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a b s t r a c t

When Escherichia coli cells were grown with limited levels of oxygen, the glucose-induced transcription of
ptsG was decreased whereas deletion of the arcA gene partially restored it, which was consistent with the
previous report that the ArcA protein represses ptsG transcription. However, under this circumstance, we
found that the level of EIICBGlc protein encoded by the ptsG gene was rather increased. This paradoxical
phenomenon can be explained by the delayed turnover of ptsG mRNA in cells anaerobically grown in the
presence of glucose. Finally, our data showed that anaerobic expression of the ptsHIcrr operon is also
enhanced by increasing the longevity of the reduced mRNA levels.

� 2008 Elsevier Inc. All rights reserved.
In addition to the phosphorylation-coupled transport of various
sugars, the bacterial phosphoenolpyruvate:sugar phosphotransfer-
ase system (PTS) [1] exerts multiple roles such as chemoreception
[2], catabolite repression [3,4], carbohydrate transport and metab-
olism [5,6], carbon storage [7], and the coordination of carbon and
nitrogen metabolism as well as sugar uptake [8,9]. For this reason,
synthesis of the PTS components should be regulated in a highly
sophisticated way.

It was reported that expression of the ptsG gene and the ptsHIcrr
operon encoding the enzyme IICBGlc (EIICBGlc) protein and the gen-
eral PTS proteins, respectively, is increased to a few fold during
cells’ growth on glucose or other PTS substrates, which is mediated
by two antagonistic regulatory proteins, transcriptional activator
CRP (i.e. CRP�cAMP complex) and repressor Mlc [10–14]. We and
other research groups demonstrated that unphosphorylated form
of EIICBGlc can relieve the Mlc repression on these genes by seques-
tering Mlc through direct protein–protein interaction when Esche-
richia coli cells are grown in the presence of glucose [15–17].
Previously, we also found that glucose-induced expression of ptsG
is enhanced under heat shock condition and proposed that the ele-
vated EIICBGlc level may counteract the highly increased mlc
expression upon the same stress, whereby normal glucose metab-
olism is maintained at a high growth temperature [18]. In addition
to the regulations at the transcriptional level, expression of ptsG is
regulated post-transcriptionally by modulation of the mRNA sta-
ll rights reserved.
bility in response to glycolytic flux [19]. It has been reported that
accumulation of glucose-6-phosphate induces expression of the
SgrS small RNA and subsequently possible base paring with 50-
UTR of the ptsG mRNA accelerates RNase E-dependent degradation
of the ptsG transcript [19,20]. These findings suggest that expres-
sion of the PTS components is regulated in a highly complex and
dynamic manner in response to various growth environments.

In a recent study, we have established that the ArcA protein, a
response regulator of the ArcB/ArcA two-component system, binds
to regulatory regions of the ptsG gene and the ptsHIcrr operon and
especially represses ptsG transcription [21]. As the ArcB/ArcA sys-
tem controls transcription of numerous genes in E. coli cells expe-
riencing oxygen-limitation [22–24], we now address how the
levels of PTS proteins are regulated by the availability of oxygen.

Materials and methods

Bacterial strains and growth conditions. All E. coli strains used in this study are
MC4100 (araD139 DargF-lacU169 rpsL150 thiA relA1 flb5301 deoC1 ptsF25 rbsR)
derivatives. To construct the arcA mutant strain, SR509, the arcA::Km region of
PC35 [25] was transferred to MC4100 by P1 transduction. All strains were grown
in Luria–Bertani (LB) medium in the presence of 1% glucose at 37 �C.

Primer extension analyses. Cells were grown aerobically at 37 �C overnight in LB.
Overnight cultures were diluted 1:100 into fresh LB supplemented with 1% glucose.
Total RNA was isolated from E. coli cells grown to mid-exponential phase using Tri-
zol reagent (Invitrogen). To study ptsG and ptsHIcrr transcription, 50,000 cpm of 32P-
labeled primer PG1 (50-AATTGAGAGTGCTCCTGAGTATGGGTGC-30) and primer P11
(50-GCCAGTTTTTAACAGACGCGACGCACGAAG-30) was coprecipitated with 30 lg of
total cell RNA. The pellet was suspended in 20 ll of 250 mM KCl, 2 mM Tris–HCl
pH 7.9, and 0.2 mM EDTA. Primer extension reactions were performed as described
by Ryu and Garges [26].
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Determination of mRNA half-life. Cells were grown aerobically or anaerobically in
the presence of glucose to mid-logarithmic growth phase. After rifampicin (200 lg/
ml) was added to prevent the initiation of transcription, total RNA was extracted
from cells at the designated times. The stability of mRNA was measured by primer
extension analysis as described above using 30 lg of total RNA. The amounts of
transcripts were quantified using BAS 2500 (Fuji Photo Film Co., Japan) phosphoim-
age analyzer. The half-life of ptsG and ptsHIcrr mRNA was estimated based on the
plot of quantified transcripts.

Western blot analyses. To compare the protein level of EIIAGlc and EIICBGlc be-
tween aerobic and anaerobic growth conditions, cells extracts prepared from ali-
quots (standardized by OD600) of E. coli MC4100 cells grown at both conditions
were resolved in 12% SDS–polyacrylamide gels. Proteins were transferred to nitro-
cellulose membrane, followed by Western blot using polyclonal antibodies against
purified EIIAGlc and the enzyme IIB domain of EIICBGlc.

Results

The level of EIICBGlc protein is increased even under the reduced ptsG
mRNA expression when E. coli cells grow in anaerobic condition

Two promoters, P1 and P2, have been identified for transcrip-
tion of the ptsG gene [12]. Even though both P1 and P2 promoters
are activated in E. coli cells grown with glucose, �90% of the ptsG
mRNA is transcribed from a major promoter P1 [12]. Previously,
we have demonstrated that the ArcA protein, a response regulator
of the ArcB/ArcA two-component system, represses transcription
initiation from the ptsG P1 promoter [21]. As the ArcB/ArcA regula-
tory system switches on/off transcription of many genes in anaer-
obically grown E. coli cells [22–24], we initially investigated how
the levels of oxygen affect transcription of the ptsG gene. The
wild-type and arcA-deleted mutant strains were grown to the
mid-exponential phase in Luria–Bertani (LB) supplemented with
1% glucose under aerobic or anaerobic condition, and total RNA
was isolated from these strains. To examine transcription from
the ptsG P1 promoter, a primer extension analyses was conducted
on the isolated RNA, which revealed that the glucose-induced
mRNA expression from the ptsG P1 promoter was significantly de-
creased in wild-type E. coli cells grown anaerobically (Fig. 1A). The
ptsG P1 transcription was partially restored in the arcA mutant
strain grown anaerobically, whereas we barely found difference
of the mRNA levels of ptsG P1 when these strains were grown aer-
obically (Fig. 1A). This result suggests that the activated ArcA pro-
tein (i.e. phosphorylated ArcA) under anaerobic growth condition
[27] could repress transcription of ptsG P1 promoter [21]. In addi-
tion, the partial recovery of ptsG transcription in arcA mutant could
be explained by the notion that the FNR protein is also implicated
in down-regulation of ptsG transcription during anaerobiosis [28].

Our findings above appeared to be contradictory to a report that
anaerobic growth conditions favor a higher expression of the PTS
Fig. 1. The level of EIICBGlc protein is increased even when ptsG transcription is
repressed by the ArcA protein in cells grown anaerobically. (A) A primer extension
analyses conducted using the isolated RNA from the wild-type MC4100 strain and
the arcA mutant strain grown with in the presence or absence of oxygen. (B) The
level of EIICBGlc protein was determined in wild-type cells grown in the presence or
absence of oxygen. All strains were grown in LB supplemented with 1% glucose to
induce ptsG expression.
[29]. To investigate the EIICBGlc protein levels, cell extracts were
prepared from wild-type cells grown in LB + 1% glucose under aer-
obic or anaerobic condition. Western blot analyses using poly-
clonal antibody against purified IIB domain of the EIICBGlc protein
showed that in anaerobically grown cells, the EIICBGlc protein level
was higher than that in cells grown with oxygen (Fig. 1B), which
was a condition that the amount of ptsG P1 transcript was lower
than the other (Fig. 1A). These data suggest that the expression
of ptsG might be regulated at the post-transcriptional level in re-
sponse to the availability of oxygen.

Slow ptsG mRNA turnover is responsible for the increased level of
EIICBGlc protein under anaerobic growth condition

It has been demonstrated that expression of the EIICBGlc protein
is decreased even when transcription initiation of the ptsG gene
normally occurs, where the ptsG mRNA is being rapidly degraded
in response to glycolytic flux [19]. Therefore, we hypothesized that
the low levels of oxygen might delay the turnover of ptsG mRNA,
which in turn causes to increase expression of the EIICBGlc protein.
To test this idea, we compared the stability of ptsG P1 mRNA
between cells grown under aerobic and anaerobic condition. The
wild-type strain was grown either aerobically or anaerobically to
the mid-exponential phase in LB supplemented with 1% glucose
and then rifampicin (200 lg/ml) was added to prevent de novo syn-
thesis of RNA. A primer extension analyses using total RNA isolated
from the rifampicin-treated cells indicated that ptsG P1 mRNA was
likely to be stabilized in anaerobic growth condition despite the
fact that the level of transcription was lowered (Fig. 2A). To calcu-
late the half-life of ptsG P1 mRNA, the amounts of transcripts were
quantified using phosphoimage analyzer, which revealed that the
half-life of ptsG P1 mRNA in aerobically grown cells was 4.5 min
while it was increased to 8.4 min in anaerobic culture (Fig. 2B).
Thus, these experiments suggest that the enhanced longevity of
ptsG mRNA increases the EIICBGlc protein levels, despite the
Fig. 2. The turnover of ptsG mRNA is delayed in cells grown in the absence of
oxygen. (A) The half-life of ptsG P1 mRNA was measured using primer extension.
Right after addition of rifampicin to the wild-type (MC4100) strain grown in the
presence or absence of oxygen, total RNA was isolated at the indicated times. Cells
were grown in LB supplemented with 1% glucose to induce ptsG expression. (B) The
levels of mRNA in (A) were quantified using phosphoimager. The half-life of ptsG P1
mRNA in cells grown with (a line with squares) or without (a line with triangles)
oxygen was 4.5 min and 8.4 min, respectively.



Fig. 3. The delayed degradation of ptsHIcrr mRNA may also cause to increase the
level of EIIAGlc protein during anaerobic growth of cells. (A) The level of EIIAGlc

protein was determined using Western blot in cells grown in the presence or ab-
sence of oxygen. (B) A primer extension analyses was carried out to measure the
stability of ptsHIcrr P0 mRNA as described in Fig. 2. The half-life of ptsHIcrr P0 mRNA
in cells grown with or without oxygen was 4.4 min and 11 min, respectively (data
not shown). Cells were grown in LB supplemented with 1% glucose to induce ex-
pression of the ptsHIcrr operon.

D. Shin et al. / Biochemical and Biophysical Research Communications 370 (2008) 609–612 611
decreased promoter activity of the ptsG gene in E. coli cells grown
anaerobically.

Expression of the ptsHIcrr operon is also up-regulated in a similar
manner to ptsG expression upon oxygen limitation

As followed further by the previous report that the anaerobiosis
increases PTS expression [29], we investigated how the level of an-
other PTS component is regulated by oxygen levels. A Western blot
analyses using polyclonal antibody against purified EIIAGlc revealed
that the level of EIIAGlc protein encoded in the pts operon was also
increased �2-fold when cells were grown anaerobically (Fig. 3A).
We next examined glucose-induced transcription from the P0 pro-
moter of the pts operon using primer extension assay. As observed
in ptsG P1 transcription (Fig. 1A), the level of pts P0 mRNA was re-
duced in the wild-type strain grown anaerobically (Fig. 3B), which
was consistent with the previous findings that both the ArcA and
the Fnr proteins are involved in negative regulation of crr tran-
scription [24,28], yet the P0 mRNA turnover was delayed (Fig.
3B): the half-life of mRNA was 4.4 min and 11 min in the presence
and absence of oxygen, respectively (data not shown). In sum,
these results suggest that the expression level of PTS proteins en-
coded by the two independent genetic loci, ptsG and ptsHIcrr, is
controlled by a common mechanism (i.e. ArcA- and Fnr-mediated
repression on transcription and modulation of mRNA stability
post-transcription) in response to the availability of oxygen.

Discussion

For concomitant uptake and phosphorylation of glucose, E. coli
uses a signal-transduction pathway mediated by the PTS which is
composed of the EIICBGlc protein encoded by the ptsG gene and
HPr, EI, and EIIAGlc proteins expressed from the ptsHIcrr operon
[1]. It has been well established that the optimum levels of PTS
proteins are maintained by elaborate control mechanisms at both
the transcriptional and post-transcriptional levels according to
cells’ physiological demands.

Here, we have shown that the low levels of oxygen increased
cellular concentrations of PTS proteins such as EIICBGlc and EIIAGlc,
which seems to be due to the changed stability of ptsG and ptsHIcrr
mRNAs regardless of the reduced transcription initiation of these
genes. Recent studies have demonstrated that the accumulation
of phospho-glucose by mutations blocking a glycolytic pathway in-
duces expression of the SgrS sRNA, which in turn promotes the
RNase E-dependent degradation of the ptsG mRNA by possible base
pairing between these two RNA molecules [19,20]. Consequently,
this mechanism leads to a decrease in the EIICBGlc protein levels
without affecting transcription initiation of the ptsG gene [19].
Thus, one might imagine that anaerobic growth of E. coli could de-
crease srgS expression to stabilize the ptsG mRNA further. How-
ever, the finding that the accumulation of phospho-glucose does
not affect expression of the EIIAGlc protein [19] suggests that there
might be rather a common mechanism explaining stabilization of
both the ptsG and the ptsHIcrr mRNAs by oxygen limitation. Con-
trary to this gene-specific control of mRNA stability, a previous
study showed that slow anaerobic growth of E. coli results in re-
tarded turnover of RNA such as: (i) prolonged half-life of ompA
and bla mRNA; and (ii) retarded processing of 9S RNA and sug-
gested that intracellular activity of RNase E is down-regulated as
the availability of oxygen becomes limited [30]. In this sense, it
is possible that the PTS mRNA could be also generally stabilized
during anaerobic growth of E. coli cells.

What is the biological relevance of our findings? Under anaero-
bic growth conditions, pathways generating cellular energy from
sugar substrates work less efficiently, even in facultative anaerobes
such as E. coli. For this reason, cells may need to convert their met-
abolic routes toward an energy-saving mode while maintaining the
glycolytic metabolic pathways to an appropriate level to produce
limited amount of cellular energy through respiration using less
efficient electron acceptors (such as nitrate, fumarate, etc.) or fer-
mentation. Under these circumstances, cells could avoid wasting
the energy consumed for de novo synthesis of mRNA to minimize
transcription initiation of the PTS genes by employing two regula-
tory proteins, ArcA and Fnr. Finally, maintenance of the increased
cellular levels of PTS proteins by extending the mRNA longevity
would enable E. coli cells to enhance glucose uptake compensating
for inefficient energy conversion during anaerobic growth.
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