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The histidine kinase (HK) component of many two-component regulatory systems exhibits regulated ability
to phosphorylate itself and to participate in transfer of phosphate to and from its cognate response regulator.
The signaling system that controls expression of the UhpT sugar phosphate transporter in Escherichia coli in
response to external glucose 6-phosphate includes the HK protein UhpB and the polytopic membrane protein
UhpC, a UhpT homolog which is required for responsiveness to an inducer and activation of UhpB. The
existence of a UhpBC signaling complex is suggested by the requirement for UhpC for the activity of certain
constitutively active variants of UhpB, the dominance and epistasis relationships of uhp alleles, and the finding
that expression of UhpB in excess of UhpC has a strong dominant-negative effect. Expression of a hybrid
protein containing the cytoplasmic C-terminal half of UhpB fused to glutathione S-transferase (GST) also
interfered with Uhp signaling. This interference phenotype could not result solely from the phosphatase
activity of UhpB, because interference affected both overexpressed UhpA and UhpA variants which are active
in the absence of phosphorylation. Variant forms of UhpB which were active in the absence of UhpC carried
amino acid substitutions near motifs conserved in HK proteins. The GST fusion protein inhibited the ability
of UhpA to bind and activate transcription at the uhpT promoter. Unlike the wild-type situation, a GST fusion
variant carrying one of the UhpB-activating substitutions, R324C, displayed autokinase activity and phosphate
transfer to UhpA but retained the ability to sequester UhpA when it was altered in the conserved residues
important for phosphate transfer. Thus, the default state of UhpB is kinase off, and activation of its phosphate
transfer activity requires either the action of UhpC or the occurrence of certain mutations in UhpB. The
interference phenotype shown by UhpB in excess of UhpC appears to include the binding and sequestration of

UhpA.

The control of gene expression by two-component regula-
tory systems occurs through changes in the phosphorylation of
specific response regulator (RR) proteins (7, 20). Their phos-
phorylation is mediated by a multifunctional cognate sensor
kinase or histidine kinase (HK) protein, which has autokinase
activity to provide the phosphate moiety for transfer to the
response regulator and which also can accelerate the rate of its
dephosphorylation. Many HKs are controlled by external sig-
nals detected by their periplasmic domains. Separation of the
kinase domain from the transmembrane and external portions
can often be achieved without loss of protein kinase activity,
and in many cases the liberated soluble cytoplasmic domain
confers high and unregulated protein kinase activity (4, 9, 21,
23).

Induction by extracellular glucose-6-phosphate (Glu6P) of
the sugar phosphate transporter UhpT requires transcription
activation by the response regulator UhpA (3, 18, 29). UhpA
has high sequence similarity to the nitrate-responsive RR NarL
(1), whose structure reveals a two-domain protein with an
N-terminal CheY-like phosphorylation domain and a C-termi-
nal DNA-binding helix-turn-helix domain. UhpA can be phos-
phorylated on aspartate-54 by acetyl-phosphate, and phos-
phorylation stimulates its binding to the uipT promoter (2, 3).
Transcription of the uhpT promoter in vitro requires the pres-
ence of UhpA, but its phosphorylation is not required when it
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is overexpressed or carries certain substitutions (18). The uhpB
and uhpC genes are also required for UhpT expression in vivo
(11). The bipartite UhpB protein has a hydrophobic amino-
terminal half (residues 1 to 273) expected to span the mem-
brane eight times and a carboxyl-terminal half (residues 274 to
500) which is exposed to the cytoplasm and contains the con-
served sequence elements common to HK proteins, i.e., the H
box around the phosphorylated histidine, the N box, and the G
box comprising the ATP-binding and phosphate transfer re-
gion (20). The UhpC protein is related in sequence and topol-
ogy to UhpT and other organophosphate antiporters but plays
a role only in regulation and is required for responsiveness to
Glu6P. Some mutations that insert tetrapeptide sequences into
UhpB and UhpC result in altered regulation, including consti-
tutive behavior. Since the constitutive phenotype of some of
these UhpB mutations was expressed only in the presence of
functional UhpC, Island and Kadner (10) proposed that UhpB
and UhpC act jointly in a membrane-embedded signaling com-
plex. If UhpC is the signal receptor, then some mechanism
must operate to prevent activation of UhpA by any UhpB
molecules except those in complex with UhpC molecules with
bound external Glu6P, i.e., the default state of UhpB must be
kinase off.

This model is tested here by examination of the dominance
and epistasis properties of some UhpB and UhpC variants. In
particular, it is shown that overexpression of UhpB, either the
full-length protein or the liberated C-terminal cytoplasmic do-
main, results in a strong dominant-negative phenotype, indi-
cating interference with signal transduction by UhpB in excess
relative to UhpC. Variant forms of UhpB that are active in the
absence of UhpC were isolated, and some have lost the dom-
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TABLE 1. E. coli strains and plasmids used in this study

Strain or plasmid Description Reference or source
JM109 eld(mcrA) recA gyrA96 thi-1 hsdR17 supE44 relA1 A(lac-proAB) (F' traD36 proAB™ lacI"AZM15) Stratagene
MC4100 A(argF-lac)U169 araD139 rpsL 150 relA1 flIbB5301 deoC1 ptsF25 rbsR22
CW235 MC4100 NRZ5[KmuhpTp-lacZ recA56 sr300::Tnl0 uhpAH170Y 25
RK1294 MC4100 NRZS5[Km]uhpTp-lacZ polAl Auhp(A14-C437) This work
RK1300 MC4100 NRZ5[KmuhpTp-lacZ polAI uhp™
RK1310 MC4100 N\RZ5[Km]uhpTp-lacZ recA56 srl300::Tnl0 uhp™*

RK1302 MC4100 NRZ5[Km]uhpTp-lacZ recA56 sr300:Tnl0 AuhpB(60-489)

RK1305 MC4100 NRZ5[Km]uhpTp-lacZ recA56 srl300::Tn10 AuhpC(41-437)

RK1306 MC4100 NRZ5[KmuhpTp-lacZ recA56 sri300::Tnl0 Auhp(A15-B489)

RK1320

XL-1 Blue recA endAl gyrA96 thi-1 hsdR17 supE44 relAl lac (F' proAB™ lacI9 AZM15 Tnl0) Stratagene

Plasmids
pCAWS pACYC184 carrying uhpA coding sequence; Cm 25
pA-D54N pCAWS carrying uhpA D54N This work
pGEX3x lacl? lacP-gst; Ap Pharmacia
pGEX3X-TEV pGEX3X with TEV protease site This work
pISW141 pGEX3x-TEV uhpB(273-500) and derivatives This work
pRIK10 pBR322 carrying uhpABCT; Ap 28
pSul9 Cloning vector ori p15A from pACYC184 lac promoter; Cm 13
pSuB pSul9 carrying lacP-(uhpA189-uhpB*-uhpC91); Cm
pSuBC pSul9 carrying lacP-(uhpA189-uhpB*-uhpC™); Cm
pUT1 pUCIS8 carrying uhpT promoter from —135 to +90 18

inant-negative phenotype when overexpressed. The restoration
of the interference phenotype to these constitutively active
UhpB variants following mutagenesis of conserved residues
needed for autokinase activity, and the interference of UhpB
with phosphorylation-independent variants of UhpA, indicate
that the interference by UhpB involves both cophosphatase
and sequestration activity on UhpA.

MATERIALS AND METHODS

Plasmids and strains. The Escherichia coli strains and the plasmids used in this
study are listed in Table 1. The uhp deletions used in this study remove most of
the coding sequence but leave the reading frame intact to eliminate polar effects
on expression of distal genes (11). The isolation of uAp variants containing 12-bp
Pst1 oligonucleotide linker insertions and encoding variant Uhp proteins with a
tetrapeptide insertion was described previously (10). These mutant alleles are
designated by the position of the amino acid residue preceding the site of
insertion and the number of amino acids inserted; thus, the genotype uhpA15:4
indicates that the encoded UhpA protein contains a four-amino-acid insertion
between amino acids 15 and 16. Plasmids carrying these uip mutations were
integrated by homologous recombination into the chromosomal uhpT gene in the
polA hosts RK1294 and RK1300, which are unable to support plasmid replica-
tion.

Construction of GST-Bc, UhpB, and UhpA plasmids. The pGEX3x plasmid
vector (Amersham-Pharmacia Biotech Inc.) was modified to introduce the to-
bacco etch virus (TEV) protease recognition site (ENLYFQS) by ligating the
complementary oligonucleotide pair 5'-GATCGAAAACCTGTACTTCCAGTC
AGGGATCCATATG and 5'-AATTCATATGGATCCCTGACTGGAAGTAC
AGGTTTTC into BamHI- and EcoRI-digested pGEX3x to create pGEX3x-
TEV. This linker insertion destroyed the upstream BamHI site, restored it
downstream in the correct reading frame, added an Ndel site between the
BamHI and EcoRI sites, and caused loss of the unique Smal site. Residues 273
to 500 of uhpB were amplified by PCR using VENT polymerase (New England
Biolabs), the primers 5'-GGCGCTGGGATCCAGCGGTT-3" containing a
BamHI site and 5'-CGGCAGGCGAATTCAGAAACGGCAA-3' containing an
EcoRI site, and pRIK10 (uhpABCT) as a template. The PCR product was
digested and ligated into pGEX3x-TEV to create pJSW141. The correct nucle-
otide sequence was confirmed by DNA sequencing at the University of Virginia
Biomolecular Research Facility.

Plasmids pGEX3x and pGEX3x-TEV were used interchangeably as controls
and are designated pGST. The glutathione S-transferase (GST)-UhpB fusion
proteins expressed from pJSW141 and its derivatives are designated GST-Bc.

The uhpA gene under control of its own promoter had been cloned into
pACYC184 to generate pPCAWS (25). Restriction fragment exchange was used to
transfer the uhpA(D54N) mutation from pALTER-UhpADS54N (26) into
pCAWS to generate pA-D54N.

Plasmids pSuB and pSuBC carry the 3’ end of uhpA, the entirety of uhpB, and

either the 5’ segment or the entirety of uhpC, respectively. These were con-
structed by ligation into the PstI-digested plasmid pSU19 of PstI fragments
extending from the coding region for residue 189 of UhpA to the coding region
for residue 91 of UhpC or to the uhpT promoter region.

Site-directed mutagenesis. Site-directed mutagenesis of pJSW141 was per-
formed using the ExSite kit (Stratagene) and Pfu DNA polymerase. Mutagenized
plasmids were transformed into E. coli XL-1 Blue and screened for the presence
of a silent restriction site that was incorporated by the mutagenic primers. The
sequences of primers used for plasmid construction are available upon request.
All mutations were confirmed by DNA sequencing (University of Virginia Bio-
molecular Research Facility).

Purification of GST-Bc. Plasmids pGEX3x-TEV, encoding GST, and pJSW141,
encoding GST-Bc and its variants, were expressed in JM109 (Amersham-Phar-
macia Biotech Inc.) and purified using the manufacturer’s recommendations with
minor modifications. An overnight culture in Luria-Bertani broth was inoculated
into 1 liter of Luria-Bertani broth. The cells were grown at 30°C to an optical
density at 595 nm of approximately 0.8, and protein expression was induced with
0.1 mM isopropyl-B-p-thiogalactopyranoside (IPTG) for 2 to 3 h. The cells were
harvested by centrifugation and stored at —70°C. Cells suspended in phosphate-
buffered saline were incubated with 1 mg of lysozyme/ml for 30 min on ice and
disrupted by sonication or by three passes through a French pressure cell. DNase
at 10 pg/ml and RNase at 5 pg/ml were added to the lysed cells without Triton
X-100. Cleared lysates were incubated with glutathione-conjugated Sepharose
4B (Amersham-Pharmacia Biotech Inc.) for 30 min at 25°C. Beads were washed
three times with 10 volumes of phosphate-buffered saline each time and loaded
onto a 10-ml disposable column. Reduced glutathione was added and incubated
with the beads for 10 min before fractions were collected. The fractions were
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), pooled, and dialyzed overnight in 50 mM HEPES (pH 8.0) and 10%
glycerol at 4°C. The protein concentration was determined using the Bradford
dye-binding protein assay (Bio-Rad) with bovine serum albumin as a standard.
The proteins were aliquoted and stored at —70°C.

B-Galactosidase assays. Regulation of the uhpT promoter was determined
from the level of B-galactosidase expressed from a uhpTp-lacZ transcriptional
fusion carried as a single lysogen of phage NRZ5 (15). B-Galactosidase assays
were performed as described previously (11). Overnight cultures were diluted
1:100 in minimal medium A supplemented with 1% (vol/vol) glycerol, 0.5%
Casamino Acids, and 1.5 mM MgSO,. IPTG was added at the time of subculture
when indicated. Cells in logarithmic growth were induced with 0.25 mM Glu6P
in 96-well microtiter plates containing 200 pl of culture per well. After induction
for 40 min at 37°C, the cells were lysed with CHCl;-SDS and mixed with Z buffer
(16) and 2 mM o-nitrophenyl-B-p-galactopyranoside. The rate of hydrolysis was
measured at 415 nm over 5 min at 37°C in a microplate reader (Molecular
Devices) and was normalized for cell density. All values are the average of at
least three experiments and agree within 10%.

In vitro transcription and DNase I footprinting assay. Transcription assays
were performed by preincubation of 1 nM plasmid pUT1 DNA with 220 nM
UhpA and various concentrations (50 to 400 nM) of GST-Bc or GST for 10 min
in TXN buffer (40 mM Tris-HCI, pH 8.0, 50 mM KCI, 10 mM MgCl,, 10 mM
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TABLE 2. Dominance and epistasis relationships among u/p regulatory gene alleles

B-Galactosidase activity from uhpT-lacZ reporter”

uhp genotype of integrated plasmid®

RK1294 (AuhpABC)

RK1300 (uhp™)

uhpA uhpB uhpC + - +

+ + + . 660 35 450
+ + 91:4 2,610 2,070 970 960
+ + 91:8 6 2 170
15:4¢ + + 1 2 265
15:4¢ + 91:4 1 835 710
15:4¢ + 91:8 1 25 240
+ 151:4 + 2,250 1,700 530 570
+ 151:4 91:4 1,490 1,115 975 890
+ 151:4 91:8 1,900 1,690 970 960
+ 250:44 + 750 1,060 610 800
+ 250:4¢ 91:4 1,630 1,240 1,470 1,580
+ 250:44 91:8 25 215 375
+ 87:4¢ + 15 5 445
+ 87:4¢ 91:4 30 470 565
+ 87:4¢ 91:8 55 40 285

“ B-Galactosidase activity was measured in the indicated uhp ™ polA or AuhpABC polA strains into which the indicated plasmids bearing PstI linker insertions in u/p
genes were introduced by transformation. Stable integrants, probably resulting from homologous recombination into the uhp locus, were selected by ampicillin
resistance. Cells were grown in the absence (—) or presence (+) of Glu6P, as indicated, and B-galactosidase activity was measured as an average from three independent

transformants, with variation of <10%.

b Plasmids are derivatives of pMI29 carrying PstI linker insertions (10). The location of the insertion is denoted by the amino acid residue preceding the site of

insertion and the number of amino acids inserted. +, wild type.
¢ Similar results were obtained with the uhpA169:4 and uhpA189:4 alleles.

@ Similar regulatory behavior was seen with the uhpB60:4 and uhpB387:4 alleles, which confer basal levels that are lower than those with uipB250:4 but higher than

with the wild type.
¢ Similar results were obtained with the uhpB411:4 allele.

dithiothreitol) before the addition of 30 nM RNA polymerase (Amersham-
Pharmacia Biotech Inc.) as described previously (18). After 15 min, transcription
was initiated by the addition of 40 uM [a-**P]JUTP (2.5 Ci/nmol), 50 pg of
heparin/ml, and 200 wM (each) ATP, CTP, and GTP. After 10 min, the reaction
was terminated by the addition of stop solution (7 M urea, 0.1 M EDTA, 0.4%
[wt/vol] SDS, 40 mM Tris-HCI [pH 8.0], 0.5% [wt/vol] bromophenol blue, and
0.5% xylene cyanol), separated by electrophoresis in 5% polyacrylamide-7 M
urea gels in 1X Tris-borate-EDTA buffer, and analyzed by PhosphorImager
(Molecular Dynamics).

DNase I footprinting reactions of the uhpT promoter were performed as
described previously (18), using 800 nM UhpA and 1,600 nM GST or GST-Bc,
which were incubated in TXN buffer with 1 nM P3?-end-labeled uhpT promoter
DNA for 30 min at 37°C prior to DNase I digestion. DNA fragments were
separated on sequencing gels and analyzed by PhosphorImager.

Phosphate transfer reactions. To assay autokinase activity, various GST-Bc
variant proteins were used at 2.8 wM concentration in a reaction volume of 50 pl
containing 50 mM HEPES, pH 8.0, 50 mM KCl, 5 mM MgCl,, and 1 mM
dithiothreitol. The reaction mixture was incubated at 25°C for 5 min before the
addition of 2 l of [y->?P]ATP (330 pCi; ca. 1 nM; ICN Pharmaceuticals). The
reaction mixtures were incubated at 37°C, and 8-pl portions were removed at
intervals, mixed with 2 wl of 6X sample buffer (350 mM Tris-HCI [pH 6.8], 10%
SDS, 30% [vol/vol] glycerol, 0.6 M dithiothreitol, 50 mM EDTA), and placed on
ice. Samples were resolved by SDS-PAGE, and the radioactivity on dried gels
was localized with a PhosphorIlmager. To assay phosphotransfer activity, the
autophosphorylation reaction was allowed to proceed for 20 min for maximal
phosphorylation of UhpB. UhpA protein was added to 2.8 wM. Portions were
removed and processed as described above. When indicated, UhpA-D54N was
used at 5 wM concentration instead of UhpA. Unlabeled 1 mM ATP or 10 mM
EDTA was incubated with the UhpA prior to its addition to P-UhpB.

RESULTS

Dominance and epistasis properties of Uhp regulatory mu-
tants. Mutations that result in tetrapeptide insertions in UhpB
or UhpC proteins exhibited a range of regulatory phenotypes,
including normal inducible behavior, loss of expression, ele-
vated basal levels, or fully constitutive behavior (10). The dom-
inance and epistasis relationships of some of these mutations
were investigated. Each mutation in uipA or uhpB was com-
bined with one of three uhpC alleles: uhpC™, the uhpC9I1:4
allele expressing a tetrapeptide insertion after amino acid 91

and conferring high-level constitutive expression, or the
uhpC91:8 allele expressing an 8-residue insertion after amino
acid 91 and unable to express uhpT. These sets of plasmids
were integrated into the chromosomal uhpT locus in polA
strains in such a way that the wild-type uhpABC locus was
either present in tandem with the integrated plasmid or de-
leted.

The regulatory behavior elicited by the presence of these
uhp alleles was determined from expression of a uhpT-lacZ
transcriptional reporter (Table 2). The Uhp® phenotype of the
uhpC91:4 allele was dominant to uhpC™, and the Uhp~ phe-
notype of uhp91:8 was recessive, indicating that uhpC91:4 en-
codes a gain-of-function variant and uhpC91:8 is a null variant.
The loss of Uhp expression resulting from tetrapeptide inser-
tions in uhpA, typified by uhpA15:4, was recessive to uhpA™
and epistatic to uhpC, as expected for the loss of function of
the required uhpT transcription activator.

Insertions in uhpB resulted in three general phenotypes. The
uhpB151:4 allele conferred high constitutive expression re-
gardless of the status of uhpC, consistent with activation of
UhpB kinase activity that was independent of the presence of
UhpC. Some insertions in uhpB, typified by uhpB87:4, con-
ferred very low Uhp expression which was somewhat higher
than that of the uninduced wild type, presumably owing to loss
of P-UhpA phosphatase activity, but was unaffected by the
presence of Glu6P, as is seen for uhpB null mutations (11).
This phenotype was recessive to uhpB™ and was indifferent to
uhpC. Thirdly, several insertions in the transmembrane portion
of UhpB, typified by uhpB250:4, exhibited basal expression
which was elevated to various degrees and which was further
inducible by Glu6P. This phenotype was dominant to uipB™
but required the presence of an active form of uhpC, suggest-
ing the existence of a UhpB-UhpC signaling complex.

UhpC-independent mutants. All of the tetrapeptide inser-
tions in uhpB that conferred elevated or constitutive behavior
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TABLE 3. Effect of uhpB truncation derivatives on u/p expression

B-Galactosidase activity

Plasmid genotype from uhpT-lacZ reporter”

RK1310 RK1302
uhpB uhpC (uhp*) (~/+) (AuhpB) (~/+)
Vector 1/350 40/34
B*:1-500 A 12 2/3
+ 1/279 15/262
B’:182-500 A 2/7 1/1
+ 1/1 1/1
B’:288-500 A 32/108 115/102
+ 1/213 1/1
B’:345-500 A 4/189 5/4
+ 1/241 4/2

“ B-Galactosidase units are presented for cells grown in the absence (—) or
presence (+) of Glu6P.

affected the membrane-spanning N-terminal half of UhpB (10).
Mutants active in the absence of UhpC were obtained by selec-
tion for spontaneous or mutagen-induced Uhp™ variants of the
uhpC91::Km or uhpC409::Km parents. All mutants chosen for
study retained the kanamycin resistance of the parental strains,
exhibited constitutive uhpT-lacZ expression, and carried second-
site mutations which were responsible for the constitutive behav-
ior and were closely linked to the kanamycin resistance determi-
nant by P1-mediated transduction. The uhpAB regions from 12
independently derived mutants were cloned and sequenced.

The 12 UhpC-independent variants included 11 with single-
amino-acid substitutions and one with double-amino-acid sub-
stitutions in the C-terminal half of UhpB. These UhpC-inde-
pendent uhpB mutants were represented by five isolates with
the E299K substitution, three with R366C, two with R324C,
one with G479D, and one isolate with the double substitution
E295G plus E302K. All isolates with the same amino acid
substitution had the same nucleotide substitution. The consti-
tutive uhpT-lacZ expression level in the presence of the E299K
variants was several times higher than that of the other mu-
tants. These results show that the requirement for UhpC to
activate UhpB can be bypassed by certain substitutions, result-
ing in a change of charge near the conserved motifs in the
C-terminal portion of UhpB.

Effect of overexpression of UhpB. To examine the effect on
Uhp regulation of coexpression of uhpB and uhpC, a series of
plasmids was made that encode intact or N-terminally trun-
cated forms of UhpB, with or without intact UhpC. Construc-
tion of these variants made use of the set of PstI linker inser-
tions in the uhp region (11). Expression of uhpB may be
coupled to translation of uhpA, because their ends overlap in
the sequence TGATG. Hence, the transcription of uhpB was
driven by the lac promoter in the pSU19 vector, and translation
initiated at the lacZ' gene of the vector was engineered to
continue in frame through the distal end of the uhpA coding
sequence. In plasmid pSuB, the uhpB gene is followed by the
proximal portion of uhpC encoding the first 91 amino acids. In
plasmid pSuBC, the uhpB gene is followed by the intact uhpC
gene. The plasmids were introduced into host strains carrying
a uhpT-lacZ reporter and the intact uhp™ chromosomal locus
or the AuhpB allele, respectively. A AuhpBC host showed reg-
ulatory properties similar to those of the AuhpB strain (data
not shown). Expression of 3-galactosidase after growth in the
absence and presence of Glu6P was measured (Table 3).

The presence of plasmid pSuB encoding wild-type UhpB
(residues 1 to 500) completely blocked Uhp expression in the
uhp™ strain RK1310, whereas the empty vector plasmid or

J. BACTERIOL.

plasmid pSuBC expressing both uhpBC genes allowed Glu6P-
inducible expression. The pSuBC plasmid conferred inducible
Uhp expression in host strains with uhpB or uhpBC deleted,
whereas the uhpB™ plasmid pSuB did not. The inability of the
chromosome-encoded UhpC protein to allow the function of
plasmid-encoded UhpB is consistent with the interference seen
in the uhp™ strain, indicating that the excess UhpB blocks the
activating effect of smaller amounts of the UhpBC complex.

To test whether the entire UhpB protein was required for
this interference phenomenon, plasmids encoding N-termi-
nally truncated forms of UhpB, designated B':182-500, B":288-
500, and B':345-500, were analyzed (Table 3). In these plas-
mids, the distal portion of uhpA was fused in frame at several
sites to the lacZ’ gene using the PstI linker insertions. As in the
cases of the pSuB and pSuBC plasmids, the uhpB coding re-
gion was followed by either the proximal portion of the uhpC
gene or the intact gene. The UhpB’:182-500 variant lacks
about two-thirds of the transmembrane portion of UhpB and
conferred a strong dominant-negative interference effect.
When UhpC was coexpressed, this UhpB variant was unable to
activate Uhp expression, showing that it retained the se-
quences required for interference but was unable to recognize
the activating signal transmitted by UhpC. The UhpB':288-500
variant has the entire transmembrane region and 16 residues of
the cytoplasmic domain deleted. This variant conferred an
unusual response of partially constitutive uhpT expression
when it was expressed alone but strong interference when it
was coexpressed with UhpC. The UhpB':345-500 variant lacks
the transmembrane portion and 73 residues of the cytoplasmic
segment, including the site of phosphorylation. This variant
had no effect on Uhp expression determined by the chromo-
somal locus and did not activate by itself. Thus, Uhp expression
is blocked by the presence of intact UhpB in excess of UhpC or
by the C-terminal half of UhpB beyond residue 182 but includ-
ing residues between positions 182 and 345.

Interference by the cytoplasmic portion of UhpB. To facili-
tate the enzymatic analysis of UhpB function, the C-terminal
cytoplasmic portion of UhpB from residues 273 to 500 was
expressed as a C-terminal fusion to GST, designated GST-Bc.
Unlike many other HKs, GST-Bc was unable to activate Uhp
expression in a AuspB host, even though appreciable levels of
the fusion protein were produced (Fig. 1, inset). As was seen
with intact UhpB, the presence of GST-Bc completely blocked
uhpT activation by the chromosomal uhp™ locus, whether as-
sayed by growth on Glu6P (data not shown) or by uhpT-lacZ
reporter activity (Fig. 1B).

This interference phenotype could be explained by the abil-
ity of the GST-Bc protein to accelerate dephosphorylation of
P-UhpA that was phosphorylated by the chromosome-encoded
UhpBC complex. To test this model, GST-Bc was expressed in
strain CW235 carrying the chromosomal phosphorylation-in-
dependent uhpA(HI170Y) allele. This variant was obtained as a
UhpB-independent mutant and allows constitutive Uhp ex-
pression in the absence or presence of the uhpBC genes (26).
Its constitutive Uhp expression was completely abrogated
when GST-Bc was expressed (Fig. 1C).

To show further that the negative action of GST-Bc oper-
ated by a different mechanism than dephosphorylation of
UhpA, the effect of GST-Bc was tested in a strain in which
UhpA was overexpressed from a compatible plasmid carrying
uhpA in the AuhpAB host RK1306 (Fig. 2). Multicopy expres-
sion of uhpA resulted in phosphorylation-independent and
constitutive activity of the uhpT-lacZ reporter. Coexpression of
GST-Bc resulted in an 80% decrease in B-galactosidase activ-
ity, which remained independent of Glu6P induction. Addition
of 5 uM IPTG to increase transcription of the GST-Bc gene
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FIG. 1. Effect of GST-Bc expression on uhpT-lacZ activation. Plasmids ex-
pressing GST or GST-Bc were introduced into whpT-lacZ strains RK1305
(AuhpB) (A), RK1310 (uhp™) (B), and CW235 (uhpA H170Y) (C). As indicated,
the cells were grown in the absence (solid bars) and presence (shaded bars) of
Glu6P. The inset shows a Western blot of equal numbers of cells of RK1305
expressing GST or GST-Bc probed with anti-GST antibody.

from its tac promoter resulted in almost complete loss of Uhp
expression. Similar results were obtained with the UhpA-D54N
variant lacking the site of phosphorylation. Taken together, these
results show that the interference phenotype conferred by
GST-Be is not dependent on the state of phosphorylation of
UhpA but is affected by the relative amounts of the Uhp regula-
tory proteins. We propose that, in addition to having cophos-
phatase activity for P-UhpA, UhpB and GST-Bc might also affect
UhpA action by binding and sequestering it.
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FIG. 2. Effect of GST-Bc expression when UhpA is also overexpressed. Plas-
mids pGEX3x-TEV and pJSW141 expressing GST or GST-Bc and plasmids
pCAWS and pA-D54N expressing UhpA or UhpA-D54N, respectively, were
introduced into strain RK1306 (AuhpAB NuhpT-lacZ). The level of B-galactosi-
dase was measured following growth in the absence (—) or presence (+) of
Glu6P or 5 uM IPTG.
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FIG. 3. Effect of GST-Bc on UhpA-dependent transcription of the uhpT
promoter. The conditions for in vitro transcription were 30 nM RNA polymer-
ase, 220 nM UhpA, and 1 nM plasmid pUT1 DNA, along with the indicated final
concentrations of GST or GST-Bc. The synthesis of RNA species was deter-
mined by PhosphorImager analysis of electropherograms. The locations of the
uhpT-specific transcript and the vector-encoded RNAI are indicated on the right.

GST-Bc inhibits DNA binding and transcription activation
by UhpA. We have previously shown that UhpA can bind to
sites in the uhpT promoter and activate its transcription in an
in vitro system with purified components. These activities do
not require phosphorylation of UhpA (18). DNase I footprint-
ing of UhpA at the uhpT promoter and in vitro transcription
were assayed in the presence of GST and GST-Be. In the
footprinting assay (data not shown), the protection or en-
hancement of DNase cleavage of sites in the —80 to —32
region by the presence of 800 nM UhpA was completely re-
versed by the presence of 1,600 nM GST-Bc but was not af-
fected by 1,600 nM GST. The uhpT-specific in vitro transcrip-
tion activated by 220 nM UhpA was completely blocked by the
presence of 200 nM GST-Bc but was unaffected by GST (Fig.
3). These results show that GST-Bc has a direct inhibitory
effect on UhpA that is independent of its state of phosphory-
lation. The stoichiometry of the inhibition of transcription sug-
gests the formation of an inactive 1:1 complex of UhpA and
UhpB.

Effect of activating mutations in GST-Bc. Each of the mu-
tations described above that conferred UhpC-independent
constitutive expression was transferred into the GST-Bc coding
region by oligonucleotide-directed mutagenesis. The presence
of the R324C and the double E295G-plus-E302K (both of
which were necessary) substitutions resulted in loss of the
dominant-negative interference phenotype and in constitutive
Uhp expression in the absence of chromosome-encoded
UhpB, as measured by growth on Glu6P or expression of the
uhpT-lacZ reporter.

To test whether these activating mutations resulted in loss of
the sequestration effect, these mutations were combined with
changes in the motifs that are conserved among HK proteins,
namely, H313E and H313Q at the site of phosphorylation,
N424D and H428Q in the N box, and four substitutions in the
ATP-binding G box, D451A, D452A, G453A, and G455A. The
presence of these mutations in otherwise-wild-type GST-Bc
protein did not affect its strong interference phenotype (Table
4), suggesting that interference was unrelated to the phos-
phate-transfer activity of UhpB (see below). When these mu-
tations in the conserved motifs were combined with either of
the two activating substitutions, the resulting GST-Bc variants
were unable to activate uhpT expression and displayed a strong
dominant interference phenotype. These results show that
each of the conserved motifs is necessary for Uhp activation
and that the activating mutations do not block sequestration
but instead enhance UhpB autokinase activity.

Phosphate transfer activity of GST-Bc. Many HK proteins
exhibit autokinase activity and phosphate transfer to their cog-
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TABLE 4. Effect on uhpT-lacZ expression of amino acid substitutions in conserved residues in GST-Bc with activating mutations

B-Galactosidase activity in uhpT-lacZ host strain®

Substitution in

. uhp™* AuhpBC®
conserved residues

WT E295G + E302K R324C WT E295G + E302K R324C
Vector 3/497 7/454 7/450 7/3 7/8 7/8
WT GST-Bc 12 490/482 285/281 12 481/457 381/343
H313E 3/2 3/2 2/22 ND 4/4 5/3
H313Q 4/2 3/4 2/3 ND 3/3 3/4
N424D 4/2 2/17 2/2 ND 3/3 2/3
H428Q 172 1/3 2/2 ND 3/2 3/3
G box* 2/2 2/51 1/12 ND 3/3 3/2

“ B-Galactosidase units are presented for cells grown in the absence/presence of Glu6P in host strains with the indicated activating mutation or wild type (WT). ND,

not determined.

® Identical results were obtained with host strains carrying AuhpB or AuhpC alleles.
¢ G box substitutions comprise the following four substitutions: D451A, D452A, G453A, and G455A.

nate response regulator. To test for autokinase activity, puri-
fied GST-Bc protein and several of its variants were incubated
with [y-*2P]ATP, followed by electrophoretic resolution and
detection of radioactive proteins. The GST-Bc protein exhib-
ited very low levels of autophosphorylation (Fig. 4). However,
the active variant, GST-Bc R324C, exhibited substantial au-
tokinase activity, which was completely lost when the site of
phosphorylation was altered by the H313E substitution.

The ability of phosphorylated GST-Bc R324C to mediate
phosphate transfer to UhpA was shown by allowing formation
of P-GST-Bc by autophosphorylation with [y->*PJATP for 20
min followed by the addition of UhpA. At intervals, samples
were removed and resolved by SDS-PAGE (Fig. 5). Under
these conditions, P-GST-Bc R324C exhibited almost complete
transfer of phosphate to UhpA within 1 min, but the P-UhpA
thus formed underwent dephosphorylation, presumably by re-
lease of inorganic phosphate, at a much higher rate than the
rate of dephosphorylation of P-UhpA alone, i.e., <5 min and
>60 min, respectively (3). When P-GST-Bc R324C was incu-
bated with UhpA D54N, lacking the site of phosphorylation
(Fig. 5B), there was no transfer of labeled phosphate to UhpA,
and the amount of label on GST-Bc was retained.

In the presence of 1 mM unlabeled ATP added together
with UhpA, the transfer of labeled phosphate from P-GST-Bc
to wild-type UhpA was greatly slowed, but the retention of
label on both Uhp proteins was much more prolonged than in
the absence of added ATP (Fig. 5C). Similar behavior was seen
with the addition of 10 mM EDTA (Fig. 5D).

DISCUSSION

The Uhp system provides a simple but atypical model for
study of two-component signaling, involving a single, specific,
and easily controlled input signal that leads to an extensive
change in expression of a single tightly regulated promoter.
HK proteins typically possess competing kinase and phospha-
tase activities, whose balance is controlled by the specific input
signal. The default state of most HK proteins, revealed by
liberation of the cytoplasmic phosphotransfer domain, exhibits
high unregulated kinase activity.

UhpB represents an unusual situation, owing to its require-
ment for the participation of another transmembrane protein,
UhpC, probably as a signal receptor. Since a uapC null mutant
is phenotypically Uhp™, it appears that UhpB must exist in a
form that is inactive as an autokinase in the absence of UhpC.
To test the dominance and epistasis properties of peptide
insertion variants on uhp regulation, diploid strains carrying
combinations of mutant and wild-type uhp regulatory genes
were constructed by homologous recombination into the uhpT
locus of polA strains. The Uhp® phenotype of certain insertions
in uhpB and uhpC was dominant, but the induced level of
expression was reduced under conditions where the copy num-
ber of uhpB exceeded that of uhpC, consistent with a negative
action of UhpB that is not in complex with UhpC. Consistent
with this view was the finding that a plasmid carrying the uhpB
coding region cannot complement a AuhpB or AuhpBC strain.
Complementation for restoration of inducible behavior oc-
curred only when the plasmid carried both uhpB and uhpC.

GST-B¢ R324C GST-B¢ GST-B¢ R324C
H313E
o 5 10° 15 20 o 5 100 15° 20 0 5 100 158 20
g+ ik
Eet i8S
autoradiography

‘-———-------—'--

coomassie stain

FIG. 4. Autophosphorylation of GST-Bc variants. Purified samples of GST-Bc R324C, GST-Bc, and GST-Bc R324C H313E, each at 2.8 wM, were incubated for
the indicated periods (in minutes) with [y->*P]ATP. The samples were resolved by SDS-PAGE, the distribution of radioactivity was determined by PhosphorImager
analysis (top panel), and the amount of GST-Bc protein was estimated by Coomassie blue staining of the electropherogram (bottom panel).



VoL. 182, 2000

GST-B
R324C

UhpA

GST-B¢
R324C

UhpA
D54N

UhpB INHIBITS UhpA 6285

GST-B¢
R324C

UhpA

UhpA

FIG. 5. Phosphate transfer from P-UhpB to UhpA. Purified GST-Bc R324C was incubated for 20 min with [y->*P]ATP under the same conditions for autophos-
phorylation specified in the legend to Fig. 4. After the period for labeling of Uhp, the following were added: 2.8 wm UhpA (A), 5 pM UhpA D54N (B), 2.8 .M UhpA
plus 1 mM ATP (C), or 2.8 puM UhpA plus 10 mM EDTA. Samples were removed at the indicated times (in minutes), mixed with 6X SDS sample buffer on ice, and
resolved by SDS-PAGE, and the distribution of radioactivity was determined by PhosphorImager analysis. The labeled band in the middle of each panel is not a Uhp

protein but a very minor contaminant that copurifies with GST-Bc.

This result agreed with the properties of the constitutive but
UhpC-dependent uhpB mutants (10), which suggested that
both proteins function as a complex and that the molecules of
UhpB present in excess of UhpC have a dominant-negative
interference effect. The relative amounts of UhpB and UhpC
proteins have not been measured, but they are expressed as an
operon and could be translationally coupled.

The interference phenotype was localized to the C-terminal
half of UhpB, since liberation of this HK domain from the
transmembrane N-terminal half did not result in activation of
UhpA but retained the strong dominant-negative interference.
Although we initially suspected that the interference was a
reflection of the phosphatase activity of the UhpB HK domain,
several lines of evidence indicated that this effect is indepen-
dent of the state of phosphorylation of UhpA and probably
involves the binding and sequestration of UhpA. There was
strong interference by GST-Bc on activation by the UhpB-
independent UhpA H170Y variant or by overexpressed UhpA-
D54N lacking the site of phosphorylation. GST-Bc inhibited
the ability of UhpA to bind and to activate the in vitro tran-
scription at the uhpT promoter; both processes were measured
in the absence of phosphorylation. Inhibition of transcription
occurred with roughly equimolar amounts of UhpA and GST-
Bc, and complex formation between GST-Bc and UhpA has
been seen by a GST pulldown assay (30).

HK proteins function as homodimers, as indicated by their
capability for intersubunit phosphorylation (17), by the occur-
rence of examples of dominant-negative interactions, and by
direct structure determinations. Truncations of VanS that in-
hibit PhoB activation by functional VanS appeared to form
inactive heterodimers with VanS rather than to inhibit PhoB
directly (4). The EnvZ HK domain forms a dimer through

subdomain A (19, 24). In contrast, the dominant-negative ef-
fect of GST-Bc does not require the presence of intact UhpB
and appears to occur through direct action on UhpA.

Complex formation between other HK proteins and their
cognate response regulators has been described. Surface plas-
mon resonance studies showed that binding of CheA to CheY
occurs with affinity around 30 nM (22) and that the CheA P2
domain forms a stable complex with CheY (14, 27). The VanS-
VanR protein pair forms a complex with a dissociation con-
stant around 30 nM (5), and VanS was an efficient inhibitor of
the binding of P-VanR to DNA (8). Subdomain A of EnvZ was
shown to interact with OmpR (19).

Some of the UhpC-independent forms of UhpB showed
relief of the dominant-negative effect when expressed as a
GST-Bc fusion. These activating substitutions occurred near
the H box, in the region related to subdomain A of EnvZ,
which forms a four-helix bundle during EnvZ dimerization
(24). The UhpB R324C variant is active in the absence of
UhpC and results in the appearance of autokinase activity in
the GST-Bc context. This activating change does not appear to
alter the interaction of UhpB with UhpA, since GST-Bc-
R324C still showed a strong dominant-negative effect when its
autokinase function was abrogated by the substitutions in con-
served regions important for phosphotransfer activity. As ex-
pected from studies of other HK proteins, conserved residues
in the H box, the N box, and the G box were required for
autokinase activity. However, they were not required for the
interference phenotype. The active variant of GST-Bc could
participate in phosphate transfer to UhpA, but it also seems to
mediate the dephosphorylation of P-UhpA, as shown by the
relatively rapid loss of labeled phosphate from UhpA in the
presence of UhpB. As expected, phosphate transfer to UhpA
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was blocked by the presence of EDTA, which removes the
essential Mg ion from the active site of RR proteins (12).
Taken together, these results show that the default state of
UhpB is kinase off and that activation of autokinase activity
requires either the presence of UhpC or certain mutations
near the H box of UhpB. The requirement for UhpC to acti-
vate kinase activity allowed the demonstration that the unac-
tivated form of UhpB confers a very strong interference with
UhpA action. This interference cannot be explained solely by
UhpB phosphatase activity and must involve the binding and
sequestration of UhpA by inactive UhpB. Whether this seques-
tration activity is a general feature of HK proteins remains to
be demonstrated, but tethering could provide a general mech-
anism for a quick response to environmental signals. The RR
protein could be docked with the HK protein, ready for im-
mediate phosphorylation upon receipt of the appropriate sig-
nal. Studies with the Bacillus subtilis KinA HK and its cognate
RR, Spo0OF, demonstrated that KinA autophosphorylation is
enhanced by the presence of SpoOF (6), an indication that
HK-RR tethering may have physiological and kinetic value.
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