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Abstract

The phosphoenolpyruvate:sugar phosphotransferase
system (PTS) plays a key role in sugar uptake and
metabolic regulation in bacteria. PTS proteins form a
divergent phosphorylation cascade. Enzyme I (EI) is
at the top of the cascade and mediates phosphoryl-
transfer from phosphoenolpyruvate to the phosphoryl-
carrier protein HPr, which then distributes the
phosphoryl-groups to the different carbohydrate
transporters. In addition, some PTS proteins have a
regulatory function in catabolite repression, inducer
exclusion and chemotaxis which is modulated by their
degree of phosphorylation in response to the
availability of substrates. Using as a reporter the lacZ
gene under control of the bgl t2 transcriptional
terminator and as an effector the transcriptional
antiterminator LicT from B. subtilis, a two-plasmid
reporter gene system was constructed in order to
monitor PTS activity. LicT, when present at low
concentration in E. coli, is inactivated by EI/HPr-
dependent phosphorylation and conversely is active
in a ptsI- mutant lacking EI. Active LicT allows for
transcriptional readthrough at bgl t2, resulting in a full-
length lacZ transcript. ß-galactosidase activities are
increased 4-8-fold in a ptsI+ strain growing on PTS
substrates relative to growth on non-PTS substrates
and ~~~~~30-fold in a ptsI- mutant. This gain-of-function in
response to dephosphorylation of EI or lack of active
EI can be used to monitor changes of EI activity caused
by mutations and environmental factors and for
screening and validation of inhibitors of the PTS as
potentially novel antibacterial compounds.

Introduction

An increasing number of pathogenic bacteria show multiple
resistance to the currently available antibiotics (Jacoby,
1996; Gold and Moellering, 1996; Murray, 1997). This has
triggered a worldwide quest for novel antibacterial targets
and compounds. The phosphoenolpyruvate:sugar
phosphotransferase system (PTS) could be one such
target. The PTS occurs in bacteria only, where it has a
pleiotropic role in carbohydrate transport and metabolic
regulation. It mediates the uptake and concomitant
phosphorylation of carbohydrates (sugars, aminosugars,
hexitols). In addition, it regulates a variety of processes
like cAMP production by adenylate cyclase, catabolite
repression, inducer exclusion, chemotaxis, and the activity
of metabolic enzymes such as glycerol kinase and glycogen
phosphorylase (for reviews, Saier and Reizer, 1994; Saier
et al., 1995; Postma et al., 1996). Furthermore, due to its
regulatory activities, the PTS heavily, albeit indirectly
impacts on physiological processes such as growth on non-
PTS carbon sources and biosynthesis of flagellae (Postma
et al., 1996), expression of virulence factors (Saier and
Chin, 1990), and possibly other not yet fully characterized
functions. In spite of these unique properties the PTS has
so far not been exploited as a potential target for
antibacterial compounds, mainly because it is nonessential
for bacterial growth on complex laboratory media (Simoni
et al., 1967; Levy et al., 1990; Postma et al., 1996).

The PTS is composed of four phosphoprotein
intermediates (EI, HPr, IIA, IIB) and one or two membrane
spanning subunits (IIC, IID). EI, HPr, IIA and IIB sequentially
transfer phosphoryl-groups from PEP to carbohydrates
which are translocated by sugar-specific IIC and IID
components (Postma et al., 1996). EI autophosphorylates
with PEP on a conserved histidine residue and
subsequently delivers the phosphoryl-group to a histidine
residue on the small histidine containing protein, HPr. HPr
in turn functions as a versatile phosphoryl-shuttle to the
different sugar-specific IIA/B(C,D) transport complexes (for
review, Lengeler et al., 1994). Whereas the number of
sugar-specific transporters varies in different bacteria, there
is usually only one EI and HPr, and these two general PTS
proteins are almost ubiquitous and highly conserved in the
bacterial kingdom (Reizer et al., 1993; Postma et al., 1993).
More recently, paralogues of EI and HPr were identified in
Escherichia coli as well (Reizer et al., 1996).

The function of EI at the top of the phosphorylation
cascade, the particular chemistry of histidine
phosphorylation, the physiological importance of the PTS,
the absence of a PTS from eukaryotes, taken together,
make the EI-HPr interaction an attractive molecular target
for an antibacterial intervention. In two previous reports
Mukhija and Erni characterized peptides selected from
phage display (Mukhija and Erni, 1997) and combinatorial
peptide libraries (Mukhija et al., 1998), which in vitro
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competitively inhibited EI with IC50s in the micromolar
range. The amino acid sequence and composition of these
peptides together with the well known 3D structure of the
HPr-binding domain of EI from E. coli (Liao et al., 1996)
and the model of docking between EI and HPr (Garrett et
al., 1999) serve as a basis for the rational design of non-
peptidic inhibitors of EI.

In this report we describe a whole-cell reporter gene
assay suited for the verifiction of EI inhibitors in intact cells
and potentially amenable to high-throughput-screening of
random or biased compound libraries. The assay is based
on the PTS-sensitive regulation in E. coli of the activity of
the transcriptional antiterminator protein LicT from B.
subtilis. PTS-mediated regulation of gene expression
through transcriptional antitermination was first described
for the bgl operon of E. coli (Mahadevan and Wright, 1987;
Schnetz et al., 1987; Schnetz and Rak, 1988) which
encodes proteins required for the PTS-dependent uptake
and metabolism of ß-glucosides as carbon sources. The
BglG antiterminator protein, by binding to sequence
elements within the nascent bgl mRNA, prevents premature
transcriptional termination at overlapping rho-independent
termination sites, and thus permits RNA polymerase to
synthesize a full-length bgl mRNA (Houman et al., 1990).
In the absence of a ß-glucoside substrate, BglF, the ß-
glucoside-specific sugar permease, donates its phosphoryl-
group to a histidine residue of BglG and thereby inactivates
the transcriptional antiterminator. In the presence of ß-
glucosides the phosphoryl-transfer is reversed from BglG
via BglF to the transported carbohydrate and BglG is
activated (Amster-Choder et al., 1989; Schnetz and Rak,
1990; Amster-Choder and Wright, 1997; Chen et al. 1997).
Later, it was shown that only a nonphosphorylated dimeric
form of BglG was capable of binding to its RNA target and
that phosphorylation of BglG by BglF prevented the
dimerization step (Amster-Choder and Wright, 1992).

Transcriptional antiterminators similar to BglG are
widespread in gram-positive bacteria such as B.
subtilis,where they regulate the expression of catabolic
operons. The E. coli BglG and B. subtilis LicT, SacT, SacY,
and GlcT proteins all consist of a RNA-binding domain and
two so-called PTS regulation domains (PRD1 and PRD2;
Stülke et al. 1998). The RNA-binding domains as truncated
polypeptides are constitutively active in antitermination
(Manival et al., 1997; Bachem and Stülke, 1998). Currently,
the antiterminators are thought to be activated by direct
HPr-mediated phosphorylation at PRD2 and inactivated
by phosphorylation at PRD1. This latter phosphorylation
can be either IIB-mediated (Martin-Verstraete, 1998) or
HPr-mediated but sensitive to the phosphorylation status
of the corresponding IIB factor (Tortosa et al., 1997;
Bachem and Stülke, 1998). Neither a fully phosphorylated,
nor a fully dephosphorylated antiterminator is active and,
depending on the nutrititional supply, antiterminators are
subject to positive and negative control by PTS-dependent
phosphorylation (for reviews, Rutberg, 1997; Stülke et al.,
1998). The antiterminator LicT controls the B. subtilis bglPH
operon involved in transport and metabolism of ß-
glucosides (Krüger and Hecker, 1995; LeCoq et al., 1995;
Krüger et al., 1996; Schnetz et al., 1996). It shares about
40% amino acid sequence identity with the BglG protein
from E. coli. Bacillus mutants deficient in general PTS
functions (i.e., having no or inactive HPr or a disrupted
ptsI gene) showed no LicT activity, while defects in the ß-

glucoside transporter BglP led to constitutive expression
of the bglPH operon (LeCoq et al., 1995; Krüger et al.,
1996; Lindner et al., 1999). Three of the four invariant
histidine residues of LicT are subject to reversible PTS-
dependent phosphorylation in vitro (Lindner et al., 1999).
EI and HPr are thought to exert positive control over LicT
by phosphorylating PRD2, while BglP exerts negative
control by phosphorylating PRD1 (Lindner et al., 1999).

We took advantage of the regulation of LicT by the
PTS to set up a whole-cell assay in E. coli, in which
transcription of the lacZ gene is dependent on
transcriptional antitermination at an upstream positioned
bgl t2 terminator sequence. Our choice of LicT as a PTS-
controlled transcriptional antiterminator was prompted by
the observation of Rak and coworkers that in E. coli at bgl
t2 LicT was more active than the homotypic BglG (Schnetz
et al., 1996). However, unlike in B. subtilis, LicT is inactive
in wild-type E. coli cells but strongly activated in ptsI
mutants. This gain-of-function in response to the loss of EI
makes LicT in the E. coli background an excellent reporter
for inhibitors of EI.

Results

Construction of a Two-Plasmid Effector/Reporter Gene
System and a ptsI Knockout Strain
The licT and lacZ sequences were cloned on compatible
p15A and colE1 replicons, respectively. Shine-Dalgarno
(SD)-sequence and coding region of licT were PCR
amplified from B. subtilis 168 genomic DNA and placed
under control of the IPTG-inducible Ptac promoter to afford
the effector plasmid pACYC184(Ptac-licT). The lacZ reporter
plasmid, pT2LACZ, was assembled on a pBR322-
derivative according to a published map (Schnetz and Rak,
1990). It contains the following elements in this order: the
constitutive P16 promoter (Schwartz et al., 1988), the E.
coli bgl t2 transcriptional terminator region down to the bglF
SD-sequence, and the lacZ open reading frame (ORF).
There was only background ß-galactosidase production
from pT2LACZ unless bacteria were cotransformed with
the effector plasmid (see below).

An E. coli strain with a nonpolar ptsI disruption was
constructed to evaluate the effect of EI on LicT-mediated
antitermination of lacZ transcription. The ptsI gene of E.
coli is part of the tricistronic ptsHIcrr operon, encoding HPr,
EI and IIAGlc. Eighty percent of the crr transcripts are
initiated from promoter P2 within ptsI (De Reuse and
Danchin, 1988). In order not to affect expression of IIAGlc,
the central regulator of catabolite repression in enteric
bacteria, only a short internal fragment of ptsI (codons 131-
258) was replaced by the Ω resistance cassette (Fellay et
al., 1987). The presence of the Ω cassette in ptsI was
confirmed by the plus 1.8 kb length-shift of a genomic PCR
fragment obtained with oligonucleotides priming within ptsH
and crr and the following phenotypic alterations:
transductants were spectinomycin resistant, formed yellow
(non-fermenting) colonies on MacConkey/glucose plates
and produced wildtype levels of HPr and IIAGlc but no EI
as detected with protein-specific antibodies on immunoblots
(Figure 1).

The final ptsI+ and ptsI::Ω reporter strains were
constructed in two steps in the E. coli K-12 strain MC4100
(Casabadan, 1976). First, the bgl operon was deleted to
avoid a potential regulatory interference between the E.
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coli BglFG proteins and LicT. For this purpose, the ∆(bgl-
pho)201 allele linked to the tnaA::Tn10 selectable marker
was transduced from strain OAC1 (Amster-Choder et al.,
1989) into MC4100 to afford TH043 [MC4100 ∆(bgl-
pho)201]. Second, the ptsI::Ω allele was transduced into
TH043 to afford TH076 [MC4100 ∆(bgl-pho)201 ptsI::Ω].

PTS-Dependent Phosphorylation of LicT with [32P]-
Orthophosphoric Acid In Vivo.
Purified LicT is reversibly phosphorylated in vitro at three
of four invariant histidines in the presence of [32P]-
phosphoenolpyruvate and purified EI/HPr from B. subtilis
(Lindner et al., 1999). To prove that LicT is also
phosphorylated in vivo by the heterologous HPr of E. coli,
strains TH043 (ptsI+) and TH076 (ptsI::Ω) were transformed
with pACYC184(Ptac-licT-H6), grown in the presence of 32Pi
and lysed. Then, LicT, which for the purpose of this
experiment had been produced with a carboxyterminal
hexahistidine-tag, was isolated in one step by Ni2+-NTA
chromatography. LicT-H6 is as active as wildtype LicT in
antitermination at bgl t2 (results not shown). Protein bands
of comparable intensity and with the expected
electrophoretic mobility (32 kD) were visible with
Coomassie staining (Figure 2A) in extracts from cells
producing LicT-H6, whereas no protein was seen in the
control extracts. As shown by autoradiography (Figure 2B),
LicT-H6 extracted from the ptsI+ strain was ~40 times more
strongly phosphorylated than LicT-H6 extracted from the
ptsI::Ω strain. These results demonstrate that LicT from B.
subtilis is phosphorylated in E. coli and that phosphorylation
is for the most part EI/HPr-dependent.

PTS-Sensitivity of LicT’s Antitermination Activity
Strains TH043 (ptsI+) and TH076 (ptsI::Ω ) were
cotransformed with the effector plasmid pACYC184(Ptac-
licT) and the reporter plasmid pT2LACZ, or, as a control,
with pT2LACZ alone. Transformants were grown to early

logarithmic phase, when expression of licT was induced
with increasing concentrations of IPTG. Cells were
harvested after two hours induction and their ß-
galactosidase activities (Figure 3A) as well as protein
profiles (Figure 3B) were determined. As there was only
background reporter activity of ~40 Miller units in the control
cells (no LicT) in absence and presence of IPTG, all IPTG-
inducible transcriptional readthrough at bgl t2 in double
transformants must be due to LicT’s antitermination activity.
Cells of the ptsI+ strain showed a halfmaximal amplitude
of ß-galactosidase activity when induced with 10 to 20 µM
IPTG and a maximal amplitude of ~1700 Miller units at
100 µM IPTG. Cells of the ptsI::Ω strain showed 80% of
the maximal reporter amplitude already in the absence of
IPTG, and induction of licT expression with 10 µM IPTG
was sufficient for maximal readout. Apparently, the Ptac
promoter in absence of IPTG is leaky and strong enough
to supply sufficient, though undetectable (Figure 3B)
amounts of LicT protein to obtain ~1400 Miller units in
ptsI::Ω cells. Furthermore, the total amounts of LicT
produced in response to IPTG induction are
indistinguishable in both strains. This indicates that the
specific activity of LicT is different in the two strain
backgrounds. The ratio of reporter activities in ptsI::Ω
versus ptsI+ cells is maximal (~20) when the cellular
concentration of LicT is minimal (no induction with IPTG),
and it decreases gradually with an increasing concentration
of LicT. The most simple explanation for this observation
is that phosphorylated LicT has a lower affinity for bgl t2

Figure 1. Nonpolar Disruption of the ptsI Gene
Strains TH043 (ptsI+) and TH076 (ptsI::Ω) were grown in LB medium to
midlogarithmic phase, harvested and lysed. Identical protein amounts of
cleared supernatants were loaded onto SDS-PAGE, followed by
immunoblotting with antisera specific for the indicated proteins.

Figure 2. EI/HPr-Dependent Phosphorylation of LicT in Escherichia coli
Strains TH043 (ptsI+; lanes 1 and 3) and TH076 (ptsI::Ω; lanes 2 and 4)
were transformed with pACYC184(Ptac-licT-H6) encoding LicT-H6 (lanes 3
and 4) or, as a control, the parental vector without insert (lanes 1 and 2).
Transformants were grown in low phosphate medium to midlogarithmic
phase, followed by addition of 20 µM IPTG and [32P]-orthophosphoric acid.
One hour later, cells were harvested, lysed and passed over Ni2+-NTA spin
columns to capture LicT-H6. Aliquots of the elution fractions were separated
on two polyacrylamide gels of which one was stained with Coomassie-blue
(A) and the other autoradiographed (B).
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than nonphosphorylated LicT and that the decreased
affinity can be compensated by an increased LicT
concentration. The upper limit of ~1700 Miller units in both
backgrounds is probably determined by the limited strength
of the P16 promoter driving the expression of bgl t2-lacZ.

Effect of LicT Concentration on Antitermination
at bgl t2
The results shown in Figure 3 suggested that the Ptac
promoter even in its noninduced state might be too strong
to keep LicT production low enough to realize the maximum
difference of ß-galactosidase activities between a PTS-
deficient (ptsI::Ω) and a PTS-proficient (ptsI+) state. In an
attempt to obtain still lower and constitutive expression of
licT, a DNA fragment comprising the SD-sequence and the
licT ORF was subcloned in two orientations into the ORF
of the tetracycline resistance gene of pACYC184 (Chang
and Cohen, 1978) to afford effector plasmids
pACYC184(licT-A) and pACYC184(licT-B). Strains TH043
(ptsI+) and TH076 (ptsI::Ω) were transformed with
pT2LACZ and either of the two effector plasmids, and the
reporter readout was compared (Figure 4). The ratio of ß-
galactosidase activities in ptsI::Ω versus ptsI+ cells was
~18 (1394 versus 77 Miller units) with the licT gene inserted
into the disrupted tetracycline resistance gene in the same
orientation and ~28 (1430 versus 50 Miller units) with licT
in the opposite orientation. Thus, if the LicT concentration
is kept as low as possible, the maximal ratio of ß-
galactosidase activities appears to be close to 30.

Effect of EI Concentration on Antitermination
Activity of LicT
A competitive inhibitor cannot be expected to inhibit EI
completely. Partial inhibition of EI would correspond to
reduced levels of active EI protein rather than the complete
loss described above. To evaluate the sensitivity of the
reporter assay under conditions of reduced EI availability,
ptsI was placed under the tight transcriptional control of
the PBAD/araC promoter/activator system of plasmid pMPM-
K6 (Mayer, 1995). For this purpose, the coding sequence
of ptsI was cloned downstream of the PBAD promoter and
the vector-encoded SD-sequence. The licT gene was
placed onto the same plasmid in a location shielded from
the PBAD promoter by the strong rrnB T1T2 transcriptional
terminators to afford pMPM-K6(licT, PBAD-ptsI). An
otherwise identical plasmid, pMPM-K6(licT), contains licT
only . Strains TH043 (ptsI+) and TH076 (ptsI::Ω) were
cotransformed with pT2LACZ and either pMPM-K6(licT)
or pMPM-K6(licT, PBAD-ptsI) and the EI concentrations as
well as the ß-galactosidase activities of midlogarithmic
cultures were compared (Figure 5). In this particular setup,
the ptsI::Ω versus ptsI+ ratio of reporter activities was
reduced to ~9 (365 versus 39 Miller units; compare lanes
3 and 1, Figure 5A). Wildtype levels of EI were sufficient to
abolish LicT’s antitermination activity (39 Miller units is the
background from spontaneous bgl t2-lacZ readthrough)
whereas the amount of EI produced from PBAD-ptsI was
too low to inactivate LicT completely, thus giving rise to a
reporter readout of ~200 Miller units (Figure 5A, lane 4).

Figure 3. Effect of EI on the Antitermination Activity of LicT
Strains TH043 (ptsI+) and TH076 (ptsI::Ω) were transformed with pT2LACZ and, where indicated, with pACYC184(Ptac-licT). Cells were grown at 37°C in LB
medium to early logarithmic phase. At this point, expression of licT was induced with the indicated concentrations of IPTG, and cell growth continued for 2
hours. ß-Galactosidase activity of each culture was determined (A) and cell free lysates were analysed by SDS-PAGE/Coomassie-stain to detect the LicT
protein. In extracts from cells transformed with pACYC184 chloramphenicol acetyltransferase (CAT) is visible. ß-Galactosidase activities were recorded in
duplicate cultures; results did not differ by more than 5%.
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Judged from the immunoblot, the corresponding amount
of EI equals 15% of the wildtype level (Figure 5B). We
conclude that a reduction of the cellular pool of active EI
by 85% results in a roughly halfmaximal amplitude of
reporter activity.

Effect of Growth on PTS Carbon Sources
on Antitermination Activity of LicT
An alternative approach to lower the extent of
phosphorylation of LicT and to thereby increase its
antitermination activity could be to grow the bacteria on a
PTS carbon source. Uptake of the carbon source could
lead to a substantial rerouting of the phosphoryl-group flow
within the PTS cascade away from LicT and towards the
incoming sugar molecules. The underlying assumption is
that the total capacity of phosphorylation within the PTS is
limited. To test this experimentally, ptsI+ cells transformed
with pT2LACZ and, where indicated (Figure 6), with the
effector plasmid pACYC184 (licT-A) were grown in M9
minimal salts medium supplemented with the PTS carbon
sources N-acetyl-D-glucosamine and D(+)-glucose or the
non-PTS carbon sources D(+)-maltose and glycerol. Figure
6 shows that the steady state growth on PTS sugars leads
to a strong increase in LicT’s antitermination activity to yield
reporter activities of 917 Miller units (glucosamine) and
1763 Miller units (glucose). At the same time, growth on
non-PTS carbon sources led to 221 and 168 Miller units
(maltose and glycerol, respectively) only and the
backgrounds due to spontaneous lacZ readthrough were
similarly low under all growth conditions (39 to 65 Miller
units). We conclude that growth on PTS sugars in fact leads
to an activation of LicT, thus proving the sensitivity of the
reporter system to addition of PTS substrates and, by
analogy, competitive inhibitors of EI.

Figure 5. Effect of a Reduced EI Activity on Reporter Readout
Strains TH043 (ptsI+; lanes 1 and 2) and TH076 (ptsI::Ω; lanes 3 and 4)
were transformed with pT2LACZ and either pMPM-K6(licT; lanes 1 and 3)
or pMPM-K6(licT, PBAD-ptsI; lanes 2 and 4). The ß-galactosidase activity of
each culture was determined (A) and cell free lysates were analysed by
SDS-PAGE and immunoblot with EI-specific primary antibodies (B) to
determine the cellular levels of EI. In lane 5 of the immunoblot, 15% of the
load of lane 1 (containing chromosomally encoded EI) was applied for direct
comparison with the amount of plasmid-derived EI (lane 4). X denotes an
unknown E. coli protein of 45 kD apparent molecular weight which
crossreacts weakly with anti-EI and is useful as an internal standard for
equal gel loadings (lanes 1-4).

Figure 4. Effector Plasmids with Constitutive and Minimal Expression of licT
Strains TH043 (ptsI+) and TH076 (ptsI::Ω) were transformed with pT2LACZ and the indicated effector plasmids. ß-galactosidase activities were recorded in
duplicate cultures; results did not differ by more than 5%. Cells transformed with pACYC184(Ptac-licT) were not induced with IPTG in order to keep the
expression of licT minimal.
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Discussion

In the present study a reporter gene assay for PTS activity
in E. coli is described. The colorimetric assay should be
suitable to monitor changes of EI and HPr activities caused
by mutations or environmental factors affecting the PTS
regulatory network. For instance, the assay could be used
to validate within living bacteria EI inhibitors coming from
in vitro high-throughput-screening and computer-based
rational drug design. It should also be amenable to direct
high-throughput-screening of compound libraries with living
bacteria as targets. Because it is a gain-of-function assay,
the rare events of interest, namely the inhibition of EI
activity, will lead to a positive signal, which can be detected
not only by screening but also by selection. The assay relies
on the regulatory principle of transcriptional antitermination
and is based on EI-sensitive, LicT-mediated induction of
lacZ expression, allowing for a simple and quantitative
readout. If selection rather than screening is desirable, the
lacZ reporter gene can be replaced by a selectable marker
such as an antibiotic resistance gene or an auxotrophic
marker.

The maximum dynamic range of the test, defined as
the ratio of full ß-galactosidase activity due to LicT-mediated
antitermination at bgl t2 versus background activity due to
transcriptional readthrough in the absence of LicT, is about
42 (~1700/40 Miller units). The useful dynamic range,
defined as the ratio of reporter activity due to LicT-mediated
antitermination (in the absence of EI) versus background
activity in the presence of phosphorylated LicT (in the
presence of EI) was ~28. The difference between maximum
and useful dynamic range of the system ultimately is due
to the fact that LicT can antiterminate at bgl t2 in a PTS-
sensitive and PTS-insensitive way (see below). A reduction
of the cellular EI pool from wildtype level (5 µM; Mattoo
and Waygood, 1983) to 15% (0.75 µM) resulted in a roughly
halfmaximal reporter readout. Assuming a linear relation
between EI concentration and phosphorylation of LicT, a
pharmacological inhibition of 85% of the cellular pool of EI

would lead to a gain of 50% of the maximal signal in the
reporter assay (~14-fold induction over background). It is
possible that the dose response characteristics of the assay
could be shifted to even higher sensitivity if instead of
wildtype cells a leaky ptsI mutant is used which produces
a reduced level of EI activity.

As an alternative approach to lower the extent of
phosphorylation of LicT and to obtain a gain in reporter
activity, PTS proficient cells were fed with PTS or non-PTS
carbon sources in minimal medium. Steady state growth
on the PTS sugars, but not on the non-PTS sugars, resulted
in a strong activation of antitermination due to a rerouting
of the phosphoryl-flow towards the sugar molecules. This
result confirms that under appropriate conditions the assay
is sensitive to exogeneous factors interfering with the PTS,
whether PTS substrates or, by analogy, inhibitors of EI
which have yet to be discovered.

The concentration of LicT is a critical factor for the
assay because antitermination becomes constitutive and
independent of EI with increasing LicT concentration. Such
phosphorylation-independent, constitutive antitermination
at high concentrations has been reported for LicT and LevR
in B. subtilis (Stülke et al., 1995; Krüger et al., 1996) and
purified SacT in vitro (Arnaud et al., 1996). If antiterminators
are active as dimers, as proposed for BglG (Amster-Choder
and Wright, 1992), any change (increasing concentration,
dephosphorylation) that shifts the monomer-dimer
equilibrium towards the dimer and/or increases the affinity
of the dimer for its cognate RNA sequence will increase
the antitermination activity.

The antiterminator LicT of B. subtilis was chosen rather
than BglG because of its reported higher antitermination
activity at bgl t2 in E. coli (Schnetz et al., 1996). However,
LicT in E. coli and B. subtilis behave differently. Whereas
LicT is inactive in B. subtilis mutants affected in one of the
two general PTS proteins, EI and HPr (Krüger et al., 1996;
Lindner, 1999), LicT is fully active in the E. coli ptsI::Ω
mutant. Prompted by this unexpected behavior, exploratory

Figure 6. Effect of Growth on Different Carbon
Sources on Reporter Readout
Strain TH043 (ptsI+) was transformed with pT2LACZ
and, where indicated, with pACYC184 (licT-A). Cells
were grown in M9 minimal salts medium (Difco
Laboratories) supplemented with 40 µg/ml L-
arginine and 0.4% (w/v) of the different carbon
sources. When reaching midlogarithmic phase, the
ß-galactosidase activities of culture aliquots were
determined in duplicate.
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experiments were also performed with SacY, another
transcriptional antiterminator from B. subtilis (results not
shown). SacY like LicT gained antitermination activity in a
ptsI::Ω background. LicT and SacY were produced to the
same level, but SacY (even at high concentrations) had a
6-fold lower antitermination activity at bgl t2, was only
weakly phosphorylated in ptsI+ and not at all in ptsI::Ω cells.
Also, the ratio of reporter activities in ptsI::Ω versus ptsI+
was only three as compared to ~30 for LicT. “Change of
sign” and the aberrant behavior of LicT and SacY are not
too surprising in view of the complexity of the cellular
regulatory network. It has been shown previously, that PTS-
mediated phosphorylation can have non-predictable
positive and negative effects on activity depending on the
nature of the antiterminator and the position of the kinase
within the PTS-cascade (Stülke et al., 1998). For example,
in B. subtilis the SacY protein is negatively regulated by
EI/HPr-dependent phosphorylation (Crutz et al., 1990;
Tortosa et al., 1997; Idelson and Amster-Choder, 1998)
whereas the homologous proteins SacT and LicT are
positively regulated by EI/HPr (Arnaud et al., 1992; Krüger
et al., 1996; Lindner et al., 1999). In contrast to LicT, the
related LevR transcriptional activator did not show a
“change of sign” after transfer from B. subtilis into E. coli.
LevR was activated by EI and HPr dependent
phosphorylation at PRD1 in both backgrounds (Stülke et
al., 1995; Martin-Verstraete et al., 1998).

Three out of four invariant histidine residues of LicT
are subject to a reversible PTS-dependent phosphorylation
by purified B. subtilis HPr in vitro (Lindner et al., 1999).
One possible explanation for the different behavior of LicT
in E. coli and B. subtilis is that their HPr proteins have
different affinities for the individual histidine residues thus
creating different phosphorylation patterns with
concomitant different antitermination activities. The clear,
albeit weak phosphorylation of LicT in the absence of EI
(Figure 2), could stem from autophosphorylation with a
phosphorylated metabolite (McCleary and Stock, 1994),
cross-phosphorylation by another kinase (Fox et al., 1986;
Dannelly and Roseman, 1996), or phosphorylation by
nitrogen related EINtr and NPr pair (Powell et al., 1995;
Reizer et al., 1996). Cross-phosphorylation of LicT by a
non-cognate IIB in the heterologous host cannot be
excluded either. E. coli can express more than a dozen
different PTS transporters, each with a B domain of its own.
Because basal (non-induced) expression of cognate IIB is
sufficient for regulation of antitermination activity (Amster-
Choder et al., 1989; Schnetz and Rak, 1990; LeCoq et al.,
1995; Idelson and Amster-Choder, 1998) unpredictable
effects are possible.

In conclusion, although the inverse behavior of LicT in
E. coli cannot be explained with the current model of
regulation by dual and antagonistic PTS-catalysed
phosphorylation (Stülke et al., 1998), considered from a
more practical point of view, this behavior is ideal for the
construction of a reporter-assay with a positive readout for
loss of PTS function.

Experimental procedures

PCR Amplification of DNA
The oligonucleotides used as primers for PCR reactions are listed in Table
1. E. coli K-12 and B. subtilis 168 genomic DNA served as templates for
PCR reactions.

Construction of the Reporter Plasmid
Ptac and MCS of plasmid pKK223-3 (Pharmacia) were excised with BamHI/
HindIII and replaced by ligation with the annealed oligonucleotide pair PATH-
017/PATH-018. This creates a plasmid, pKK-MCS, with a new MCS
containing unique sites for BamHI, XhoI, BglII, SpeI, XbaI, and HindIII. A
strong and constitutive promoter was constructed according to Schwartz et
al. (1988) by ligation of the two annealed oligonucleotide pairs PATH-019/
PATH-020 and PATH-021/PATH-022 at their internal NsiI site. The t2
terminator of the bgl operon was amplified with primers PATH-010/PATH-
011 and the product DNA was digested with BglII and SpeI. The lacZ gene
was amplified with primers PATH-024/PATH-023 and digested with SpeI/
HindIII. The promoter, the bgl t2, and lacZ fragments were inserted into the
respective unique sites of pKK-MCS, affording pT2LACZ. Relevant parts
of pT2LACZ were verified by DNA sequencing.

Construction of licT Effector Plasmids
pACYC184(Ptac-licT) was constructed as follows: the licT gene of B. subtilis
with its own SD-sequence was amplified with the primer pair PATH-001/
PATH-002. Product DNA was digested with SacI and HindIII and ligated to
the SacI/HindIII vector fragment of pACYC177-Btac (Mao et al., 1995). To
obtain LicT with a carboxyterminal His-tag, licT was amplified with the primer
pair PATH-001/PATH-003, the product DNA was digested with SacI and
BamHI, and ligated to the SacI/BamHI vector fragment of pACYC177-Btac.
To exchange kanamycin by chloramphenicol resistance, the entire
expression cassette (lacIq, Ptac, licT) was excised from pACYC177-Btac
with NruI/DraI and ligated to pACYC184 (Chang and Cohen, 1978) opened
at the EcoRV and NruI sites.

pACYC184(licT-A) and pACYC184(licT-B) carry a promoterless licT
gene in an opposite orientation within the disrupted tetracycline resistance
gene of pACYC184. They were constructed as follows: the licT PCR product
digested with SacI/HindIII (see above) was inserted into the polylinker of a
standard cloning vector. It was excised as a blunt/blunt fragment and ligated
to an EcoRV/NruI vector fragment of pACYC184 to afford pACYC184(licT-
B), having licT within the transcriptional orientation of the disrupted
tetracycline resistance gene, and pACYC184(licT-A) with licT in the opposite
orientation.

pMPM-K6(licT, PBAD-ptsI) carries a promoterless licT gene and ptsI
under control of PBAD. It was constructed as follows: the licT PCR product
was digested with SacI/HindIII (see above), bluntended and ligated to
pMPM-K6 (Mayer, 1995) opened and bluntended at BglI to afford pMPM-
K6(licT). The ptsI gene of E. coli was amplified with primers PATH-029/
PATH-030 and pDIA3206 (De Reuse and Danchin, 1988) as a template,
product DNA was digested with DraI/SphI and ligated to the
EcoRI(bluntended)/SphI vector fragment of pMPM-K6(licT). The
transcriptional orientation of ptsI and licT is the same.

Disruption of the ptsI Gene by Homologous Recombination
A ~ 4 kb ClaI fragment of plasmid pDIA3206 (De Reuse and Danchin, 1988)
including ptsI was subcloned into the ClaI site of pACYC177 (Chang and
Cohen, 1978). In parallel, the ~2 kb BamHI fragment containing the Ω
cassette (conferring spectinomycin resistance) from pHP45Ω (Fellay et al.,
1987) was ligated into the single BamHI site of a standard cloning vector
and reisolated as a EcoRV/BamHI fragment (obtained by partial digest).
This Ω fragment was used to replace within ptsI the BsaAI/BglII fragment
encoding residues 131 to 258 of EI (including the active-site His-189). The
product plasmid pACYC177(ptsHI::Ωcrr) was linearized in the non-coding
sequence and used to transform strain DB1316 [recD1014; (Wertman et
al., 1986)] to spectinomycin resistance.

Table 1: Oligonucleotides used for Cloning by PCR
(Restriction Sites Underlined)

PATH-001 5' tac gag ctc ttg gag gga cat gcc atg aaa
PATH-002 5' tac aag ctt tta tgc ttg ttt aac tac cct
PATH-003 5' tac gga tcc tgc ttg ttt aac tac cct ttc
PATH-010 5' act aga tct aat att att act gag taa agg att g
PATH-011 5' act act agt ccc tct acc gct ttg cgg caa
PATH-017 5’P-gat ccc tcg aga tca gat ctt aca cta gtc tat cta gaa
PATH-018 5’P-agc ttt cta gat aga cta gtg taa gat ctg atc tcg agg
PATH-019 5’P-tcg agc ctg ctg tca ccc ttt gac gtg gtg ata tgc a
PATH-020 5’P-tat cac cac gtc aaa ggg tga cag cag gc
PATH-021 5’P-tga cgg ata atc ccg cct gaa ggg aaa ga
PATH-022 5’P-gat ctc ttt ccc ttc agg cgg gat tat ccg tca tgc a
PATH-023 5' act aag ctt tta ttt ttg aca cca gac caa c
PATH-024 5' act act agt atg acc atg att acg gat tca ctg
PATH-029 5' atc ttt aaa tga ttt cag gca ttt tag cat cc
PATH-030 5' atc gca tgc tta gca gat tgt ttt ttc ttc aat gaa c
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Construction of Reporter Strains TH043 (ptsI+) and TH076 (ptsI::Ω )
The E. coli K-12 strain MC4100 (Casadaban, 1976) was used for strain
constructions. To avoid a potential regulatory interference of BglFG with
LicT, the bgl genes were deleted by P1 vir transduction of the ∆(bgl-pho)201
tnaA::Tn10 allele from strain OAC1 (Amster-Choder et al., 1989) to afford
strain TH043. Transductants were resistant to tetracycline, unable to grow
on agar plates containing salicin or arbutin as the sole carbon source and
blue on X-phosphate agar plates. The isogenic ptsI::Ω derivative, TH076,
was constructed by P1 vir transduction of TH043 with a lysate prepared on
DB1316 (ptsI::Ω; see above). ptsI::Ω transductants were selected on
spectinomycin plates and verified as non-fermenting colonies on
MacConkey/glucose plates.

In Vivo Phosphorylation of LicT with 32P
Strains TH043 (ptsI+) and TH076 (ptsI::Ω) were transformed with plasmid
pACYC184(Ptac-licT-H6) encoding LicT-H6, the hexahistidine-tagged version
of LicT (see above). Transformants were grown in low phosphate medium
(50 mM 3-Morpholinopropanesulfonic acid (pH 7.0), 80 mM NaCl, 20 mM
KCl, 20 mM NH4Cl, 3 mM Na2SO4, 1 mM MgCl2, 0.2 mM CaCl2, 2 nM
Fe(III)Cl3, 10 mg/ml succinic acid, 1 % (v/v) glycerol, 20 µg/ml thiamine,
0.2 mg/ml yeast extract, 200 µM K2HPO4 and 40 µg/ml of each L-amino
acid). For in vivo labeling, 15 ml cultures were grown at 37°C to mid-
logarithmic phase, followed by addition of IPTG (20 µM, to weakly induce
expression of licT-H6) and [32P]-orthophosphoric acid (NEN Life Science
Products, NEX053H) to a final activity of 10 µCi/ml. After one hour of
cultivation, cells were chilled on ice and harvested by centrifugation. Cell
pellets were resuspended in 300 µl lysis-buffer each (100 mM Tris-Cl, 200
mM KCl, 20 % (w/v) sucrose, 1 mg/ml lysozyme, 1 mM EDTA, pH 7.5) and
frozen at -20°C. Upon thawing a sixfold volume of water was added followed
by a few sonication strokes and centrifugation to remove the debris. To
titrate out the free EDTA in cleared extracts, MgCl2 was added to 3 mM
final concentration. The extracts were then applied to Ni2+-NTA Spin
Columns (QIAGEN 31014). Columns were washed with 500 µl each of (i)
equilibration buffer (20 mM Tris-Cl, 200 mM KCl, 1 mM MgCl2, pH 7.5), (ii)
equilibration buffer plus 300 mM KCl, (iii) equilibration buffer plus 20 mM
imidazole, (iv) equilibration buffer plus 40 mM imidazole and finally eluted
with 100 µl of equilibration buffer plus 200 mM imidazole. Identical aliquots
of the elution fractions were applied in duplicate to SDS-PAGE. One gel
was fixed and stained with Coomassie Brillant Blue R250, the other was
dried and exposed to X-OMAT AR films (Kodak).

Miscellaneous
ß-galactosidase assays were carried out as described (Miller, 1992).
Immunoblots were carried out with antisera raised against purified HPr and
IIAGlc (rabbit) and EI (rat). Detection was with species-specific secondary
antibody:alkaline phosphatase conjugates (Promega) and the BCIP/NBT
substrate mix (Roche Diagnostics).
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