; P value of 0.020 from a two-tailed ¢
test). We did not observe fluorescence enhancement when the
PhoUQuadF194W protein was reacted with magnesium. Since
the wild-type and mutant proteins both form dimers and the mu-
tant protein does not appear to bind metals as well, we conclude
that PhoU dimerization is independent of metal binding. In addi-
tion, mutations in predicted metal binding residues did not dis-
rupt interactions with PhoR when they were assayed using the
BACTH system.

DISCUSSION

This work provides evidence that the PhoU, PhoR, and PstB pro-
teins physically interact. The demonstration of this interaction is
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membrane segments (TM1 and TM2), a charged region (CR), and PAS, DHp,
and CA domains. PhoR either phosphorylates or dephosphorylates the re-
sponse regulator PhoB on a conserved aspartic acid residue (D) of its receiver
domain (REC). Upon phosphorylation, PhoB binds DNA and activates ex-
pression of Pho regulon genes. The PstSCAB transporter may signal P; levels
through the alternating conformations that are inherent to its transport pro-
cess. Thus, PhoU may respond to mechanical forces in its interaction with the
PstSCAB transporter and transmit that information to PhoR through its PAS
domain. Proper signaling complex formation requires PhoU to localize to the
cytoplasmic face of the inner membrane. Metal binding (M*") by PhoU is
important for its interaction with the membrane, especially when expressed at
low levels, as is the case when cells are grown under phosphate-replete condi-
tions.

important because it provides a framework for understanding P;
signal transduction. Our current model of this signaling pathway
is that PhoU is required for the formation of a signaling complex
that is comprised of PstSCAB and PhoR (Fig. 8). We propose that
PhoU contains multiple nonoverlapping binding sites where it
interacts with the membrane, PhoR, and PstB.

We found that PhoU’s interaction with PhoR requires the PAS
domain of PhoR (Fig. 2B). PAS domains often function in signal-
ing through sensing physical or chemical stimuli (53). Structural
studies of histidine kinases have shown that the correct spatial
positioning of the DHp and CA domains is essential for their
kinase and phosphatase activities (54-57). In some cases, it is
thought that physical interactions between the CA and DHp do-
mains lead to phosphatase activity and that altering these interac-
tions upon receiving a signal allows for autokinase activity (57).
There have also been several studies of PAS domain structures in
histidine kinases (53, 56, 58, 59). In one study, the authors pro-
posed that the PAS domain interacts with the CA domain to in-
hibit the CA/DHp domain interaction that is required for kinase
activity and that signal binding to the PAS domain frees up the CA
domain and allows for kinase activity (59). Disruption of the in-
teractions between the PAS domain and other domains may lead
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to changes in activity (55). One example reported that the PAS
domain is essential for kinase function (60), while another found
that the PAS domain is essential for phosphatase function (61).
Clearly, PAS domains play a role in regulating the activity of many
histidine kinases. Our data support a model in which the PAS
domain of PhoR receives its input through direct interactions with
PhoU. PAS domains frequently bind small molecules; our data do
not address whether the PAS domain of PhoR binds a small mol-
ecule that allows it to interact with PhoU.

According to our signaling complex model, PhoR is able to
sense through PhoU the conformational states of PstSCAB as a
consequence of P; transport and then modulate its kinase/phos-
phatase equilibrium toward the appropriate response. This model
could accommodate variations in which the signaling complex is
stable regardless of the activity of the Pst transporter or the possi-
bility that the complex is transient and is formed only under a
subset of conditions. For example, under high-P; conditions, PstB
may interact with PhoU and favor the binding of PhoR at the PAS
domain. This may allow the PAS domain to interact with the CA
domain and shift the activity toward phospho-PhoB phosphatase
activity. Conversely, under low-P; conditions, PhoU may not have
astable interaction with the PAS domain of PhoR, which stabilizes
the autokinase activity. This hypothesis is consistent with the ob-
served unregulated kinase activity of PhoR in the absence of PhoU
or a functional PstSCAB transporter (22).

In support of a signaling complex involving PhoU, we have
previously shown that PhoU modulates P; transport through the
Pst transporter (23). It seems likely that such modulation would
involve direct protein interactions between PhoU and PstSCAB.
Moreover, Oganesyan et al. reported that PhoU contains folds
similar to Bag domains (a class of cofactors of the eukaryotic chap-
erone Hsp70 family) and proposed that PhoU may associate with
the ATPase domain of PhoR (CA domain) and cause it to release
PhoB, thus turning off the signaling cascade in a manner similar to
Bag domains’ association with Hsp70 (27). While supporting an
interaction between PhoU and PhoR, our results show that unlike
the Bag/Hsp70 paradigm, PhoU interacts with the PAS domain of
PhoR and not its ATP-binding CA domain. The dimeric nature of
PhoU may also be important as it interacts with the dimeric PstB
and PhoR proteins.

Our data suggest that the roles of the most highly conserved
residues within the PhoU protein family are to bind metal ions,
which function to target PhoU to the membrane. Membrane tar-
geting may be especially important when PhoU is present at low
concentrations, such as when P; is abundant. There are several
examples where metal binding by proteins allows them to localize
to the membrane. For example, annexins play a crucial role in
Ca’" signaling by binding Ca** that forms a bridge between the
protein and the phospholipid head groups (62). Metal is bound by
the protein through interactions with carbonyl and carboxyl
groups of the protein and bound to the membrane through inter-
action with the phosphoryl moieties of the phospholipids (63). A
similar mechanism is employed by the alpha-toxin protein from
Clostridium perfringens, where binding of Ca®" is linked to mem-
brane binding and triggers the opening of the active site (64).

The highly conserved metal-binding residues of PhoU are im-
portant for signaling only when the phoU gene is expressed in
single copy from the chromosome. They are not essential for sig-
naling when expressed from a plasmid. It therefore seems unlikely
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that these residues are part of an enzymatic active site that pro-
duces a soluble message that is part of the signaling process.

By assaying for coelution of PhoU following the retention of
PstB-His on a HisTrap nickel column, we were able to detect pro-
tein-protein interactions between these two proteins. We assume
that this method was effective because the PstB-His protein was
incorporated into a complete transporter consisting of PstC and
PstA, where the proper protein conformations required for phys-
ical interactions were maintained. Coomassie stain-treated gels of
the elution fractions showed many bands (not shown), including
those of the predicted sizes for PstC and PstB, indicating that the
affinity chromatography step enriched for the PstB-His protein
but did not produce a purified complex. It seems likely that the
complexity of the eluate was due to the nature of the sample ap-
plied to the column, which consisted of soluble proteins as well as
proteins imbedded in membrane vesicles.

A few studies have investigated PhoU’s interaction with other
proteins. One group used fluorescence resonance energy transfer
(FRET) analysis to determine protein-protein interactions of var-
ious proteins involved in the P; starvation response and failed to
find an interaction between PhoU and either PhoR or PhoB (65).
Another study used a yeast two-hybrid assay to show that in Ed-
wardsiella tarda PhoU interacts with PhoB and Fur, but they did
not see any interaction with PhoR (66). However, the conflicting
results between these studies imply that more evidence is neces-
sary to fully understand all of the proteins that interact with PhoU.
It is possible that fusing PhoU to enhanced cyan fluorescent pro-
tein in the FRET analysis and using a truncated PhoR protein
expressed in yeast cells prevented the PhoU/PhoR interaction or
the detection methods were not sensitive enough to identify the
PhoU/PhoR interaction.

We used a BACTH system to identify and characterize PhoU/
PhoR interactions. Others have had success using these systems to
identify domains from bacterial proteins that interact and have
found the BACTH system is especially useful for testing mem-
brane bound proteins (39, 67). Our results confirm that PhoU
does interact with PhoR. Given the multiple PhoR and PhoU con-
structs that show interaction (Fig. 2), it is unlikely that all of the
different constructs are false positives. These results are also con-
firmed with PhoU coeluting with PhoR-His (Fig. 3).
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