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The amino acid sequence of the proposed glucose-6-phosphate (Glc6P) transporter from Chlamydia pneu-
moniae (HPTcp; hexose phosphate transporter [Chlamydia pneumoniae]) exhibits a higher degree of similarity
to the Escherichia coli Glc6P sensor (UhpC) than to the E. coli Glc6P transporter (UhpT). Overexpression of
His-UhpC in a UhpT-deficient E. coli strain revealed that the sensor protein is also able to transport Glc6P and
exhibits an apparent Km (Glc6P) of 25 �M, whereas His-HPTcp exhibits an apparent Km (Glc6P) of 98 �M.
His-HPTcp showed a four-times-lower specific activity than His-UhpT but a 56-times-higher specific activity
than His-UhpC. Like His-UhpT and His-UhpC, the carrier His-HPTcp performs a sugar-phosphate/inorganic-
phosphate antiporter mode of transport. Surprisingly, while physiological concentrations of inorganic phos-
phate competitively inhibited transport mediated by the E. coli proteins His-UhpT and His-UhpC, transport
mediated by His-HPTcp was not inhibited. Interestingly, C3-organophosphates stimulated His-HPTcp activity
but not His-UhpT- or His-UhpC-catalyzed Glc6P transport. In contrast to His-UhpC, the His-HPTcp protein
does not act as a Glc6P sensor in the uhp regulon.

Escherichia coli transports glucose-6-phosphate (Glc6P) via
an inducible transport protein named UhpT that is part of the
genomic locus uhp which encodes UhpT (the Glc6P transport
protein), UhpB (the membrane-bound sensor kinase/phospha-
tase), UhpA (a soluble signal transduction component) and
UhpC (the sensor for the presence of extracellular Glc6P)
(15). UhpT is a typical member of the major facilitator super-
family (MFS) that is predicted to have 12 �-helical transmem-
brane domains (17). The amino acid sequence of the E. coli
UhpC protein exhibits 32% identity to the transport protein
UhpT and both proteins share the same predicted transmem-
brane topology (15). It is proposed that upon recognition of
extracellular Glc6P UhpC induces auto-phosphorylation of
UhpB. Subsequent to this, UhpB�P transfers its phosphate
group to the soluble component UhpA, which then gains ac-
tivity as a transcription activator governing the expression of
the structural uhpT gene (27).

In former times, the analysis of the functional presence of
UhpT-like proteins in other bacterial species usually depended
upon the demonstration of inorganic phosphate (Pi)-linked
hexose phosphate uptake. Using this approach, Glc6P trans-
port has also been identified, for example, in Streptococcus
lactis (2) and Salmonella enterica serovar Typhimurium (14).
Also, sensitivity to fosfomycin, an antibiotic compound that
enters the bacterial cell via the GlcT or the UhpT protein, was
surveyed in several bacterial species to determine how wide-

spread hexose phosphate transport is (26). Today, the com-
pleted sequences of more than 50 bacterial genomes that allow
insights into the presence or absence of certain proteins are
available.

The genomes of the human-pathogenic bacteria Chlamydia
trachomatis and Chlamydia pneumoniae contain a structural
gene coding for a protein with high identity to the E. coli Glc6P
transporter (23). A more detailed analysis revealed that the
deduced amino acid sequences of the chlamydial proteins ex-
hibit a higher degree of identity to the E. coli Glc6P sensor
UhpC (45% identity) than to the transport protein UhpT (30%
identity). Because the chlamydial genome does not harbor an
open reading frame coding for hexokinase, a glucose group
translocation/phosphotransferase system or genes encoding
proteins with homology to other elements of the uhp regulon
(e.g., uhpT, uhpA, and uhpB) (23), it seemed likely that the
chlamydial protein (named HPTcp; hexose phosphate trans-
porter [C. pneumoniae]) functions as a Glc6P transporter and
not as a sensor.

Such an evolutionary relationship suggests that E. coli UhpC
may function not only as a sensor but also as a Glc6P trans-
porter. Although it has previously been speculated that trans-
port of Glc6P by UhpC is not necessary to induce the expres-
sion of uhpT (15), it is of general biological interest to verify
whether UhpC is able to transport Glc6P (as we claim for
HPTcp) and to characterize its basic biochemical properties.
Moreover, from the point of view of human infections caused
by various chlamydial species it is of interest to study the
biochemical properties of transport proteins involved in the
metabolism of the intracellular pathogen.

Therefore, we addressed the following questions. (i) Is the
E. coli Glc6P sensor UhpC also able to transport Glc6P? (ii) If
so, what are the basic transport properties of UhpC? (iii) Is
HPTcp a Glc6P transport protein and do the basic biochemical
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properties of this carrier support the idea that the chlamydial
hptcp gene entered the genome via horizontal transfer of a
UhpC module? (iv) Finally, is HPTcp able to act as a Glc6P
sensor in the E. coli uhp regulon?

MATERIALS AND METHODS

DNA constructs for heterologous expression in E. coli. DNA manipulations
were performed essentially as described previously (21). The structural genes
encoding UhpC and UhpT, respectively, were amplified from the genomic DNA
of E. coli XL1-Blue. The structural gene encoding HPTcp was amplified from the
genomic DNA of C. pneumoniae (kindly provided by G. McClarty, University of
Manitoba, Winnipeg, Manitoba, Canada). PCR was carried out by using Pfu
DNA polymerase (Stratagene, Heidelberg, Germany). The primers used were
constructed according to infomation taken from the E. coli and the C. pneu-
moniae genome projects. The sense primers (uhpC, 5�-CTAAGGTTTGCATA
TGTTGCCGTTTCTG-3�; uhpT, 5�-CAGGAGTAACATATGCTGGCTTTCT
TAAAC-3�; and hptcp, 5�-GGAAATTGACATATGAACGTTTGGACT-3�)
contained a NdeI restriction site at the start codon, whereas the antisense prim-
ers (uhpC, 5�-AAAGCTGAGATGCATCACGCTTCG-3�; uhpT, 5�-GCCGGG
CAAAAGGATCCAGTTTCGTTTATG-3�; and hptcp, 5�-AACGGCTAGGCT
TTACTACG-3�) contained the stop codon for the corresponding sequence. The
PCR products were gel purified, cloned into the EcoRV site of plasmid pBSK
(Stratagene), and sequenced on both strands by chain termination reaction
(Seqlab, Göttingen, Germany). To construct plasmids expressing an N-terminal
histidine tag, the NdeI/BamHI DNA inserts of the pBSK constructs were intro-
duced into the NdeI/BamHI sites of the bacterial vector pET16b (Novagen,
Heidelberg, Germany).

Recently, it has been shown that the E. coli expression plasmid pT7-5 allows
higher yields of heterologously expressed membrane proteins (1). Therefore, we
used this plasmid as a suitable tool to overexpress the histidine-tagged trans-
porter proteins. PCRs were carried out by using the uhpC/pET16b and hptcp/
pET16b constructs as templates. For this, the sense primer OL30 (5�-GAACG
GATCCATACCATGGGC-3�) and the T7-terminator primer were used, leading
to the introduction of a BamHI restriction site at the 5� end. The resulting PCR
products were gel purified, subsequently cut with BamHI, and introduced into
the BamHI-digested vector pMA618 (a pT7-5 derivate). After the correct ori-
entation was analyzed, these constructs were used for overexpression of His-
UhpC and His-HPTcp in E. coli.

Strains, P1 transduction and growth conditions. Strain XL1-Blue (Strat-
agene) was used for all cloning steps. Strains RK7245 [uhpC::Tn1000 (Tetr)] and
RK7251 [uhpT::Tn1000 (Tetr); kindly provided by Robert Kadner, University of
Virginia, Charlottesville] were used as donor strains for P1 transduction of E. coli
BL21(DE3) to create UhpC- and UhpT-deficient BL21(DE3) mutants. This E.
coli strain was chosen to receive an appropriate inducible system for uptake
experiments with intact bacterial cells. P1 transduction was carried out with P1 vir
essentially as described previously (3). Subsequently, the plasmids pET16b (con-
trol), uhpC/pET16b, hptcp/pET16b, and uhpT/pET16b were introduced into the
UhpC- and UhpT-deficient E. coli strain BL21(DE3) (uhpC::Tn1000 and
uhpT::Tn1000, respectively). Transformation of E. coli was carried out according
to standard protocols.

Overnight cultures were diluted 100-fold into YT medium plus antibiotics and
grown at 37°C to an optical density (A578) of 0.5 to 0.6. Induction of T7-RNA
polymerase was initiated by addition of IPTG (final concentration, 0.012%).
Cells were grown for an additional 90 min, collected by centrifugation, resus-
pended in morpholinepropanesulfonic acid (MOPS) and buffer medium (50 mM,
pH 7.5), and stored on ice until use.

As the heterologous host strain for the purification of histidine-tagged mem-
brane proteins by metal-affinity chromatography, we used E. coli BL21(DE3)
C43 (kindly provided by John E. Walker, University of Cambridge, Cambridge,
United Kingdom) with Terrific Broth (11) as growth medium.

For assays of Pi transport cells were grown in M63 minimal medium (pH 7.5)
(10) containing thiamine (2 �g/ml), Casamino Acids (50 �g/ml), necessary an-
tibiotics, and 0.2% (wt/vol) glucose. Cultures were grown overnight and induced
with IPTG (isopropyl-�-D-thiogalactopyranoside). After an additional 2 h the
cells were harvested by centrifugation and washed twice with MOPS buffer
medium.

Transport assays. Cell suspensions were allowed to equilibrate at 30°C and
subsequently mixed with the same amount of prewarmed transport medium
containing [14C]Glc6P (NEN, Frankfurt/Main, Germany). At the indicated time
points transport was stopped by transfer of cells to membrane filters (25 mm in
diameter, 0.45-�m pore size; Orange Scientific, Braine-l’Alleud, Belgium)

prewetted with MOPS buffer medium and set under a vacuum. After being
washed with buffer, the filters were placed in vials containing scintillation cocktail
(Quicksafe A; Zinsser Analytic, Frankfurt/Main, Germany). For Pi efflux assays
the washed cells were first incubated with 100 �M 32Pi (NEN). Subsequently,
they either received unlabeled KPi (final concentration, 10 mM) or they were
washed twice with MOPS buffer medium and resuspended in buffer containing
the indicated counter-exchange substrate. The transport was stopped as de-
scribed above, and the filters were transferred into vials containing water. Ra-
dioactivity was quantified in a Canberra-Packard Tricarb-2500 Counter (Can-
berra-Packard, Frankfurt/Main, Germany).

The kinetic constants of transport were estimated by the method of Hanes.
Inhibition constants (Ki) for Pi were determined by using the Dixon plot analysis.
All data represent the means of at least three independent experiments. The
standard deviation was always less than 8% of the given mean. The background
activity of IPTG-induced E. coli cells (uhpT::Tn1000) harboring the vector plas-
mid pET16b was subtracted. The protein content of E. coli samples was quan-
tified by using Coomassie brilliant blue according to the method of Bradford (4).

Cytoplasmic membrane preparation, purification of histidine-tagged mem-
brane protein, and Western blot analysis. Cytoplasmic membrane preparation
and purification of histidine-tagged membrane protein were carried out as de-
scribed before (1). The cells were disrupted by ultrasonication (250 W, three
times for 30 s each time, 4°C). The membrane proteins were solubilized by the
addition of n-dodecyl maltoside and purified by Ni-chelating chromatography
according to supplier�s instructions (Qiagen, Hilden, Germany). To increase the
amounts of membrane protein for the purification procedure of the histidine-
tagged proteins, E. coli C43 harboring the IPTG-inducible pMA618 construct of
His-UhpC or His-HPTcp, respectively, was used (see above). The resulting
membrane protein fractions were separated by sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis.

For Western blot analysis, E. coli BL21(DE3) (uhpT::Tn1000) harboring the
corresponding pET16b construct was used as described above for the transport
assays. Cytoplasmic membrane preparation was carried out as described previ-
ously (1). Western blots were developed by using a histidine-tag specific anti-
serum (Qiagen, Hilden, Germany) and the method of chemiluminescence
(Roche, Mannheim, Germany). Expression levels were determined by densitom-
etry of digitized images (9). The linearity of densitometry was checked by ap-
plying various amounts of protein.

RESULTS

Structural characteristics of UhpC and HPTcp. The ge-
nome from C. pneumoniae contains the gene hptcp encoding a
highly hydrophobic protein of 455 amino acid residues exhib-
iting 30% identity to the Glc6P transporter UhpT from E. coli.
Because of this high degree of similarity it is not surprising that
the chlamydial protein possesses, like UhpT, 12 predicted
transmembrane domains. An amino acid alignment revealed
that conserved amino acids are scattered throughout the entire
HPTcp protein in hydrophilic as well as in predicted trans-
membrane regions. However, the lowest conservation between
these proteins is present in the large hydrophilic loop connect-
ing transmembrane domains 6 and 7 (data not shown).

UhpC has already been identified as a protein with substan-
tial structural similarities to the E. coli Glc6P transporter
UhpT (15). Interestingly, the chlamydial HPTcp protein exhib-
its 45% identity to the Glc6P sensor protein UhpC, which is
significantly higher than that to the Glc6P transporter UhpT
(see above).

Glc6P transport into E. coli catalyzed by His-UhpC or His-
HPTcp. To analyze whether UhpC (analyzed as a His-UhpC
protein) is able to transport Glc6P, we used an E. coli BL21
(DE3) mutant lacking a functional UhpT protein (uhpT::
Tn1000). After transformation of these cells with the plasmid
uhpC/pET16b and IPTG-induced expression, these E. coli cells
were able to import Glc6P (Fig. 1A). After 1 min of incubation
with radioactively labeled Glc6P, negative control cells harbor-
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ing the vector pET16b imported radioactivity at a rate ca. 1/6
that of the cells harboring uhpC/pET16b (data not shown). The
slow rate of radioactivity import observed in control cells may
be due either to residual activity of the endogenous UhpC
carrier or to uptake of free glucose liberated after extracellular
dephosphorylation of Glc6P. We prefer the latter explanation
because the addition of glucose (5 mM) totally blocked uptake
of radioactivity into control cells (data not shown; in further
experiments, however, we did not add glucose). Therefore, to
allow a correct determination of substrate affinity and to study
the action of various effectors, we always subtracted uptake of
radioactivity into IPTG-induced control cells harboring the
empty vector pET16b. Glc6P uptake was linear for ca. 2 min
and reached the steady state after ca. 30 min of incubation.
Glc6P uptake by His-UhpC exhibited an apparent affinity (Km)
of 25 �M and occurred at a maximal rate of 38 nmol per mg of
E. coli protein per h (Fig. 1B and inset).

To elucidate the substrate transport properties of His-
HPTcp, we transformed the mutated E. coli cells (uhpT::
Tn1000) with plasmid hptcp/pET16b and induced expression of
the transporter gene with IPTG. Glc6P uptake into E. coli
catalyzed by His-HPTcp was linear with time for ca. 2.5 min
(Fig. 2A), exhibited an apparent Km value of 98 �M and

occurred at a maximal rate of 200 nmol per mg of E. coli
protein per h (Fig. 2B and inset).

To gain insight into the specific activities of these carrier
proteins, we compared the protein levels of His-UhpT, His-
UhpC, and His-HPTcp in the E. coli cell membranes with the
corresponding Glc6P uptake rates. As shown in Fig. 3A, lane 3,
the metal-chelate affinity-purified His-HPTcp protein exhibits
an apparent molecular mass of ca. 45 kDa, whereas the puri-
fied His-UhpC protein has a molecular mass of ca. 39 kDa.
These values are substantially less than the calculated authen-
tic molecular masses of the His-HPTcp and the His-UhpC
proteins (54.1 and 50.7 kDa, respectively; His-UhpT exhibits a
calculated molecular mass of 53.1 kDa). However, it is well
known that hydrophobic membrane proteins tend to bind un-
representative amounts of sodium dodecyl sulfate and thus
exhibit lower apparent molecular masses.

A Western blot analysis with a histidine tag-specific anti-
serum allowed quantification of the relative abundance of His-
UhpT, His-UhpC, and His-HPTcp in the E. coli membrane
(Fig. 3B). Most prominent was the His-UhpC protein (Fig. 3B,
lane 1). Setting the presence of His-UhpC to 100%, the His-
HPTcp entered the E. coli membrane with 9.5% efficiency and
the His-UhpT entered the E. coli membrane with 37% effi-
ciency (Fig. 3B, lanes 2 and 3). The corresponding maximal

FIG. 1. Uptake of [14C]Glc6P into IPTG-induced E. coli cells
(uhpT::Tn1000) harboring plasmid uhpC/pET16b. (A) Time depen-
dency of [14C]Glc6P uptake (at a concentration of 25 �M). (B) Sub-
strate saturation of [14C]Glc6P uptake. Cells were incubated for 1 min
with the indicated concentrations. Inset: Hanes plot of the [14C]Glc6P
uptake, indicating an apparent Km of 25 �M and a Vmax of 38 nmol per
mg of protein per h.

FIG. 2. Uptake of [14C]Glc6P into IPTG-induced E. coli cells
(uhpT::Tn1000) harboring plasmid hptcp/pET16b. (A) Time depen-
dency of [14C]Glc6P uptake (at a concentration of 100 �M). (B) Sub-
strate saturation of [14C]Glc6P uptake. Cells were incubated for 1 min
with the indicated concentrations. Inset: Hanes plot of the [14C]Glc6P
uptake, indicating an apparent Km of 98 �M and a Vmax of 200 nmol
per mg of protein per h.
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Glc6P transport rates were 38 nmol/mg of E. coli protein per h
for His-UhpC (Fig. 1B), 200 nmol/mg of E. coli protein per h
for His-HPTcp (Fig. 2B), and 2,800 nmol/mg of E. coli protein
per h for His-UhpT (data not shown). From these data we
calculated relative specific activities (maximal rate of Glc6P
transport/percentage of transport protein in the E. coli mem-
brane) of 0.4 for His-UhpC, 21 for His-HPTcp, and 76 for
His-UhpT.

Substrate specificity of His-UhpC and His-HPTcp. It is well
established that UhpT not only uses Glc6P as a substrate but
also Pi and some organophosphates with widely differing ap-
parent affinities (e.g., reference 5). To analyze and compare
the substrate specificities of the sensor His-UhpC, the E. coli
hexose phosphate transporter His-UhpT, and the chlamydial
transporter His-HPTcp, we expressed the corresponding struc-
tural genes in E. coli (uhpT::Tn1000). Uptake experiments
were carried out at Glc6P concentrations near the apparent Km

values (for His-UhpT at 30 �M, for His-UhpC at 25 �M, and
for His-HPTcp at 100 �M). The indicated effectors were
present at 20-fold above the given Glc6P concentration.

Fructose 6-phosphate (Fru6P) inhibited Glc6P uptake by

His-UhpT most efficiently, reducing the uptake to ca. 9% of
the control rate (Table 1). In marked contrast to this, Fru6P
only modestly inhibited Glc6P uptake catalyzed by His-UhpC
to 77% of the control rate and His-HPTcp to only 93% of the
control rate (Table 1). Galactose 6-phosphate was a weak
inhibitor in all cases (62 to 88% of the control rate). Glu-
cosamine 6-phosphate reduced both His-UhpC and His-
HPTcp activity to ca. two-thirds of the control rate, whereas
Glc6P uptake by His-UhpT was reduced to ca. one-third of the
residual activity (Table 1). Mannose 6-phosphate moderately
affected His-UhpC and His-HPTcp activity (71 and 84% of the
control rate, respectively) but strongly reduced the rate of
Glc6P uptake mediated by His-UhpT (16% of the control rate;
Table 1). Glc1P did not significantly affect the chlamydial
transporter His-HPTcp but reduced the activity of His-UhpC
protein to two-thirds and the activity of His-UhpT to one-third
of the control rate (Table 1). Erythrose 4-phosphate, an inter-
mediate of the oxidative pentose phosphate pathway, hardly
affected His-UhpT activity, whereas Glc6P transport by His-
UhpC and His-HPTcp was reduced to 67 and 58% of the
control rate, respectively (Table 1). Remarkably, all three
tested C3-organophosphates (glycerol 3-phosphate, 3-phos-
phoglyceric acid, and phosphoenolpyruvate) stimulated His-
HPTcp activity up to 2.4-fold but hardly affected the two E. coli
proteins (Table 1).

Effect of Pi on Glc6P uptake by His-UhpT, His-UhpC, and
His-HPTcp. UhpT-mediated Glc6P uptake into E. coli is clas-
sified as a Pi-linked antiporter system (22). Therefore, both
substrates, Glc6P and Pi, compete for access to the same bind-
ing site of the transport protein. To define the putative com-
petition between these compounds at the substrate binding site
of His-UhpC and His-HPTcp, we analyzed the effect of rising
Pi concentrations on Glc6P import. At a Glc6P concentration
of 25 �M, external Pi concentrations of 2.5, 10, and 25 mM
inhibited His-UhpT-catalyzed Glc6P by 7, 40, and 50%, re-
spectively (Fig. 4). The inhibitory effect of Pi on His-UhpC-
mediated Glc6P transport was remarkably stronger, with inhi-
bitions of 50, 80, and 90% at the same Pi concentrations (Fig.
4). In contrast to the E. coli proteins the chlamydial transporter
His-HPTcp appeared nearly unaffected by exogenous Pi (Fig.
4). In fact, at low external Pi concentrations (2.5 and 10 mM)

FIG. 3. Purification of histidine-tagged transport proteins and
Western blot analysis. (A) Purification of His-HPTcp and His-UhpC.
E. coli C43 cells harboring the plasmids uhpC/pMA618 or hptcp/
pMA618 were induced with IPTG. The histidine-tagged proteins were
enriched by metal affinity chromatography (details are given in Mate-
rials and Methods). Lane 1, marker proteins (NEB standard); lane 2,
crude extract of the membrane protein fraction of His-HPTcp; lane 3,
elution of His-HPTcp at an imidazole concentration of 100 mM; lane
4, elution of His-UhpC at an imidazole concentration of 100 mM. No
proteins extracted from control cells (pET16b) were detectable in the
elution fraction (data not shown). (B) Western blot analysis of mem-
brane protein fractions of IPTG-induced E. coli BL21 cells (uhpT::
Tn1000) harboring plasmid uhpC/pET16b, hptcp/pET16b, or uhpT/
pET16b. Equal amounts of total protein were used. Immunoblotting
was carried out with a histidine tag-specific antiserum (details are given
in Materials and Methods). Lane 1, membrane protein fraction of
His-UhpC; lane 2, membrane protein fraction of His-HPTcp; lane 3,
membrane protein fraction of His-UhpT.

TABLE 1. Effects of various phosphorylated metabolites on [14C]-
Glc6P transport activity by His-UhpC, His-UhpT, or His-HPTcpa

Effector
Mean rate of Glc6P transport (%) � SD

His-UhpC His-UhpT His-HPTcp

None 100 100 100
Fru6P 77 � 5.3 9 � 1.7 93 � 1.4
Galactose 6-phosphate 74 � 3.3 88 � 1.2 62 � 5.5
Glucosamine 6-phosphate 66 � 3.2 38 � 4.5 77 � 3.5
Mannose 6-phosphate 71 � 2.6 16 � 2.7 84 � 1.3
Glc1P 63 � 4.8 39 � 3.2 99 � 0.7
Erythrose 4-phosphate 67 � 2.6 95 � 1.7 58 � 7.0
Glycerol 3-phosphate 115 � 0.9 91 � 3.0 206 � 12.7
3-Phosphoglyceric acid 98 � 1.5 98 � 1.8 186 � 11.0
Phosphoenolpyruvate 105 � 2.6 95 � 1.1 239 � 7.1

a E. coli cells were incubated for 1 min at a concentration of 25 �M (UhpC),
30 �M (UhpT), or 100 �M [14C]Glc6P (HPTcp). Effectors were present at a
20-fold excess. The data represent the mean of three independent measure-
ments.
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the rate of Glc6P uptake was slightly increased and at 25 mM
Pi an inhibition of only 8% was detected (Fig. 4). We estimated
the inhibitory constant (Ki) for Pi as 4 mM for the His-UhpT
protein. This value is in accordance with previously reported
data (7). Pi also acts competitively on His-UhpC-mediated
Glc6P import (Ki � 2.5 mM; Fig. 5). In marked contrast, rising
concentrations of external Pi did not decrease the apparent
substrate affinity of His-HPTcp but rather slightly increased
the substrate affinity (Fig. 4 and 5C).

Antiporter properties of His-UhpC and His-HPTcp. Al-
though all bacterial Glc6P transport systems are thought to be
Pi-linked antiporters (2, 16), this has never been analyzed for
the chlamydial transporter HPTcp or for the E. coli sensor
UhpC. Therefore, we grew the E. coli cells in M63 medium
which contains 100 mM Pi. Thus, the E. coli Pi uptake systems
are nearly absent, and any rapid observed Pi transport should
be for the most part mediated by the Glc6P antiporters (22).
Both Pi uptake (100 �M 32Pi) in E. coli cells expressing His-
UhpT, His-UhpC, or His-HPTcp and the displacement of this
radiolabeled Pi with the following addition of 10 mM unlabeled
Pi were measured (22).

In the case of E. coli cells harboring just the plasmid pET16b
there was a lower level of Pi uptake than in cells expressing
Glc6P transport. The addition of unlabeled Pi did not substan-
tially affect the level of intracellular radiolabel (Fig. 6A). In
contrast, cells harboring uhpT/pET16b released more than
80% of the radiolabel within 13 min (Fig. 6A) as expected from
the work of others (22). Like His-UhpT, E. coli cells expressing
His-UhpC or His-HPTcp rapidly released internal radiolabel
after the addition of 10 mM unlabeled Pi (Fig. 6A). Further-
more, in similar experiments we demonstrated that both unla-
beled Glc6P and erythrose 4-phosphate (a putative but unex-
pected substrate based on Table 1) could affect the release of
radiolabel from cells expressing His-HPTcp that had been
loaded with radioactively labeled Pi (Fig. 6B). Based on these
experiments we suggest that all three Glc6P transport proteins
analyzed here exhibit a Pi-Glc6P antiport mode of transport. A
problem remains of how to reconcile the lack of inhibition of

Glc6P transport by HPTcp (Fig. 4 and 5) with both the influx
and efflux of Pi presumably mediated by this transporter (Fig.
6).

Complementation of an E. coli uhpC::Tn1000 mutant by the
His-UhpC or His-HPTcp protein. Since the amino acid se-
quences of HPTcp and UhpC share 67% similarity, it is of
interest to determine whether the chlamydial transport protein
is able to sense exogenous Glc6P, communicate this informa-
tion to UhpB, and thus complement a uhpC::Tn1000 mutant of
E. coli. For this analysis, we used a uhpC::Tn1000 mutant that
contained an IPTG-induced uhpC/pET16b or hptcp/pET16b
plasmid and analyzed the induction of the chromosomally en-

FIG. 4. Effect of Pi on Glc6P transport mediated by His-HPTcp,
His-UhpC, or His-UhpT. E. coli cells (uhpT::Tn1000) harboring plas-
mids uhpC/pET16b (Œ), hptcp/pET16b (}), or uhpT/pET16b (■ ) were
incubated for 1 min at a concentration of 25 �M [14C]Glc6P.

FIG. 5. Dixon plot analysis of the Pi effect on Glc6P transport.
(A) Transport catalyzed by His-UhpT; (B) transport catalyzed by His-
UhpC; (C) transport catalyzed by His-HPTcp. Uptake of [14C]Glc6P
into IPTG-induced E. coli cells (uhpT::Tn1000) harboring the corre-
sponding plasmids was measured at different Pi concentrations. The
apparent Ki values are 4 mM for His-UhpT and 2.5 mM for His-UhpC.
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coded UhpT protein by exogenous Glc6P. The interpretation
of the experiment was made difficult by the fact that IPTG-
induced expression of uhpC/pET16b and hptcp/pET16b in-
creased the transport of Glc6P independently of induction of
UhpT by Glc6P (Fig. 1 and 2). However, the specific inhibition
by Fru6P of Glc6P transport mediated by UhpT (but not
HPTcp; Table 1) allowed us to overcome this problem.

The addition of Glc6P (100 �M) during growth of the wild-
type E. coli cells induced the UhpT Glc6P uptake system with
a rate of ca. 145 nmol/mg of E. coli protein per h (Fig. 7,
columns 1 and 2). E. coli cells (uhpC::Tn1000) containing the
plasmid encoding His-UhpC protein did not transport substan-
tial amounts of Glc6P in the absence of both IPTG and Glc6P
during growth (Fig. 7, column 3). Interestingly, even in the

absence of IPTG the presence of Glc6P during growth of the
cells resulted in a substantial capacity to transport [14C]Glc6P
(115 nmol/mg of E. coli protein per h; Fig. 7, column 4). The
additional presence of Fru6P during uptake strongly inhibited
Glc6P import (Fig. 7, column 5). This observation clearly
showed that Glc6P uptake was mediated by UhpT (compare
with the data in Table 1). The presence of both IPTG and
Glc6P during growth of the cells did not lead to higher rates of
Glc6P uptake than were observed without IPTG (compare
columns 4 and 6 of Fig. 7). This effect might be due to an
interference of large amounts of His-UhpC with other compo-
nents of the uhp regulon.

In the absence of IPTG and Glc6P E. coli cells (uhpC::
Tn1000) transformed with the plasmid hptcp/pET16b did not
transport substantial amounts of Glc6P (Fig. 7, column 7). This
low rate of Glc6P import was not increased by the presence of
Glc6P during growth of the cells (Fig. 7, column 8). This result
is in marked contrast to the observations made on the E. coli
(uhpC::Tn1000) mutant transformed with the plasmid uhpC/
pET16b (Fig. 7, column 4). The presence of both Glc6P and
IPTG during growth of the cells resulted in a Glc6P uptake
rate of ca. 39 nmol/mg of E. coli protein per h (Fig. 7, column
9) that was not inhibited by the addition of Fru6P (Fig. 7,
column 10). This observation demonstrated that import under
these conditions was solely mediated by the IPTG-induced
His-HPTcp and not by the UhpT protein. In contrast to the
situation in wild-type cells (Fig. 7, column 2) or in the E. coli
uhpC::Tn1000 mutant complemented with the plasmid uhpC/
pET16b, Glc6P did not induce the chromosomal uhpT gene
(Fig. 7, columns 11 and 12). Therefore, His-HPTcp is not able

FIG. 6. Phosphate exchange across the membrane of IPTG-in-
duced E. coli cells. E. coli cells (uhpT::Tn1000) harbored either plas-
mid pET16b (✚ ), uhpC/pET16b (}), hptcp/pET16b (Œ), or uhpT/
pET16b (■ ). (A) Effect of dilution on internal Pi concentration. After
incubation with 100 �M 32Pi, unlabeled Pi was added to a final con-
centration of 10 mM (arrow). Cells were grown in M63 medium (see
Materials and Methods) and washed twice with MOPS buffer medium.
(B) After incubation with 100 �M 32Pi for 5 min and removal of
external radioactivity, each suspension of IPTG-induced E. coli cells
(uhpT::Tn1000) harboring plasmid hptcp/pET16b received MOPS
buffer medium with or without 2 mM erythrose 4-phosphate or Glc6P.

FIG. 7. Complementation of the uhpC-deficient E. coli strain BL21
(uhpC::Tn1000) with the plasmids uhpC/pET16b or hptcp/pET16b.
The corresponding suspensions were induced with IPTG and/or with
100 �M Glc6P. For determination of uptake rates the cells were
incubated for 1 min with 10 �M [14C]Glc6P. In column 5, 10, and 12
Fru6P (200 �M) was added during [14C]Glc6P uptake. Because of the
experimental design, the background activity (	IPTG, 	Glc6P) was
not subtracted. Columns: 1, wild-type E. coli BL21, 	IPTG, 	Glc6P;
2, wild-type E. coli BL21, 	IPTG, �Glc6P; 3, uhpC-deficient E. coli
BL21 (uhpC::Tn1000), complemented with uhpC/pET16b, 	IPTG,
	Glc6P; 4, see column 3, 	IPTG, �Glc6P; 5, see column 3, 	IPTG,
�Glc6P, �Fru6P; 6, see column 3, �IPTG, �Glc6P; 7, uhpC-deficient
E. coli BL21 (uhpC::Tn1000), complemented with hptcp/pET16b,
	IPTG, 	Glc6P; 8, see column 7, 	IPTG, � Glc6P; 9, see column 7,
� IPTG, 	Glc6P; 10, see column 7, � IPTG, 	Glc6P, �Fru6P; 11,
see column 7, �IPTG, �Glc6P; 12, see column 7, �IPTG, �Glc6P,
�Fru6P.
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to complement a missing UhpC protein for the induction of
the uhp regulon.

DISCUSSION

The observation that the chlamydial transporter HPTcp ex-
hibits a higher degree of sequence similarity to the E. coli
Glc6P sensor UhpC than to the E. coli Glc6P transporter
UhpT was surprising. Although the effect of several in-frame
insertions into the UhpC gene on Glc6P sensing indicated that
transport is not required for sensing (15), the ability of His-
UhpC to transport Glc6P has now been demonstrated (Fig. 1).
Maloney and coworkers identified a number of amino acids
strictly required for function of UhpT. For example, the argi-
nine residues R46 and R275 are indispensable for UhpT-medi-
ated Glc6P transport (6). Thus, it is not surprising to find
corresponding amino acid residues conserved in both UhpC
and HPTcp, proteins that can function as transporters (R49

and R278 in HPTcp and R46 and R266 in UhpC). According to
our data it is clear that UhpC is able to transport Glc6P (Fig.
1). However, under in vivo conditions UhpC interacts with
UhpB, and such interaction might influence the transport ac-
tivity of UhpC.

His-HPTcp does not complement the uhpC::Tn1000 muta-
tion in the E. coli uhp regulon (Fig. 7, columns 7 to 12). This
observation demonstrates that a sensor function of His-HPTcp
is not present even if the other elements of the E. coli uhp
regulon are functionally present (Fig. 7, columns 3 to 6). Ob-
viously, the structural modifications which occurred after
transfer of the gene into the chlamydial cell and which are
required to gain optimized transport properties (see below) led
to a loss of sensing ability. In fact, the sensor function is not
useful in chlamydiae because these bacteria lack all other com-
ponents of the uhp regulon (23). Moreover, as obligate intra-
cellular bacteria they are probably permanently exposed to a
rich and homeostatically regulated metabolite medium (20).
We suppose that the lower apparent substrate affinity of His-
HPTcp (Fig. 2) represents one of several biochemical adapta-
tions to the unique ecological niche chlamydial cells occupy
(20). Within the host cell they are wrapped with a membrane
which is permeable for a wide range of metabolites such as
sugar-phosphates, various nucleoside triphosphates, and
amino acids (11, 12, 19, 20, 24, 25).

In clear contrast to the E. coli UhpT protein the chlamydial
transporter HPTcp does not transport Fru6P (Table 1). How-
ever, this feature might not represent a drawback for the
pathogenic bacterial cell since phosphoglucose isomerase, cat-
alyzing the equilibration of Glc6P and Fru6P in the host cy-
tosol, is known to be a very active enzyme. Therefore, while the
free-living E. coli cell does not often find both energy-rich
hexose phosphates and enzymes mediating their equilibration
in their external milieu, the obligately intracellular chlamydial
cell can rely on the presence of both types of molecules (me-
tabolites and enzymes) in their environment. In addition, His-
HPTcp is unable to transport mannose 6-phosphate (Table 1).
This feature is in accordance with the absence of genes encod-
ing mannose 6-phosphate isomerases in the chlamydial ge-
nome (23). Without this enzyme mannose 6-phosphate cannot
be used to fuel bacterial metabolism. In contrast to His-UhpT,
His-HPTcp is able to transport erythrose 4-phosphate (Table

1; Fig. 6B). The biological significance of such transport re-
mains unclear since the chlamydial genome contains the genes
to encode all of the enzymes required to synthesize erythrose
4-phosphate via the oxidative pentose phosphate pathway.

Although Glc6P transport mediated by His-UhpT and His-
UhpC is competitively inhibited by exogenous Pi (Fig. 5A and
B), Glc6P uptake into E. coli cells expressing the chlamydial
transport protein His-HPTcp is not (Fig. 5C). Under in vivo
conditions an absence of Pi inhibition on Glc6P import might
represent an advantage for the pathogenic bacterium. It has
been demonstrated that primary metabolism in chlamydial
cells depends on Glc6P uptake (13). Assuming that in the late
phase of host cell infection an inhibition of the eukaryotic
energy metabolism occurs, a corresponding increase of Pi (less
ATP and phosphorylated intermediates) will still allow uptake
of the required Glc6P (Fig. 5C), thus maintaining of bacterial
metabolism under unfavourable conditions. However, the ex-
act function of Pi on the His-HPTcp protein seems to be much
more complex because this lack of inhibition by Pi of HPTcp
activity must be reconciled with the readily observed influx and
efflux of Pi presumably mediated by this transporter (Fig. 6). A
more detailed analysis requires the establishing of a proteoli-
posome system harboring the heterologously synthesized and
enriched HPTcp protein.

Another clear difference in the two E. coli proteins is the
stimulatory effect of the C3-organophosphates PGA, PEP, and
glycerol 3-phosphate on Glc6P transport catalyzed by His-
HPTcp (Table 1). The specificity of this effect is indicated by
the observation that these compounds do not affect the His-
UhpT or His-UhpC proteins (Table 1). It may be that His-
HPTcp possesses domains on its periplasmic side, allowing it to
bind C3-organophosphates. Recently, it has been shown that
mutants of UhpT lacking the intrahelical salt bridge between
amino acid residues D388 and K391 now transport phos-
phoenolpyruvate but have lost the ability to transport Glc6P
(9). Neither UhpC nor HPTcp contain charged amino acids at
the corresponding positions (UhpC, T383 and V386; HPTcp,
S396 and T399), showing that this intrahelical salt bridge does
not determine substrate specificity in these two proteins. How-
ever, it will be interesting to introduce a corresponding salt
bridge in UhpC and HPTcp to determine whether we might be
able to alter their specificity or specific activity.

The similarity of the amino acid sequences of HPTcp and
UhpC indicates that hptcp derives from a horizontal gene
transfer between a bacterial species harboring a uhp regulon
and a relative of recent Chlamydia. If we compare the bio-
chemical features of His-UhpC and His-HPTcp in more detail
further evidences for a common evolutionary ancestor are
raised. Among the six phosphorylated intermediates inhibiting
Glc6P import catalyzed by all three types of proteins (His-
UhpT, His-UhpC, and His-HPTcp) four (Fru6P, glucosamine
6-phosphate, mannose 6-phosphate, and erythrose 4-phos-
phate) act very similarly on His-UhpC and His-HPTcp but
totally differently on His-UhpT (Table 1). The observation that
phosphorylated intermediates other than Glc6P hardly affect
UhpC (Table 1) is in full accordance with previous observa-
tions on the sensor function of this protein (15). Because
His-UhpC is able to catalyze Glc6P import (Fig. 1; Table 1),
there is no biochemical constraint to exclude the occurrence of
such a horizontal transfer to confer Glc6P import. Remark-
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ably, the membranes from the human endoplasmic reticulum
(brain isoform) also contain a Glc6P transport protein that
exhibits a higher degree of identity to UhpC (29.3%) than to
UhpT (21.4%) (8, 18). Interestingly, the chlamydial hexose
phosphate transporters exhibit an even higher degree of simi-
larity to the human endoplasmic reticulum homologs (�33%)
(18), raising the question about the evolutionary relationship
between the bacterial and the human types of these carrier
systems. In this context, it is worthwhile to mention that the
extremely reduced chlamydial genome contains at least 35
genes of eukaryotic origin (23). Obviously, it will be interesting
for evolutionary biologists to analyze the phylogenetic origin of
the hptcp gene (either from other bacteria or from a eukaryotic
origin) in detail.
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