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Abstract

The past decade has witnessed an exiting unveiling
of numerous molecular mechanisms that charac-
terize signal transduction by protein-protein inter-
action. The recent findings encouraged an
increasing effort to understand the sequential
metabolism of different sugars available as energy
sources at the same time. It seems probable that
at least three principle mechanisms which act
together or separately, mediate carbon catabolite
repression (CCR) depending on the systemwhich is
under metabolic control: i) by the main signal
transducing chain via the ATP-dependent HPr-
kinase, HPr(Ser46~P) or alternatively Crh via the
central component CcpA and its interaction with
cre, ii) by signals sensed from the specific regula-
tors directly or via phosphorylation by HPr, iii) by
inducer exclusion based on the concurrence of the
enzyme IIAGlc domain of the glucose permease, and
other PTS-dependent permeases composed only of
the B and C domains and lacking the enzyme IIA
domain.

Introduction

Together with Escherichia coli, Bacillus subtilis is one
of the best-understood prokaryotes. Its entire DNA
sequence has been available since autumn 1997, when
the genome project was completed (Kunst et al., 1997;
Moszer, 1998; SubtiList, 1999), yielding a wealth of
insights that allow multifarious new approaches
to investigating biological molecular mechanisms.
B. subtilis has a single 4,214,814 bp length chromo-
some, which harbors about 4,100 open reading frames,
reflecting potential protein-encoding genes (Kunst
et al., 1997; Moszer, 1998; SubtiList, 1999). General
properties of the genes in the genome were classified
according to their functional features. At present, about
half of the genes can be assigned to proteins with a
defined or probable function, and half of the open read-
ing frames – about 2800 – have no clear or biochemi-

cally identified function (Kunst et al., 1997; Moszer,
1998; SubtiList, 1999).

Currently, three main topics are of significant
interest: i) clarifying the protein function of gene
products with no clear or biochemically identified
function, ii) structure-function relations of proteins with
known functions in particular fields and iii) regulatory
networks.

One of these numerous networks plays an impor-
tant global regulatory role in the sequential metabolism
of different carbon sources, such as sugars available as
energy sources at the same time. In order to survive and
divide, bacterial cells need to take up nutrients such as
carbon sources. Bacterial transporters are generally
quite specific for one or a few substrates. As a conse-
quence, there are a great variety of transport proteins
with corresponding metabolic enzymes (Saier, 2000).
The expression of each of these systems underlies
specific regulation by induction mediated by the pre-
sence of the corresponding substrate in the growth
medium and, in many – if not all – cases by regulatory
networks (Stulke and Hillen, 2000). These networks are
necessary to coordinate all biochemical processes of
the cell depending on its physiological state and the
environmental conditions. For example, the presence of
two different sugars as carbon and energy sources in
the media of Bacilli results in a sequential metabolism
leading to the hierarchical use of saccharides (Hueck
and Hillen, 1995). The expression of genes involved in
catabolism of many substrates depends on their
presence (induction) and the absence of carbon
sources that can be well metabolized (catabolite
repression; CCR) (Saier Jr. et al., 1996). This phenom-
enon is well-known in the Gram-negative bacteria
E. coli, where the cytoplasmic cAMP concentration
plays a crucial role, as it modulates the activity of the
cAMP-binding protein CAP. This protein activates the
genes and operons under general carbon regulation in
its cAMP bound form (Busby and Ebright, 1999; Postma
et al., 1993). However, in the Gram-positive bacteria
B. subtilis no analogous system was identified, neither
the cAMP level plays an important role nor a CRP
homologous protein could be found (Saier Jr. et al.,
1995). In contrast, CCR in B. subtilis is negatively
regulated by a repressor protein CcpA, belonging to the
LacI / GalR repressor family (Chambliss, 1993; Henkin
et al., 1991; Hueck and Hillen, 1995; Weickert and
Adhya, 1992). In this regulatory network one transporter
family, the phosphoenolpyruvate-dependent sugar
phosphotransferase system (PTS), has an important
regulatory function. Operationally, the multi-component
PTS comprises both membrane-localized and cytoplas-
mic proteins that concertedly catalyze the simultaneous
phosphorylation and vectorial translocation of sugar
across the cytoplasmic membrane. In the presence of
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phosphoenolpyruvate in the cytoplasm, enzyme I is
autophosphorylated on a histidine residue, and subse-
quently enzyme I~P transfers the phosphoryl group to a
histidine residue at position 15 on HPr (Figure 1)
(Postma et al., 1993). In turn, HPr(His~P) phosphor-
ylates the active site histidine in enzyme IIA (which in B.
subtilis is a functional domain of one polypeptide
enzyme IICBAGlc glucose permease) (Gonzy-Tréboul
et al., 1991; Reizer et al., 1999; Sutrina et al., 1990;
Zagorec and Postma, 1992), from where the phosphoryl
group is transferred to a cysteine or histidine residue in
the enzyme IIB component. Upon phosphorylation
of enzyme IIB, the membrane spanning enzyme IIC
domain is activated and translocation takes place,
followed by carbohydrate phosphorylation (for an over-
view see Postma et al., 1993 and Saier Jr. and Reizer,
1994). In the case of disaccharide-transporting PTS, the
intracellular disaccharide phosphates must be hydro-
lyzed to their constituent hexose 6-phosphate and
a glycone moieties, prior to catabolism via energy-
yielding pathways.

Alternatively to phosphorylation of the histidine
residue at position 15 of the phosphocarrier protein
HPr during the phosphoryl transfer, the protein is also
regulatorily phosphorylated at serine position 46 by
an ATP-dependent, metabolically activated HPr ki-
nase (Deutscher et al., 1994; Reizer et al., 1998). HPr
kinase activity is severely inhibited by Pi and HPr
(His~P) and stimulated by a catabolic intermediate,
fructose 1,6-bisphosphate (FBP). The HPr kinase from
B. subtilis forms homo-oligomeric structures, which are
related to cooperative binding of FBP (Jault et al.,
2000). As mentioned above, in Bacilli the regulatory
mechanism of CCR contains the central component
CcpA (Henkin et al., 1991; Hueck and Hillen, 1995;
Weickert and Adhya, 1992). CcpA interacts with cis

active DNA elements (cre) (Fujita et al., 1995; Gösser-
inger et al., 1997) located in the promoter regions of the
genes or operons subject to CCR (Weickert and
Chambliss, 1990). This CcpA-DNA interaction is trig-
gered by the HPr protein of the phosphoenolpyruvate-
dependent phosphotransferase system (PTS) when it is
phosphorylated at Ser46 by the ATP dependent HPr
kinase (Deutscher et al., 1994; Reizer et al., 1998).

A gene encoding an HPr-like protein Crh (catabo-
lite repression HPr) composed of 85 amino acids
residues has been discovered in B. subtilis. It contains
45% identical amino acids compared to HPr (Galinier
et al., 1997). However, Crh is not phosphorylated by
PEP and Enzyme I, because the active site His-15 of
HPr is replaced by glutamine. Nevertheless, the protein
is phosphorylated at Ser-46 by an ATP-dependent
HPr-kinase (Galinier et al., 1998). Results obtained by
mutational analysis and combinatory gene disruption of
both genes suggested that both HPr and Crh mediate
CCR in gram-positive bacteria.

However, on one hand inactivation of the central
regulatory component CcpA leads to the loss of CCR of
many systems under carbon mediated regulation which
fits in with the model of the concerted action of HPr-
kinase, HPr and CcpA-cre interaction. On the other
hand, several systems or monitored enzymatic activ-
ities still underlie glucose or fructose mediated CCR,
even in genetic backgrounds leading to the loss of
CcpA or carrying the no longer regulatory phosphory-
latable variant HPr(S46A) (ptsH1 mutant)(Deutscher
et al., 1994; Helfert et al., 1995). Glycerol kinase and
maltose inducible a-glucosidase expression which
remain sensitive to CCR both in a ptsH1 strain and a
CcpA minus strain are examples for this phenomenon
(Deutscher et al., 1994; Schönert et al., 1998). Another
interesting observation has been made studying

Figure 1. Appearance of glucose-6-phosphate in B. subtilis. The upper part of the picture presents PT systems mentioned in the text, the lower part
presents the maltodextrin ABC transporter. C, B and A denote functional domains of PTS permeases as described in the text. E denotes the
maltodextrin-binding protein, which is linked by a lipid anker to the cell wall. The maltodextrin system metabolizes different sizes of dextrins. This
variation is indicated by n. P denotes the phosphoryl group. Doted lines indicate alternative interactions for the phosphoryl transfer from
enzymeIIAGlc to enzymeIIB of several PTS permeases as indicated. Grey dots denotes one glucose unit with the exception for the sucrose system
for which it should be seen as a glucose and fructose subunit. For details see text.
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a-amylase expression, which also underlies CcpA-
dependent CCR (Henkin et al., 1991; Nicholson et al.,
1987). CcpA and cre are essential for glucose repres-
sion, but the ptsH1 mutation did not prevent glucose
repression of a-amylase production (Voskuil and
Chambliss, 1996). Furthermore, as we have reported
previously in context with an analysis of the trehalose
PTS of B. subtilis, CcpA inactivation leads to the loss of
fructose repression of phospho-a-(1,1)-glucosidase
TreA synthesis (see below), but does not affect glu-
cose repression (Helfert et al., 1995). In addition, the
ptsH1 mutation abolishes neither glucose nor fructose
repression (Helfert et al., 1995). Therefore, although
central components mainly mediate CCR, there are
indications that additional mechanisms might exist for
different carbon metabolizing systems (Bürklen et al.,
1998; Dahl, 1997; Dahl and Hillen, 1995; Dahl et al.,
1995; Helfert et al., 1995; Rosana-Ani et al., 1999). The
following chapters will mainly focus on such alternative
signaling pathways suggested and known so far which
are involved in CcpA-independent CCR in the Gram-
positive organism B. subtilis.

The Trehalose PTS

While a great number of organisms synthesize the
non-reducing sugar trehalose and use it as an osmopro-
tectant, B. subtilis itself does not (Arguelles, 2000;
DeSmet et al., 2000; Thevelein, 1984). On the contrary,
when trehalose is present in the growth medium,
B. subtilis degrades the sugar and uses it as its sole
carbon and energy source (Helfert et al., 1995; Kennett
and Sueoka, 1971). This trehalose metabolizing sys-
tem belongs to the PTS family and harbors a specific
permease enzyme II, composed of the two functional
domains B and C (Figure 1). It is therefore grouped to
the sucrose permease family (Reizer et al., 1999). After
all, the enzymeIIBCTre HPr-(His15)-P-dependently
phosphorylates the disaccharide during translocation
over the membrane to trehalose-6-phosphate presum-
ably in cooperation with the enzymeIIAGlc domain (see
below (Dahl, 1997). Besides the specific enzyme
IIBCTre, also named TreP, B. subtilis contains a cyto-
plasmic phospho-a-1,1-glucosidase (phosphotreha-
lase TreA) able to hydrolyze trehalose-6-phosphate
into the two monosaccharide subunits glucose-6-
phosphate and glucose (Gotsche and Dahl, 1995;
Helfert et al., 1995). The phosphorylated form of the
glucose can directly enter glycolysis, whereas the
resulting non-phosphorylated glucose requires further
ATP-dependent phosphorylation by the glucose kinase
(Figure 1) (Gotsche and Dahl, 1995; Rosana-Ani et al.,
1999; Skarlatos and Dahl, 1998). Interestingly, TreA is
also able to hydrolyze the substrate analogous para-
nitophenyl-glucopyranoside (PNPG), making the gene
suitable as a reporter gene (Schöck et al., 1996;
Spiegelhalter and Bremer, 1998).

DNA sequence and Northern-blot analysis clearly
demonstrated that the genes treP (coding for the
trehalose permease) and treA (coding for the phosph-
a-1,1-glucosidase) are co-transcribed (tre-operon)

(Schöck and Dahl, 1996a; Schöck and Dahl, 1996b).
Another open reading frame could be identified down-
stream of treA. It codes for the specific trehalose re-
pressor, that negatively regulates the tre-operon as
demonstrated by a treR deletion, leading to constitutive
expression of the tre operon and in vitro by protein DNA
interaction (see below) (Bürklen et al., 1998; Schöck
and Dahl, 1996b). The transcription of treR remains
unclear up to now. Two possible scenarios were discus-
sed: i) a weak promoter might be located upstream of
treR leading to some copies of TreR, or ii) some of tran-
scriptional termination takes not place after treA and
lead to a read through and in turn again to some copies
of TreR (Bürklen et al., 1998; Schöck and Dahl,
1996b). Both models would ultimately yield sufficient
copies of TreR to regulate the tre-operon.

TreR has been heterologously overproduced
using an overexpression system in Bacillus megaterium
(Rygus andHillen, 1991) and purified to homogeneity for
in vitro characterizations (Bürklen et al., 1998). It can be
concluded from the results of this study, that the
trehalose repressor exclusively mediates induction of
the tre operon. Trehalose-6-phosphate was identified as
the molecular inducer which inhibits TreR tre operator
interaction in dependency of the concentration, and in
turn leads to transcription of the tre operon (Bürklen
et al., 1998).

In this study, we have also provided evidence that
TreR acts as a dimer (Bürklen et al., 1998). Furthermore,
in vitro titration experiments of the wild type operator
containing DNA fragment revealed two different
complex formations of lower and higher mobility in
DNA-retardation experiments (Bürklen et al., 1998).
Therefore, we assumed that one TreR dimer binds each
of the two discovered operators O1 and O2, both of
which are located upstream of treP (Bürklen et al., 1998;
Schöck and Dahl, 1996b). Additional results of DNA
retardation experiments obtained with DNA fragments
containing either one of the two operators support this
observation, since only one complex formation was
observed even at high protein concentrations (Bürklen
et al., 1998). However, operators O1 and O2 are bound
by TreR with different efficiencies, as indicated by the
about 25-fold higher protein: DNA ratio necessary for
half-maximal DNA binding for operator O1 compared to
O2. Furthermore, the presence of both operators in the
same DNA fragment reveals a 2.5-fold higher efficiency
overO2 and a 63-fold higher efficiency overO1 binding.
These data strongly suggest cooperative binding of
TreR to the tre operators. The trehalose repressor
presumably binds each operator as a dimer. Thus, two
TreR dimers would achieve full occupation of the wild
type operator. Whether TreR creates a tetramer com-
plex in the presence of wild type operator DNA remains
to be analyzed. But it should be noted that both
operators are 32 bp apart, which corresponds to three
DNA helix turns. Therefore, one would assume that
binding of both operators takes place at the same side,
supporting an interaction of two dimers. The negative
influence of the molecular inducer indicates an inactiva-
tion of TreR, which results in an inability to bind tre
operators. This inactivation could be due to the loss of
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the ability to create oligomers correlated with the loss of
the capability to bind tre operators (Bürklen et al., 1998).

Glucose-6-Phosphate Acts as an Anti-Inducer

An interesting perspective is opened by the fact that
trehalose belongs to the PTS sugars and that after
trehalose hydrolysis products occur which, when pre-
sent in the growth medium, lead to repression of the
trehalose system. The product of the glucose kinase-
catalyzed reaction (see below) as well as from the
glucose translocation over the membrane via the
specific glucose PTS is glucose-6-phosphate, which
has been shown to act as an anti-inducer in the TreR
regulated expression of the tre-operon (Bürklen et al.,
1998). The presence of glucose-6-phosphate clearly
inhibits the interaction between trehalose-6-phosphate
and TreR and therefore interferes with the molecular
inducer. These observations strongly indicate that dif-
ferent effectors regulate TreR tre operator interaction,
which could be involved in mediating signals causing
induction and CCR of the trehalose system. Such an
activity of glucose-6-phosphate could explain one alter-
native mechanism triggering CCR on the transcriptional
level.

Another known case, where the repressor is
presumably involved in CCR of its specifically regu-
lated operon, are the xylose systems of B. subtilis and
B. megaterium. (Dahl et al., 1995; Kraus et al., 1994).
Besides xylose functioning as an inducer interacting
with the xylose repressor, glucose-6-phosphate was
identified as an anti-inducer in vitro and in vivo analysis
(Dahl and Hillen, 1995).

Inducer Exclusion in B. subtilis

Undoubtedly, HPr-kinase, HPr, CcpA and cre are the
central components of carbon catabolite repression in
Bacilli (Hueck and Hillen, 1995). One alternative and
CcpA independent glucose triggered CCR has been
discussed above showing that glucose-6-phosphate
directly interacts with specific regulators acting as an
anti-inducer (Bürklen et al., 1998; Dahl and Hillen,
1995; Dahl et al., 1995). However, it is not clear to
which extent this alternative CCR contributes to the
complex regulatory machinery in wild type cells.
Another mechanism for CcpA-independent CCR has
been postulated as inducer exclusion involving the
PTS glucose permease enzyme IIBCAGlc. Several PTS
permeases are composed of the enzyme IIB and
C domains in one polypeptide which is not fused to the
A domain, necessary for phosphoryl transfer (Postma
et al., 1993; Reizer et al., 1999). Growth analysis at
either glucose or trehalose of a B. subtilis strain
missing enzyme IIBCAGlc, but still expressing ptsH
and ptsI (encoding for HPr and enzyme I, respectively)
results in a 2.3 to 2.6-fold increased generation time in
both cases (Dahl, 1997). The interpretation of these
results was that enzyme IIBCAGlc contributes to tre-
halose metabolism and might be necessary for the
phosphoryl group transfer (Figure 1) (Dahl, 1997).

Biochemical evidence of a kind of cross talk between
domains enzyme IIAGlc and enzyme IIBScr in B. subtilis
has been described by Sutrina et al. in vitro (Sutrina
et al., 1990). They were able to demonstrate the
appearance of sucrose~P by using inside out mem-
brane vesicles containing enzyme IIBCScr and harbor-
ing sucrose inside when the purified truncated enzyme
IIAGlc domain is present outside. Together with in vivo
data this observation allows us to postulate that glu-
cose permease of B. subtilis also energizes the suc-
rose, trehalose and presumably maltose permeases
(see below, Figure 1), although direct interaction of
enzyme IIAGlc with these three permeases has not
been detected so far. Nevertheless, these sets of data
consequently led to the conclusion that inducer exclu-
sion is indeed one of the additional regulatory mecha-
nisms mediating CCR of some catabolically regulated
systems. In this type of mechanism, several PTS sugar
permeases interfere with the phosphoryl groups of the
energized enzyme IIAGlc domain. In the presence of
glucose the phosphoryl group is translocated to the B
domain in the same polypeptide, supporting glucose
transport and phosphorylation. In turn, no phosphoryl
group is available for other PTS permeases lacking an
A domain. As a consequence the corresponding sugar
is not transported into the cytoplasm, and, therefore,
no inducer is present interacting with the specific
regulators.

The Maltose PTS

Another disaccharide besides sucrose and trehalose
that serves as a carbon source is maltose. Maltose
transport in Gram-positive organisms has been repor-
ted to occur both via a PTS mechanism, such as in a
number of streptococci (Martin and Russell, 1987) and
non-PTS systems, such as in Bacillus licheniformis
and Bacillus popillae (Tangney et al., 1992; Tangney
et al., 1993; Taylor and Costilow, 1977). On one
hand, previous studies on the maltose metabolism in
B. subtilis regarding the effect of uncouplers on
maltose uptake suggested that this maltose utilization
system belongs to proton motif driven transport
systems or ABC transporters (Tangney et al., 1992).
Tangney and coworkers also showed that extracts
prepared from cultures of B. subtilis grown on maltose
lacked maltose phosphotransferase system activity
(Tangney et al., 1992). This study also yielded
evidence for the presence of maltose phosphorylase
activity and a glucose kinase (which both indeed exist,
see below), from which it was interpreted that accu-
mulated maltose is degraded by maltose phosphor-
ylase in the cytoplasm. Undoubtedly, maltose is
accumulated by B. subtilis cells; however, recent
studies clearly show that in contrast to the well-known
maltose ABC-transporter system in E. coli, in B. subtilis
this disaccharide is presumably transported via a mal-
tose specific PTS-dependent system (Reizer et al.,
1999; Thompson et al., 1998; Schönert and Dahl, in
preparation). In 1996, as participants in the Bacillus
genome project (Kunst et al., 1997), Sekiguchi and
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co-workers determined the nucleotide sequence of a
DNA-fragment near the 76! region of the B. subtilis
genome. The sequence analysis and search for the
protein data bases revealed that the deduced amino
acid sequences of open reading frames glvA (formerly
glv-1) and glvC (formerly glv-2) exhibited similarity to
6-phospho-b-glucosidase and enzyme IICB domains
of PTS-dependent permeases. Due to the domain
order, the GlvC permease (also named MalP) has been
grouped, unlike SacP (sucrose) and TreP (trehalose),
to the glucose permease family (Reizer et al., 1999). A
third open reading frame, glvR, which gene product
acts as regulator for the maltose PTS (Yamamoto et
al., 2001), is located between the genes glvA and glvC
(Kunst et al., 1997; SubtiList, 1999). In silico and co-
expression analysis of GlvA and GlvC indicates that
these three genes might constitute an operon (Kunst
et al., 1997; Reizer et al., 1999; Thompson et al., 1998;
Schönert and Dahl, in preparation). GlvC, the putative
PTS dependent maltose permease, was first proposed
to encode a b-glucoside-specific enzyme II (Yamamo-
to et al., 1996). Analyzing the doubling time on maltose
growth medium of a strain in which glvC was
inactivated compared to the wild type revealed a 7.4-
fold increase of the generation time (Reizer et al.,
1999). In this strain, maltose uptake is no longer
detectable (Schönert and Dahl, in preparation). GlvA
was overproduced and purified, and its enzymatic
characteristics were described (Thompson et al.,
1998). Thompson and co-workers were able to demon-
strate that GlvA is a novel 6-phospho-a-glucosidase
and uses maltose 6-phosphate as natural substrate. In
contrast to other phosphoglycosylhydrolases, GlvA
from B. subtilis exhibits specific requirements for both
divalent metal (Mn2+, Fe2+, Co2+, or Ni2+) and NAD(H)
for activity (Thompson et al., 1998). Taken together,
these data provide strong evidence that in contrast to
E. coli in B. subtilis maltose uptake belongs to the PTS.

Maltose in the growth medium can induce this
presumed maltose PTS, which, in analogy to the re-
lated sucrose and trehalose systems, underlies CCR
(Tangney et al., 1992; Schönert and Dahl, in prepara-
tion). As observed by Tangney and coworkers, the
glucose PTS is functionally expressed in the presence
of maltose but maltose uptake is subject to glucose
triggered CCR (Tangney et al., 1992). Furthermore, in
this study, maltose transport is almost completely
abolished in an enzyme I defective strain, which fully
corresponds with the observation that maltose transport
mainly occurs via the PTS. One interpretation of the co-
expression of enzyme IICBMal and enzyme IICBAGlc in
the presence of maltose is again the need of the
A domain from the glucose permease for the phosphoryl
transfer to the B domain of the maltose permease in
analogy to the trehalose and the sucrose systems
described above (Dahl, 1997; Sutrina et al., 1990).

Interestingly, B. subtilis contains an additional
maltose inducible a-glucosidase (sucrase, maltase, iso-
maltase), which is part of a nine-gene spanning operon
encoding for a specific maltodextrin utilization system
(see below) (Schönert et al., 1998; Schönert et al.,
1999; Schönert et al., submitted). Therefore, it seems

that the maltose and malotdextrin systems constitute a
maltodextrin regulon.

The Presumed Maltodextrin Network

As mentioned above a maltose inducible a-glucosidase
is still glucose repressed in strains lacking CcpA
or carrying the HPr(S46A) mutation. However, this
a-glucosidase is not localized in the presumed maltose-
PTS operon (Schönert et al., 1998; SubtiList, 1999).
The corresponding gene (malL) of the maltose-induci-
ble a-glucosidase has been identified in a nine-gene
spanning gene cluster which is presumably organized
as an operon (Rosana-Mesak and Dahl, 2000; Schönert
et al., 1998; Schönert et al., 2001; Schönert and Dahl, in
preparation). The disruption of themalL gene leads to a
complete loss of maltose inducible a-glucosidase
activity, indicating the existence of one exclusively
maltose inducible a-glucosidase (Schönert et al., 1998).
MalL activity is only observable in those cells, which
were grown in maltose containing medium (Schönert et
al., 1998) and also in the presence of either amylose,
starch or glycogen (Schönert et al., 1999). This
induction process probably occurs due to cleavage
products derived from amylose, starch or glycogen
hydrolysis, leading to smaller sugar subunits or pre-
cursors which, when taken up, directly or indirectly
trigger MalL expression. This interpretation is sup-
ported by the results observed in an a-amylase minus
strain in which the induction of MalL synthesis by
amylose or starch is nearly completely abolished
(Schönert et al., 1999). This is partially also the case
for induction by glycogen. Surprisingly, in these in-
vestigations we observed a temporal expression of
MalL, independent of the use of inducing substrates.
These data present evidence that MalL expression
principally underlies two distinct temporary regulations,
which resembles those observed for a-amylase activity
(Weickert et al., 1990). Transcription of amyE and
concomitant amylase production is temporally activated
at the onset of stationary phase (T0) and temporarily
turned off at T2 (Weickert et al., 1990). Several studies
show that the ABC transporter to which MalL belongs is
presumably exclusively involved in the metabolism of
maltodextrins, with longer chains than maltotriose
(Schönert et al., 1999; Schönert and Dahl, in prepara-
tion, Figure 1). This makes it interesting to study the
regulation of this ABC transporter coding operon, which
is inducible by the presence of the PTS-sugar maltose in
the growth medium. Both systems, maltose PTS and
maltodextrin ABC-transporter are co-expressed and
potentially induced by the same inducer.

The Glucose Kinase as a Component
of Disaccharide and Dextrin Metabolism
and its Potential Contribution on CCR

Another challenging question beside the physiological
function of GlcK is its potential regulatory function.
A protein family was characterized designated ROK
(repressor, ORF, kinase) (Titgemeyer et al., 1994)
containing seven Xyl repressors from Gram-positive
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bacteria, the N-acetylglucosamine repressor (NagC)
from Escherichia coli and the three sugar kinases:
glucokinase from Streptomyces coelicolor, fructoki-
nase of Zymomonas mobilis and fructokinase encoded
within the sucrose regulon of Streptococcus mutans.
These proteins are grouped in one superfamily accord-
ing to the results of multiple alignment. The N-terminal
80 residue regions thereby exhibited low average
similarities since the kinases lack the helix-turn-helix
motif. The adjacent regions (alignment positions
140–420 in (Titgemeyer et al., 1994)) exhibit striking
sequence similarity showing six peaks of sequence
conservation. These sequence analyses allow the
conclusion that catalytic residues involved in ATP-
binding and phosphoryl transfer might be expected to
be conserved only in the kinases, while sugar-binding
residues and structural residues in maintaining the
three-dimensional structures involved in sugar binding
are more likely to be conserved in the repressors as
well as in the kinases. Discovering the glucose kinase
of B. subtilis, which also belongs to the ROK family, it
must be postulated that unphosphorylated glucose is
present as a substrate for the enzyme (Skarlatos and
Dahl, 1998). One mechanism leading to glucose in the
cytoplasm is the hydrolysis of trehalose 6-phosphate or
maltose 6-phosphate into glucose and glucose-6-
phosphate, as well as the hydrolysis of maltodextrins
resulting in unphosphorylated glucose (Figure 1). In
Staphylococcus xylosus and Streptomyces coelicolor,
glucose kinases are involved in CCR (Angell et al.,
1992; Wagner et al., 1995) and have also been
discussed for B. megaterium (Späth et al., 1997). In
contrast to B. subtilis, no PTS for glucose exists in S.
coelicolor. Since glucose utilization in B. subtilis is
dependent on sugar uptake by the glucose PTS
correlated with sugar phosphorylation to glucose-6-
phosphate, one would expect that in B. subtilis the
glucose kinase is only involved in the metabolism of
disaccharides and dextrins. However, it cannot be
excluded that the glucose kinase acts as part of an
additional glucose metabolizing system which does not
belong to the PTS. Glucose PTS minus strains are still
able to grow on glucose as a sole carbon source,
although, with reduced generation times, which can be
explained by the presence of a hexose:H+ symporter
(Gonzy-Tréboul et al., 1991; Paulsen et al., 1998). In a
strain lacking a functional glucose kinase we observed
the efflux of unphosphorylated glucose derived from
disaccharide hydrolysis, which can in turn re-enters the
cell via the specific glucose PTS and subsequently
triggers glucose repression (Rosana-Ani et al., 1999).
Recently we could identify a membrane protein named
GluP, encoded by a gene located in the same operon as
that coding for the glucose kinase (Mesak and Dahl, in
preparation). Inactivation of gluP leads to the loss of
glucose export and surprisingely to a filamentous
phenotype (Mesak and Dahl, in preparation). We could
also detect glucose transport mediated by GluP,
however, significant uptake is only observable when
B. subtilis cells were grown under extremely high
glucose concentrations. Nevertheless, these observed
effects presumably do not represent a CcpA-indepen-

dent CCR. Therefore, the direct or indirect contribution
of the glucose kinase in CCR of B. subtilis still remains
unclear.
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