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The uhpABCT locus ofEscherichia coli is responsible for expression of the sugar-phosphate transport system
and its induction by external glucose 6-phosphate. Expression of uhpT-lacZ fusions depended on the function
of uhpA, uhpB, and uhpC but not of uhpT. A plasmid carrying only uhpT conferred transport activity in a host
strain deleted for the uhp region. Thus, uhpT encodes the polypeptide required for transport function, and the
other three uhp genes regulate uhpT transcription. The presence of uhpA at elevated copy number resulted in
a substantial increase in uhpT expression. This elevated expression was only about 50% of the level seen in
induced haploid cells, and no further increase occurred after addition of inducer. Activation by multicopy uhpA
was not affected by the status of uhpC but was decreased in the absence of uhpB, suggesting a role for UhpB
in directly activating UhpA. Transcription of uhpA, monitored by expression of a uhpA-lacZ fusion, was not
affected by either inducer or the presence of the. wild-type uhpA allele. The presence of multiple copies of the
uhpT promoter region reduced uhpT expression in strains with uhpA in single copy number but not in those
with multiple copies, consistent with competition for the activator. Amino acid sequence comparisons showed
that UhpA was homologous to a family of bacterial regulatory proteins, some of which act as transcriptional
activators (OmpR, PhoB, NtrC, and DctD). The C-terminal portion of UhpB displayed matches to the
corresponding portions of another family of proteins (EnvZ, PhoMR, NtrB, and DctB) that participate in
regulation of gene expression in response to environmental factors.

Cells of Escherichia coli can accumulate various phos-
phorylated carbohydrates by means of the uhpT-encoded
sugar-phosphate transport system. Its synthesis is controlled
by a transmembrane signaling process termed exogenous
induction. Induction occurs when glucose 6-phosphate
(G6P) (or 2-deoxyglucose 6-phosphate) is present in the
growth medium but not when G6P is formed inside the cell
by transport and phosphorylation of glucose (3, 28). Studies
with uhpT-lac fusions demonstrated that production of the
transport system was regulated at the transcriptional level
and that UhpT transport activity was not needed for uhpT
induction (23). Regulation by external G6P avoids the con-
stant expression that would otherwise occur in response to
the presence of substantial levels of internal G6P under most
growth conditions. The Uhp transporter has been shown to
operate as a sugar phosphate/phosphate antiporter (1). Its
unregulated synthesis could be detrimental to the cell by
providing a route for loss of many phosphorylated metabo-
lites as well as inorganic phosphate.

Genetic studies have provided information about the
mechanism of exogenous induction. All mutations that spe-
cifically affect the Uhp transport system lie in the uhp locus
at min 82.1 on the genetic map (2, 10). The nucleotide
sequence of this region has been determined, and transposon
insertions have been isolated throughout the cloned segment
(7, 26). Comparison of the reading frames deduced from the
sequence and the growth phenotypes caused by the trans-
poson insertions revealed the existence of four uhp genes.
They are transcribed in the same direction and arranged in
the order uhpABCT. The polypeptide products of the four
genes have been detected in maxicells and in a phage T7
polymerase-promoter expression system (26).

Insertion mutations in any of the four uhp genes on the
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chromosome resulted in a Uhp- phenotype. However, nei-
ther uhpB nor uhpC was needed for growth on G6P when
uhpA+ was present on a multicopy plasmid. Based on these
results and the properties of the predicted Uhp polypeptides,
we proposed that UhpA is a positive activator of uhpT
transcription and that UhpB and UhpC are membrane pro-
teins that detect the presence of external G6P and regulate
the ability of UhpA to stimulate uhpT transcription. This
model of the role of the uhp genes was based on comple.
mentation tests measuring the growth response of strains
carrying chromosomal uhp mutations and plasmids with
various segments of the uhp region. This paper presents
quantitative measurements of uhpT transcription and func-
tion in these strains. Transcriptional activity was estimated
by using uhpT-lacZ fusions; UhpT function was assayed by
measuring G6P transport activity. These studies provide
new information about the function of the uhp regulatory
genes and about the aberrant expression of uhpT that occurs
in response to overproduction of UhpA.

Additional information on the possible role of the products
of the uhp regulatory genes came from detection of amino
acid sequence homology to other bacterial proteins. Regu-
latory proteins that contain conserved sequence motifs are
being found in increasing numbers. Often, it is seen that
transcriptional gene control in response to external signals is
mediated by members of these related families. For exam-
ple, transcriptional regulation of the outer membrane porin
proteins and the modulation of their levels in response to the
medium's osmolarity depends on the ompR and envZ prod-
ucts (9). The phoB, phoM, and phoR products allow dere-
pression of the genes of the pho regulon in response to
phosphate limitation (25). The ntrC and ntrB products con-
trol numerous genes subject to regulation by the nitrogen
supply (4, 18). Other pairs of transcription regulatory pro-
teins include sfrA and cpxA (F pilin synthesis [5]), virG and
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TABLE 1. Bacteria and plasmids used

Strain or Descnption Reference or
plasmid ecpinsource

E. coli
RK4353
RK4991
RK5000
RK5171
RK5173
RK5968
RK5969
RK7240
RK7242
RK7243
RK7244
RK7245
RK7246
RK7247
RK7249
RK7251
RK7252
RK7253
RK7254
RK7621
RK7622
RK7623
RK7624

Plasmids
pAL2
pDSE7

pGEM-4
pRJK1O
pLAW007
pLAW014
pLAW015
pLAW024
pLAW025
pLAW027
pLAW028
pLAW030
plO-jl
plO-j2
plO-3b
plO-el

araDB39 A(argF-lac)U169 relAl rpsL150 thi gyrA219 non
RK 4353 AuhpT2050 recA56
RK5171 pyrE+ A(ilvB-uhpABCT')2056 recA56
RK4353 metE70 pyrE40
RK5171 metE+
RK5173 uhpT::Xpl(209)2136 recA56
RK5173 uhpA::Xpl(209)2134 recA56
RK5171 pyrE+ uhpT2111::miniKm
RK5171 pyrE+ uhpB2113::miniKm
RK5171 pyrE+ uhpC2J14::miniKm
RK5171 pyrE+ uhpB2115::Tn1000
RK5171 pyrE+ uhpC2J16::Tnl000
RK5171 pyrE+ uhpC2I17::Tn1000
RK5171 pyrE+ uhpB2J18::Tnl000
RK5171 pyrE+ uhpC2120::Tnl000
RK5171 pyrE+ uhpT2122::Tnl000
RK5171 pyrE+ uhpA2l23::miniKm
RK5171 pyrE+ uhpA2125: :miniKm
RK5171 pyrE+ uhpA2l25: :miniKm
RK5171 pyrE+ uhpA2123: :miniKm recA56
RK5171 pyrE+ uhpB213::miniKm recA56
RK5171 pyrE+ uhpC2114::miniKm recA56
RK5171 pyrE+ uhpT2111::miniKm recA56

pFR97 with 912-bp Sau3A fragment in BamHI site; carries +(uhpT-lacZ); Apr
pMLB524 with EcoRI fragment from Auhp-lac transducing phage 6j; carries

uhpT-lac operon fusion and uhpB+ uhpC+; Apr
Apr
pBR322 with 6.5-kb HindIII-BamHI fragment; Apr
pGEM-4 with 2-kb ClaI fragment; Apr
pGEM-4 with HindIII-BamHI deleted for 2-kb ClaI fragment; Apr
pGEM-4 with 2.8-kb EcoRV-4-EcoRV-5 fragment; Apr
pGEM-4 with 1.8-kb SphI-BamHI fragment; Apr
pGEM-4 with 1.6-kb ClaI-2-BglII fragment; Apr
pGEM-4 with 3.2-kb ClaI-2-BamHI fragment; Apr
pGEM-4 with 5.3-kb HindIII-BglII fragment; Apr
pRJK1O deleted for 1.6-kb HpaI fragment; Apr
pRJK1O uhpA2l23::miniKm
pRJK1O uhpB213::miniKm
pRJK1O uhpC2114::miniKm
pRJK1O uhpT2lll::miniKm

23
24
24
26

24

26
26
26
26
26
26
26
26
26
26
26
26

virA (virulence traits in Agrobacterium tumefaciens [19,
27]), and dctD and dctB (dicarboxylic acid transport system
in Rhizobium leguminosarum [20]).
Members of "two-component regulatory systems" share

sequence motifs that might indicate a common origin and
may be areas of interaction between the two protein com-
ponents (18). The first members of each pair contain con-
served sequences within the first 120 amino acids; subsets of
these proteins display additional homologies within the
carboxyl end. Many members of this set act as transcrip-
tional activators. However, this family also includes the
products of che Y and cheB, which participate in the chemo-
tactic response (15). The second protein of each pair con-
tains conserved sequences in its C-terminal 200 amino acids.
Their amino-terminal ends are not conserved but often
contain potential transmembrane regions. Members of this
set may function as "sensors" of external signals. The
existence of these related pairs of regulatory proteins raises
the possibility of a common mode of regulation for these
processes. In this paper, the relationship of UhpA and UhpB
to these regulatory pairs is described.

MATERIALS AND METHODS

Bacterial strains and plasmids. Most of the strains of
Escherichia coli used in this study were described previously
(26) and are listed in Table 1. The construction of plasmids
carrying portions of the uhp region or uhp transposon
insertions was described previously (26). Plasmid pRJK1O
carries the entire uhp region as a 6.5-kilobase (kb) HindlIl-
BamHI fragment in the vector pBR322. The transposon
insertions were isolated in the same fragment in the vector
pACYC184 or pBR322. The uhp subclones were constructed
in pGEM vectors. Figure 1 presents the restriction map of
the uhp region and shows the locations of the uhp genes, the
positions of the transposon insertions, and the extent of
bacterial DNA carried on the plasmids used in this study.
The isolation of chromosomal uhp transposon insertions and
the transfer of insertions from plasmids onto the chromo-
some were described previously (24, 26). The transposon
designated miniKm is TnJOAJ16AJ7Km.

Isolation of uhp::Mu dII mutants. The uhp gene fusions
used in this study were obtained by in vivo transposition of
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FIG. 1. Restriction map of the uhp region, location of transposon insertions, and material carried on uhp plasmids used in this study. The

transposon insertions are indicated by their allele numbers below the restriction map. Sequences deleted from plasmid pRJK1O to form
plasmids pLAW014 and pLAW030 are indicated by dashed lines. All genes shown here are transcribed from left to right.

the Mu dII301(Ap lac) fusion-generating phage (kindly pro-
vided by P. J. Bassford), with selection for resistance to
fosfomycin. The fusions arising from single insertions of the
phage were stabilized by replacement of Mu sequences with
Xpl(209) by the method of Komeda and lino (11). The target
gene disrupted by the insertion was identified by comple-
mentation tests with various uhp plasmids. Only fusions to
uhpT displayed induction of P-galactosidase by G6P. Dif-
ferent uhpT-lacZ gene fusions exhibited a fourfold range in
induced ,B-galactosidase levels. Presumably, the activity or
stability of the membrane-bound UhpT-LacZ hybrd pro-
teins varies depending on the location of the fusion joint.

Plasinids bearing uhpT-lacZ fusions. Plasmid pAL2 was
constructed by ligating Sau3A-digested DNA from plasmid
pRJK1O into the BamHI site of plasmid pFR97 (22). Selec-
tion was for ampicillin-resistant transformants in strain
RK4991 that displayed G6P-inducible P-galactosidase activ-
ity. The resulting plasmid, pAL2, was shown to contain the
912-base-pair (bp) fragment that extends from the distal
portion of uhpC to codon 103 of uhpT, so that the uhpT
sequence is in phase with the lacZ gene of the vector.
Plasmid pDSE7 has been described previously (24).
Media and growth conditions. Minimal medium was me-

dium A (16) supplemented with 0.5% glycerol, thiamine (1
,ug/ml), and required amino acids (100 ,ug/ml). For enzyme or
transport assays, this medium was supplemented with 0.5%
casein hydrolysate. Plasmid-bearing strains were routinely
grown in the presence of ampicillin (25 ,ug/ml) or chloram-
phenicol (25 ,ug/ml), as appropriate. Cells were exposed to
0.35 mM G6P for at least three doublings before harvest and
assay. All transport and enzyme assays were performed in
duplicate and with several isolates of each strain.
Enzyme and transport assays. P-Galactosidase was as-

sayed as described previously (24) by measuring the con-

tinuous increase in absorbance at 420 nm of 2 mM o-ni-
trophenyl-,-D-galactopyranoside. Whole cells were perme-
abilized with CHCl3-sodium dodecyl sulfate (16). Enzyme
activity is expressed as nanomoles of o-nitrophenol formed
per minute per microliter of cell water (equivalent to 0.27 mg
of protein).

Cells were washed once and suspended to a density of 4 x
108/ml in growth medium containing chloramphenicol (100
,ug/ml). A portion of the cell suspension was incubated at
370C for 2 min before the assay was initiated by the addition
of [14C]G6P (200 ,uM and 0.1 ,uCi/ml, final values). Samples
were collected at 0.3 and 1.3 min on membrane filters
(Millipore Co., 0.45-,um pore size) and washed with 5 ml of
medium A. Transport activity is expressed as nanomoles of
G6P retained by the cells per minute per microliter of cell
water, with correction for radioactivity retained on the filter
in the absence of cells.
Homology search and sequence alignment. Amino acid

sequences were compared by using the computer program
FASTP of Lipman and Pearson (13). The statistical signifi-
cance of sequence matches was evaluated by comparison
with random sequences of the same amino acid composition
with the program RDF (13). Multiple sequences were aligned
visually by adjusting the pairs of computer alignments to
achieve the best overall arrangement.

RESULTS

Three uhp regulatory genes are required for uhpT transcrip-
tion. E. coli mutants with transposon insertions in any of the
four uhp genes were unable to grow on G6P or fructose
6-phosphate (26). As will be shown later, these strains lost
G6P transport activity. The expression of uhpT-lac fusions
offered a way to determine which of the uhp products were
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TABLE 2. Expression of plasmid-borne uhpT-lacZ fusions in uhp host strains

P-Galactosidase activity' (U)

Host strain Relevant genotype Plasmid pAL2 Plasmid pDSE7

No G6P With G6P No G6P With G6P

RK5173 uhp+ NDb ND 3 249
RK4991 AuhpT2050 2 322 ND ND
RK5000 AuhpABCT'2056 1 2 3 7
RK7254 uhpA2J25::miniKm 3 24 2 157
RK7252 uhpA2123::miniKm 2 1 3 2
RK7253 uhpA2124: :miniKm 5 5 1 1
RK7247 uhpB2118::TnlOOO 3 3 3 16
RK7242 uhpB2113: :miniKm 1 7
RK7244 uhpB2J15::TnJO00 7 6 3 43
RK7249 uhpC2J20::TnlOOO 5 3
RK7243 uhpC2114::miniKm 2 3 2 50
RK7245 uhpC2116::Tn1000 2 3 2 41
RK7246 uhpC21J7::Tnl000 2 1 1 52
RK7251 uhpF2l22::TnJO0O 1 56 ND ND
RK7240 uhpI'211::miniKm 3 78 3 450

aUnits of enzyme activity are defined in Materials and Methods. Cells were grown for at least three doublings in medium A with 1% glycerol, 0.5% casein
hydrolysate, and ampicillin (25 ,ug/ml), with or without 0.35 mM G6P as indicated.

b ND, Not determined.

involved in regulation of uhpT transcription and which were
necessary for formation of the functional transport system.
To test this, uhpT-lacZ fusions were introduced on plasmids
into host strains with transposon insertions in the individual
chromosomal uhp genes. The levels of ,-galactosidase were
measured after growth in the absence or presence of 0.35
mM G6P.
The uhpT-lacZ fusion plasmid pAL2 carries a 912-bp

Sau3A fragment that spans the distal portion of uhpC, the
upstream regulatory region of uhpT, and the first 309 bp of
uhpT in frame with lacZ. Plasmid pAL2 did not restore
utilization of G6P to any uhp mutant and thus carries no
intact uhp gene. Synthesis of P-galactosidase was induced
about 100-fold by G6P in a uhp+ host and in uhpABC+ hosts
with either deletions or transposon insertions in uhpT (Table
2). Production of P-galactosidase was eliminated by trans-
poson insertions in any of the other three uhp genes.
Substantial activity was expressed by the uhpA2125 mutant.
This insertion lay just outside the uhpA coding region and
appeared to reduce production of the normal uhpA product.
Thus, the transport function encoded by uhpT is not neces-
sary for regulation of its own synthesis, but the other three
uhp genes are required for uhpT transcription.
Plasmid pDSE7 carries a uhpT-lac operon fusion and

about 3 kb of DNA upstream of uhpT, containing uhpB and
uhpC but only the distal end of uhpA (24). The exact
endpoint within the uhp region has not been determined, but
the EcoRV site in uhpA is absent. This plasmid comple-
mented uhpB and uhpC but not uhpA mutations for growth.
Synthesis of P-galactosidase was induced about 100-fold by
G6P in wild-type and uhpT strains carrying this plasmid. No
expression was seen in uhpA hosts, but in contrast to pAL2,
inducible expression occurred in uhpB and uhpC hosts. The
G6P-induced enzyme levels were lower in these strains than
in the wild-type strain, perhaps because the absence of the
uhpA promoter region results in decreased expression of the
uhpBC genes. These results showed that uhpB and uhpC
function could be provided in trans.

Effect of uhp plasmids on uhpT transcription. The presence
of multicopy uhp plasmids results in altered regulation of
uhpT transcription. We showed previously that elevated
gene dosage of uhpA + conferred high-level constitutive

expression of uhpT (24, 26). To examine the effect of
increased copy number of the uhp genes, various plasmids
(Fig. 1) were introduced into a recA56 strain harboring a
chromosomal uhpT-lacZ fusion. The production of P-galac-
tosidase provided an assay for uhpT transcription, and G6P
transport activity gave a measure of the expression of uhpT+
genes present on some of the plasmids.
The 4:(uhpT-1acZ)2136 fusion strain RK5968 exhibited

G6P-inducible P-galactosidase synthesis but possessed no
significant G6P transport activity (Table 3) as a result of the
disruption of the chromosomal uhpT allele by fusion forma-
tion. The other chromosomal uhp genes were intact. The
degree of induction (25- to 50-fold) was somewhat lower than
that for the plasmid-borne fusions. This difference is proba-
bly not significant owing to the uncertainty in the measure-
ment of the low levels of activity in uninduced cells. The
induced level of P-galactosidase in the chromosomal fusion
strain was about 10% of that in the strains carrying a
uhpT-lacZ plasmid (Table 2), reflecting the lower copy
number of the chromosomal fusion.
The presence of any plasmid that carries uhpA [pRJK1O,

pLAW007, pLAW028, pLAW030, pRJK10-j2 (uhpB2113::
miniKm), pRJK10-3b (uhpC2J14::miniKm), or pRJK10-el
(uhpT2111: :miniKm)] conferred greatly elevated uninduced
levels of j-galactosidase (Table 3). Plasmids that did not
carry uhpA did not engender this elevated basal expression.
The presence of uhpA on the plasmid was the sole feature
that correlated with this aberrant regulatory behavior. The
levels of ,B-galactosidase in strains with multicopy uhpA
were usually ca. 50% of that found in induced cells of the
same strain with the vector alone. Surprisingly, no further
increase in P-galactosidase activity occurred when the
uhpA+-plasmid-bearing cells were grown with G6P. A mod-
erate decrease occurred upon addition of inducer to most
strains. This lack of inducibility was not solely the result of
catabolite repression, since it occurred even in strain
RK5968(pLAW007) with no detectable transport or metab-
olism of G6P. The only strain in which G6P elicited a
substantial increase in P-galactosidase activity over the
uninduced level was that harboring plasmid p10-el with a
transposon in uhpT.

Similarly, G6P transport activities in strains with both
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TABLE 3. Expression of chromosomal uhpT-lac and uhpA-lac gene fusions and G6P transport activity in strains carrying uhp plasmids

Activity (U)
Multicopyal3aatsdae

Strain and plasmid
M

p-Galactosidase' G6P transportc

A PT T No G6P With G6P No G6P With G6P

RK5968 [4s(uhpT-lacZ)]d
None - - - 0.5 27.2 NDe ND
pGEM3 - - - 0.9 26.0 0.2 0.3
pRJK1O + + + 15.2 11.8 19.7 22.1
pLAW007 + - - 18.5 13.9 1.2 0.2
pLAW014 - + + 1.1 0.8 1.3 36.9
pLAW015 - + - 0.7 1.8 0.2 0.1
pLAW024 - - + 1.0 25.4 2.7 2.4
pLAW025 - + - 0.1 2.1 1.3 0.2
pLAW027 - + + 0.1 1.4 2.8 17.9
pLAW028 + + - 13.8 15.9 0.1 0.1
pLAW030 + + + 15.1 10.3 25.6 21.5
plO-j1 (uhpA) - + + 0.1 2.1 0.3 13.6
plO-j2 (uhpB) + + + 9.7 7.2 19.4 19.7
plO-3b (uhpC) + + + 11.5 8.7 18.9 18.5
p1O-el (uhpT) + + - 10.5 35.4 1.1 0.1

RK5969 [4(uhpA-1acZ)]d
None 3.7 3.2 0.2 0.2
pRJK10 + + + 2.6 2.7 15.9 19.0
pLAW007 + - - 3.7 3.2 10.8 10.5

RK5173 (uhp+) 0.6 11.1
a A, PT, and T, Presence on plasmid of uhpA+, the uhpT upstream regulatory region, and uhpT+, respectively.
b Units of P-galactosidase are defined in Materials and Methods. Cells were grown as described in Table 2, footnote a.
c Cells were harvested and assayed for G6P transport activity as described in Materials and Methods.
d Fusion-bearing strains were RecA-.
ND, Not determined.

uhpT and uhpA on the plasmid were elevated and not
increased further upon growth with inducer. The levels of
transport activity were only two to three times higher than
that of a haploid strain.

Plasmids that did not carry intact uhpA conferred a
different regulatory behavior in RK5968. Transport activities
conferred by plasmids pLAW014, pLAW027, and plO-jl
were subject to induction by G6P. The induced transport
levels were comparable to those elicited by plasmids that
carried both uhpA and uhpT, which indicates that the
chromosomal uhpA product was fully functional. P-Galacto-
sidase synthesis was also inducible by G6P, but the induced
levels were very low, less than 10% of that seen in the strain
with the pGEM vector. The only plasmid that did not cause
this marked reduction in G6P-induced 1-galactosidase activ-
ity was pLAW024, which lacks both uhpA and the uhpT
regulatory region. It carries the complete uhpT coding region
but not its promoter, which lies upstream of the SphI site.
Strains carrying this plasmid exhibited low levels of trans-
port activity that were not affected by inducer or, as shown
later, any other uhp gene. Transcription of uhpT on this
plasmid appears to be driven from weak vector promoters.

It is thus likely that the decreased uhpT-lacZ expression
seen in the presence of the other plasmids that did not carry
uhpA was the result of competition for the limiting amounts
of the UhpA activator protein between the uhpT regulatory
region on the multicopy plasmids and that of the chromo-
somal fusion. Plasmid pAL2 engendered an equivalent de-
crease in transport activity when it was present in a uhp+
host (data not shown). The maximal level of expression
when these plasmids were present was roughly 1/20 of that
seen with plasmids carrying uhpA, consistent with a stoichi-
ometric titration of the activator. Thus, elevated levels of

uhpA and of the region upstream of uhpT had profound
effects on uhpT transcription.

Effect of uhp plasmids on G6P transport activity. The effect
of the presence of the other uhp genes on uhpT expression
and its response to excess uhpA could not be determined
from the previous experiments owing to the presence on the
chromosome of the wild-type allele of each gene. Hence,
strains were constructed that carried portions of the uhp
region on plasmids and transposon insertions in individual
chromosomal uhp genes. Expression of uhpT was deter-
mined from measurements of G6P transport activity. All
strains were recA to prevent recombination of the plasmid
with the chromosomal uhp region. Uhp regulatory behavior
in recA+ strains was inducible as a result of reduced plasmid
copy number (data not shown).

Plasmid pRJK10, carrying the entire uhp region, conferred
high and constitutive levels of transport activity in all hosts
(Table 4). As was seen with the strains described in Table 3,
transport activities were only about twice that of the induced
wild-type strain.
As expected, strains with an insertion in any uhp gene and

carrying the vector pGEM4 lacked transport activity. As
suggested from growth experiments (26) and consistent with
the expression of uhpT-lac fusions, at least a single copy of
both uhpA and uhpT had to be present for expression of
transport activity (Table 4). Neither uhpB nor uhpC was
required if uhpA was present in multiple copies. However,
their absence did affect transport activity in the presence of
either excess or haploid copies of uhpA.

Consider first the behavior of strains bearing plasmids
which did not carry uhpA (pLAW014, pLAW024, and plO-
jl). With plasmids pLAW014 and plO-jl, transport function
was dependent on the presence of chromosomal uhpA. In
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TABLE 4. G6P transport activity in strains carrying uhp plasmids and chromosomal uhp mutations

G6P transport activity' (U)

Plasmid RK7621 (uhpA) RK7622 (uhpB) RK7623 (uhpC) RK7624 (uhpT)

No G6P With G6P No G6P With G6P No G6P with G6P No G6P With G6P

pGEM4 0.1 0.1 0.1 0.1 0.1 0.1 0.3 0.1
pRJK1O 21.4 21.6 21.8 21.6 20.2 22.9 19.2 22.4
pLAW007 11.4 14.7 9.1 8.9 4.4 5.9 0.7 0.3
pLAW014 0.6 0.8 2.8 2.2 1.3 9.0 0.9 21.1
pLAW024 1.4 1.7 3.0 2.3 3.1 2.2 2.8 3.1
pLAW028 4.4 4.9 4.2 4.2 2.8 3.4 0.2 0.1
pLAW030 9.2 14.0 5.7 10.7 21.4 26.0 24.7 24.1
plO-jl 0.1 0.3 0.6 14.2 0.7 14.0 0.8 16.8
plO-j2 NDb ND 5.2 7.9 18.4 19.7 17.2 19.0
plO-3b ND ND 12.2 10.9 17.9 18.0 20.9 20.1
p10-el 8.1 11.9 6.8 11.3 6.4 8.8 0.2 0.5

a The uhp genotypes of the host strains were: RK7621, uhpA2123::miniKm; RK7622, uhpB2113::miniKm; RK7623, uhpC2J14::miniKm; uhpT2lJ1::miniKm.
All strains were recA. When used, G6P was present at 0.35 mM.

b ND, Not determined.

most uhpA+ hosts carrying either of these plasmids, trans-
port activity was inducible by G6P, but the induced level was
substantially lower (by 30 to 50%) than when uhpA was
carried on the plasmid. This result suggests that the level of
chromosomally encoded activator is limiting when there are
several copies of the uhpT regulatory region. Plasmid
pLAW014, which is deleted for uhpA and part of uhpB,
complemented the uhpC host almost completely, showing
that UhpC is expressed from this plasmid. The low level of
activity seen in the uhpB host RK7622 was not regulated,
and its origin is unclear. Plasmid plO-jI, with a transposon
insertion in uhpA, conferred inducible transport activity in
all uhpA+ hosts. This result indicates that the transposon
does not have a strongly polar effect on expression of the
distal uhp regulatory genes on the plasmid.

Expression from plasmid pLAW024 was low level and
constitutive in all hosts, confirming that this expression is
driven by weak vector promoters and is independent of
inducer and uhp control. This result indicates that uhpT is
the only gene whose product is required for transport
activity.

Plasmids that carried uhpA conferred constitutive trans-
port activity, as expected, although the levels of activity
were affected by the presence of the other uhp genes. The
constitutive expression of transport function in the uhpA
host RK7621 in response to plasmid pLAW007, which
carries only uhpA, was substantially lower than that seen
with pRJK1O, which carries the entire uhp region. The
absence of uhpB and uhpC depressed activity by an addi-
tional 25 and 50%, respectively. Similarly, plasmid
pLAW030, which is deleted for part of uhpB, conferred high
constitutive levels of transport in the uhpC and uhpT hosts.
Transport was partially inducible and somewhat lower in the
uhpA strain RK7621 and the uhpB strain RK7622, consistent
with a role for uhpB in stimulating activation by UhpA, even
in the presence of multicopy uhpA. An identical response
(substantial decrease in transport activity in the absence of
uhpB) occurred in strains carrying plasmid plO-j2, with a
transposon insertion in uhpB.
The absence of uhpC did not affect the high-level expres-

sion of uhpT in response to excess uhpA. Strain
RK7623(plO-3b), with transposon insertions in both the
plasmid and chromosomal copies of uhpC, displayed high-
level constitutive transport activities.
Plasmid pLAW028, which carries uhpABC intact but only

the proximal portion of uhpT, conferred low-level constitu-

tive transport activity in all uhpT+ hosts. Its reduced level of
expression is explained by competition for the activator
between the uhpT promoter on the chromosome and the
multiple copies of the promoter preceding the truncated
uhpT gene on the plasmid.
The results from transport and fusion expression in dif-

ferent strains were generally consistent with each other and
led to the following conclusions. Increased uhpA copy
number was associated with elevated transcription of uhpT
that was usually not increased further by addition of inducer.
This elevated expression was increased by a factor of 2 to 3
by the presence of uhpB, whereas the presence of uhpC did
not seem to affect this response. Strains carrying multiple
copies of the uhpT-regulatory region exhibited decreased
transport or 3-galactosidase activity, consistent with the
titration of the activator protein.

Regulation of uhpA expression. Derepression of the pro-
teins of the pho regulon during phosphate limitation is
associated with increased synthesis of the PhoB activator
protein (8). To test whether a similar situation might occur in
the control of the Uhp system, the expression of uhpA was
examined by means of a uhpA-lacZ gene fusion.
The recA strain RK5969 carries a stabilized Mu(lac) gene

fusion to uhpA and exhibits a Uhp- phenotype that is
complemented only by uhpA+ plasmids. Production of P-
galactosidase by this strain was 10 to 15% of that engendered
by uhpT-lac fusions. Enzyme levels were not substantially
affected by addition of G6P or by the presence of the uhpA+
plasmid pRJK10 or pLAW007 (Table 3). Both of these
plasmids conferred constitutive G6P transport activity.
Thus, expression of uhpA is constant during induction of
uhpT transcription, and there is no indication of autogenous
regulation of uhpA transcription.

Sequence homologies of the Uhp proteins. Sequence homol-
ogies can provide insights into the evolution and function of
particular proteins. UhpT displays about 30% amino acid
identity (about 60% if conservative replacements are al-
lowed) with GlpT, the glycerol phosphate transporter that
also acts as a phosphate antiport (6, 12). Furthermore, UhpC
displays the same degree of relatedness to the middle portion
of UhpT, suggesting that UhpC might also possess a sugar-
phosphate-binding site (7). At the time the nucleotide se-
quence of the uhp region was determined, no significant
matches of UhpA or UhpB to proteins in the data banks
were found. Recent comparisons have revealed some inter-
esting relationships.
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FIG. 2. Alignment of UhpA with homologous proteins. Amino acids enclosed by boxes indicate amino acids that are identical or similar
between UhpA and its homologs. Only the first 120 amino acids are shown. References for the sequences are given in the text.

There are two families of bacterial regulatory proteins,
some of whose members interact to control gene expression
in response to external signals (4, 5, 14, 15, 18, 20, 25, 27).
One family includes OmpR, PhoB, SfrA, VirG, CheB,
CheY, Spo0A, SpoOF, NtrC, and DctD. Many of these
proteins function as transcription activators. All members of
this family have related sequences that are located within the
first 120 amino acids; homologies located further along the
polypeptide chain are displayed by subsets of these proteins.
The second family includes EnvZ, PhoR, PhoM, CpxA,
VirA, NtrB, and DctB. The conserved sequences that define
this family are located within the carboxyl half of the chain.
The sequence of the DctD protein, which controls expres-

sion of the dicarboxylic acid transport system in Rhizobium
leguminosarum (20), provided the key to the relationship of
UhpA to the first family of regulatory proteins. UhpA
showed the closest match to DctD, with 30% identity. The
match to the other proteins, although obvious, was weaker,
ranging from about 25% identity with NtrC and CheY to 19%
for OmpR, SfrA, and PhoB. An alignment of the first 120
amino acids of several of these proteins is shown in Fig. 2,
with the most highly conserved positions enclosed in boxes.
There was strong statistical evidence for relatedness within
this portion of the sequence. The matches of UhpA with
DctD, NtrC, PhoB, and CheY were at least 12 standard
deviations (SDs) above random. Surprisingly, the matches of
UhpA to OmpR and VirG were not statistically significant
(<0.5 SD above random), despite the obvious alignments
possible. Within the aligned regions of these proteins, 60% of
the amino acid residues in UhpA were found in an identical
position in at least one of the other proteins.

UhpD
DctS
PhoM
PhoR
Nt rB
EnvZ

There is a sharp divergence after the first 120 amino acids.
The ompR, sfrA, phoB, and virG products share sequences
over their entire lengths of about 240 amino acids. The distal
regions of the nitrogen-regulatory ntrC and dctD proteins are
also highly homologous to each other and to the correspond-
ing portion of nifA products (18). Alignment of the remainder
of UhpA (195 amino acids) to either of these groups of
proteins would require extensive insertion of gaps and was
not detected by the FASTP search program. Hence, UhpA
only has an N-terminal motif (about 120 amino acids) in
common with the OmpR group and the NtrC group of
regulatory proteins. Within the C-terminal region specific to
UhpA is a potential helix-turn-helix motif that could consti-
tute a DNA-binding domain (7).
The PgtA protein is a transcription activator for the

externally induced phosphoglycerate transport system,
PgtP, of Salmonella typhimurium (21, 29). UhpA exhibits
homology to PgtP, although the match is relatively weak.
PgtA shows a closer match to the nitrogen-regulatory pro-
teins than to the OmpR family.
Common sequences in UhpB and members of the second

family of regulatory proteins were present but were less
striking. Sequence conservation within this family is usually
less pronounced than within the first family. Figure 3, pre-
sents segments of some proteins in which common se-
quences were observed. These regions are all near the C
termini of the polypeptides. In six of the seven regions
shown, at least half of the amino acid residues in UhpB were
present at the same position in one of the other proteins. As
was the case with UhpA, UhpB had the most matches with
DctB. Thus, sequence comparisons show that UhpA and

..273.. 0 N I N E I N 0 5 . .O.. 1 0 K E I A N N 0 N I ..11.. N N D V A N E I H D D C 0 T I T A I N ..27.. A G N I N R - V N N L I G N I N P

..372..NRD RIOA EI I G ..4.EQ0KLOAVQODL...8..LGCV AA G VA NE I NQP V AT IR..28..T ENRIGSI TEEILK T FA RK. .

..224.. PV PLP DILG S S..1.. LNRKLA OA LE S N...9..IE OY VYALT HELKKS P LA A IR..25..wA NNO0A LVE T L RO A RL. .

..171..GRNNLE I RVNMP..1.. T HKQLN V A RD ..10..RRNNF FA NV SHKELNRT PLT V LO..26.. TOQNNMEG LVKOL LT LS K I.

...95.. A 0 N I P E G Y I I ..I.. E N A P ND N 0 N N I ..12.. A N D L V N G I A N E I K N P L G G 1LN ..25.. A D N ILN N I VD RN I IG P 0 N P.

..201.. P P P 1 N E Y G A S ..O.. E V N S V T N A F N N ..11.. N T I I N A G V S H D I N T P 1 T N IRN ..24... N A I IEK 0 F ID Y LIR T G 0 E M.

UhpS ..47.. F RVCO0E GLN N IV K HA-D A SA ------- VT LOQG...8B..ILV IE D DG S GLP A..15.. NCGA GWH ITNF LS A RN....30
DctS ..46.. RIIRLEQ0VILI NLLON A L EA VA P KACGECGRVE I RT ...6.. V TVA D NGPCGI PT ..15.. S GLGLGILV IS K DIVG D Y..22
PhoM ..47.. PALLEOALG NLL D NA ID -F T P ESGCC- -IT L SA ...8..LK VLD T GSCGI PD ..19..KS S GL GILAFV S EVARIL.....26
PhoN..48.. EDQRS A IS NLV Y NAV N - T PE GT H- - IT V R W...8S..F SV EDNCGIAPGIA .211..CGG5CGL GLAIvKKHA V N N....31
NtrB ..43.. PDQIEO0VLLN I V RNNALOA LG P ECGGE - -IT L RT..18.. I DVED NCGP G IP S..15..CGGCVGLGILIS IANRSLIIDOtiN..23
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FIG. 3. Amino acid sequence regions present in UhpB and homologous proteins. Only regions of comparable sequence are shown. The

numbers indicate the number of amino acids omitted for alignment or to the termini of the proteins. References are listed in the text.
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UhpB are members of a large group of bacterial regulatory
proteins.

DISCUSSION

Previous studies of the structure and expression of the
genes controlling the sugar-phosphate (Uhp) transport sys-

tem revealed the presence of four genes necessary for
transport function (28). The observations described here
show that uhpT transcription requires the action of three
genes, uhpABC, whereas uhpT does not affect its own

expression. uhpT appears to be the only gene necessary for
formation of the transporter, although this conclusion must
await reconstitution of purified UhpT protein.

Results with lac fusions agreed in general with the results
of assays of G6P transport activity. The UhpA protein
appears to function as a positive activator of transcription
from the uhpT promoter. It is the only protein that is
invariably required for uhpT transcription. Its overproduc-
tion by multicopy plasmids obviates the requirement for
either of the other uhp regulatory genes or for inducer. The
UhpA protein bears a substantial sequence relationship to
other proteins that function as transcriptional activators.
Uninduced expression is often elevated in strains that over-

produce specific transcription activators.
The other two regulatory proteins are associated with the

cytoplasmic membrane and appear to regulate the availabil-
ity of the UhpA activator. The fact that UhpC was homolo-
gous to sequences in UhpT suggested that UhpC might be a

transmembrane protein with a sugar-phosphate-binding site,
consistent with a role for this protein as a receptor for the
inducer.
The UhpB protein has a bipartite structure, with a very

nonpolar amino-terminal half likely to be embedded in the
cytoplasmic membrane and a highly polar carboxyl-terminal
half. There are several possible mechanisms by which the
UhpB protein could participate in regulation. It could bind
UhpA and remove it from the vicinity of the genome. This
possibility is unlikely, since it predicts that uhpB mutants
would exhibit constitutive expression, whereas they are

actually mute. It is more likely that UhpB protein serves to
alter UhpA covalently to convert it to a form that stimulates
uhpT transcription. For example, transcription from the
glnAp2 promoter is activated when the NtrC protein is
phosphorylated by the action of the NtrB protein (17). This
possibility could account for most of the results described
here. Excess uhpA results in elevated expression of uhpT
that cannot be further increased by inducer. UhpA, when
overproduced, could be a substrate for modification by any
of the other members of the second family described above.
The activation of UhpA by these other proteins would not
respond to the presence of UhpB or inducer. Although
excess uhpA does cause greatly elevated expression by
itself, the presence of UhpB appears to increase this expres-
sion further. The UhpA protein should interact more effec-
tively with UhpB than with any other member of that family,
and thus the loss of UhpB would have a substantial effect on
UhpA's activity.

Constitutive expression of the Agrobacterium tumefa-
ciens vir genes occurs when the virG activator gene is
present at increased copy number (19). The presence of virA
was necessary for further vir expression in response to the
phenolic plant products that induce the virulence genes. The
uhp system did not display further induction when uhpA was

multicopy. The difference between these two regulatory
systems could be related to the following feature. The virA

product is likely to be the only protein needed to serve as
sensor for the inducer's presence. In contrast, both uhpB
and uhpC must interact for transmission of the signal indi-
cating the presence of external G6P. To understand the basis
for the lack of further induction when uhpA is multicopy will
require information about the nature of the activation of
UhpA and the effect of this putative modification on the
DNA-binding properties of the protein. Perhaps an excess of
the unmodified form can still bind to DNA, as is the case
with NtrC (17), and interfere with activation by the correctly
modified form. Future work must examine the possible
modifications and interactions of the uhp proteins.
Another noteworthy finding was that transport activity did

not increase in relation to the copy number of the uhpT gene.
The increase in transport activity resulting from an increase
in uhpT copy number was much less than the increase in
3-galactosidase activity when chromosomal and plasmid-

borne uhpT-lac fusions were compared. The lack of propor-
tionality between transport activity and gene dosage does
not seem to result from a limitation of transcription activity.
There may be a barrier either to insertion of excess trans-
porter proteins into the membrane in functional form or to
their expression of full activity in standard transport assays.
This result limits the conclusions that can be drawn from
regulatory studies with plasmids, although the results were
consistent with those obtained by using fusions.

ACKNOWLEDGMENTS

We thank Malcolm Casadaban and Phil Bassford for providing
strains, Andrew Lloyd for constructing plasmids pAL2, and Win-
fried Boos and Tod Merkel for stimulating discussions.

This research was supported in part by Public Health Service
grant GM38681 from the National Institute of General Medical
Sciences.

LITERATURE CITED
1. Ambudkar, S. V., T. J. Larson, and P. C. Maloney. 1987.

Reconstitution of sugar phosphate transport systems of Esche-
richia coli. J. Biol. Chem. 261:9083-9086.

2. Bachmann, B. J. 1983. Linkage map of Escherichia coli K-12,
edition 7. Microbiol. Rev. 47:180-230.

3. Dietz, G. W., and L. A. Heppel. 1971. Studies in the uptake of
hexose phosphates. II. The induction of the glucose-6-phos-
phate transport system by exogenous but not by endogenously
formed glucose-6-phosphate. J. Biol. Chem. 246:2885-2890.

4. Drummond, M., P. Whitty, and J. Wooton. 1986. Sequence and
domain relationships of ntrC and nifA from Klebsiella pneumo-
niae: homologies to other regulatory proteins. EMBO J. 5:441-
447.

5. Drury, L. S., and R. S. Buxton. 1985. DNA sequence analysis of
the dye gene of Escherichia coli reveals amino acid homology
between the Dye and OmpR proteins. J. Biol. Chem. 260:4236-
4242.

6. Eiglmeier, K., W. Boos, and S. T. Cole. 1987. Nucleotide
sequence and transcriptional startpoint of the gipT gene of
Escherichia coli: extensive sequence of the glycerol-3-phos-
phate transport protein with components of the hexose-6-phos-
phate transport system. Mol. Microbiol. 1:251-258.

7. Friedrich, M. J., and R. J. Kadner. 1987. Nucleotide sequence
of the uhp region of Escherichia coli. J. Bacteriol. 169:3556-
3563.

8. Guan, C.-D., B. Wanner, and H. Inouye. 1983. Analysis of
regulation of phoB expression using a phoB-cat fusion. J.
Bacteriol. 156:710-717.

9. Hall, M. N., and T. J. Silhavy. 1981. Genetic analysis of the
ompB locus in Escherichia coli K-12. J. Mol. Biol. 151:1-15.

10. Kadner, R. J., and H. H. Winkler. 1973. Isolation and charac-
terization of mutations affecting the transport of hexose phos-
phates in Escherichia coli. J. Bacteriol. 113:895-900.

J. BACTERIOL.



uhp REGULATION IN E. COLI 3383

11. Komeda, Y., and T. lino. 1979. Regulation of expression of the
flagellin gene (hag) in Escherichia coli K-12: analysis of hag-lac
gene fusions. J. Bacteriol. 139:721-729.

12. Larson, T. J., G. Schumacher, and W. Boos. 1982. Identification
of the glpT-encoded sn-glycerol-3-phosphate permease of Esch-
erichia coli, an oligomeric intergral membrane protein. J. Bac-
teriol. 152:1008-1021.

13. Lipman, D. J., and W. R. Pearson. 1985. Rapid and sensitive
protein similarity searches. Science 227:1435-1441.

14. Makino, K., H. Shinagawa, M. Amemura, and A. Nakata. 1986.
Nucleotide sequence of the phoB gene, the positive regulatory
gene for the phosphate regulon of Escherichia coli K-12. J. Mol.
Biol. 190:37-44.

15. Matsumura, P., J. J. Rydel, R. Linzmeier, and D. Valente. 1984.
Overexpression and sequence of the Escherichia coli che Y gene
and biochemical activities of the CheY protein. J. Bacteriol.
160:36-41.

16. Miller, J. H. 1972. Experiments in molecular genetics. Cold
Spring Harbor Laboratory, Cold Spring Harbor, N.Y.

17. Ninfa, A. J., and B. Magasanik. 1986. Covalent modification of
the glnG product, NRI, by the glnL product, NRII, regulates the
transcription of the glnALG operon in Escherichia coli. Proc.
Natl. Acad. Sci. USA 83:5909-5913.

18. Nixon, B. T., C. W. Ronson, and F. M. Ausubel. 1986. Two-
component regulatory systems responsive to environmental
stimuli share strongly conserved domains with the nitrogen
assimilation regulatory genes ntrB and ntrC. Proc. Natl. Acad.
Sci. USA 83:7850-7854.

19. Rogowsky, P. M., T. J. Close, J. A. Chimera, J. J. Shaw, and
C. I. Kado. 1987. Regulation of the vir genes of Agrobacterium
tumefaciens plasmid pTiC58. J. Bacteriol. 169:5101-5112.

20. Ronson, C. W., P. M. Astwood, B. T. Nixon, and F. M. Ausubel.
1987. Deduced products of C4-dicarboxylate transport regula-
tory genes of Rhizobium leguminosarum are homologous to
nitrogen regulatory products. Nucleic Acids Res. 15:7921-7934.

21. Saier, M. H., D. L. Wentzel, B. U. Feucht, and J. J. Judice. 1975.
A transport system for phosphoenolpyruvate, 2-phosphoglyc-

erate and 3-phosphoglycerate in Salmonella typhimurium. J.
Biol. Chem. 250:5089-5096.

22. Shapira, S. K., J. Chou, F. V. Richaud, and M. J. Casadaban.
1983. New versatile plasmid vectors for expression of hybrid
proteins coded by a cloned gene fused to lacZ gene sequences
encoding an enzymatically active carboxy-terminal portion of
P-galactosidase. Gene 25:71-82.

23. Shattuck-Eidens, D. M., and R. J. Kadner. 1981. Exogenous
induction of the Escherichia coli hexose phosphate transport
system defined by uhp-lac operon fusions. J. Bacteriol. 148:203-
209.

24. Shattuck-Eidens, D. M., and R. J. Kadner. 1983. Molecular
cloning of the uhp region and evidence for a positive activator
for expression of the hexose phosphate transport system of
Escherichia coli. J. Bacteriol. 155:1062-1070.

25. Shinagawa, H., K. Makino, M. Amemura, and A. Nakata. 1987.
Structure and function of the regulatory genes for the phosphate
regulon in Escherichia coli, p. 20-25. In A. Torriani-Gorini,
F. G. Rothman, S. Silver, A. Wright, and E. Yagil (ed.),
Phosphate metabolism and cellular regulation in microorgan-
isms. American Society for Microbiology, Washington, D.C.

26. Weston, L. A., and R. J. Kadner. 1987. Identification of the Uhp
polypeptides and evidence for their role in exogenous induction
of the sugar-phosphate transport system of Escherichia coli
K-12. J. Bacteriol. 169:3546-3555.

27. Winans, S. C., P. R. Ebert, S. E. Stachel, M. P. Gordon, and
E. W. Nester. 1986. A gene essential for Agrobacterium viru-
lence is homologous to a family of positive regulatory loci. Proc.
Natl. Acad. Sci. USA 83:8278-8282.

28. Winkler, H. H. 1970. Compartmentation in the induction of the
hexose-phosphate transport system in Escherichia coli. J. Bac-
teriol. 101:470-475.

29. Yu, G.-Q., and J.-S. Hong. 1986. Identification and nucleotide
sequence of the activator gene of the externally induced phos-
phoglycerate transport system of Salmonella typhimurium.
Gene 45:51-57.

VOL. 170, 1988


