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Abstract In Escherichia coli, the phosphoenolpyruvate–car-
bohydrate phosphotransferase system (PTS) is responsible for
the transport and phosphorylation of sugars, such as glucose.
PTS activity has a crucial role in the global signaling system
that controls the preferential consumption of glucose over
other carbon sources. When the cell is exposed to carbohy-
drate mixtures, the PTS prevents the expression of catabolic
genes and activity of non-PTS sugars transport systems by
carbon catabolite repression (CCR). This process defines
some metabolic and physiological constraints that must be
considered during the development of production strains. In
this review, we summarize the importance of the PTS in
controlling and influencing both PTS and non-PTS sugar
transport processes as well as the mechanisms of transcrip-
tional control involved in the expression of catabolic genes of
non-PTS sugars in E. coli. We discuss three main approaches
applied efficiently to avoid these constraints resulting in
obtaining PTS− glc+ mutants useful for production purposes:
(1) adaptive selection in chemostat culture system of PTS−

mutants, resulting in the selection of strains that recovered the
ability to grow in glucose, along with the simultaneous con-
sumption of two carbon sources and reduced acetate produc-
tion; (2) replacement in PTS− strains of the native GalP
promoter by strong promoters or the substitution of this per-
mease by recombinant glucose transport system; and (3) en-
hancement of Crp (crp+) in mgsA, pgi, and ptsG mutants,
resulting in derivative strains that abolished CCR, allowing

the simultaneous consumption of mixtures of sugars with low
acetate production.
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Introduction

In Escherichia coli, the presence of a double cellular mem-
brane system necessitates the diffusion of carbohydrates used
as a carbon and energy source from the extracellular environ-
ment to the periplasmic space through a series of abundant and
non-specific porins located in the outer membrane. OmpC,
OmpF, and LamB porins constitute the main periplasm entry
system for carbohydrates, such as glucose (Gosset 2005). As
the cytoplasmatic membrane is a hydrophobic barrier, active
carbohydrate transport systems, such as the phosphoenolpyr-
uvate–carbohydrate phosphotransferase system (PTS) and
several proteins involved normally in the transport of galac-
tose, such as those of the galactose permease system (GalP)
and the active primary MglBAC system, are required to
internalize the glucose molecules present in the periplasmic
space under different nutritional conditions (Ferenci 2001;
Gosset 2005, 2009). PTS is the main system involved in the
transport and phosphorylation of several sugars. It has a
significant impact on carbon flux and distribution in central
carbon metabolism and also has a crucial role in the global
signaling system that controls the preferential consumption of
glucose over other carbon sources.When the cell is exposed to
different carbohydrate mixtures, the PTS prevents the expres-
sion of several catabolic genes and activity of non-PTS sugars
transport systems by two main processes: carbon catabolite
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repression (CCR) and inducer exclusion. These processes
define somemetabolic and physiological constraints that must
be considered during the development of industrial production
strains. In this review, we discuss various strategies that were
developed to avoid metabolic and physiological constraints
imposed by PTS.We summarize the importance of the system
in controlling the transport process of both PTS and non-PTS
sugars. In addition, we summarize transcriptional control
mechanisms involved in the expression of catabolic genes of
non-PTS sugars in E. coli. The genetic, metabolic, and phys-
iological implications of PTS inactivation and the disruption
of those regulatory mechanisms in engineered strains devel-
oped for metabolite production are also discussed.

The PTS in E. coli and its impact on growth and product
formation

PTS is composed of soluble components: the phosphohisti-
dine carrier protein (HPr), the Enzyme I (EI) component,

and the enzyme EII (coded by the ptsHIcrr operon). When
glucose is present in the growth medium, the HPr and EI
components transfer a phosphoryl group from the glycolytic
intermediate phosphoenolpyruvate (PEP) to the sugar-
specific enzymes EIIAGlc and EIIBGlc. EIIA and the mem-
brane bound glucose-specific enzyme IICB (EIICBGlc) com-
prise the glucose-specific PTS, which possess two domains,
with an IIC-IIB order, in a single polypeptide chain coded
by the ptsG gene. EIIC is an integral membrane protein
permease that recognizes and transports the sugar mole-
cules, which are then phosphorylated by EIIB (Fig. 1).
There are 21 different identified EII complexes coded in
the E. coli chromosome involved in the transport of approx-
imately 20 different carbohydrates. Among these com-
plexes, EIIGlc and EIIMan are involved in glucose transport
(Saier et al. 1996; Tcheiu 2001; Gosset 2005). The PTS also
plays a crucial role as part of a global signaling system that
controls the preferential consumption of glucose over other
carbon sources when bacteria are exposed to more than one
carbohydrate in a culture medium. The phosphorylation

Fig. 1 The PTS and major mechanisms controlling carbohydrate
uptake in E. coli. PTS is composed by the cytoplasmatic components
EI, HPr, and EIIAGlc and the membrane-bound EIICGlc and EIIBGlc

components conforming the EIICBGlc. Phosphorylated forms of PTS
components are denoted by ∼P. Bold arrows represent activation

mechanisms. Bold doted arrows represent inhibition/repression mech-
anisms. PEP phosphoenolpyruvate, Pyr pyruvate, UCF unidentified
cellular factor, EMP Embden–Meyerhof pathway, TCA tricarboxylic
acid cycle, AC adenylate cyclase, LacY specific transporter for lactose,
GlpF glycerol permease, GlpK glycerol kinase
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state of the PTS proteins is modulated in response to the
available carbon source. The modulated state can regulate
other proteins, either through protein binding or by transfer-
ence of phosphoryl groups. These proteins include the phos-
phorylated forms of the EIIAGlc (EIIAGlc∼P) and HPr
(HPr∼P) proteins, which control CCR and inducer exclusion
mechanisms in Enterobacteriaceae (Brückner and Titgemeyer
2002; Deutscher et al. 2006; Deutscher 2008; Bahr et al.
2011).

Metabolically engineered E. coli strains are used for
the production of a diverse number of high-value
metabolites, including fermentation products, biofuels,
and recombinant proteins in industrial fermentor pro-
cesses. Media containing a wide range of glucose con-
centrations as the main carbon source are usually
employed, as the sugar is relatively inexpensive and is
the preferred carbon and energy source for E. coli
(Gosset 2005, 2009; Keasling 2010). Glucose transport
and phosphorylation by the PTS consumes one PEP
molecule during the catabolism of one glucose molecule
by the Embden–Meyerhof pathway (EMP). In addition
to its role as a phosphate donor for the PTS, PEP is a
precursor in several biosynthetic pathways and also
participates directly in energy-generating reactions, such
as substrate-level phosphorylation of ADP. PEP also
participates indirectly to energy generation as an acetyl
coenzyme-A precursor. When E. coli is grown in min-
imal medium containing glucose as the carbon source,
the PTS consumes 50 % of the available PEP, whereas
the reactions catalyzed by enzymes, such as PEP car-
boxylase, pyruvate kinases, UDP-N-acetylglucosamine
enolpyruvyl transferase, and 3-deoxy-D-arabinoheptulos-
onate 7-phosphate (DAHP) synthase, consume approxi-
mately 16, 15, 16, and 3 % of remaining PEP,
respectively (Flores et al. 2002; Gosset 2005). Several
research groups have developed strategies to increase
the availability of PEP and redirect it to biosynthetic
pathways to achieve an increase in the production and
yield of desired products. These strategies involve inac-
tivation of some PTS components (EI, HPr, and EIIAGlc

coded by the ptsHIcrr operon). The resulting PTS−

strains are unable to use the PTS for the concomitant
translocation and phosphorylation of glucose or any
other PTS sugar, inducing the cell to enter an extreme
nutritional stress condition that disrupts the CCR inhi-
bition circuits (LaDucca et al. 1999; Flores et al. 1996,
2007; Gosset et al. 1996; Gosset 2005; Yao et al. 2011).
PTS− strains of E. coli can restore, through evolution,
their capability to grow on glucose as a carbon source
by selecting alternative transporters, such as GalP or
MglBAC, to import glucose and subsequently phosphor-
ylate the sugar using the enzyme glucokinase. The char-
acterization of some of these PTS− mutants has shown

the development of genetic changes that allow not only
the ability to restore their capability to grow on glucose
but also the simultaneous consumption of different car-
bon sources. This finding is interesting because of the
potential to use mixtures of carbohydrates, such as those
generated by the hydrolysis of lignocellulosic materials,
which could allow an avoidance of the sequential and
diauxic consumption patterns determined by CCR
(Flores S et al. 2002, 2005a, b; Flores N et al. 2005a,
b; Martínez et al. 2008; Sigala et al. 2009; Yao et al.
2011).

Major mechanisms of E. coli autoregulatory
carbohydrate uptake control

Carbon catabolite repression

Carbon catabolite repression (CCR) is considered the most
important regulatory mechanism in many bacteria. Using
CCR, bacteria can select a rapidly metabolizable carbon
source, such as glucose, from other carbohydrates present
in the growth medium, resulting in a diauxic growth behav-
ior. CCR inhibits the synthesis of enzymes involved in the
catabolism of secondary carbon sources by maintaining a
low concentration of specific inducers for alternative routes
of catabolism. The inhibition is accomplished via the altered
activities of specific regulators or the activation of global
control proteins, such as the dimeric transcription activator
Crp (cyclic AMP (cAMP) receptor protein or catabolite
gene-activator protein). In E. coli, CCR involves the cyto-
plasmatic signal metabolite of carbon and energy sufficien-
cy cAMP, the membrane-bound protein adenylate cyclase
(AC), CAP and the EIIAGlc component of the PTS (Postma
et al. 1996; Saier et al. 1996; Brückner and Titgemeyer
2002; Gosset 2005; Görke and Stülke 2008; Bahr et al.
2011) (Fig. 1).

CCR regulation is modulated by the phosphorylation
state of EIIAGlc. During bacterial growth in the presence
of glucose or other PTS substrates, the concentration of
intracellular PEP is high and EIIAGlc is preferentially
dephosphorylated. The preferential process occurs, as phos-
phate is required to phosphorylate incoming sugars and
activate them for catabolism. EIIAGlc∼P binds to the C-
terminal domain of AC and stimulates activity. In membrane
fusion experiments involving fusing AC to the Ser chemo-
receptor Tsr, the stimulation of AC in the presence of bond-
ed EIIAGlc∼P was only observed in the presence of an
additional unidentified factor present in the cellular extracts
of E. coli K12 (UCF) (Park et al. 2006; Görke and Stülke
2008). As cAMP levels increase with AC activity, cAMP
binds to CRP, and the cAMP–CRP complex activates the
promoters of many catabolic genes and operons, such as
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lactose, melibiose, glycerol, and maltose (Fig. 1). It is
thought that such promoters are weak and required to be
activated to allow the binding of the RNA polymerase prior
to the formation of the gene transcription complex.

Interestingly, the cAMP–CRP complex, in addition to
mediating CCR of sugar catabolic genes, plays an important
role in other cellular processes. There are 131 described
“simple” and “complex” transcriptional units activated, re-
pressed, or with otherwise dual-regulated by cAMP–CRP in
the RegulonDB and EcoCyc databases (http://regulondb.
ccg.unam.mx/ and http://biocyc.org/ecocyc/index.shtml, re-
spectively). Tricarboxylic acid cycle (TCA), respiratory
genes (Gamma-Castro et al. 2010; Keseler et al. 2011),
osmoregulation (Landis et al. 1999; Balsalobre et al.
2006), stringent response (Johansson et al. 2000), biofilm
formation (Jackson et al. 2002), virulence (Balsalobre et al.
2006), nitrogen assimilation (Mao et al. 2007), iron uptake
(Zhang et al. 2005), competence (Sinha et al. 2009), multi-
drug resistance (Nishino et al. 2008), and also of small non-
coding regulatory RNAs, such as the Spot42 and CyaR
RNAs (De Lay and Gottesman 2009) are among the regu-
lated transcriptional units.

Other CCR interactions have been described for other
PTS components. Dephosphorylated EI interacts with the
chemotaxis protein CheA, stimulating its autophosphoryla-
tion (Adler and Epstein 1974; Deutscher et al. 2006). HPr
binds to glycogen phosphorylase enzyme (GlgP), stimulat-
ing glycogen phosphorylation, but P∼HPr prevents this in-
teraction. Dephosphorylated EIIAGlc interacts with FrsA
protein, a proposed fermentation/respiration switch, sug-
gesting that EIIAGlc regulates the flux between the respira-
tion and fermentation pathways by sensing the available
sugar species via a phosphorylation state-dependent interac-
tion with FrsA (Koo et al. 2004; Deutscher et al. 2006).

Inducer exclusion

Inducer exclusion is considered as one of the major CCR
mechanisms in Enterobacteriaceae. The consumption of
rapidly metabolizable PTS sugars increases the level of
dephosphorylated EIIAGlc, which has been demonstrated
to bind under this condition directly with the proteins of
several non-PTS sugar transport systems, such as the lactose
permease LacY, the melibiose permease MelB, the MalK
component of the maltose ABC transport system
MalFGK2, and the cytoplasmatic glycerol kinase GlpK,
subsequently limiting enzyme activity during glycerol
utilization (Plumbridge 2002; Amster-Choder 2005;
Deutscher et al. 2006; Deutscher 2008) (Fig. 1).

The efficient binding of dephosphorylated EIIAGlc to its
target proteins occurs only when the specific target transport
system substrate is present. The E. coli lac operon has been
the classic model used to explain the inducer exclusion

mechanism (Deutscher et al. 2006; Deutscher 2008; Görke
and Stülke 2008). In a diauxic growth period where there is
the simultaneous presence of glucose and lactose, as glucose
is preferentially consumed, the PEP and EIIAGlc∼P concen-
trations are low, and abundant dephosphorylated EIIAGlc

binds and inactivates LacY, a lactose/proton symporter, re-
sponsible for the uptake of lactose and other galactosides.
When the glucose has been consumed and lactose remains
as the unique available sugar, EIIAGlc is phosphorylated and
does not interact with LacY, allowing lactose transport. It
has been determined that a conformational change in LacY
following periplasmic lactose binding to its specific union
residue allows EIIAGlc interaction (Deutscher et al. 2006;
Deutscher 2008). The conditional binding of EIIAGlc to
LacY in the presence of lactose avoids waste of this PTS
component (present at a relatively constant level in E. coli
and the Salmonella enterica serovar Typhimurium) if the
non-PTS substrate is not present in the environment
(Deutscher et al. 2006).

During diauxic growth in the presence of glucose and
other non-PTS sugars, the preferential uptake of glucose
during the first part of the growth is proposed to be ensured
by the inducer exclusion mechanism, whereas the induction
of catabolic genes during the adaptive (lag) phase is pro-
posed to be mediated by an increase in the formation of the
cAMP–CRP complex, together with the entry/formation of
the respective inducer (Fig. 1) (Deutcher et al. 2006;
Deutscher 2008; Görke and Stülke 2008).

Carbon catabolic control of transcription factors

The bgl sensory system

In E. coli, several PTS substrate catabolism operons are
controlled by transcription regulators that contain duplicated
PTS-regulatory domains. Among them, the bgl sensory
system represents a novel family of sensory systems com-
posed of a membrane-bound sugar-sensors/permease and a
transcriptional antiterminator that regulates the expression
of genes involved in sugar utilization (Amster-Choder 2005;
Görke and Stülke 2008).

The bgl operon contains three genes (bglG, bglF, and
bglB) required for the uptake and utilization of aromatic β-
glucosides. It is proposed that the operon serves as a pro-
tective system against toxic β-glucosides found in nature
(Schnetz 1987, 1995; Amster-Choder 2005). BglG and BglF
comprise a sensory system that controls the termination/
antitermination of transcription. BglG is a transcriptional
antiterminator, and its activity is modulated by BglF, a
PTS permease that catalyzes the concomitant transport and
phosphorylation of β-glucosides. As described above, the
phosphate flux in the PTS begins with the transfer of a
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phosphate from PEP to the common cytoplasmatic compo-
nents EI and HPr. Next, a phosphate is transferred to the
different sugar-specific permeases (EII complexes). BglF,
similar to many other PTS permeases, is a membrane pro-
tein comprised of two hydrophilic domains, EIIABgl and
EIIBBgl, that contain a conserved phosphorylation site
(H547) and are connected to a hydrophobic IICBgl domain
that functions as the sugar translocation channel and the
sugar-binding site (Amster-Choder 2005). In addition to its
activity as permease, BglF controls the activity of BglG by
reversible phosphorylation depending on substrate availabil-
ity. BglG prevents premature termination of transcription
within the bgl transcript by binding to the emerging bgl
mRNA at sites that partially overlap putative terminators
and stabilizing an alternative conformation of RNA chain.
BglG exists either as a phosphorylated monomer or a
dephosphorylated dimer that binds to the RNA target. The
activity of BglF and BglG depends on phosphorylation state
and the presence/absence of β-glucosides. In the absence of
substrate (non-stimulated state), BglF phosphorylates BglG,
inhibiting its activity as transcriptional antiterminator and
leading to the premature termination of the bgl operon at one
of two rho-independent sites flanking the first gene. In the
presence of β-glucosides (stimulated state), BglF dephos-
phorylates BglG, allowing its dimerization and binding to
the emergent bgl transcript at sites that partially overlap
putative terminators and stabilizes an alternative conforma-
tion of the mRNA, leading to subsequent expression as β-
glucosides are transported and phosphorylated by BglF
(Amster-Choder 2005) (Fig. 2). Additionally, it was demon-
strated that in the presence of β-glucosides, but in the
absence of other PTS sugars, EIIBgl dephosphorylates BglG,
which is necessary but not sufficient for its activation. Under
this condition, BglG is phosphorylated by HPr at different
sites within BglG allowing its dimerization to the active
form and alleviate transcription termination within the bgl
operon, suggesting that this route of phosphorylation is used
to monitor the availability of the various PTS sugars in order
to hierarchically tune the expression of the bgl operon
(Görke and Rak 1999). In E. coli, there are other reported
classes of transcription activators that include regulator pro-
teins, which, depending on the location of their binding site,
function both as transcription activators (binding upstream
from the promoter) and/or repressors (the binding site over-
laps or is located downstream of the promoter). These
regulators are proposed to interact with the major σ70-con-
taining RNA polymerase holoenzyme and include the DeoR
family of transcription regulators. The family contains
repressors such as GlpR, the glycerol-3-P repressor that acts
as the repressor of the glycerol-3-phosphate regulon (Lin
1976; Larson et al. 1987; Weissenborn et al. 1992), and SrlR
(GutR). GutR is a DNA-binding transcription factor that
represses an operon (gut) involved in the transport and

utilization of glucitol (Yamada and Sier 1988; Deutcher et
al. 2006).

The DgsA (Mlc) regulation system

DgsA, better known as Mlc (“makes large colonies” pheno-
type) (Hosono et al. 1995), is a transcriptional dual regulator
that controls the expression of its own gene (mlc), the PTS
genes ptsHI, ptsG, manXYZ, which encodes the mannose
PTS and transports several hexoses including glucose and
mannose (Kimata et al. 1998; Plumbridge 2001, 2002)
along with sgrS (involved in response of glucose-P stress)
(Vanderpool and Gottesman 2004; Vanderpool 2007), and
malt, the positive regulator of the maltose regulon (Decker
et al. 1998). As all the Mlc targets are connected with
glucose and Mlc, it is considered as glucose-specific repres-
sor (Plumbridge 2002). Transcription from these genes/
operons is repressed by the binding of Mlc to a site over-
lapping the downstream promoters (except for the ptsHI
operon, where Mlc binds close to P0) and is stimulated by
cAMP–CRP, which binds upstream from Mlc (Plumbridge
2002) (Fig. 2).

Repression by Mlc and activation by cAMP–CRP are
directly related to the phosphorylation state of the PTS
components. As it has been previously explained, PTS
activity in the presence of a substrate leads to EIICBGlc

and EIIAGlc being predominantly dephosphorylated. Under
these conditions, EIICBGlc sequesters Mlc away from its
DNA-binding sites, leading to the expression of Mlc-
repressed genes. The EIIBGlc domain of the membrane-
attached PTS component EIICBGlc contains a Cys421 phos-
phorylation responsible of the interaction with Mlc and
sequestering it from the DNA to form a membrane-
attached complex EIIBGlc–Mlc. The membrane-bound part
of phosphorylated form of EIICBGlc plays a crucial role for
Mlc inactivation as it forms a tetrameric Mlc/EIIB complex
responsible for of Mlc inactivation by membrane sequestra-
tion, in which Mlc loss its DNA binding ability in vivo due
to the conformational obstruction by EIIB molecules (Nam
et al. 2001, 2008).

Gene repression by Mlc is averted by growth on glucose
and other rapidly metabolizable PTS substrates, such as N-
acetyglucosamine, mannitol, and, to a lesser extent, fructose
and mannose. Non-PTS sugars, such as lactose, melibiose,
and sucrose, have no effect; however, maltose (a non-PTS
sugar) degradation reduces Mlc repression, probably as a
consequence of the intracellular yield of glucose and
glucose-1-P (Plumbridge 2002; Deutscher et al. 2006;
Deutscher 2008).

The mlc gene is weakly autoregulated, but it is also
repressed and activated by CRP. The gene is expressed from
two promoters with a Mlc site overlapping the downstream
site. A CRP site serves to regulate both promoters by
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repressing the upstream site and inactivating the down-
stream site. The downstream site is recognized by RNA
polymerases containing either σ70 or σ32 (heat shock) fac-
tors. The expression of mlc increases during heat shock but
decays when glucose is present, implying that mlc is also
subject of post-transcriptional regulation (Decker et al.
1998; Plumbridge 2002).

Energetics of glucose transport in E. coli

The energetic cost of glucose transport in E. coli by PTS and
non-PTS systems differs significantly. With the PTS system,
periplasmic glucose is concomitantly transported and phos-
phorylated by the transference of a phosphate group

transferred from PEP and carried by PTS components,
yielding intracellular glucose-6-P to enter the EMP. Peri-
plasmic glucose transport through non-PTS proteins, such
as GalP and MglBAC systems, has been demonstrated un-
der very low glucose concentrations (lower than 1 mM)
(Death and Ferenci 1994; Ferenci 2001). Such transport
yields intracellular glucose that requires activation (phos-
phorylation) to enter the glycolytic pathway. Glucose phos-
phorylation is performed by cytoplasmatic glucokinase
(Glk) enzyme employing ATP. The energy equivalent of
one mole of PEP required to transport and phosphorylate
one mole of incoming glucose by PTS is one mole of ATP.
As a consequence, the energy cost of glucose internalization
by the EIIGlc or EIIMan transporters is 1 mol of PEP. In
contrast, glucose transported by GalP involves 1 H+ and

Fig. 2 Regulatory functions of PTS. Several PTS components have
regulatory functions depending on their phosphorylation/dephosphoryla-
tion state and presence/absence of PTS sugars by interacting directly with
several target proteins such as Mlc and AC. Soluble Mlc represses mlc
and ptsG expression by direct union to the respective promoter, whereas
membrane sequestering by EIIBGlc in absence of glucose avoids its
repressing action. AC–EIIAGlc∼P–UCF complex in absence of glucose
lead the formation of the cAMP–Crp complex repressing transcription of
certain genes such as cya and promoting transcription of genes such as
crp, mlc, and ptsG. Indirect regulatory effect is driven by the phosphate
transference from HPr∼P to EIIBgl (BglF) in absence of β-glucosides,

phosphorylating it (BglF∼P) with the subsequent phosphorylation of
cytoplasmatic BlgG. Monomeric BglG∼P is unable to prevent premature
transcription termination of bgl operon. In presence of β-glucosides,
BglF∼P transports and phosphorylates this sugar and cytoplasmatic BglG
forms an active dimer which binds to the antiterminator region of bgl
operon allowing its transcription. Bold arrows represent activation mech-
anisms. Bold doted arrows represent inhibition/repression mechanisms.
Bold denotes transcription of specified genes. PEP phosphoenolpyr-
uvate, Pyr pyruvate, UCF unidentified cellular factor, EMP Embden–
Meyerhof pathway, TCA trycarboxilic acid cycle
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transport by the MglBAC system requires 1 mol of ATP plus
1 mol of ATP for intracellular glucose phosphorylation of
the last two transporters. Therefore, PTS is the most ener-
getically efficient system for glucose import in E. coli (Gos-
set 2005).

Laboratory and industrial fermentor cultures with E. coli
employ media containing glucose that is mainly transported
and phosphorylated by PTS. In these strains, 50 % of the
intermediate PEP resulting from the catabolism of one mole-
cule of transported glucose is used as a phosphate donor for
the phosphorylation of translocated glucose by EIICBGlc

(Postma et al. 1996; LaDucca et al. 1999), and the remaining
PEP is channeled to both the TCA and the shikimic acid
pathway (SAP). This characteristic of the PTS system
limits the production and yield of industrial metabolites
that have PEP as a precursor. In the following sections,
we discuss several strategies developed to overcome these
potential limiting effects in production strains.

Increasing PEP availability for the production
of aromatic metabolites by inactivation of the PTS
system

The inactivation of the ptsHIcrr operon results in the elimina-
tion of PEP consumption by PTS. The resulting mutants lack
the general PTS proteins involved in the phosphotransfer relay
to any of the sugar-specific PTS complexes and exhibit a very
limited capability to transport glucose supported mainly by
GalP, MglBAC, and phosphorylation by Glk from ATP, re-
spectively (PTS− glc− phenotype). Stoichiometric analyses of
the metabolic network involved in the synthesis of aromatic
metabolites indicate that the maximum theoretical molar yield
from glucose could increase twofold in anE. coli PTS−mutant
strain if 100 % of the PEP could be redirected to the SAP
(LaDucca et al. 1999; Flores et al. 1996; 2007; Gosset et al.
1996; Gosset 2005).

For the purposes of aromatic metabolite production, PTS−

mutants derived from wild-type E. coliW3110 strain are used
in both batch and fed-batch fermentation systems employing
glucose as a carbon source. In these systems, the cloning and
expression of alternative glucose permeases systems, such as
the glf (Glf glucose facilitator system) from Zymomonas
mobilis or the E. coli galP (GalP permease) under control of
a strong promoter (Ptrc), have respectively been employed to
efficiently restore glucose transport in these strains. At the
same time, phosphorylation is performed by native or recom-
binant Glk. Resultant strains, such as SP1.1pts derivatives,
were used as the genetic background for further genetic mod-
ifications and shown to be very efficient in the production of
shikimic acid (SA) compared with the parent PTS strains
(71 g/L, 0.27 mol SA/mol glc vs. 52 g/L 0.18 mol SA/mol
glc, respectively) (Knop et al. 2001; Chandran et al. 2003;

Krämer et al. 2003). In addition, a W3110 PTS− deriva-
tive, designated as VH32, was successfully employed for
the production of recombinant protein (TrpLE− pro-insulin
and green fluorescent protein) (De Anda et al. 2006),
anthranilate (14 g/L in rich medium) (Balderas-Hernández
et al. 2009), and L-DOPA (1.51 g/L in rich medium)
(Muñoz et al. 2011).

E. coli PTS− mutants are unable to use this system for the
import of glucose or any other PTS sugar, resulting in
extreme nutritional stress conditions for the cell. In the
absence of regulatory components, such as EIIAGlc, HPr
partially abolishes the CCR and inducer exclusion inhibition
mechanisms, producing global modification of the regula-
tory and metabolic capabilities that allow the cell to utilize
glucose for growth.

In minimal media culture, a PTS− mutant strain des-
ignated as PB11 presented a low specific growth rate
(μ) (00.1 h−1) compared with a wild-type JM101strain
(μ00.7 h−1). An adaptive selection process involving
the PB11 strain in a chemostat culture fed glucose at
progressively higher rates resulted in the selection of
mutants that developed the capacity to grow quickly in
glucose. One of these mutant strains, designated PB12,
used GalP as the main glucose transporter system and
accomplished phosphorylation with Glk. The strain pre-
sented a μ00.4 h−1 (Flores et al. 1996, 2007). Charac-
terization of this strain indicated a capacity to direct
more carbon flux into the aromatic pathway than the
wild-type JM101 parental strain as a result of higher
PEP availability (Flores et al. 1996; Baez et al. 2001;
Flores et al. 2002). Further genetic modifications in this
strain allowed production of L-phenylalanine (30–60 %
of theoretical maximum) (Báez-Víveros et al. 2004;
2007), L-tyrosine (3 g/L with a yield of 66 mg/g glc)
(Chávez-Béjar et al. 2008), and SA (0.29 mol SA/mol
glc) (Escalante et al. 2010).

Transcriptomic analysis by RT-qPCR determined that, in
fermentor cultures grown in minimal medium with glucose
as the carbon source (2 g/L), both the PTS− strains (PB11
and PB12) significantly increased the expression level of
several genes coding for sugar transporters, including the
gal regulon responsible for glucose transport. Both PTS−

mutant strains upregulated the transcription of mglB (coding
for the MglB component of MglBAC system) (13- and 9-
fold, respectively). Other upregulated gal regulon genes
included galP (12.4- and 13.1-fold, respectively) and the
regulon repressor galS (4.9- and 3.2-fold, respectively). It
was proposed based on transcriptomic evidence from the
minimal media/glucose carbon-source growth condition
results that both PTS− strains induce the synthesis of galac-
tose as an auto-inducer of the gal regulon, inactivating the
repressors GalS and GalR and resulting in the induction of
all the gal regulon genes, along with the subsequent
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internalization of glucose through GalP and MglBAC trans-
porters (Flores et al. 2005a, b). However, the slow growth
on glucose of the PB11 strain indicated that phosphorylation
of Glk was possibly a limiting step in the transport/activa-
tion of incoming glucose. The PB12 strain is a PB11-
derived mutant that recovered the capability to exhibit rapid
growth in glucose. This behavior could be explained probably
as a consequence of the increased transcription of the glk gene
(twofold increase) in PB12 compared with the JM101 and
PB11 strains. The increase allowed the efficient transport of
glucose by GalP and phosphorylation by Glk.

In addition, the differences in growth capacities between
these slow/fast glucose-growing strains may also be related
to the availability of regulatory molecules, such as cAMP.
As previously described, cAMP–CRP plays an important
role in transcription activation of many catabolic genes in
PTS strains. These genes include most of the gal regulon;
however, interestingly, a slight increase in the transcription
level of cya and a relatively similar level of transcription of
crp genes compared with the wild-type strain in both PTS−

mutants suggested that both strains synthesize sufficient
cAMP–CRP to activate genes, such as galETK and galS.

Although the main goal in the inactivation of ptsHIcrr
operon was to increase the availability of PEP for aromatic
metabolite production, further characterization of the PTS−

strains PB11 and PB12 indicated that they modified their
metabolic capabilities to contend with the resultant extreme
nutritional stress condition and developed a permanent scav-
enging capability as a result of CCR and inducer exclusion
inhibition abolition. This adaptation allows the simultaneous
utilization of glucose and acetate as carbon sources (Flores S
et al. 2002; Flores et al. 2004; 2005a, b). Based on tran-
scriptomic evidence, it was proposed that the upregulation
of the gal operon, aceBAK, poxB, acs, glk, pgi, TCA cycle
genes, certain respiratory genes, and the gluconeogenic
genes maeB, sfcA, pckA, pps, fbaB, fbp, and pfkB has sig-
nificant importance in the context of the biosynthesis of
aromatic compounds, as the protein product of the pps gene
converts Pyr into PEP and, thus, contributes to the increase
in the metabolic availability of this aromatic precursor
(Flores et al. 2004; Sigala et al. 2009).

The gluconeogenic capacity coexisting with glycolytic
activity, as detected in the PB12 strain, is a physiological
trait that allowed this strain to simultaneously utilize glucose
and other carbon sources. This trait could potentially in-
crease the yield of aromatic compounds in this strain, as
demonstrated for the simultaneous utilization of mixtures
of glucose–arabinose, glucose–gluconate, and glucose–glyc-
erol. This capacity increased the μ in the PB12 strain (trans-
formed with plasmids pRW300aroGfbr and pCLtktA, coding
a feedback-resistant DAHP synthase AroG and transketolase
I enzymes, respectively), as it metabolizes more moles of
carbon source per unit time enhancing the productivity and

yield of aromatic compounds, especially in the glucose–
glycerol mixture, compared with sole glucose or glycerol
cultures. Interestingly, no acetate was detected in the glycerol
and the glucose–glycerol batch fermentations (Martínez et
al. 2008).

Reduction of acetate production in PTS− strains

In E. coli wild-type strains growing under aerobic growth
conditions, as a result of PTS high-glucose uptake rate and
its catabolism through the EMP, the acetyl coenzyme-A
synthesis rate surpasses the TCA cycle consuming capacity,
and the excess is then converted into acetate by the AcK–Pta
pathway. Acetate accumulation under aerobic conditions is a
common problem in E. coli cultures, as it causes a reduction
in both growth rate and recombinant protein productivity
(Gosset 2005; de Anda et al. 2006). Several approaches
have been developed to obtain productive strains with low
acetate accumulation.

A reduction in acetate overflow in E. coli JM103 was
achieved by increasing the availability of the PTS regulatory
protein Mlc by cloning the mlc gene in a multicopy plasmid.
The addition of the plasmid resulted in a 50 % reduction in
acetate accumulation. It was proposed that a higher increase
in cytoplasmatic Mlc level also increases the repression of
ptsG and ptsHI genes. This, in turn, results in a reduction of
glucose uptake and flux to the EMP, resulting in both low
growth and acetate concentration (Hosono et al. 1995). The
inactivation of the PTS and the replacement of the native
promoter of GalP by the strong trc promoter in the W3110
wild-type strain resulted in the VH32PTS−GalP+ derivative
strain. Batch and fed-batch cultures of this engineered strain
maintained similar production and growth rate capabilities
compared with the wild-type strain with a reduction in
acetate accumulation (de Anda et al. 2006). This strain
was also grown in batch fermentor cultures with high glu-
cose concentration (100 g/L) resulting in significant reduc-
tion of acetate secretion (less than 80 %) with respect to the
W3110 strain as well as more than an 80 % increase in
recombinant green fluorescent protein production (Lara et
al. 2008).

Abolition of CCR as an alternative to induce
simultaneous consumption of sugar mixtures in E. coli
cultures

The starting raw materials, such as starch, sucrose, or cellu-
losic biomass derived from agricultural residues, are poten-
tial low-cost feedstock for the production of different types
of bioproducts, such as ethanol and L-lactic acid. Hydrolysis
of lignocellulose yields a mixture of sugar containing
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mainly glucose, arabinose, and xylose. Due to CCR and
metabolite exclusion inhibition mechanisms, E. coli
presents a diauxic consumption of carbohydrates derived
from lignocellulosic hydrolysates present in the culture
media. The elimination of diauxic behavior and simul-
taneous consumption of sugar in these mixtures would
be advantageous in a fermentative process, as it would
be accompanied with a reduction in operating time and
increase in productivity (Gosset 2005, 2009; Keasling
2010; Yao et al. 2011).

The inactivation of ptsG in E. coli resulted in a IT1168
PTS− derivative that abolished CCR and allowed simulta-
neous fermentation mixtures of glucose, arabinose, and xy-
lose to ethanol (yielding 87–94 % of theoretical) (Nichols et
al. 2001). In addition, the E. coli ptsG− mutant strain FBR19
was used to ferment a 100 g/L total equal mixture of glucose
and xylose to produce lactic acid (yield of 0.77 g lactic acid/
g sugar) (Dien et al. 2002). An E. coli W3110 PTS− mutant
carrying the ethanologenic pLOI1594 plasmid is an adapted
strain able to grow under anaerobic conditions that evolved
to obtain glucose+ strain derivatives, some of which were
able to restore its μ to 100 % of that observed in the PTS+

parental strain. In experiments performed using a glucose–
xylose mixture, xylose was completely consumed, and sugar
consumption occurred in a simultaneous manner, indicating
that CCR was abolished in these strains, resulting in im-
proved ethanol production (Balderas-Hernández et al. 2011)

The inactivation of the PTS components caused growth
reduction as a consequence of diminished glucose uptake
capability. While this issue may be resolved as described
above, other strategies have been explored to abolish CCR
and allow E. coli to consume simultaneously mixtures of
sugars, such as those present in lignocellulosic hydrolysates.
These efforts have been focused on modifying intracellular
cAMP levels as a strategy to alter the role of the cAMP–CRP
complex on the expression of several genes and operons
responsible for the catabolism of secondary non-PTS sugars.
The knockout inactivation of crp (Δcrp) and crp enhancement
(crp+) on metabolic regulation was evaluated with ptsG, mlc,
and pgi mutants of the E. coli BW25113 strain in continuous
and batch cultures. InΔcrp andΔmlcmutants, the TCA cycle
and glyoxylate shunt genes were repressed, resulting in ace-
tate accumulation, while in crp+ mutants, glycolysis, TCA
cycle, and gluconeogenesis genes were upregulated allowing
the simultaneous consumption of a mixture of glucose and
xylose with low acetate production. This phenomenon was
associated with increases in crp transcript levels and deficient
ptsG gene expression, resulting in reduced EIICBGlc activity
(Yao et al. 2011). Although it was not determined, glucose
was probably transported, as in the case of the JM101 PTS−

mutants PB11 and PB12, through GalP and MglBAC trans-
port systems, and phosphorylation was facilitated by Glk
(Flores et al. 1996, 2007).

Concluding remarks and perspectives

PTS represents the most efficient system for the transport
and phosphorylation of sugars, such as glucose, in bacteria
such as E. coli. The metabolic traits and transcriptional
regulatory control systems associated with PTS represent
an important disadvantage in the use of this bacteria for
large-scale fermentation processes for the production of
metabolites that use PEP as precursor or in the production
of bioproducts, such as ethanol, due to its inability to simul-
taneously consume mixtures of sugars (derived from ligno-
cellulosic hydrolysates, low-cost raw materials). This is a
consequence of the CCR and inducer exclusion inhibition
systems defining a diauxic behavior growth pattern that
forces the sequential consumption of carbon sources.

The inactivation of specific PTS components has been
the main approach employed to avoid some of these dis-
advantages; however, the resultant PTS− strains are exposed
to severe nutritional stress conditions because of their in-
ability to consume glucose. Functional replacement in the
PTS− strains by glucose transporter systems, such as GalP,
MglBAC, or the Z. mobilis Glf, and incoming glucose
phosphorylation by Glk ATP-dependent processes resulted
in significant strain improvements in the production effi-
ciency of diverse fermentation products.

Among those examples described above, three main
approaches have been applied efficiently to obtain PTS−

gcl+ mutants that are useful and interesting strains for di-
verse metabolite production purposes: (1) adaptive selection
in chemostat culture system of PTS− mutants, resulting in
the selection of strains that naturally recovered the ability to
grow in glucose at higher rates, along with the simultaneous
consumption of two carbon sources, including gluconeo-
genic substrates and reduced acetate production; (2) replace-
ment in PTS− strains of the native GalP promoter by strong
promoters or the substitution of this permease by recombi-
nant glucose transport system, such as the Z. mobilis Glf
system and its efficient phosphorylation by recombinant
Glk; and (3) enhancement of Crp (crp+) in mgsA, pgi, and
ptsG mutants, resulting in derivative strains that abolished
CCR and inducer exclusion mechanisms, allowing the si-
multaneous consumption of mixtures of sugars with low
acetate production. The transcriptomic characterization of
specific genes encoding enzymes involved in carbon catab-
olism and specific biosynthetic pathways have allowed for
the analysis of the genetic and regulatory changes developed
by some of these strains. This finding has increased our
understanding of the physiological implications of the inter-
ruption of CCR circuits associated with PTS; however, the
further characterization of these strains using global tran-
scriptome, proteome, metabolome, and fluxome analyses
will extend overall our understanding of these systems in
cellular processes and help to identify the changes
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responsible for the improved co-assimilation and product
formation of sugar mixtures.
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