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Orf5/SolR: a transcriptional repressor of the sol operon of

Clostridium acetobutylicum?’

K Thormann and P Dirre
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The gene of Orf5 (SolR) of Clostridium acetobutylicum DSM 792 was subcloned and overexpressed in Escherichia
coli. The protein was purified with Ni-NTA agarose and used for DNA binding assays. No DNA binding of
Orf5 to regions upstream of the sol operon from C. acetobutylicum was observed. Overexpression of Orf5in
C. acetobutylicum led to a change in the organism’s pattern of glycosylated exoproteins. The Orf5 protein was
localized in the cell membrane fraction and to a small extent in the supernatant medium. Based on these results Orf5
(SolR) appears not to act as a transcriptional repressor in C. acetobutylicum, but instead may be an enzyme involved
in glycosylation or deglycosylation. Journal of Industrial Microbiology & Biotechnology (2001) 27, 307—-313.
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Introduction

While during exponential growth of Clostridium acetobutylicum
acids (mainly acetate and butyrate) are the predominant products,
the organism switches to formation of solvents (with butanol and
acetone as most characteristic products) at the onset of stationary
phase. Several factors such as low pH, concentration of butyrate,
acetate, and substrate, temperature, and nutrient limitations
[33,39] are responsible for the shift. In recent years, most of
the enzymes directly involved in solvent formation have been
described. Their genes are regulated at the transcriptional level
[3,11] and induced at the onset of solventogenesis. However, the
molecular mechanism leading to their activation/derepression is
not well understood.

The polycistronic sol operon consists of the genes adhE, ctfA
and ctfB encoding proteins that are involved in formation of both
butanol and acetone. Like the adc gene, encoding acetoacetate
decarboxylase that catalyzes the final step in acetone formation, the
sol operon is located not on the chromosome, but on the
megaplasmid pSOL1 [9]. Its expression starts early at the onset
of solventogenesis. Sequencing of the region upstream of the adhE
gene in strain DSM 792 revealed an open reading frame, designated
orf5, 954 bp in length in the same orientation of transcription,
encoding a protein characterized by a hydrophobic N-terminus
with homology to signal peptides [12,13] (EMBL data base
accession number X72831). Studies on the homologous open
reading frame in C. acetobutylicum ATCC 824 [30] indicated that
inactivation of the gene results in an enhanced expression of the so/
operon accompanied by a significant increase of solvent produc-
tion. On the other hand, overexpression of the encoded protein led
to a complete loss of solvent formation. Thus, a role of this protein,
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designated SolR, as a transcriptional repressor for the sol operon
was postulated.

In this study we report the overexpression and purification of
Orf5 of C. acetobutylicum DSM 792, allowing the protein’s
characterization, localization, and elucidation of its DNA binding.
The present evidence suggests that Orf5 does not act as a
transcriptional repressor in solventogenesis but rather is involved
in protein glycosylation/deglycosylation.

Materials and methods

Bacterial strains, plasmids, and growth conditions

C. acetobutylicum DSM 792 was obtained from the Deutsche
Sammlung von Mikroorganismen und Zellkulturen (Braunsch-
weig, Germany). The strain was grown anaerobically in 2x YT
medium [32] at 37°C; for product analyses the cultivation was
carried out in MES-buffered mineral medium [5]. For primary
vector construction and heterologous overexpression in Escher-
ichia coli XL1-B [8] was used and for in vivo plasmid methylation
E. coli ER2275 (pAN1) [ 26 ] was used. Both strains were routinely
grown aerobically in Luria Bertani broth (LB) at 37°C. When
applicable, media were supplemented with ampicillin (100 pg/ml),
chloramphenicol (30 pg/ml), or erythromycin (50 ug/ml). The
plasmids used in this study are listed in Table 1.

Gas chromatography

Cell samples were centrifuged at 20 000xg for 10 min. One
milliliter of the supernatant fluid was acidified with 0.1 ml 2 N HCIl
containing 110 mM isobutanol (final concentration in the sample:
10 mM) as internal standard. Subsequently, 1 ul was used for
detection and quantification of fermentation products using a
Chrompack CP9001 gas chromatograph equipped with a flame
ionization detector (Chrompack, Frankfurt, Germany). The
following products were measured: acetone, butanol, ethanol,
butyrate, and acetate. Separation took place in a Chromosorb 101
column (2 m; 80—100 mesh) at 155-197°C (9°C/min), using N,
as carrier gas (30 ml/min). The injector temperature was 195°C
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Table 1 Plasmids used in this study

Plasmid Relevant characteristics® Source or reference
pUCI8 ApR [41]
pANI CmR ®3T 1 [26]
pIMPI1 MLS® Ap® [25]
pMM40 Ap® [16]

pK9 ApR orf5 adhE ctfA ctfB [13]
pUGS0 Ap® ctfB adc [14]

pSPI Ap? This study
PMMORF5N ApR orf5 This study
PMMORF5H Ap® orf5x6His This study
pORF5SN MLS® orf5 This study
pORF5H MLS® orf5x6His This study

aApR, ampicillin resistance; Cm¥, chloramphenicol resistance; MLSR,
macrolide, lincosamide, and streptogramin B resistance; ®3T I, ¢3T
methylase. Genes listed encode the following proteins:, Orf5; Orf5Sx6His
(carrying an additional His6-tag); AdhE, aldehyde/alcohol dehydrogen-
ase; CtfA/B, acetoacetyl coenzyme A:acetate/butyrate:coenzyme A -
transferase subunits; and Adc, acetoacetate decarboxylase.

and that of the detector was 230°C. Signal analysis was performed
using the program Maestro II (V. 2.1).

DNA isolation, transformation and manipulation
Molecular biology reagents were obtained from MBI Fermentas
(St. Leon-Rot, Germany) and New England Biolabs (Schwal-
bach, Germany) and were used according to the manufacturer’s
instructions with the buffers provided. Chromosomal DNA of
C. acetobutylicum was isolated by the method described by
Bertram and Diirre [4]. Plasmids were isolated from FE. coli
using the GFX Micro Plasmid Prep Kit (Amersham Pharmacia
Biotech Europe, Freiburg, Germany), large-scale plasmid
isolation was performed with the Qiagen Midi Kit (Qiagen, Hilden,
Germany ). Plasmid DNA was desalted and concentrated using
Microcon 100 microconcentrators (Amicon, Witten, Germany ).
Methods to electrotransform E. coli and C. acetobutylicum
were described previously [10,31]. Before electroporation of
C. acetobutylicum, plasmids pORF5N and pORF5H were
methylated in vivo in E. coli ER2275 (pAN1) protecting the
DNA from restriction by clostridial endonuclease activity [26].

PCR

PCR amplifications were performed in 100-ul volumes
containing the relevant primers (100 pM each), deoxyribonu-
cleoside triphosphates (200 ;M each ), DNA template (10—-20 ng),
2.5 mM MgSOQ,, tetramethylammoniumchloride (up to 50 mM),
and DeepVent polymerase (2 U; NEB, Schwalbach, Germany)
in the recommended buffer. A Peltier Thermal Cycler (Biozym
Diagnostik, Hess. Oldendorf, Germany) was used with the
following conditions: 95°C for 45 s, primer-dependent anneal-
ing temperature [38] for 45 s, 72°C for 1 min per 1 kb for 30—
35 cycles. Purification of PCR products and removal of
enzymes and nonincorporated nucleotides and primers were
done using the NucleoSpin Extract-Kit (Macherey-Nagel,
Diiren, Germany ).

Construction of plasmids
(1) orf5 overexpression plasmids pMMORFSN and pMMORF5H:
The DNA fragment containing the orf5 reading frame was

amplified by PCR, using plasmid pK9 [13] as template DNA.
The upstream primer ORF5-RBS-UP (5'-AAAAGGAATTC-
GAGGAATTTAGCATGAATTTATTAAATC-3"; bp 555-593
[[13], EMBL data base accession number X72831]) was designed
to introduce an EcoRI cleavage site (underlined) and a ribosome
binding site (italics) to enhance the protein’s translation by
nucleotide substitution (bold). The downstream primer for plasmid
PMMORF5N ORF5-NAT-RV (5'-TAAGCTGCAGCTTCTTT-
TATACTAAAAATTTTCC-3'; bp 15161550 [[13], EMBL data
base accession number X72831] was generated on the comple-
mentary strand to provide a Ps?l site (underlined ), exchanged bases
are marked in bold. The downstream primer for plasmid
PMMORF5-H, ORF5-HIS-RV (5-GTAACTGCAGTTAAT-
GATGATGGTGATGATGTACTAAAAATTTTCCGTTAAGTAT-
TTTTTTATCATCGATTTC-3’; bp 1490—1563 [[13], EMBL data
base accession number X72831]) additionally introduces six
histidine codons (italics) at the 3’-end of the gene. The
noncomplementary 5’-part of the primer is marked in bold. The
amplified PCR products were subsequently digested with EcoRI
and Pstl, and the resulting fragments were cloned into EcoRI-
Pstl-digested pMM40 vector to yield the 6.4-kb plasmids
pPMMORF5N and pMMORF5H.

(i) Shuttle plasmids pORF5N and pORF5H: the DNA
amplification performed was similar to that described for the
plasmids pMMORF5N/H, with the exception that the upstream
primer was replaced by ORF5-P-UP (5-GGCGTGAATTCGT-
GAACAATTG-3’; bp 351-372 [[13], EMBL data base
accession number X72831]), in which by two nucleotide
substitutions (marked in bold) an EcoRI site was constructed
(underlined). The DNA fragments obtained and shuttle vector
pIMP1 were digested with EcoRI and Psfl and subsequently
ligated, yielding the plasmids pORF5N and pORF5H. Both
plasmids were 5.9 kb in length and carried the orf5(x6His) gene
with its natural promoter.

(iii) Gel retardation plasmid pSP1: a DNA fragment containing
the sol promoter region was amplified by PCR with plasmid pK9
[13] as DNA template. By nucleotide substitutions (bold) in
upstream  primer FW-ADHE (5'-CATAAATATAAACTG-
CAGTCTATTTATGCTCC-3', bp 16991730 [[13], EMBL data
base accession number X72831]) and downstream primer RV-
ADHE (5'-CATCGAATTCCTTTACTGTTGTGAC-3', bp 2204
2228 [[13], EMBL data base accession number X72831])
restriction sites (underlined) for Pstl and EcoRI were introduced.
The fragments obtained were ligated into EcoRI-Pstl-digested
pUC18 vector, resulting in plasmid pSP1 (3.1 kb).

Heterologous expression and enrichment of Orf5x6His
E. coli XL1-B transformed with pMMORF5H was grown aerobi-
cally in LB medium. On reaching an optical density (600 nm) of
0.7—-0.8, expression of Orf5x6His was induced by adding 1 mM
isopropyl- 3-thiogalactopyranoside (IPTG). After a further 3 h
of growth, the cells were harvested by centrifugation (5000xg,
10 min, 4°C). A crude extract was prepared by washing and
suspending the cells in imidazole buffer (50 mM Na,HPO,, pH
8.0; 300 mM NaCl; 10 mM imidazole), followed by four
passages through a French Press (SLM Instruments, Urbana, IL)
at 12.5 mPa and centrifugation (30 min, 30,000xg, 4°C). The
6xHis-tagged Orf5 protein was purified using Ni-NTA agarose
with the buffers recommended by the manufacturer (Qiagen) at
4°C. Protein elution occurred at 250 mM imidazole. The



Orf5x6His - containing fractions were dialyzed against 20 mM
Tris—HCI (pH 7.5), 10% (v/v) glycerol, 15% (w/v) PEG
20 000 and stored at —70°C.

Protein determination, electrophoresis,

and precipitation

Protein determination was carried out according to the method of
Bradford [7]. Bio-Rad protein assay solution (Bio-Rad Labo-
ratories, Miinchen, Germany) was used as the dye reagent and
bovine serum albumin as standard protein. Polyacrylamide gel
electrophoresis (PAGE) was performed under denaturing con-
ditions as described by Laemmli [ 19]. As molecular mass standard
the broad range prestained protein marker (NEB, Schwalbach,
Germany ) was used, consisting of the following proteins: maltose -
binding protein (MBP) fused [-galactosidase (175 kDa),
maltose-binding protein (MBP) fused paramyosin (83 kDa),
glutamic dehydrogenase (62 kDa), aldolase (47.5 kDa), triose-
phosphate isomerase (32.5 kDa), (-lactoglobulin A (25 kDa),
lysozyme (16.5 kDa), and aprotinin (6.5 kDa). The gels were
silver-stained by the method of Blum ez a/ [6].

Concentration of proteins was performed by trichloroacetic
acid (TCA) precipitation. TCA (100%) was added to the
samples to a final concentration of 10%, and after overnight
incubation on ice the proteins were sedimented by centrifuga-
tion (15000xg, 4°C, 10 min). After neutralization by washing
with 5% (w/v) Na-acetate in 95% (v/v) ethanol and a final
washing step with 95% (v/v) ethanol, the sediment was
resolved in sample buffer (50 mM Tris—HCl, pH 6.8; 100
mM DTT; 2% (w/v) SDS; 0.1% (w/v) bromophenolblue;
10% (v/v) glycerol).

Membrane preparation

Preparations of washed membranes from E. coli and C.
acetobutylicum were carried out as described by Siebers and
Altendorf [36].

DNA binding assays

All linear DNA fragments for band shift assays were amplified by
PCR with plasmid pK9 [13] for the so/ operon and plasmid
pUGS80 [14] for the adc operon as templates. The sol operon
promoter region was amplified in two parts, sol-1 (319 bp;
position —591 to —273 to the ATG start codon of the first
structural gene adhE) and sol-1I (324 bp; position —297 to +26
to the ATG start codon of the first structural gene adhE), using the
primer pairs sollF (5 -TAAGTTTTATATTTAGACCCTGGGG-
3’)/solIR-IRD (5'-AGGTCAAAAATATAACAGCTGTGT-3')
and sol2F (5'-TACACAGCTGTTATATTTTTGACC-3")/sol2R -
IRD (5 -AATTCCTTTACTGTTGTGACTTTC-3'). Amplifica-
tion of the adc promoter (390 bp) was performed with the primer
pair adcF (5'-GGAATTGTTTATAGTGTTTGTGAG-3")/adcR -
IRD (5 -TCATCCTTTAACATAAAAGTCACC-3'). The down-
stream primers were labeled with the fluorescent marker IRD-800.
The band shift assay was carried out in a 10-ul reaction
mixture consisting of 1 ul binding buffer (500 mM Tris—HCI,
pH 7.4; 500 mM KCI; 50 mM MgCI%; 10 mM EDTA; 10 mM
DTT; 0.1% (w/v) BSA); 1 ul glycerol; 1 ul poly-[d(I-C)]
(20 mg/ml); the labeled DNA fragment (0.5-2 ng), and the
protein fraction. The binding reaction was performed at room
temperature for up to 30 min. Subsequently, 1 pul of the
mixture was separated on an automatic sequencer LI-COR
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4000 L (Licor, Lincoln, NE) using a 5% polyacrylamide gel at
400 V and room temperature. Band shift assays with plasmid
pSP1 were performed similarly as described for linear DNA
fragments; 10 ng of DNA were used and the separation was
carried out with the complete amount of the reaction mixture
in a 2% (w/v) agarose gel with subsequent ethidium bromide
staining.

His-tag detection

Proteins were transferred onto nitrocellulose membrane
(Hybond ECL, Amersham Buchler, Braunschweig, Germany)
as described by Kyhse-Andersen [18], using a Multiphor II
NovaBlot unit (Amersham Pharmacia Biotech Europe). Sub-
sequently, detection of His-tagged proteins was performed with
Ni-AP conjugate following the manufacturer’s (Qiagen)
instructions.

Glycoprotein detection

Periodate oxidation and subsequent digoxigenin-succinyl-
amidocaproic acid hydrazide labeling of the glycoproteins
were carried out on the nitrocellulose membrane with a
glycoprotein detection kit according to the description of the
manufacturer (Roche Molecular Biochemicals, Mannheim,
Germany ).

Computer programs

Homology searches were performed using BLAST (release 2.0,
September 1997) [ 1] on the WWW Blast Server (www.ncbi.nlm.-
nih.gov). Searching the nr peptide sequence database (all non-
redundant GenBank CDS translations, PDB, SwissProt, and Pir)
was done using the program BLASTP.

Results

Subcloning of orf5 and purification of the gene product
For characterization of its proposed function as a repressor of
solventogenesis, purified Orf5 protein was required. Therefore,
the orf5 gene was amplified via PCR. Due to the possible
detrimental effect of Orf5 overproduction to E. coli cells (the
protein carries a hypothetical signal peptide and has potential
DNA binding activity), expression vector pMM40 was chosen.
This vector is characterized by a hybrid #plac promoter under
control of the lacl? allele of the lac repressor gene carried on the
vector, providing a tight repression of gene expression before
induction. The native ribosome binding site of the orf5 gene,
located 11—16 bases upstream of the start codon, resulted in a low
expression of the protein. By introducing a ribosome binding-
similar sequence [35] 7—11 bases upstream instead of the natural
sequence, the amount of the heterologously expressed protein was
enhanced (data not shown). An additional C-terminal His-tag
fusion allowed easy purification of the protein by affinity
chromatography.

Using Ni-NTA agarose, OrfSx6His was purified to >99%
homogeneity from a crude extract of induced E. coli cells
(Figure 1). The protein was also detected using Ni-NTA AP
conjugate following Western blot membrane transfer. In a
denaturating gel electrophoresis Orf5x6His migrated as a single
band on a position equivalent to about 33 kDa in size, somewhat
smaller than calculated from the sequence data (37.7 kDa). This
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Figure 1 SDS-PAGE analysis (10% acrylamide) of C. acetobutylicum
Orf5x6His overproduced in E. coli and purified via Ni-nitrolotriace-
tate (Ni-NTA) agarose. Lane 1: 10 ug crude extract of E. coli XL1-B
(pMM40). Lane 2: 10 pg crude extract of E. coli XL1-B
(pPMMORF5H). Lanes 3 and 4: washing fractions. Lane 5: eluting
fraction. Lane 6: 3 pug of Orf5x6His after dialysis. S: standard
proteins. The gel was silver - stained.

difference may be due to the hydrophobic N-terminus of the
protein.

DNA binding studies

Band shift assays were carried out for the upstream regions of the
sol operon and the adc gene, the first genes to be induced upon
onset of solventogenesis [34]. The region upstream of the sol/
operon was amplified in two overlapping fragments, both of them
containing the distal of two postulated promoters [13]. The
fragments were incubated with up to 4 ug Orf5x6His per nanogram
probe DNA. With none of the fragments tested, neither soll/II nor
adcl, was gel retardation observed. To rule out a possible effect of
the His-tag fusion, the incubation was also carried out with various
concentrations (up to 100 ug protein per nanogram probe DNA) of
crude extract obtained from E. coli cells overexpressing Orf5
without His-tag. Again, no change of the probe mobility was
observed. As a control, assays were carried out with the same
amount of crude extract from cells harboring vector pMM40
without insert.

Because the so/ operon is located on a plasmid [9] and recent
studies have shown that the DNA topology has an effect on
expression of the so/ operon [40], it should be elucidated whether
potential DNA binding of Orf5 was dependent on supercoiled
DNA. Therefore, band shift assays were performed with plasmid
pSP1, carrying the region upstream of the adhE gene of the so/
operon. However, as with linear DNA fragments no gel retardation
was observed with pSP1 when the plasmid was incubated with
purified Orf5x6His, or crude extracts from E. coli harboring
pPMMORFN and pMMORFH.

Cellular localization of Orf5 in C. acetobutylicum

When the orf5 gene was cloned and sequenced [12,13] (EMBL
data base accession number X72831), it was noted that the N-
terminus of the deduced gene product was very hydrophobic, due
to the presence of 21 amino acids with lipophilic side chains
within the first 30 residues. A signal peptide sequence was
indicated by the presence of three characteristic domains, (i) a

short N-terminal sequence of basic amino acids, (ii) a central
domain of hydrophobic amino acids, and (iii) a region with small
amino acids at the processing site [43]. These features were
found in the orf5 gene product [ 12] and the presence of a signal
peptide was supported by the computer programm “signalP”
(http:/ /www.cbs.dtu.dk/services/signalP/). Since such a feature
would be somewhat inconsistent to a proposed role as a
cytoplasmic transcriptional repressor, the cellular localization of
Orf5 was determined. For this purpose, shuttle plasmid
pORF5H was constructed by cloning the gene of Orf5x6His
with its native promoter into vector pIMP1. Due to the
plasmid’s pIM13 origin of replication, a copy number of about
7—10 per cell was maintained [21], leading to a moderate
overexpression. The introduced His-tag allowed a sensitive
colorimetric detection of the expressed protein via Ni-NTA AP
conjugate.

C. acetobutylicum harboring (i) pORF5H and (ii) pIMP1 (as a
negative control) were grown in mineral medium until midlog
phase. The cells were harvested and subsequently crude extracts
and cell membranes were prepared. Proteins excreted into the
medium supernatant were precipitated with TCA. The different
fractions were separated by SDS-PAGE, followed by Western blot
membrane transfer and His-tag detection (Figure 2). Strong
signals indicating the presence of Orf5x6His were observed
exclusively in the membrane fraction, while no OrfSx6His protein
was detected in the cytoplasmic fraction. Similar results were
obtained with membrane preparations of E. coli cells over-
expressing Orf5x6His (data not shown). To a smaller extent, the
protein was detected in the medium supernatant of C. acetobu-
tylicum. Because silver-stained SDS -PAGE separations of the two
fractions revealed an absence of the crude extract’s predominant
protein bands in the supernatant fraction, it appears less likely that
this amount stems from lysed cells. These findings are consistent
with a function of the N-terminus as a signal peptide as well as a
membrane anchor. In C. acetobutylicum, the protein appears to be
located attached to the outer side of the cell membrane, part of it
being released into the medium. The Orf5x6His protein detected in
the supernatant appears to be slightly larger than that in the crude
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Figure 2 Localization of Orf5x6His stained by Ni-nitrilotriacetate
(Ni-NTA) AP conjugate after SDS-PAGE (10% acrylamide)
and Western blot membrane transfer. Lane 1: 50 pg crude extract
of C. acetobutylicum (pIMP1). Lane 2: 50 ug membrane fraction of
C. acetobutylicum (pORF5H). Lane 3: 50 ug cytoplasmic fraction of
C. acetobutylicum (pORF5H); 10 pg of TCA -precipitated exopro-
teins of C. acetobutylicum (pORFSH). S: standard proteins.



extract. This is probably caused by a loss of the N -terminal signal
sequence.

Effect of Orf5 overproduction in C. acetobutylicum

It was reported [30] that overexpression of the Orf5 homolog
SolR in C. acetobutylicum ATCC824 leads to a complete decrease
of solvent formation. Batch fermentation assays were performed
to determine whether this effect of Orf5 overproduction on
solvent production could be confirmed with C. acetobutylicum
DSM 792. Therefore, C. acetobutylicun DSM 792 harboring
pIMP1 (as a negative control), pORF5N, or pORF5H were
grown for 72 h. Subsequently, the fermentation products were
quantified (Table 2). While the acetone level decreased about
3.5-fold, no reduction of the butanol concentration was observed.
Also, the level of ethanol was slightly increased (about 20%).
Orf5 protein’s overexpression led to a lower concentration of both
acetic and butyric acids. With the exception of the lowered
acetone production these findings are in sharp contrast to those
reported by Nair et al/ [30] who used C. acetobutylicum ATCC
824 for their experiments. A renewed BLAST search with the
Orf5 sequence revealed sequence homology to proteins with
known or postulated functions as O-linked UDP - N-acetylglucos-
amine-peptide  N-acetylglucosaminyltransferases (O -linked
GlcNac transferases) of various eukaryotic organisms and
archaea. At the amino acid level Orf5 is 23% identical (44%
similarity ) to an O-linked GIcNAc transferase of Caenorhabditis
elegans [23], 24% identical (41% similarity ) to the same enzyme
of Rattus norvegicus [17], and 22% identical (43% similarity ) to
an O-linked GIcNAc transferase of Homo sapiens [23]. Among
archaea highest scores were obtained with the putative O-linked
GlcNAc transferase of Methanobacterium thermoautotrophicum
[37] (25% identical, 48% similarity). These data indicate that
Orf5 may be involved in protein glycosylation rather than being a
transcriptional repressor. Consequently, overexpression of the
protein might be expected to change the protein glycosylation
pattern of the organism.

C. acetobutylicum harboring pIMP1 (as a negative control) or
pORF5SN were grown to midlog phase in mineral medium.
Subsequently, crude extracts and membrane proteins were
prepared, and the media supernatant fluids were TCA -precipi-
tated. The fractions were separated by SDS-PAGE, followed by
Western blot membrane transfer and glycoprotein detection. The
result (Figure 3) revealed that indeed Orf5 overexpression is
accompanied by a significant decrease of the amount of
glycosylated proteins. Almost all of the signals obtained with
the organism’s exoenzymes disappeared. Even in the crude

Table 2 Product formation of C. acetobutylicum overexpressing Orf5

Fermentation products (mM)

Solvents Acids
Plasmids Ethanol Butanol Acetone  Acetate Butyrate
pIMP1 (control) 31.5 61.0 9.3 48.5 60.5
pORF5N 39.8 70.0 2.6 30.3 43.1
pORF5H 37.8 70.9 2.8 27.7 44.0
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Figure 3 Effect of Orf5S overexpression of glycosylation: detection of
glycoproteins using alkaline phosphatase-coupled digoxigenin anti-
bodies after SDS-PAGE (10% acrylamide), Western blot membrane
transfer, treatment with periodate and subsequent coupling with
digoxigenin. Lane 1: 25 pug crude extract of C. acetobutylicum (pIMP1).
Lane 2: 25 pg crude extract of C. acetobutylicum (pORFSN). Lane
3: 5 pg of TCA-precipitated exoproteins of C. acetobutylicum
(pIMP1). Lane 4: 5 pg of TCA-precipitated exoproteins of C.
acetobutylicum (pORFSN). Lane 5: positive control (transferrin). S:
standard proteins.

extract the most distinct signal at about 40 kDa was no longer
detected.

Discussion

The suggestion that the gene product of orf5 (so/R) might represent
a transcriptional repressor for the so/ operon was based mainly on
studies at the transcriptional level [30]. Therefore, the gene was
subcloned and a His-tag-encoding sequence was added to allow
easy purification and subsequent studies on the protein and its
localization in the cell.

Orf5 did not exhibit in vitro DNA binding to the region upstream
ofthe adhE gene, the first structural gene of the sol operon, nor to the
promoter region upstream of the adc gene. Although even under
disadvantageous conditions at least a weak protein—DNA inter-
action was expected, it cannot be completely ruled out that a cofactor
essential for binding is missing under in vitro conditions. Over-
expression of Orf5 in C. acetobutylicum DSM 792 did not lead to a
loss of solvent production, as reported by Nair et a/ [ 30] for SolR in
C. acetobutylicum ATCC 824. This was a surprising result, since
both constructs for Orf5/SolR overexpression in C. acetobutylicum
are based on the gene’s native promoter and a vector with the same
(pIM13) origin of replication was used, indicating a similar copy
number and level of overexpression. It remains unknown whether
this difference is due to potential strain differences.

Analysis of the deduced Orf5 amino acid sequence indicated the
presence of a signal peptide [12] (EMBL data base accession
number X72831), suggesting that this protein may be a membrane
or exoprotein. Experimental data confirmed this assumption
(Figure 2), since in both organisms, C. acetobutylicum and
E. coli, the protein was located in the membrane. This does not
completely rule out the possibility that Orf5 might act as a
transcriptional repressor, e.g., in a way as has been demonstrated for
the cholera toxin transcriptional activator ToxR [28 ]. However, the
observation that a small amount of Orf5 can also be detected in the
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supernatant medium suggests that the protein may be attached to the
extracellular side of the membrane. This location would exclude
interaction with the DNA and a function as a transcriptional
repressor.

Taken together the data presented (no DNA binding of purified
Orf3, no effect of its overproduction on solvent formation, probable
localization at the outer side of the membrane ) rule out a function as
a repressor of solventogenesis. In a search for the physiological role
of Orf5 BLAST databank searches revealed homology to described
or postulated O-linked GIcNAc transferases of various eukaryote
organisms. These proteins are responsible for the glycosylation of
proteins via hydroxyl groups of serine or threonine residues. Protein
modification via glycosylation is well studied for eukaryotic
organisms but less so in bacteria. However, glycosylated proteins
are also widespread among eubacteria and archaea [29]. It is
postulated that, as in eukaryotic systems, glycosylation may
influence protein conformation and stability, provide protection
against proteolytic activity, and allow surface or intracellular
recognition and cell adhesion. Up to now only a few clostridial
proteins have been reported to be glycosylated: the S -layer protein
of Clostridium symbiosum [27], a cellulosome subunit of
Clostridium thermocellum [15], and the flagellin of Clostridium
tyrobutyricum [2]. In C. acetobutylicum P262, autolysin, for which
a strong association to sugars has been reported [42], has been
described as a hypothetical glycoprotein, and recently glycosylation
of the flagellin of C. acetobutylicum ATCC 824 has been shown
[24]. This protein probably represents the dominant band of the
crude extract as well as of the medium supernatant fraction (Figure
3). This study provides evidence that C. acetobutylicum possesses
additional glycosylated proteins, especially exoproteins. So far, little
is known on the location of glycosylation processes in prokaryotes,
but there are several indications that this reaction occurs at the outer
side of the cytoplasmic membrane [22,44]. The probable local-
ization of Orf5 at the outer side of the membrane and the drastic
effect of its overexpression on the pattern of glycosylated proteins
support a role of Orf5 in this process. Further experiments will
address the question of whether this function is rather deglycosy-
lation of proteins and whether there are targets of glycosylation that
are not separated by SDS-PAGE. Further support for a glycosylat-
ing or deglycosylating role of Orf5 comes from amino acid sequence
analysis. In the helix —turn—helix motif postulated by Nair ez a/[30]
a typical tetratrico peptide repeat motif [20] could be found
(YNNLGNNYNNNNNNNNSNNNYNNANNNNP;  consensus
positions marked in bold, N stands for not conserved amino acid
residues). Such repeats are present in a variety of proteins from
bacteria and eukaryotes and seem to be responsible for protein—
protein rather than DNA-—protein interactions [20]. Thus, the
postulated DNA interaction domain might be directly involved in
protein target binding. In this respect, it should be noted that the O-
linked GlcNAc transferase of Caenorhabditis elegans also contains
tetratrico peptide repeat motifs [23].

In conclusion, the data presented provide evidence for an
involvement of Orf5 in protein glycosylation/deglycosylation and
not for a role of Orf5 as a transcriptional repressor of solvento-
genesis in C. acetobutylicum.
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