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Abstract

The utilization of sucrose by Clostridium
acetobutylicum ATCC 824 was investigated. Sucrose
was found to be transported via a phosphoenol-
pyruvate (PEP)-dependent phosphotransferase
system (PTS) and a metabolic pathway identical to that
previously identified in  C. bejjerinckii , was established.
The genes encoding the proteins of this pathway were
identified from the C. acetobutylicum genome
sequence, in the order scrAKB encoding Enzyme |l of
the sucrose PTS, fructokinase and sucrose 6-
phosphate hydrolase respectively. While the pathway
for sucrose metabolism is conserved between C.
acetobutylicum and C. beijerinckii , the operons show
considerable differences in organization and
regulatory elements. The C. acetobutylicum scr operon
contains the elements of an antiterminator-mediated
regulation mechanism, typical of the BgIG family of
regulators. The scrT gene, located upstream of scrA
encodes an antiterminator that is preceded by a
transcription terminator, which is overlapped by a
classical ribonucleic antiterminator (RAT) sequence.
We also propose the existence of a new variant RAT-
like sequence which overlaps a terminator between
scrT and the downstream structural genes.

Introduction

Solventogenic clostridia were traditionally used in the
biotechnological production of the organic solvents,
acetone, butanol and ethanol, in the ABE fermentation
process. Although no longer operated commercially to any
significant extent, the attraction of using a renewable
resource, coupled with recent advances in both genetic
and fermentation technologies have stimulated fresh
interest in the ABE fermentation. We have studied
carbohydrate transport mechanisms in solventogenic
clostridia and in particular in Clostridium beijerinckiiNCIMB
8052. In a previous publication we described a pathway
by which sucrose is taken up and metabolized by this
organism and further demonstrated that this process is
subject to repression by glucose (Tangney et al 1998b).
Industrial fermentations commonly used molasses as a
growth substrate, the main carbon source in which is
sucrose. Regulation of sucrose utilization therefore has
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industrial significance, as it represents a potentially
important control point in the fermentation.

In C. beijerinckii, sucrose is transported into the cell
via a sucrose-specific phosphoenolpyruvate (PEP)-
dependent phosphotransferase system (PTS). The
product, sucrose 6-phosphate, is cleaved by a hydrolase
to glucose 6-phosphate and fructose, which is subsequently
phosphorylated by fructokinase (Tangney et al 1998b). The
PTS and enzymes required for metabolism of sucrose have
been shown to be encoded by the genes of the scroperon
(Reid et al 1999). The bacterial PTS is composed of two
general cytosolic proteins, called Enzyme | and HPr, as
well as a substrate-specific enzyme complex called
Enzyme Il. The Ell complex typically contains three distinct
functional domains; IIA, 1IB and IIC, the architecture of
which can vary (Saier Jr. and Reizer, 1992).

In addition to its role in sugar uptake and
phosphorylation, the PTS in bacteria is intimately involved
in regulation of gene expression. A diverse group of
transcriptional regulators has been identified which are
characterized by the possession of PTS regulation domains
(PRDs), and are subject to regulation by the PTS via
phosphorylation (Stiilke et al 1998). An emerging family of
such regulators is exemplified by the BgIG protein of
Escherichia coli (Schnetz et al 1987). The BgIG family of
proteins are antiterminators with the capacity to interact
with mRNA to prevent termination of transcription. Genes
subject to regulation are preceded by a p-independent
transcription terminator which under non-expressing
conditions prevents transcription of the downstream
gene(s). Partially overlapping the terminator is a sequence
called a ribonucleic antiterminator (RAT), which is highly
conserved amongst genes subject to such regulation. RAT
sequences have been shown to form a secondary structure
which is stabilized by an interaction with the associated
antiterminator. Formation of a stable RAT/antiterminator
complex precludes formation of the terminator structure
and thereby allows transcription of the target operon to
proceed (Rutberg, 1997). The antiterminator activity of BglG
is antagonistically modulated through phosphorylation by
PTS components; either positively by PEP/Enzyme I/HPr,
or negatively by the Ell product of the operon, BglF (Gorke
and Rak, 1999). Multiple PTS-dependent phosphorylation
of antiterminators has been proposed as a general
mechanism by which it is ensured that operon expression
occurs only in the presence of the substrate and in the
absence of a more favorable carbon source (Stulke et al
1998). Several operons in B. subtilis, including the sacPA
and sacXY operons (each of which encodes an Ell for
sucrose), are subject to this type of control (Rutberg, 1997).
The abg operon encoding the Ell for B-glucoside uptake in
the rumen organism Clostridium longisporum exhibits
similar features (Brown and Thomson, 1998), but as yet
no examples have been found in solventogenic clostridia.

The availability of the genome sequence of C.
acetobutylicum ATCC 824 now allows for a unique insight
into the genetics and physiology of this group of bacteria.
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The aim of this work was to investigate the mechanism of
sucrose transport and metabolism in C. acetobutylicum
ATCC 824 and to exploit the genome sequence data to
conduct a comparative analysis of the sucrose utilization
systems in C. acetobutylicum and C. beijerinckii. We find
that although the pathway for sucrose metabolism appears
to be identical in the two organisms, the scr operons show
considerable differences in organization and regulatory
elements.

Results

Sucrose Metabolism by C. acetobutylicum

Cultures of C. acetobutylicum were found to be capable of
growth on minimal medium supplemented with sucrose as
a sole fermentable carbon source (data not shown). In the
related organism C. beijerinckii we have previously
demonstrated that sucrose metabolism is dependent on
the presence of three activities; a PEP-dependent
phosphotransferase system, a hydrolase and a
fructokinase (Tangney et al 1998b). We therefore examined
C. acetobutylicum for evidence of these activities. Cultures
were grown on sucrose as the sole carbon source, from
which cell-free extracts were prepared, as described in the
Experimental Procedures section. Assays performed with
cell-free extracts established the presence of sucrase
activity, while the demonstration of ATP-dependent
phosphorylation of fructose in such extracts confirmed the
presence of fructokinase activity (data not shown). We also
assayed for PEP-dependent phosphorylation of sucrose,
and, as is shown in Figure 1A, the existence of a sucrose
PTS in this organism was established. The pathway for
sucrose metabolism in C. acetobutylicumtherefore appears
to be the same as that in C. beijerinckii.

Sucrose PTS activity was not found in extracts
prepared from cultures of C. acetobutylicum grown on
glucose as the sole carbon source (Figure 1A). We
therefore examined the effect of glucose on sucrose
utilization by C. acetobutylicum by monitoring cultures
growing in the presence of both sugars. As shown in Figure
1B, when a culture was grown initially on sucrose as the
sole carbon source (to ensure that the components
necessary for sucrose metabolism are present) and
subsequently inoculated into medium containing both
glucose and sucrose, glucose is utilized preferentially and
only when it has been consumed is sucrose taken up by
the cells appreciably. Glucose can therefore regulate
sucrose metabolism in C. acetobutylicum.

Sequence Analysis of the
Structural Genes

Analysis of the C. acetobutylicum genome revealed the
presence of three clustered open reading frames (ORFs)
which by homology are equivalent to the structural genes
for sucrose uptake and metabolism in other bacteria; we
have accordingly designated the genes scrA, scrB and
scrK, encoding Enzyme |l of the PTS, sucrose 6-phosphate
hydrolase and fructokinase respectively. The genes are in
the same orientation and in the same reading frame, with
the gene order scrAKB. Interestingly, this differs from the
gene order of the C. beijerinckii scr operon, where scrB
precedes scrK, as depicted in Figure 2. It is also notable
that in the C. beijerinckii scr operon, the 3'-end of scrB
overlaps the 5'-end of scrK (Reid et al 1999). No such

C. acetobutylicum scr

overlap exists between the C. acetobutylicum genes.
Northern blot analysis confirmed that the three genes are
all expressed on a single transcript in cells grown on
sucrose as the sole carbon source and therefore constitute
an operon (data not shown).

The scrA gene is preceded, at a distance of 8
nucleotides, by a putative ribosome binding site (rbs),
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Figure 1. Sugar utilization and transport activity in C. acetobutylicum

A. Sucrose phosphorylation in cell free extracts of C. acetobutylicum.
Extracts were prepared from cultures grown on either sucrose () or glucose
(A) as the sole carbon source. Extracts were assayed for sucrose PTS
activity in phosphorylation assays. B. Culture growth and carbohydrate
utilization by C. acetobutylicum. A culture was grown in a defined medium
containing glucose(A) and sucrose (m). The ODgoo (@) Was monitored
throughout growth, and the concentration of glucose and sucrose in the
culture supernatant was determined at intervals.
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AGGAGG. It encodes a protein of 627 aa with a predicted
molecular mass of 67,605 Da. The deduced sequence for
the first 450 aa (approx.) of the protein has significant
homology to IIBCS® proteins, having 56%, 55% and 53%
identity to the ScrA (IIBC*®") proteins from Salmonella
typhimurium, Klebsiella pneumoniae and B.
stearothermophilus respectively (Ebner and Lengeler,
1988; Schmid et al 1991; Li and Ferenci, 1996). It also has
(a relatively lower) 34% identity to the C. beijerinckii ScrA
(IIBCs*") protein. The C-terminal 180 aa (approx.) sequence
has homology to lIA-glucose (IIA%°) components, both
discrete 11A9€ proteins - as in the case of the Haemophilus
influenzae I1IAY° protein (40% identity) (Fleischmann et al.,
1995), and the IIA domain of Enzyme I19'¢ proteins -
including GIcA from B. stearothermophilus (45% identity)
and B. subtilis (41% identity) (Lai and Ingram, 1995; Sorokin
et al 1996). Computer analysis of the hydrophobicity/
hydrophilicity profile of the C. acetobutylicum ScrA protein
reveals a typical N-terminal hydrophilic domain (of
approximately 100 aa), corresponding to the
cytoplasmically-orientated 1IB domain; followed by a
predominately hydrophobic domain, typical of the integral
membrane 1IC component (approx. 350 aa); and finally a
C-terminal hydrophilic domain (approx. 180 aa), typical of
the IIA component of Enzyme Il (data not shown). We
conclude therefore that the C. acetobutylicum ScrA protein
is an Enzyme |l of the type typically found in bacterial
phosphotransferase systems (Saier Jr. and Reizer, 1992).
Downstream of scrA, separated by 46 nucleotides, is the
scrK gene. A putative rbs, AGGAGT, is located 8
nucleotides upstream of scrK. The scrK gene encodes a
protein of 316 aa with a predicted molecular mass of 34,363
Da. It is homologous throughout its length to the C.
beijerinckii ScrK protein (312 aa, 34,297 DA), with which it
shares 50% identity. It is also homologous to other
fructokinases, the most homologous (57% identity) being
a putative fructokinase from B. subtilis (Kasahara et al
1997).

The scrK gene ends with a TAG stop codon which is
immediately followed by the ATG start codon of the scrB
gene, leaving no gap between these genes. A putative rbs,
TGAAGG, lies within the coding sequence of scrK, and is
7 nucleotides upstream from the start of scrB. This gene
encodes a protein of 490 aa with a predicted molecular
mass of 57,580 Da. This is very similar in size to the C.
beijerinckii ScrB protein (485 aa, 57,128 Da), although
these proteins only share 38% identity. The C.
acetobutylicum ScrB protein is most closely related to a
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C. acetobutylicum

Figure 2. Diagramatic
representation of scroperons from
C. acetobutylicum and C.
beijerinckii

Homologous genes in the two
operons are depicted in identical
shading. The region encoding the
EIIASC" domain of the C.
acetobutylicum scrA gene, and
regulator genes scrT and scrR are
each depicted in unique shading.

C. beijerinckii

sucrase from B. stearothermophilus (Li and Ferenci, 1996)
with 54% identity and is also homologous to equivalent
proteins from S. typhimurium and K. pneumoniae, having
42% and 40% identity respectively (Titgemeyer et al 1996).

Identification of the scrT Gene

In C. beijerinckii, expression of the scroperon is modulated
by a regulatory repressor protein ScrR (Reid et al 1999).
The scrR gene lies between scrA and scrB, as depicted in
Figure 2. There is no corresponding gene in the C.
acetobutylicum scr gene system. However, we did identify
a fourth ORF located 140 nucleotides upstream of scrA
and in the same orientation as scrAKB (Figure 2). The ORF
is preceded by a putative rbs, TGGAGT, 8 nucleotides
upstream of an ATG initiation codon, and encodes a protein
of 282 aa with a predicted molecular mass of 33,007 Da.
The putative product is homologous to the BgIG family of
antiterminator proteins, being most closely related to the
B. subtilis LicT (Schnetz et al 1996), with 46% identity. It is
also homologous to other well characterized antiterminator
proteins, including BglG (Schnetz et al 1987), SacT
(Debarbouillé et al 1990) and SacY (Zukowski et al 1990)
having 38%, 41% and 40% identity respectively to these
proteins. An alignment with these antiterminators clearly
identifies the C. acetobutylicum product as a member of
this family of proteins (Figure 3A). We have assigned the
name scrT to the gene. The ScrT protein contains all the
conserved histidine residues which, in SacY and LicT of
B. subtilis and BgIG of E. coli, have been shown to be
phosphorylated by components of the PTS (Tortosa et al
1997; Lindner et al 1999; Chen et al 1997).

Regulatory Features of the 824 scr Operon

The DNA sequence upstream of scrT (stretching approx.
200 nt) contains a number of discrete regions which
resemble known regulatory features (Figure 4). There is a
putative promoter region, which is in good agreement with
the consensus clostridial promoter sequence (Young et a/
1989). The putative -35 (TTGACA) and —-10 (TATCAT)
regions are separated by 17 nucleotides. Overlapping the
putative —10 region is a sequence which closely resembles
a catabolite responsive element (CRE). In other Gram
positive bacteria the CRE sequence is the target site for
catabolite repression via the catabolite control protein,
CcpA (Hueck and Hillen, 1995). The potential CRE
sequence at the putative —10 region has one mismatch
relative to the consensus sequence (Weickert and
Chambliss, 1990). Downstream of the putative promoter
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Figure 3. Sequence alignment of proteins and RAT sequences of the BgIG family

A. Comparison of the deduced amino acid sequence of the C. acetobutylicum ScrT protein with regulatory proteins of the BglG family. Dashes within the
sequences indicate gaps giving optimal alignment. Identical residues are within black boxes and conserved residues (present in at least three of the five
sequences) are shaded. Conserved histidine residues, asociated with the regulation of antiterminator proteins, are marked with an asterix. Abbreviations:
LicT, Bacillus subtilis LicT (Schnetz et al 1996); SacT, B. subtilis SacT (Debarbouillé et al 1990); BglG, Escherichia coli BglG (Schnetz et al 1987); SacY, B
subtilis SacY (Zukowski et al 1990); ScrT, C. acetobutylicum scrT gene product. B. Multiple alignment of the putative RAT-1 sequence from the C. acetobutylicum
scr operon with antiterminator sequences. C.ac RAT-1 is the putative RAT sequence located upstream of the C. acetobutylicum scrT gene. The RAT
sequences aligned with RAT-1 are the targets of the antiterminator proteins aligned with ScrT and lie upstream of the associated genes as follows; B.su licT,
B. subtilis licT (Schnetz et al 1996); B.su sacP, B. subtilis sacP (Debarbouillé et al 1990); E.co bglG, E. coli bglG (Schnetz et al 1987); B.su sacB, B. subtilis

sacB (Crutz and Steinmetz, 1992).
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AAGCTTTTTTCAAAATAAATATAATTTTCTTGTITGACAAAAATTTAR y ' TTAGTTCATAGTATTGAATAC
-35 -10
RAT-1
AGGGATTGTTACTGTTAAGCAGGCAAAACCCAGATTAAAGTAAATGfAGTAATCATATEGTTTATTTTAATTTGGGTTTTT
ATTTATTGGTGTCTTTTTAATAATGGAGTGATATCAT ATG GTT.........
M v (ScrT)
(scxrT) RAT-2

AAG TAA GTAAATTTAATATCGAGGATTGTTACTTTTTAGAATTTATTTCTGTTAAGGCAATACCTAAATTAAGTGETTT
»

K

(scrA)

AGTTGAGCCATTTAGTTTAGGTATTTTTTTTGTAAATTTAAGATAAAACATAAAATTAGGAGGGAARATAT ATG GAT. .
|

Figure 4. Nucleotide sequence of the DNA upstream and downstream of scrT

M D....

A. Nucleotide sequence of the regulatory region upstream of scrT. B. Nucleotide sequence of the intergenic region between scrT and scrA. The positions of
the sequences shown in A and B are represented diagramatically at the top of the figure. Potential —35 and —10 regions, marked accordingly, are underlined
in bold text, and a putative CRE sequence is shaded. Transcription terminator sequences are indicated by arrows. Putative RAT sequences upstream of scrT
and scrA are in bold italic text and marked as RAT-1 and RAT-2 respectively. Potential rbs sequences upstream of scrT and scrA are underlined and in italic

text.

is aregion of dyad symmetry, followed by several Ts, which
resembles a p-independent transcription terminator.
Preceding, and partially overlapping, this terminator region
is a conserved RAT sequence, which is characteristic of
operons controlled by antiterminators of the BgIG family.
An alignment of this scr sequence with other characterized
RAT sequences clearly shows its strong relationship to
these regulatory elements (Figure 3B). The most
reasonable interpretation of the sequence data is that the
scr sequence is a RAT which can interact with ScrT to
prevent termination of transcription at the terminator in this
region.

Situated in the intergenic region between scrTand scrA
lies another potential transcription terminator which could
prevent transcription of scrAKB (Figure 4). It seemed
reasonable to expect that a RAT sequence would also be
associated with this terminator, to facilitate antitermination
via interaction with ScrT. However no typical RAT sequence
could be identified. A key feature of RAT sequences is that
they partially overlap the associated terminator. As shown
in Figure 5 this overlapping 3'-region is particularly well
conserved among RAT sequences. In fact, both the 5" and

the 3'-ends of the RAT sequences are well conserved, with
most variation occurring in the middle of the sequence - a
region which is thought to play a role in the individual
specificity of RAT structures (Aymerich and Steinmetz,
1992).

An examination of the sequence surrounding the
terminator preceding scrA revealed a sequence which is
very similar to the 3'-end of a RAT , although the bases
immediately upstream of this region do not show significant
homology to RAT sequences. We also identified a second
region, located 36 nt upstream of the putative terminator
which has remarkable homology to the 5'-end of a RAT. If
these two regions of homology do represent the beginning
and end of a RAT, then in total this new putative RAT-like
sequence would have a length of 42 nt, which is significantly
longer than recognized RAT sequences. Nevertheless, by
allowing the introduction of a large gap (for optimization),
an alignment of this new RAT-like sequence (RAT-2) with
other RAT sequences clearly reveals significant regions of
homology (Figure 5A). Furthermore, the arb operon in
Erwinia chrysanthemi (which is subject to BglG-type
antiterminator regulation) also contains a putative
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terminator for which no typical RAT could be identified (El
Hassouni et al 1992). The inclusion in the alignment of a
putative extended RAT-like sequence from this region
(similar in size to the scr RAT-2), supports the hypothesis
that RAT-2 is related to other RAT sequences (Figure 5A).

To further investigate the relationship between the scr
RAT-2 sequence and established RAT sequences, we
performed secondary structure analysis on the predicted
RNA sequence for RAT-2. On the basis of both
experimental evidence and computer analysis, a model
has been proposed for the secondary structure of the B.

.ac RAT-1:
.su sacB
.su sacP
.co bglG :
.co bglF :
.lo abgG2:
.su bglP :
.su licSs
.ch stbl
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.su 1licT
.ca lacT
.c¢h stb2 :
.ac RAT-2:
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sacB RAT-1

Figure 5. Comparative analysis of putative RAT sequences

subtilis sacB RAT sequence (Aymerich and Steinmetz,
1992) which is depicted in Figure 5B. We found that the
RAT sequence preceding scrT (RAT-1) can be folded to
form a structure which is almost identical to the model RAT.
We also discovered that RAT-2 has the potential to form a
secondary structure which in part is equivalent to the sacB
RAT, but which is extended by a further stem-loop fold
(Figure 5B). Furthermore, the E. chrysanthemi sequence
(shown in the alignment Figure 5A) can also be folded to
form essentially the same type of structure (Figure 5B).
The extra nucleotides required to extend the RAT-2
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A. Multiple alignment of putative RAT sequences from the C. acetobutylicum scr operon with other antiterminator sequences. Dashes within the sequences
indicate gaps giving optimal alignment. Identical residues are within black boxes and highly conserved residues are shaded. C.ac RAT-1 and C.ac. RAT-2 are
the putative RAT sequences located upstream and downstream (respectively) of the C. acetobutylicum scrT gene. E.ch stb2 is the putative RAT-like sequence
located downstream of the Erwinia chrysanthemi arbG gene, while E.ch stbl lies upstream of the same gene (El Hassouni et al 1992). C.lo abgG2 lies
downstream of the C. longisporum abgG gene (Brown and Thomson, 1998). The remaining RAT sequences lie upstream of the associated genes as follows;
B.su sacB, B. subtilis sacB (Crutz and Steinmetz, 1992); B.su sacP, B. subtilis sacP (Debarbouillé et al 1990); E.co bglG and E.co bglF, E. coli bglG and E.
coli bglF (Schnetz et al 1987); B.su bglP, B. subtilis bglP (Kriiger and Hecker, 1995); B.su licS and B.su licT, B. subtilis licS and B. subtilis licT (Schnetz et al
1996); L.la bglr, Lactococcus lactis bgIR (Bardowski et al 1994); L.ca lacT, Lactococcus casei lacT (Alpert and Siebers, 1997). B. Model of RAT and putative
RAT-like structures. Arrows indicate the bases overlapping the associated terminator sequences.



structure are situated in the central region of the sequence,
accounting for both the increased length of the RAT and
the sequence conservation at both the 5' and 3' ends
(Figure 5A).

Discussion

In C. beijerinckii we previously identified the pathway for
uptake and catabolism of sucrose (Tangney et al 1998b).
The pathway appears to be conserved in C.
acetobutylicum, as we identified each of the required
activities in cell-free extracts of cultures grown on sucrose.
The sequencing of the C. acetobutylicum genome further
allowed us to identify the genes for these enzymes and
provided us with the first opportunity to compare paralogous
catabolic gene systems from two different species of
solventogenic clostridia. Sequence analysis revealed that
while the two systems are clearly related, they are not
particularly well conserved. The gene order in the two
systems is different (Figure 2) and consequently the
unusual overlap between scrB and scrK found in C.
beijerinckii is not preserved in C. acetobutylicum. Neither
is there a regulatory gene interrupting the structural genes
in C. acetobutylicum. At the aa sequence level, the best
conservation was observed between the scrK products,
which exhibited 50% identity. The scrB products were less
well conserved, with only 38% identity. In fact, the C.
acetobutylicum ScrB was more closely related to equivalent
genes from Gram negative bacteria than to the C.
beijerinckii ScrB. The lowest homology was between the
scrA products which share only 34% identity, and which
also had significant structural differences.

Computer based analysis of the C. acetobutylicum
ScrA revealed that it is a IIBCA protein - i.e. all three
functional domains of the sucrose Enzyme Il are
synthesized as a single protein. In contrast, the scrA gene
in C. beijerinckii encodes a IIBC protein. Generally such
genes are linked to the gene encoding the associated IIA
component. For example, there is a separate gene for the
IIA component of the C. beijerinckii glucitol PTS (Tangney
et al 1998a). However, there is no associated gene
encoding the sucrose IIA component within the C.
beijerinckii scr operon (Reid et al 1999). Furthermore, we
had previously demonstrated that all of the specificity for
sucrose transport via the PTS was contained within the
membrane fraction of C. beijerinckii cells, demonstrating
that there is no individual IIAS" component in the cytosol in
this organism (Tangney et al 1998b). The source of the IIA
activity for sucrose in C. beijerinckiiis therefore unknown.
The finding that the IIA domain of the C. acetobutylicum
ScrA is homologous to IlA glucose proteins (or domains)
is therefore significant, as clearly this domain will function
in the transport of sucrose via the PTS in C. acetobutylicum.
One possible interpretation of these data is that in C.
beijerinckiithe IIA component of the glucose PTS (Mitchell
et al 1991) can substitute for this activity in sucrose grown
cells, as has also been demonstrated in B. subtilis (Sutrina
et al 1990).

A striking and unexpected difference between the C.
acetobutylicum and C. beijjerinckii scr systems is the
absence in the former of the repressor protein encoded by
the scrR gene. In the absence of sucrose, transcription of
the C. beijerinckii scr operon is proposed to be inhibited
by binding of the repressor protein ScrR to an operator
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upstream of the scrA gene; while in the presence of sucrose
the operon is de-repressed and transcription proceeds
(Reid et al 1999). Having detected a similar pathway for
sucrose metabolism in both organisms and given the close
relationship of C. bejjerinckiito C. acetobutylicum, we had
expected to find an equivalent regulatory gene in the latter.
However, rather than a repressor we found evidence for
the presence of the elements involved in the control of
transcription by antiterminator proteins of the E.coli BglG
family.

Sequence analysis provides compelling evidence that
ScrT is an antiterminator of the BgIG family. This is the first
example of this type of regulator in solventogenic clostridia
and further extends the range of organisms where such
regulators have been identified. The scrT gene is located
upstream of scrAKB and is flanked on either side by
sequences which can function as p-independent
transcription terminators. The upstream terminator
sequence is preceded by, and partially overlaps with, a
typical RAT sequence. This format essentially defines
regulation of transcription by antiterminators of the BglG
family, and strongly implies that ScrT can autoregulate its
expression via an antitermination mechanism at this target
site (RAT-1). Antiterminators of the BgIG family are known
to regulate expression of target genes which are
themselves preceded by a RAT. Typically, but not
exclusively, the target gene (or gene system) encodes an
Ell of the PTS which may in turn modulate the activity of
the antiterminator protein by phosphorylation, providing the
cell with a sensitive feedback loop for regulation (Rutberg,
1997; Stulke et al 1998). Upstream of scrA in C.
acetobutylicum lies a second potential p-independent
transcription terminator, but in this case there is no obvious
associated RAT sequence. Nevertheless we did identify a
novel sequence, which although longer than the currently
accepted RAT sequences does have RAT-like features.
The scrA RAT-like sequence (RAT-2) is homologous at the
sequence level to other RATs at its termini but also, at least
in part, in its secondary structure. Most importantly the
sequence overlaps the terminator, which, should the RAT
form a secondary structure, would preclude the formation
of the terminator and allow transcription of scrAKB. While
a promoter could not be clearly identified (a common
difficulty due to the low GC content of clostridial DNA),
Northern blot experiments revealed that these genes are
expressed on a single transcript in sucrose grown cells.
This implies that either the putative terminator sequence
has no termination activity, or that it is somehow prevented
from forming under these conditions. We favour the latter
explanation and suggest that ScrT can interact with RAT-2
to prevent formation of the terminator. The arb gene system
in E. chrysanthemi appears to follow a similar pattern (El
Hassouni et al 1992). This operon is a paralog of the E.
coli bgl operon (the original example for the BglG family of
regulators) and comprises three genes, arbG, arbF and
arbB, encoding an antiterminator, an Enzyme Il and a
phospho-R-glucosidase respectively. As with scrT, the arbG
gene is flanked by two terminators. The upstream
terminator is associated with a typical RAT sequence while
the downstream terminator is overlapped by a sequence
resembling the scrA RAT-2. These RAT-like sequences
share extensive homology to each other (as well as to
typical RAT sequences) at the 5' and 3' ends, although
they differ from each other in the central part of the
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sequence. It is therefore significant that they can fold to
form similar structures, as depicted in Figure 5. It would
be interesting to determine if ScrT and ArbG can recognise
the opposite RAT-like target sequences. Antitermination
activity at RAT sequences other than the associated target
sequence has been demonstrated for several members of
the BgIG antiterminator family, using a gene reporter
system (Le Coq et al 1995; Bardowski et al 1994; Schnetz
et al 1996; Alpert and Siebers, 1997). This is perhaps not
surprising given the high degree of conservation between
typical RAT sequences. It is therefore conceivable that
these new potential RAT-like structures could allow the
associated antiterminator protein an extra degree of
discrimination in target recognition. Alternatively, it is
possible that subtle changes in the antiterminator/RAT
complex formed with the putative new RAT-2 structure may
serve to influence gene expression or mRNA stability, to
further extend the sensitivity and versatility of regulation
by this mechanism. It will be interesting to determine the
true role of these sequences in the regulation of
transcription.

We demonstrated that the metabolism of sucrose in
C. acetobutylicum is regulated by glucose, as is the case
for many substrates in bacteria where glucose is a preferred
carbon source. The mechanism of catabolite repression in
solventogenic clostridia is currently not understood. In B.
subtilis, a pleiotropic form of catabolite repression is
achieved by glucose mediated repression of transcription
of catabolic operons via the PTS phosphocarrier protein
HPr and the catabolite control protein, CcpA. In the
presence of glucose, HPr is phosphorylated by a
metabolite-activated, ATP-dependent kinase, and a
complex of CcpA, phosphorylated HPr and fructose
bisphosphate regulates gene expression by binding to a
target sequence called a catabolite responsive element or
CRE (Weickert and Chambliss, 1990; Hueck and Hillen,
1995). Significantly, there is a potential CRE sequence
overlapping the putative scrT promoter shown in Figure 4,
and we have also identified the putative elements of a B.
subtilis-like regulatory system in the C. acetobutylicum
genome. A gene encoding a CcpA homolog has been
cloned from C. beijerinckii and a putative CRE has also
been identified for the scroperon in this organism (Reid et
al 1999). Furthermore we have demonstrated ATP-
dependent phosphorylation of HPr in cell-free extracts of
C. beijerinckii (unpublished results). Therefore despite the
differences between the two scroperons, it is possible that
repression by glucose occurs by a mechanism similar to
that in B. subtilis. In the case of C. acetobutylicum,
repression of the scr operon by glucose may also result
through alterations in the phosphorylation of ScrT. Such
dual regulation of transcription has been demonstrated for
the bglPH operon in B. subtilis, where in addition to
regulation by antitermination via LicT, transcription is also
subject to independent catabolite repression at a CRE
sequence via CcpA (Krlger et al 1996).

Over the years it has been apparent that data were
often at variance when obtained from strains of C.
acetobutylicum which were presumed to be identical,
including the type strains ATCC 824, DSM 792 and NCIMB
8052 which were lodged in different culture collections.
Recent taxonomic and phylogenetic studies of a large
number of solventogenic strains showed that there are four
major taxonomic groups, and while strains ATCC 824 and

DSM 792 still represent C. acetobutylicum the NCIMB 8052
strain has been reclassified as C. beijerinckii (Durre, 1998).
Our analysis of equivalent gene systems from C.
acetobutylicum and C. beijerinckii further highlights the
significant differences between these species, where,
despite the phenotypic similarities the regulation of sucrose
metabolism is remarkably different in the two organisms.
The fact that the C. acetobutylicum genome has been
sequenced will facilitate further experimental analysis, and
should help to significantly improve our general
understanding of this industrially important organism.
However, from the evidence presented in this work, caution
would be advised in the extrapolation to other solventogenic
clostridia of any conclusions from analysis of the C.
acetobutylicum genome, without further experimental
verification.

Experimental Procedures

Organism and Growth Conditions

C. acetobutylicum ATCC 824 was maintained as a spore suspension at
4°C. Spores were heat shocked at 80°C for 10 min. and inoculated into 20
ml of Reinforced Clostridial Medium (RCM, Oxoid). Starter cultures, grown
overnight at 37°C in an anaerobic cabinet (Forma Scientific, Marietta, Ohio)
under an N,-H,-CO, (80:10:10) atmosphere, were subcultured into
Clostridial Basal Medium (O’ Brien and Morris, 1971), supplemented with
the appropriate carbon source, and incubated anaerobically at 37°C to
provide working cultures. The defined medium contained the following (per
litre): carbon source, 10 g: casein hydrolysate, 4 g; KH,POy, 0.5 g; KHPOy,,
0.5 g; MgS0,.7H,0, 0.2 g; MnS0,.4H,0, 10 mg; NaCl, 10 mg; FeS0,4.7H-0,
10 mg; p-aminobenzoic acid, 1 mg; thiamine HCL, 1 mg; d-biotin, 2 pg.
Phosphates were sterilised separately and added to the medium after
cooling.

Assay of Sugar Concentration in Culture Supernatants

Culture samples (1 ml) were removed and centrifuged at stated intervals.
Glucose concentration in supernatants was determined using a Sigma assay
kit No. 510-A. Sucrose was hydrolysed by diluting 0.2 ml of supernatant to
1 ml with 50 mM potassium phosphate buffer, pH 6.0, and incubating with
50 units of invertase at 37°C for 1 hour. Glucose was then assayed and the
amount of sucrose estimated by difference.

Enzyme Assays in Cell-Free Extracts

Cell-free extracts were prepared essentially by the method of Mitchell and
Booth (1984) as described previously (Tangney et al 1992). Enzyme assays
were carried out as described previously (Tangney et al 1998b).

Northern Blot Experiments

RNA was isolated from cells using the RNeasy Total RNA kit from Qiagen.
The protocol was slightly modified for use with C. acetobutylicum, in that
the concentration of lysozyme in the cell lysis solution was increased from
1 mg/ml to 10 mg/ml. DNA probes (0.6 kb internal fragments of each ORF)
were prepared by PCR and labelled with digoxigenin (DIG)-dUTP, which
was obtained from Boehringer Mannheim. Northern gels were run according
to the method of Goda and Minton (Goda and Minton, 1995). Membranes
were hybridised with DIG-labelled DNA probes at 50°C overnight. They
were washed with low stringency (2xSSC; 0.1% (w/v) SDS at room
temperature) and high stringency (0.5xSSC; 0.1% (w/v) SDS at 62°C)
washes and bound RNA:DNA hybrids were detected by chemiluminescence
using CSPD® as described by the manufacturers, Boehringer Manneheim.

DNA/RNA Computational Analysis Methods

Data bank searches were performed using the BLAST service at the National
Center for Biotechnology Information (Altschul et al 1997). The C.
acetobutylicum ATCC 824 scr operon sequence was identified from the
genome sequence deposited by the Genome Therapeutics Corporation,
USA. RNA folding was predicted using the Mfold server, based on the version
3.0 package by Zuker and Turner (Mathews et al 1999).

Nucleotide Sequence Accession Number
The DNA sequence data described in this paper have been deposited in
GenBank with the accession number AF205034.
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