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The uhp locus of Escherichia coli contains genes for the sugar phosphate
transport system (uhpT) and the regulatory system which allows its induction by
external glucose 6-phosphate (uhpRA). The uhp region was cloned onto 'high-
copy-number plasmids, both from Uhp+ plasmids of the Clarke-Carbon collection
and from genetically characterized specialized transducing phages carrying uhpT-
lac operon fusions. Two Clarke-Carbon plasmids and their Uhp+ subclones in
pBR322 shared restriction sites defining the uhp region, but exhibited different
regulation of Uhp expression and dependence on chromosomal uhp genotype.
Plasmid pLC17-47 and derivatives conferred constitutive glucose 6-phosphate
uptake activity in all strains, even those with complete deletions of uhp. These
plasmids also rendered constitutive the expression of a chromosomal uhpT-lac
operon fusion. Plasmid pLC40-33 conferred inducible Uhp expression, which
required the presence of the uhpA+ gene on the chromosome. The induced
transport levels in all strains carrying these plasmids were not appreciably
amplified over haploid levels. Similar behavior was seen with the cloned operon
fusions. A fusion-bearing plasmid that carried an intact regulatory system
(uhpR+A+) exhibited trans-dominant constitutive expression of 3-galactosidase,
regardless of the chromosomal uhp genotype. In contrast, the cloned fusion
carrying only uhpR+ gave glucose 6-phosphate-inducible production of P-galacto-
sidase that was dependent on the presence of chromosomal uhpA+. Expression of
both fusions in the haploid state was inducible. From these results, it was
concluded that the uhpA product is necessary for uhpT transcription and that
elevated dosage of uhpA results in at least partially constitutive expression of
uhpT. A tentative model for uhp regulation is presented.

Utilization of a number of sugar phosphates in
Escherichia coli requires the action of an induc-
ible proton motive force-dependent active trans-
port system. Induction of the transport system is
in response to extracellular glucose 6-phosphate
(G6P) and acts at the level of transcription (20).
Both the transport system and its regulatory
components are encoded in the uhp region locat-
ed near min 82 on the E. coli linkage map (1, 9,
12, 14). The accompanying paper (13) describes
genetic crosses using uhp point mutations, dele-
tions, TnWO insertions, and specialized transduc-
ing phages. Map locations and the regulatory
properties of Uhp+ revertants suggested the
existence of at least three genes necessary for
Uhp expression. These were termed uhpT, for
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the transport system; uhpR, for a regulatory
component necessary for response to G6P but
whose loss could be compensated by second,
linked mutations; and uhpA, another putative
regulatory gene necessary for uhpT expression.
The Uhp- phenotype of mutations in all three of
these genes appeared to be recessive to the wild-
type response.
To initiate studies of the structure and regula-

tion of uhp, its molecular cloning was undertak-
en. Five plasmids from the Clarke-Carbon col-
lection (3, 4) are capable of conferring Uhp+ to a
uhp recipient (10; R. C. Essenberg, personal
communication). The location of the uhp se-
quences carried on two of those plasmids was
defined by their regions of overlap and by sub-
cloning into pBR322. Different Uhp+ plasmids
exhibited different regulatory behavior and de-
pendences on the presence of chromosomal
uhp+ genes. Similar behavior was observed with
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plasmids carrying uhpT-lac operon fusions and
genetically defined uhp regulatory regions. It
was concluded that elevated dosage of uhpA+
results in the trans-acting constitutive expres-
sion of uhpT.

MATERIALS AND METHODS
Bacterial and phage strains. The E. coli K-12 strains

and special phages used in this study are listed in Table
1. General techniques for bacterial growth and matings
were as described by Miller (18) or Davis et al. (7).
The recA56 allele was introduced into strains by

conjugal mating with JC10240 (5) with selection for
tetracycline (Tc) resistance. The RecA- phenotype
was scored by sensitivity to UV light. The srl::TnlO
insertion was eliminated by selection for Tcs variants
on fusaric acid medium (17).

TABLE 1. Bacterial and phage strains used in this
studya

Strain Genotype and source

E. coli K-12
RE74 ....... HfrC relAl pyrE4O uhp-40 gltS14

tna-6 metBI tonA22 (CGSC 5569)
CH923 .......F- trpA46 lysA xyl glySH argH

polAI (11; C. Hill)
JA200/17-47 . .F+ LtrpE5 recA thr leu

lacY(pLC17-47 (4; via W. M.
Holmes)

JA200/40-33 . .As above, but with plasmid pLC40-
33

RK4353 ......F- araD139 A(argF-lac)U169 relAl
rpsLO5 thi gyrA219 non (13)

RK5115 ......As RK4353, but uhpT::[lacZ
Xpl(209)] (20)

RK4929 ......As RK4353, but metE70 pyrE40
gltCl4 zib-615::TnlO (13)

RK5396 ......As RK4929, but A(TnlO-
uhpTR2048) recA56

RK5503 ......As RK4353, but also X4(uhpT-lac)1b
RK5504 ......As RK4353, but also X4(uhpT-lac)3a
RK5505 ......As RK4353, but also X4(uhpT-lac)3b
RK5506 ......As RK4353, but also X4)(uhpT-lac)6b
RK5507 ......As RK4353, but also X4A(uhpT-lac)6,
RK5508 ......As RK4353, but also X4(uhpT-lac)6j
RK5569 ......As RK5396, but carrying pDSE5
RK5570 ......As RK5396, but carrying pDSE6
RK5571 ......As RK5115, but recA56
RK5644 ......As RK4929, but A(TnlO-

uhpTRA2060)
RK5723 ......As CH923, but carrying pDSE5
RK5724 ......As CH923, but carrying pDSE6

Plasmids
pBR322 ......bla+ tet+
pMLB524 ....bla+ (T. Silhavy)

Phages
3a ....... A4(uhpT-lacR+A+)3a (13)
6j ....... X+(uhpT-lacR+)6j (13)
a The source of previously described strains is given

in parentheses after the genotype.

Chemicals and media. Growth media and conditions
were as described previously (13). Tetracycline (15 ,ug/
ml) or ampicillin (25 ,ug/ml) was added where indicated
and was usually present to maintain presence of plas-
mids. Most chemicals were from Sigma Chemical Co.,
St. Louis, Mo. Radioisotopes were from New England
Nuclear, Boston, Mass. Restriction endonucleases
and T4 DNA ligase were obtained from Bethesda
Research Laboratories, Bethesda, Md., and were used
under the conditions recommended by the manufac-
turer or as described by Davis et al. (7).

Transport and enzyme assays. Preparation of cells
and assay for rate of accumulation of [14C]G6P were as
described before (13). Induction was by addition of 300
,uM G6P to a culture at least 30 min before harvest.
Specific activities of uptake are expressed as nano-
moles of G6P taken up per microliter of cell water per
minute. Competition for uptake was measured by the
addition of warmed cells to a mixture of [14C]G6P and
unlabeled inhibitor, each at a range of concentrations.

P-Galactosidase activity was assayed by measure-
ment of the increase in absorbance at 420 nm of 2 mM
o-nitrophenyl-3-D-galactopyranoside and toluene-
treated cells in medium A containing 0.05 M 2-mercap-
toethanol. Specific activity is expressed as nanomoles
of o-nitrophenol formed per microliter of cell water per
minute. It was previously determined that 1 ,ul of cell
water corresponds to 0.27 mg of protein (14).

Restriction analysis of plasmids. Plasmid DNA was
prepared by the alkaline extraction procedure of Birn-
boim and Doly (2), after amplification by growth
overnight in the presence of chloramphenicol. Restric-
tion endonuclease-generated fragments were analyzed
by electrophoresis in 1% agarose gels with Tris-acetate
or Tris-borate buffer (7, 19). Molecular weight stan-
dards included HindIII-generated fragments of bacte-
riophage X DNA or HaeIII-generated fragments of
4X174 replicative form DNA.
Mapping of chromosomal location of plasmid insert.

The procedure described by Greener and Hill (11) was
used to map the original chromosomal location of
genetic material carried on a recombinant plasmid.
Homologous integration of the plasmid into the chro-
mosome is necessary for the maintenance of plasmid
antibiotic resistance determinants in a polA strain,
which lacks the DNA polymerase I activity required
for replication of plasmid ColEl and its derivatives.
Plasmids pDSE5 and pDSE6 were transformed into
polAl strain CH923, provided by C. Hill. Tcr transfor-
mants were grown for 4 days by repeatedly streaking
onto L-tetracycline plates. P1 lysates were prepared
from each strain and used to infect RE74. Tcr recombi-
nants were purified and tested for inheritance of donor
uhp+ and pyrE+ markers.

Transformation. Cells to be transformed were grown
in L broth and then made competent by suspension in
0.10 volume of cold 0.5 M CaCl2, as described by
Dagert and Ehrlich (6). Competent cells were usually
stored overnight at 4°C. Plasmid DNA (5 ng) was
added, and the cells were incubated on ice for 10 min.
L broth at 42°C was added and incubation was contin-
ued at 37°C for 1 h. Transformed cells were then plated
on L plates containing the appropriate antibiotic.
Antibiotic-resistant transformants were purified, test-
ed for relevant growth responses, and assayed for G6P
uptake activity and, when appropriate, 13-galacto-
sidase activity. Cells to be assayed were grown with-
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out and with 300 ,M G6P as inducer and with mainte-
nance of antibiotic selection. Each strain was grown
and assayed at least twice. After G6P uptake activity
had been assayed, plasmid DNA was extracted from
each culture by a "mini-Birnboim" procedure (2). The
DNA was transformed into strain RK5396 and shown
to confer the expected Uhp+ phenotype.

RESULTS
Cloning of the Wkp regon. Plasmids pLC17-47

and pLC40-33 from the Clarke-Carbon collec-
tion gave rise to Uhp+ transconjugants when
transfeffed by conjugation into the A(uhpTR)
recA strain RK5396. The plasmids were isolated
and the cleavage sites for several restriction
endonucleases were determined (Fig. 1). The
location of the pColEl vector was determined
from the SmaI and PstI sites in the cea gene
adjacent to the EcoRI site used for insertion of
the bacterial DNA (3, 24). The insert in pLC17-
47 was approximately 19 kilobase pairs (kbp)
and that in pLC40-33 was approximately 11 kbp.
To localize the uhp region, portions of the

plasmids were cloned into pBR322, with selec-
tion for Uhp+ activity. Plasmid pDSE1 carried
the 19-kbp BamHI fragment from pLC17-47.
Ligation after treatment with HindIII or SmaI or
both yielded smaller Uhp+ plasmids. Plasmid
pDSE5 carried the 11-kbp PstI fragment from

uhpTRA ilvB

pLC1747. The restriction sites on these five
Uhp+ plasmids were compared with those of
pLC1747 (Fig. 1). The only common region was
the 7-kbp segment from the terminal PstI site in
pColEl to the single HindIII site. The 9.5-kbp
PstI fragment from pLC40-33 carried most of its
insert and, when cloned in pBR322, conferred
the Uhp+ response to strain RK53%.
The location and extent of overlap between

the two families of Uhp+ plasmids were found
by determination of the cleavage sites for ClaI,
HpaI, and PvuI on plasmids pDSE4, -5, and -6
(Fig. 2). Common restriction fragments defined
the region of overlap of pLC17-47 and pLC40-33
as 4.5 kbp in length and including the single
BglII site. At least the uhpT gene must be
carried on that segment.
Each of the Uhp+ subclones was introduced

into strain RK5644, which carries a deletion
removing all of uhp and the adjacent ilvB (13).
The phenotypes of transformants for Ilv, Uhp,
and colicin El immunity were determined (Fig.
1). Plasmid pLC17-47 conferred IlvB+, a marker
located to the right of uhp (clockwise on the
standard genetic map). The llv+ phenotype re-
quired maintenance of the HindIII-BamHI re-
gion. Insertion of pBR322 into the HindIlI site
resulted in loss of llv+, but retention of Uhp+
and colicin El immunity (not shown). Thus, the
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FIG. 1. Restriction map of Uhp+ plasmids. Sites for restriction enzymes: A, AvaI; B, BamHI; E, EcoRI; G,
BgIl; H, HindIH; P, PstI; S, SmaI. The thick upper line represents the chromosome. Below it is portrayed the
material carried on the Uhp+ plasmids described in the text. The plasmid maps have been made linear and are

lined up relative to the map of the chromosome. The BgIII site (G) is shown for each plasmid to emphasize the
common segment. The dashed lines represent material deleted by treatment with a restriction enzyme and
ligation. The double line represents pBR322; the thick line on each plasmid shows sequences from the pColEl
vector. To the right are shown the IlvB and ColEl immunity phenotypes conferred by each plasmid. At the top
are the approximate locations of uhp and ilvB and a length marker of 2 kbp.
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FIG. 2. Restriction map of the uhp region and the overlap between the two Clarke-Carbon plasmids. The sites
for cleavage by the indicated restriction enzymes on the bacterial DNA carried by plasmids pDSE4, -5, and -6 are
shown. Plasmids pDSE5 and -6 show the region of overlap of plasmids pLC17-47 and pLC40-33, respectively.
Plasmid pDSE4 has the same sites as pDSE5 from its left end to the HindIII site.

HindIII site lies within ilvB. The BglII site is
probably in uhp, since most Tcr transformants
that received plasmid pDSE5 cut with BglII but
not ligated were Uhp-. Plasmids pLC4O-33 and
pDSE6 in strain RK5644 did not confer Ilv+ or,
surprisingly, Uhp+.
Two lines of evidence showed that these plas-

mids conferred the same Uhp activity. First, the
substrate specificities of the transport activity
conferred by plasmids pDSE5 and pDSE6 were
identical to those of a wild-type strain with
respect to inhibition by fosfomycin, fructose 6-
phosphate, and mannose 6-phosphate and with
respect to the Km for G6P. Second, plasmids
pDSE5 and pDSE6 were forced to integrate into
the bacterial chromosome by the method of
Greener and Hill (11). The site of insertion of
both plasmids was in uhp, as shown by the 6 to

15% cotransduction ofpyrE and the tetracycline
resistance of the integrated plasmid.

Expression of the cloned uhp region. The G6P
transport system was expressed constitutively in
strain RK5396 carrying plasmid pLC17-47, but
was inducible when that strain carried pLC40-
33. This finding and the fact that strain RK5644
carrying pLC40-33 was Uhp- prompted the
measurement of the level and regulation of G6P
uptake activity conferred by the Uhp' plasmids.
The plasmids were introduced by transformation
into strains carrying uhp deletions or into recA
strains with uhp point mutations (Tables 2 and
3). The genetic location of the mutations are
summarized in Fig. 3 (13). Acquisition of the
plasmids was selected by appropriate drug
resistance. Transformants were grown under
inducing and noninducing conditions and were

TABLE 2. G6P uptake activity in Auhp strains carrying Uhp+ plasmidsa

G6P uptake activity (nmol min-' p1 of cell water-')
Recipient pDSE1 pDSE2 pDSE3 pDSE4 pDSE5 pDSE6
genotype__

_ + _ + _ + - + - + - +

uhp+ 10 13 17 11 10 13 15 10 0.6 12 0.9 12
Auhp72052 22 16 13 14 16 13 21 10 17 10 0.5 9
AuhpT2OS9 13 21 9 25 17 24 23 16 0.4 3 0.7 6.4
Auhp2S050 17 17 16 16 8 17 22 15 17 10 0.3 12
AuhpTRA2OSS 10 14 20 15 9 21 22 26 19 13 0.2 0.2
AuhpTRA2OS6 10 13 17 16 8 24 20 16 12 9 0.2 0.3
AuhpTRA2054 10 14 3 4 10 10 9 8 9 3 0.5 0.1
AuhpTRA2O6O 9 12 17 15 12 19 20 16 0.4 0.5 0.9 0.3

a Cells were grown in the absence (-) or presence (+) of 300 ,uM G6P as inducer in MOPS (morpholinepro-
panesulfonic acid) medium with glycerol as carbon source and required amino acids. Values presented are the
average of duplicate determinations. The activity in haploid uhp+ strains ranged from 0.3 to 0.7 U, uninduced,
and 8 to 14 U for induced cultures. Uptake in uhp mutants ranged from 0.1 to 0.5 U whether grown with or
without inducer.

m a 0 s m 0 id sliblihm-m- -M
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1066 SHAT1UCK-EIDENS AND KADNER

TABLE 3. G6P uptake activity in uhp point mutants
carrying Uhp+ plasmidsa

G6P uptake activity (nmol min-' 1l of

Recipient uhp cell water')
genotype pDSE5 pDSE6

-G6P +G6P -G6P +G6P

uhp+ 0.6 12 0.9 12
uhp7200f9 11 11 0.5 13
uhpT2012 10 8 ND ND
uhpT2016 24 16 2 21
uhp12024 14 17 0.8 21
uhpT2010 18 17 0.7 16
uhp12015 10 11 ND ND
uhpT2020 14 12 0.8 20
uhpT2022 9 13 ND ND
uhpT2023 0.2 12 0.6 15
uhpT2025 11 10 0.6 20

uhpR2011 12 12 1 12
uhpR2014 0.1 10 0.3 13
uhpR2018 13 12 2 3

uhpA2013 15 12 0.1 0.3
a Uptake activity in all uhp mutant strains without

plasmid was <0.5 nmol min-1 ,l of cell water-'. ND,
Not determined.

assayed for G6P uptake at least twice.
Four of the five Uhp+ plasmids which carried

portions of pLC17-47 conferred constitutive
Uhp expression in all recipient strains, including
uhp+ and those with a complete deletion of uhp.
Plasmid pDSE5 was unusual in that it conferred
constitutive expression in some uhp recipients,

but inducible expression in uhp+ and inducible
or negative expression in other recipients. In all
cases, the maximal level of G6P uptake activity
was not appreciably greater than that of a hap-
loid strain.

In contrast, plasmid pDSE6, derived from
pLC40-33, conferred inducible Uhp expression,
with the maximal induced level in the range of
the haploid value. Some recipients were not
converted to Uhp+ by this plasmid. Whereas.
chromosomal deletions in uhpT did not affect
expression of the plasmid uhpT locus, deletions
entering uhpR and uhpA prevented expression.
When the plasmid was introduced into strains
with uhp point mutations, inducible expression
occurred in all cases except the uhpA mutant,
which remained Uhp- for both growth and
transport activity (Table 3). The plasmid could
be recovered from all strains with the Uhp-
phenotype and still conferred the Uhp+ pheno-
type when introduced into a AuhpT strain. These
results suggested that pDSE6 lacks an intact
uhpA gene and is dependent on the presence ofa
functional uhpA on the chromosome for expres-
sion of the uhpT gene.

Effect of uhp plamids on expression ofchromo-
somal uhpT. To examine whether the different
patterns of regulation exhibited by the Uhp+
plasmids also affect expression of the chromo-
somal uhpT gene, each plasmid was introduced
into a recA uhpT-lac operon fusion-bearing
strain, RK5571. In this strain, G6P uptake is
plasmid mediated and 0-galactosidase produc-
tion is a monitor of chromosomal uhpT expres-
sion. As above, all of the plasmids derived from

1 2052 1 2055

l 2059 l 2056

2050
I

L 2060

-Iq

2054
FIG. 3. Location of uhp point and deletion mutations used in this study. All mutations are in derivatives of

strain RK4353, and their mapping was described in the preceding paper (13). The deletions were generated during
excision of TnWO insertions designated here as zib and zic. The dashed lines indicate that all uhp material was
removed by the deletion, but the endpoint outside uhp is not known.
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TABLE 4. Effect of Uhp+ plasmids on expression
of chromosomal uhpT-lac fusion

G6P uptake (nmol ,B-Galactosidase (nmol
min'uta of cell of o-nitrophenol

Plasmid water1l) formed min- .l of
water1) ~~cell water-1)

-G6Pa +G6P -G6P +G6P

None 0.7 0.8 0.3 39
pDSE1 16 18 7 10
pDSE2 17 15 20 17
pDSE3 15 17 8 10
pDSE4 15 19 9 11
pDSE5 19 14 17 8
pDSE6 0.9 15 0.1 5

a Designates whether cells were grown in the ab-
sence or presence of 300 ,uM G6P as inducer before
harvest and assay.

pLC17-47 carrying the entire uhp region cbn-
ferred high-level constitutive G6P uptake activi-
ty (Table 4). Expression of P-galactosidase was
also constitutive, although lower than in the
induced plasmid-free parent. It is possible that
this decreased expression represents autoge-
nous repression by the uhpT product. Both G6P
transport and ,-galactosidase activities were in-
ducible in the strain carrying plasmid pDSE6.
The low induced level of ,-galactosidase in the
strain could represent autogenous regulation
combined with competition for uhpA product.
This strain carries only a single copy of uhpA,
and its product may be limiting in the face of
multiple copies of uhpT. Whatever the explana-
tion for the quantitative levels of expression in
these strains, it was apparent that the constitu-
tive expression from pLC17-47 was trans acting.

Expression and cloning of uhpT-lac operon
fusion. To correlate regulatory behavior with the
genetic content of cloned uhp regions, uhpT-lac
operon fusions were cloned from specialized
transducing phages of known uhp content (13,
20). To examine uhp regulation in the haploid

state, six of the phages were transduced into a
Alac uhp+ recipient, with selection for growth
on lactose in the presence of inducing levels of
G6P. All lysogens exhibited G6P-inducible P-
galactosidase production (Table 5). The induced
level in several lysogens was only 30% of that in
the haploid parernt. However, the different levels
of expression did not correlate in any obvious
way with the genetic constitution of the input
phage. Five of the lysogens were Uhp+, with
inducible transport activities. Strain RK5506
was constructed from a phage which lacks an
intact fusion, but did carry some uhpT material
adjacent to the original site of insertion of the
phage. For this phage to integrate by homolo-
gous recombination to generate an inducible
fusion, a nonfunctional (deleted) uhpT gene
would result.
The fusion and flanking uhp regulatory materi-

als from phages 3a (uhpR+A+) and 6j (uhpR+)
were cloned into the EcoRI site of plasmid
pMLB524. This plasmid, constructed by M.
Berman, was derived from pBR322 and contains
the distal portion of lacZ from its EcoRI site,
allowing transfer of a fusion from a transducing
phage to the plasmid. Selection was for ampi-
cillin resistance transformants that were blue
on 5-bromo-4-chloro-3-indolyl-p-D-galactopy-
ranoside + G6P plates. The plasmids from ap-
propriate transformants were isolated and intro-
duced into various recipients.

Expression of the cloned fusions. The level and
regulation of 3-galactosidase production from
the two fusion-bearing plasmids were deter-
mined in several recA uhp recipients (Table 6).
Plasmid pDSE8, from phage 3a (uhpR+A+),
conferred very high levels of 3-galactosidase in
all recipients, including uhp+ and a complete
deletion of uhp. In most cases, the level of
expression was increased two- to threefold by
growth with inducing levels of G6P. The maxi-
mal induced specific activity was approximately
20 times higher than that of the haploid fusion,

TABLE 5. Uhp expression in Uhp+ strains lysogenized with various A(uhpT-Iac) transducing phagesa
G6P uptake activity P-Galactosidase (nmol
(nmol min- I1,u of of o-nitrophenol formed

Strain X Genotype cell water-') min-' l of cell water-')

-G6P +G6P -G6P +G6P

RK5571 T'R+A+ 0.7 0.8 0.3 39
RK5503 lb TVR+A+/Uhp+ 0.5 6 0.9 11
RK5504 3a T'R+A+/Uhp+ 0.5 8 0.9 30
RK5505 3b T+R+A+/Uhp+ 0.4 3 0.9 13
RK5506 6b T/Uhp+ 0.4 1 0.9 14
RK5507 6c TVR'/Uhp+ 0.6 8 0.9 39
RK5508 6j TVR+/Uhp+ 0.4 8 0.9 29

a The strains were constructed by lysogenizing the uhp+ strain RK4353 with the indicated fusion-bearing
phage. All strains except RK5571 and RK5506 were Uhp+ in phenotype.
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TABLE 6. Expression of cloned uhpT-lac operon fusions in uhp recipientsa

Plasmid pDSE7 Plasmid pDSE8
Recipient uhp

genotype Uhp -Galactosidase activity P-Galactosidase activity
response -G6P +G6P -G6P +G6P

uhp+ + 2.6 281 390 638
AuhpT2052 1.8 677 247 733
AuhpT2059 0.9 196 201 792
AuhpT2050 0.7 195 183 603
AuhpTRA2055 1.1 1.4 448 900
AuhpTRA2056 1.3 1.8 378 653
AuhpTRA2054 1.5 1.9 436 497
AuhpTRA2060 1.3 1.8 377 823

uhpT2012 - 1 389
uhpl12010 - 1 403
uhpT2024 - 1 206
uhp72022 - 1 88
uhpR2011 + 1 42
uhpR2014 + 1 129
uhpA2013 - 1 1

a Recipient strains carried recA56 and the indicated uhp deletion or point mutations. Cells were grown in
minimal medium in the absence (-) and presence (+) of 300 ,uM G6P as inducer and were harvested in mid-log
phase. Harvested cells were treated with toluene and freeze-thaw steps, and replicate 3-galactosidase assays
were made with 2 mM o-nitrophenyl-,-D-galactopyranoside. The Uhp response is measured by growth on
fructose 6-phosphate as sole carbon source. ,B-Galactosidase activity is given in nanomoles of o-nitrophenol
formed per minute per microliter of cell water.

reflecting the amplified gene dosage. The consti-
tutive expression of the plasmid-borne uhpT-lac
was trans dominant, as shown by the constitu-
tive G6P uptake activity of the uhpTP strain
carrying this plasmid (data not shown). Growth
of cells carrying this plasmid was poor and
depressed further by addition of 300 ,M G6P,
even though most strains were deficient in G6P
uptake.
Expression from pDSE7, from phage 6j

(uhpR+), was similar to that of plasmid pLC40-
33. This fusion-bearing plasmid conferred p-
galactosidase activity that was induced about
100-fold by growth in the presence of G6P. The
fully induced level in a uhp+ strain was seven
times higher than in the induced haploid strain
lacking the plasmid. Production of ,-galacto-
sidase was strictly dependent on the presence of
uhpA' on the chromosome, since point or dele-
tion mutations which affected uhpA prevented
uhpT-lac expression. Consistent with the genet-
ic analysis of the parental phage, this plasmid
was able to complement chromosomal uhpR,
but not uhpT or uhpA, mutants for G6P trans-
port activity.

Thus, the expression of the cloned uhp-lac
fusion was essentially identical to that of the uhp
region cloned from the Clarke-Carbon plasmids.
Both studies point to the requirement for the
trans-acting uhpA product for uhpT transcrip-
tion, and that carriage of uhpA on multicopy

plasmids results in partially constitutive uhpT
expression.

DISCUSSION
Restriction mapping and subcloning of two

plasmids from the Clarke-Carbon collection al-
lowed localization of uhp to within a 7-kbp
region. The location and extent of the coding
regions for uhp products within this 7 kbp are
the subjects of current investigations. However,
the two Clarke-Carbon Uhp+ plasmids differed
in their regulatory behavior, which led to a
tentative model for this regulatory system. Plas-
mid pLC17-47 carries uhpT and ilvB and, pre-
sumably, the uhp regulatory genes lying be-
tween them (13). This was corroborated by the
Uhp+ phenotype of strains carrying these plas-
mids and complete deletion of the chromosomal
uhp locus. However, strains carrying these plas-
mids showed aberrant constitutive Uhp expres-
sion in all recipients. The same behavior was
shown by the operon fusion-bearing plasmid,
pDSE8, which also carries uhpA+. Although the
fusion was expressed constitutively when on the
plasmid, it exhibited normal inducibility when in
the haploid state.

In contrast, plasmids pDSE7, which lacks
uhpA, and pLC40-33, whose insert terminates in
the region where uhpA is expected to lie,
showed inducible regulation of uhpT. This tran-
scription was dependent on the presence of a
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uhpA+ allele on the chromosome, leading to the
view that these two plasmids lack uhpA and that
uhpA' functions in a trans-dominant manner.
Thus, elevated dosage of uhpA' results in at
least partially constitutive uhpT expression.
The one exception to this behavior was given

by plasmid pDSE5, the PstI subclone of pLC17-
47. Its expression was constitutive in many
recipients, but inducible in uhp+ and certain uhp
mutants. The basis for this behavior is not yet
untderstood. Since hexose phosphates are inhibi-
tory for strains carrying Uhp+ plasmids, it is
possible that this plasmid acquired a mutation
which affects the regulatory response.

It was striking that the maximal G6P uptake
activity exhibited by strains bearing Uhp+ plas-
mids was not markedly elevated relative to the
haploid level. A lack of proportionality to gene
dosage has been observed with other cloned
transport systems (16, 21). Since the level of P-
galactosidase from the cloned operon fusions
greatly elevated over the haploid fusion, the
potential for uhpT transcription does not seem to
be the limiting factor. It remains to be seen
whether the reduced transport activity results
from autogenous regulation of uhpT transcrip-
tion or translation, or limitation of the insertion
of the transport protein into the membrane, or
the existence of some control over the activity of
the transport system which prevents elevated
levels of substrate accumulation or excessive
rates of proton entry.
The following model can account for the ma-

jor experimental observations and points out
future lines of study. The model invokes three
regulatory genes in addition to uhpT, the gene(s)
for the transport system. The regulatory genes
are termed C, R, and A. The uhpA product is a
positive activator of uhpT transcription. In the
uninduced state, the A product may be com-
plexed to the C regulatory product and be
unavailable for transcription activation. A third
regulatory component is located in the cytoplas-
mic membrane. Binding of G6P to an external
site of that transmembrane protein could result
in an altered conformation of an internal do-
main. Exposure of this internal domain could
trigger release of the UhpA product from its
inactive complex by interaction with the C com-
ponent. Predictions of this model are that muta-
tional loss of either uhpA or the gene for the
membrane component results in the Uhp- phe-
notype. Reversion of uhpA mutants should be a
rare event, requiring either restoration of UhpA
function or an alteration of the uhpT promoter to
a sequence no longer requiring activation by the
A product. On the other hand, loss of the
membrane component could be compensated by
a second-site mutation that eliminates the C
product. Mutants lacking the C protein should

exhibit constitutive uhp expression, whether the
membrane component is active or not. On the
basis of the observed reversion frequencies and
patterns (13), it is tempting to predict that the
uhpR product is the membrane component.
Consistent with this view is the finding that
uhpR::TnlO mutants reverted readily to consti-
tutive expression by second mutations in the
uhp region, some of which appeared to lie to the
left of uhpR, opposite from uhpA. It is possible
that these second mutations leading to constitu-
tivity define the C component, but fine-structure
mapping and complementation analysis are nec-
essary before these conclusions can be drawn.
The high uninduced level of uhp expression in

cells carrying cloned uhpA is not fully explica-
ble. The possibility that uhpA represents an
operator site whose elevated amount titrates
repressor is not tenable, because uhpA function
can be supplied in a trans situation. Other possi-
bilities include the absence of the gene for the C
product, which inactivates the A product, from
the plasmid, so that the levels of C product are
not elevated. Also, perhaps the overproduction
of both interacting proteins results in the pres-
ence of sufficient uncomplexed uhpA product to
allow a high uninduced level of transcription.
Transcription of uhpT from the plasmid with the
cloned operon fusion was not fully constitutive,
but subject to two- to threefold further induc-
tion, which could indicate that not all of the
uhpA product is able to activate transcription
without inducer.

This tentative model is rather complex and
requires considerable further testing. The com-
plexity and involvement of both positive and
negative elements might be expected from the
need to transmit a regulatory signal from the
exterior of the cell to the genome. Possibly
relevant is the finding of multiple positive regu-
latory genes controlling the pho operon (23);
however, some of these elements may be in-
volved in control of the synthesis of other regu-
latory components (22).
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