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bstract

A novel protein family, clostridial hydrophobic with a conserved W (ChW), is specific to Clostridium acetobutylicum, thus, suggesting roles
pecific to its unique physiology. Functions for members of this protein family have not been characterized. The expression and promoter architecture
f two genes, chw14 (CAC1532) and chw16/17 (CAC2584), encoding two members of the ChW protein family were characterized and their
egulation explored. The genes chw14 and chw16/17 behave similarly under every condition tested in the DNA-microarray gene expression studies.
revious protein analysis suggested that the master transcriptional regulator, Spo0A, was required for their accumulation, as ChW14 and ChW16/17
roteins were absent in the spo0A null strain, SKO1. Primer extension assays showed a single transcript for each chw14 and chw16/17 detected
rom mid-exponential phase until early stationary phase. A predicted σA consensus motif is just upstream of the transcriptional start sites of both
hw14 and chw16/17, with a single putative Spo0A binding site, 0A box, within the promoter region of both chw14 and chw16/17. Using reporter
nalysis we showed that the promoters of chw14 and chw16/17 are highly active during mid-exponential phase in wild type C. acetobutylicum.
nalysis of expression in the spo0A deficient SKO1 strain indicated the promoter activity of both chw14 and chw16/17 appears constitutive, thus

he promoters do not appear to be inactivated in the absence of Spo0A. The relationship among ChW proteins and the ChW domains themselves
as delineated. The ChW proteins appear to originate with C. acetobutylicum where the non-C. acetobutylicum ChW proteins are nested within the

ain C. acetobutylicum protein branch. Examination of the ChW domain alone shows that every third domain clusters together phylogenetically.
dditionally, almost all of ChW proteins contain a multiple of three ChW domains. Taken together, these data suggest that ChW domains function

n triplets of association.
2007 Elsevier Inc. All rights reserved.
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. Introduction

Clostridium acetobutylicum is grouped taxonomically with
he Gram-positive, spore-forming, rod-shaped, obligate anaer-
bes containing a low G + C content. This microbe metabolizes
ugars by fermentation and produces organic acid products.
he accumulation of the acidic products acetate and butyrate

ncreases the hydrogen ion concentration and thus threatens to

isrupt the membrane chemiosmotic potential. As an immediate
esponse to these adverse conditions C. acetobutylicum produces
olvents, which act to diminish the pH stress, and later will initi-

∗ Corresponding author. Tel.: +1 713 348 4920; fax: +1 713 348 5154.
E-mail address: gbennett@bioc.rice.edu (G.N. Bennett).
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te the developmental program of sporulation. The ability of C.
cetobutylicum to produce solvents has long been exploited for
he microbial production of the industrially important chemicals,
cetone and butanol.

In order to maximize our use of C. acetobutylicum as a sol-
ent producer, it is of paramount importance to understand and
ontrol metabolic transitions because C. acetobutylicum only
ynthesizes solvents after it has transitioned from acid produc-
ion and this transition stage is accompanied by many global cell
hysiological changes.

The transcriptional response to the sensed altered environ-

ent is carried out by σ factors and transcription factors to

nitiate large scale changes in patterns of gene expression based
n the promoter structures present in the genome. σ factors
egulate many post-exponential phase changes: sporulation,

mailto:gbennett@bioc.rice.edu
dx.doi.org/10.1016/j.enzmictec.2007.07.022
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bically in Clostridial Growth Medium (CGM) at 37 C [17] and stored frozen
in 10% (v/v) glycerol at −80 ◦C or as horse serum-supplemented lyophilized
stocks at room temperature. For recombinant C. acetobutylicum strains, liquid
or agar-solidified medium was appropriately supplemented with erythromycin
(40 �g/mL) or thiamphenicol (25 �g/mL).

Table 1
Bacterial strains and plasmids

Strain or plasmid Relevant characteristicsa Source or reference

Bacterial strains
C. acetobutylicum

ATCC 824 Wild type C. acetobutylicum ATCCb

SKO1 ATCC 824 spo0A::MLSr Harris (2002)

E. coli
DH5� EndA1, recA1 Clontechc

DH10B EndA1, recA1, Strr Gibcod

TOP10 EndA1, recA1, Strr Invitrogene

Plasmids
pAN1 Cmr �3TI gene Mermelstein (1993)
pDHKM Kmr �3TI gene Zhao (2003)
pHT3 Apr MLSr LacZ ORF Tummala (1999)
pHT3/MfeI pHT3 with MfeI and XhoI sites This study
pHT4 pHT3 with ptb promoter Tummala (1999)
pHT14 pHT3/MfeI with chw14 promoter This study
pHT16 pHT3/MfeI with chw16/17 promoter This study
pThiLac Cmr Thir lacZ ORF Scotcher (2005)
pTL14 pThiLac with chw14 promoter This study
pTL16 pThiLac with chw16/17 promoter This study

a Abbreviations: Cmr, chloramphenicol resistant; Thir, thiamphenicol resis-
tant; Apr, ampicillin resistant; Strr, streptomycin resistant; Kmr, kanamycin
resistant; MLSr, macrolide lincosamide and streptogramin B resistant; endA1,
mutant non-specific endonuclease1; recA1, mutant in homologous recombina-
0 L. Sullivan et al. / Enzyme and M

tationary phase, and repression of flagella synthesis [1,2]. The
enes for the vegetative σ factor (σA) and the sporulation specific
factors (σE, σG, σK) have been identified in C. acetobutylicum

1–3]. A σ factor may be required for transcription but the
ctivity of the promoter may be regulated by an ancillary tran-
cription factor. The transcription factor Spo0A is responsible
or many of the large scale changes in gene expression. Spo0A
ay either positively or negatively affect transcription of genes

hat contain its recognition sequence, designated the 0A box,
ear promoters to regulate transcription. Spo0A has been better
haracterized in Bacillus subtilis than in C. acetobutylicum.
n C. acetobutylicum, Spo0A has been shown to positively
egulate the solvent synthesis operons adc and adhE-ctfA-ctfB
4,5] and suggested to negatively regulate the transition state
egulator, abrB [6]. Spo0A has also been recently implicated
s being required for expression of two genes, chw14 and
hw16/17, in a novel protein family, Clostridial hydrophobic
ith a conserved W (ChW), in C. acetobutylicum [7].
The ChW protein family is almost exclusively limited to the

. acetobutylicum species. No other organism has as many pro-
eins (i.e., ChW proteins) containing multiple ChW domains.
. acetobutylicum has 20 such proteins. In species where a
hW protein was identified by BLASTP [8] it was limited

o one protein, thus suggesting that the ChW domains origi-
ated with the C. acetobutylicum species. The ChW domain
s approximately 47 amino acids long. Features of the domain
re a conserved tryptophan, a high percentage of hydrophobic
nd small residues. ChW domains are found in proteins with
putative N-terminal signal sequence, domains for polysac-

haride and protein degradation, or domains involved in cell
dhesion [9]. ChW domains are additionally present in proteins
ith no other known domain. ChW proteins in C. aceto-
utylicum are surface proteins or secreted from the cell since
hey have putative N-terminal signal sequences. In general, lit-
le is known about the surface proteins of C. acetobutylicum,
ince only the non-cellulolytic cellulosome [10] and a few extra-
ellular enzymes have been characterized: glycoside hydrolase
11], endoglucanase [12], muramidase [13], alpha-amylase [14],
nd metalloprotease [15]. Additionally, in other Gram-positive
acteria, such as the well-studied genera Streptococcus and
taphylococcus, surface proteins provide many diverse func-
ions (for a review see Ref. [16]).

We characterized two genes, chw14 (CAC1532) and chw16/
7 (CAC2584), as representative examples of the ChW fam-
ly. These genes were chosen for in-depth analysis to provide

foundation regarding this undescribed family in C. aceto-
utylicum. We performed two types of analyses: gene level and
rotein level. At the gene level, we determined the expression
atterns and promoter architectures for chw14 and chw16/17
sing reporter, microarray, and primer extension analyses. The
emporal expression pattern delineates the processes in which
hese genes may participate whereas promoter strength is an indi-
ation of the level of expressed product that may be available

or those processes. Determining the exact start site of tran-
cription allows the interpretation of binding sites of possible
ranscription factors which may modulate the gene expression
f chw14 and chw16/17. Reporter analysis performed in the

t

ial Technology 42 (2007) 29–43

po0A mutant strain adds to our understanding of regulation
f chw14 and chw16/17. At the protein level, we examined the
ntire amino acid sequence encoding the protein and the residues
ncoding only the ChW domains to discern whether there were
ny patterns in the predicted protein secondary structures and
he phylogenetic relationships. Indeed, an apparent consensus
rotein secondary structure emerged among the ChW domains
s well as the relationship between the ChW domains such that
hey are not homogenous, but rather form triplets of association.

. Materials and methods

.1. Bacterial strains and plasmids

All bacterial strains and plasmids used in this study are shown in Table 1.

.2. Growth conditions and maintenance

All Escherichia coli strains were grown aerobically at 37 ◦C in liquid or agar-
olidified Luria-Bertani (LB) medium. For recombinant E. coli strains, media
ere appropriately supplemented with ampicillin (100 �g/mL), erythromycin

300 �g/mL), chloramphenicol (35 �g/ml), or kanamycin (35 �g/mL). Both
ecombinant and wild type strains were stored at −80 ◦C in 50% (v/v) glyc-
rol freezing solution (65% glycerol, 0.1 M MgSO4, 0.025 M Tris–HCl, pH 8).
. acetobutylicum ATCC 824 and recombinant strains were cultured anaero-

◦

ion; �3TI, �3TI methyltransferase; ptb, phosphotransbutyrylase.
b ATCC, American Type Culture Collection, Manassas, VA.
c Clontech, Palo Alto, CA.
d Gibco, Rockville, MD.
e Invitrogen, Carlsbad, CA.
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.3. Batch culture fermentation experiments

�-galactosidase experiments were performed using batch culture fermen-
ations. Single colonies of transformed C. acetobutylicum were grown in
losed-cap batch fermentations of 200 or 300 mL (for pThiLac-based or
HT3-based transformed strains, respectively) CGM supplemented with the
ppropriate antibiotic at 37 ◦C in a Forma Scientific anaerobic chamber (Thermo
orma, Marietta, Ohio). To allow for differences in lag time following inocula-

ion, 0 h is defined as the time when the culture had reached an OD600 of 0.1.
ell growth was quantified by measuring the OD600 using a Prim Light and
dvanced spectrophotometer (Secomam, Domont, Cedex, France).

.4. Controlled-pH fermentor experiments

Primer extension analysis was performed using controlled-pH fermentations.
arge-scale batch fermentations of ATCC 824, 824(pHT14), and 824(pHT16)
. acetobutylicum strains were performed in a BioFlo 110 fermentor (New
runswick Scientific, Edison, N.J.) with a culture volume of 2 L CGM. Recom-
inant strains were supplemented with appropriate antibiotics. Time 0 (0 h) is
efined as in batch culture fermentation experiments. Cell growth was quantified
y measuring the OD600 using a Beckman DU64 spectrophotometer (Beckman,
oulter, Fullerton, Calif).

.5. Fermentation product analysis

For analysis of product formation, samples were taken at the time points
pecified for total RNA isolation or for �-galactosidase analysis. Batch fer-
entation samples were centrifuged at 3000×g for 5 min at room temperature

n an EBA20 centrifuge (Hettich-Zentrifugen, Föhrenstr.12, Tuttlingen, Ger-
any). Controlled-pH fermentation samples were centrifuged at 2600×g for
min at 4 ◦C in a Sorvall RT6000B centrifuge (Dupont, Wilmington, Del.). The

upernatant was collected, acidified and analyzed by a Hewlett-Packard 5890
eries II gas chromatograph (Hewlett-Packard, Palo Alto, Calif) for butanol,
cetone, ethanol, butyrate, and acetate. Concentrations were determined from
eak areas determined by Peak 2000 integration software (SRI Instruments,
orrance, Calif.).

.6. DNA isolation, manipulation, and transformation into C.
cetobutylicum
Plasmid isolation from E. coli was done by the QIAprep Miniprep method
QIAGEN, Valencia, Calif.). DNA was purified from agarose gels using the Ultr-
Clean 15 method (MO BIO Laboratories, Solana Beach, Calif.). PCR products
r enzymatically manipulated DNA was purified by using the QIAquick PCR
urification method (QIAGEN, Valencia, Calif.). All commercial enzymes (Pfx

u
a
r

u

able 2
ligonucleotides used in this studya

ligonucleotide
ame

feIXhoI
po0A PE
acZup
tb primext
4primext
6primext
pst14F
pst14R
pst16F
pst16R
TL14F
TL14R
TL16F
TL16R

a Underlined regions correspond to a restriction site for the restriction endonucleas
ial Technology 42 (2007) 29–43 31

olymerase, restriction endonucleases, calf intestinal phosphatases, and T4 DNA
igase) were used according to the manufacturer’s specifications. Pfx polymerase
as obtained from Invitrogen while all other enzymes were obtained from New
ngland Biolabs, Promega, or Fisher Scientific. Automated DNA sequencing
as performed by LoneStar automated DNA sequencing Laboratory (LoneStar
aboratories, Houston, Tex). All oligonucleotides used in this study are listed

n Table 2.
Previously published methods were used for electrotransformation of

. acetobutylicum [18]. Prior to transformation of C. acetobutylicum, plas-
ids pHT3, pHT4, pHT14, and pHT16 were methylated in E. coli (pAN1)

18] and plasmids pThiLac, pTL14, and pTL16 were methylated in E. coli
pDHKM) [19] by the B. subtilis phage�3TI methyltransferase, which pro-
ects the plasmid DNA from restriction by the clostridial endonuclease Cac824I
20].

.7. Isolation of total RNA for primer extension

Total RNA for time course primer extension studies was isolated from wild
ype and recombinant C. acetobutylicum [strains ATCC 824, 824(pHT14), and
24(pHT16)] cells collected during the following time points (OD600 = 0.4, 0.8,
.2, 1.6, 2.0 and time = 8, 12, 18 and 24 h) in controlled-pH fermentations.
o ensure adequate RNA isolated from all time points, especially early ones,

he sample volume harvested was dependent on growth stage as monitored by
D600. For the time points taken the volume harvested is indicated in parenthe-

es: OD600 = 0.4 (30 mL), 0.8 (15 mL), 1.2 (10 mL), 1.6 (10 mL), 2.0 and later
ime points (5 mL). Samples were centrifuged, cell pellets were resuspended
n 200 �L of lysis buffer (20 mg lysozyme per mL of 25% sucrose, 0.05 M
ris–HCl, 0.05 M EDTA), incubated at 37 ◦C for 5 min. 1 mL of TRIzol solution
Invitrogen, Carlsbad, Calif.) was added and the manufacturer’s recommenda-
ions were followed for RNA isolation with one exception; an equal volume of
5 phenol:24 chloroform:1 isoamyl alcohol mixture pH 8 was used instead of
.2 mL of chloroform in order to extract protein from the nucleic acids. RNA
oncentration was determined from OD260 measurements (1 OD260 unit = 40 �g
f RNA per mL).

.8. Primer extension analysis

Time course primer extension reactions for chw14 and chw16/17 were per-
ormed with 14primext and lacZup primers by using an Avian Myeloblastosis
irus reverse transcriptase primer extension system (Promega, Madison, Wis.)

sing 100 and 20 �g of total RNA, respectively, isolated from wild type C.
cetobutylicum 824 and recombinant 824(pHT14), and 824(pHT16) strains,
espectively.

The exact transcriptional start sites for chw14 and chw16/17 were mapped
sing sequencing reactions based on the Sanger dideoxy method. The sequencing

Sequence

TCGAG CAATTG CTCGA
CAAAATTCCTTATTATCATCTGCAATTAAAACAC
TTAAAATACCAATTATTATTAATAGGAATAATCTTTCTC
TTTCATTTCTTTGCTCTTTACCTTCATG
GCCCCAATCCAAAAGCAACTGCTGC
CCCAATATAAAAACAAAAGCAGCTGC
CCCAATTG ATAAAATAAAGCCTAGTATGTTTTTAATGC
CCCAATTG TTATTTTCCCCCTTAAACTTG
CCCAATTG CTTGTTTCCTCCTTGAATGAATTTTATTG
CCCAATTG GTTTGAATTGTAGAAACAGCATTGATACTG
CCG CTCGAG ATAAAATAAAGCCTAGTATGTT
GC GGATCC AACTTGAATATTATTGATTAATA
CG CTCGAG GTTTGAATTGTAGAAACAGCATTG
GC GGATCC TGAATTTTATTGTCAACATTTATATTTTATA

es MfeI (CAATTG), XhoI (CTCGAG), or BamHI (GGATCC).
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eactions were performed on the corresponding DNA by using the same primer
hat was used for the primer extension reactions. Sequencing was performed
sing Sequenase Quick-denature plasmid sequencing protocol (USB Corpora-
ion, Cleveland, Ohio) with the radiolabeled lacZup primer complementary to
he 5′ end of the lacZ gene encoded on pHT14 and pHT16. Sequencing and
rimer extension products were visualized on a 6% polyacrylamide sequencing
el using the Otter sequencing system (Owl Separation Systems, Portsmouth,
.H.). Sequencing gels were run at 45 ◦C at 1100 V for 3 h. All reactions and

equencing were performed according to manufacturer’s specifications with one
xception; SUPERase-In RNAse inhibitor was added to the reactions to prevent
NA degradation (Ambion, Austin, Tex.).

Total RNA sampling and isolation for microarray analysis have been previ-
usly described [21]. Reverse transcription and cDNA probe labeling of RNA
ave been previously described [21].

.9. RNA sampling, isolation, and cDNA labeling for microarray

The methods used for RNA isolation and reverse transcription and cDNA
robe labeling have been previously described [21].

.10. Microarray construction and hybridizations

The methods used for construction and validation of the full-genome
icroarrays and hybridizations were described previously [21]. Briefly,
icroarrays were spotted with PCR-generated targets (designed to minimize

on-specific hybridization) 150–500 bp in size. A total of 3802 genes are present
n the microarrays (97% genome coverage). Samples from the stressed cultures
ere hybridized against oppositely labeled samples from the control culture at

he same time point. At least two hybridizations were performed at each time
oint. To minimize dye biases, dyes (Cy3 and Cy5) were swapped for each
eplicate.

.11. Microarray analysis

Microarray data were normalized and differential-gene expression was iden-
ified using a segmental nearest-neighbor approach [22] coded in MATLAB
MathWorks, Natick, Mass.). Genes showing intensity of 300 units or less were
onsidered not expressed [21].

.12. β-Galactosidase analysis

Time course �-galactosidase assays were performed as previously reported
23]. Recombinant C. acetobutylicum [strains ATCC 824 (pHT3), 824 (pHT4),
24 (pHT14), and 824 (pHT16)] cells were collected every 2 h from 2 to 24 h.
ecombinant C. acetobutylicum [strains ATCC 824 (pThiLac), 824 (pTL14),
nd 824 (pTL16)] cells were collected every 4 h from 4 to 24 h and then 6 h later
t 30 h. Time 0 (0 h) is defined as in batch culture fermentation experiments.

.13. Construction of plasmids

.13.1. pHT3/MfeI
The pHT3 plasmid [23] was digested with SmaI creating blunt ends with

C on the 5′ end and a G on the 3′ end of the cut site. An oligonucleotide
ontaining two XhoI sites, minus the 5′ C at the 5′ end of the primer and the
′ G at the 3′ end of the primer, on both sides of a MfeI site (i.e., MfeIXhoI
ligonucleotide in Table 2). The oligonucleotide was made doublestranded by
nnealing to itself. The oligonucleotide was then ligated to the SmaI digested
HT3. The resulting plasmid, pHT3/MfeI, contains two XhoI sites on either side
f an MfeI site cloned into pHT3.

.13.2. pHT14 and pHT16

The DNA fragment containing the intergenic region upstream of chw14 was

mplified by PCR with genomic wild type C. acetobutylicum as the template
NA. The upstream forward and reverse primers Upst14F and Upst14R, respec-

ively, were generated by adding an MfeI restriction site and two pyrimidine
ases 5′ of the MfeI site. The 313-bp amplified DNA fragment was digested

t
T
t
E

ial Technology 42 (2007) 29–43

ith MfeI and ligated into pHT3/MfeI plasmid to yield pHT14. The plasmid
HT16 was generated in the same manner using the upstream forward and
everse primers Upst16F and Upst16R, respectively, to PCR amplify the 167-
p DNA fragment. The correct clone and forward orientation of the upstream
egion was confirmed by automated DNA sequencing.

.13.3. pTL14 and pTL16
The DNA fragment containing the intergenic region upstream of chw14 was

mplified by PCR with genomic wild type C. acetobutylicum as the template
NA. The upstream forward primer pTL14F was generated by adding a XhoI

estriction site and three pyrimidine bases 5′ of the XhoI site. The upstream
everse primer pTL14R was generated by adding a BamHI restriction site and
hree pyrimidine bases 5′ of the BamHI site, again for optimized cleavage of
he PCR product. The 298-bp amplified DNA fragment was digested with XhoI
nd BamHI and ligated into XhoI/BamHI-digested pThiLac plasmid to yield
TL14. The correct clone was confirmed by automated DNA sequencing. The
lasmid pTL16 was generated in the same manner using the upstream forward
nd reverse primers pTL16F and pTL16R, respectively, to PCR amplify the
51-bp DNA fragment. The correct clone was confirmed by automated DNA
equencing.

.14. Construction of alignments and trees

ChW proteins were identified from the SMART [24,25] and Pfam [26]
rchitecture databases. Full sequences of ChW proteins were subjected to phy-
ogenetic analysis. Alignments were constructed using the multiple sequence
lignment mode of ClustalX [27]. Protein trees were constructed using the
eighbor-joining method [28] implemented in the ClustalX program. Bootstrap
nalysis was performed using 200 and 750 iterations of tree building trials and
000 random seed generations.

.15. Protein secondary structure prediction

Protein secondary structure prediction was performed by Multivariate Linear
egression Combination as previously reported [29].

. Results

When the C. acetobutylicum genome was sequenced [9] a
rotein family, Clostridial hydrophobic with a conserved trypto-
han, specific to this microorganism was identified. Proteomic
nalysis [7] revealed that two members of the ChW protein
amily, ChW14 and ChW16/17, required Spo0A. This current
tudy was undertaken in order to expound the requirement of
po0A, characterize the expression and promoter architecture
f chw14 and chw16/17, and to delineate the relationship
mong all known members of the ChW protein family based on
hylogenies and structure predictions. These characterizations
sed a reporter system, primer extension, phylogenies, and
tructure predictions.

.1. Identification of ChW proteins

In order to identify all currently known members of the
rotein family database searches were employed. The iden-
ification of ChW proteins by protein architecture analysis
sing the SMART [24,25] and Pfam [26] databases revealed

hat 20 of the 29 proteins are C. acetobutylicum proteins.
he other organisms that contain a single ChW protein are:

wo strains of Listeria monocytogenes, Arthrobacter sp. FB24,
nterococcus faecalis, Streptococcus agalactiae, Streptomyces
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Fig. 1. ChW domain protein structures. The ChW domains are illustrated in the
20 C. acetobutylicum and nine non-C. acetobutylicum proteins. The symbols
used indicate: (#) number of proteins with the indicated ChW domain structure;
( ) a single ChW domain with the pattern within the arrowhead indicating
which domains are phylogenetically most related to each other; ( ) protein
sequence where no ChW domains are located, length of line indicates relative
positions of ChW domains. The ChW domain indicated by a striped arrowhead,

, represents the first (ChW1), fourth (ChW4), or seventh (ChW7) ChW
domain found in the linear protein sequence. The ChW domain indicated by a
plain arrowhead, , represents the second (ChW2), fifth (ChW5), or eighth
(ChW8) ChW domain found in the linear protein sequence. The ChW domain
indicated by a checkered arrowhead, , represents the third (ChW3), sixth
(ChW6), or ninth (ChW9) ChW domain found in the linear protein sequence.
For simplicity, when a protein structure contains other domain types in addition
to ChW domains, only the ChW domains are illustrated. The letter (A–L) labels
the architecture type of protein based on how the ChW domains are clustered
together. The number refers to the number of ChW proteins with the illustrated
domain architecture: (A) proteins have 874, 701, 861, 849, 808 and 857 residues;
(B) proteins have 765, 491, 481, 386, 511 residues; (C) proteins have 532, 505
and 531 residues; (D) proteins have 773, 752 residues; (E) protein has 259
residues; (F) protein has 500 residues; (G) protein has 836 residues; (H) protein
has 1043 residues; (I) proteins have 438, 540, 450, 450 residues; (J) proteins
h
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oelicolor, Shewanella denitrificans, and Trichodesmium ery-
hraeum. Thus, ChW proteins reside almost exclusively in C.
cetobutylicum.

To investigate how similar the amino acid sequence is
etween ChW domains in the same protein, since almost all
roteins contain more than one domain, and between proteins in
he same organism, and between proteins in different microor-
anisms BLASTP [8] was performed. These data indicate that
ithin the C. acetobutylicum species the amino acid identity

emains quite high (ranging from 46% to 100%), but diverges
n non-C. acetobutylicum genera (with a range between 28%
nd 56%). The few microorganisms that encode only a single
hW protein may have acquired its encoding gene by genetic
xchange with C. acetobutylicum.

.2. ChW domains

To determine how similar the two members, ChW14 and
hW16/17, are to each other the protein architecture was exam-

ned. ChW14 and ChW16/17 have been previously analyzed
7] and the ChW16/17 protein was found to be covalently
odified, whereas ChW14 was not. Nonetheless, the genes

hw14 and chw16/17 appear to both encode the same general
rotein structure: an N-terminal signal sequence, six contigu-
us ChW domains, and a C-terminal tail. No other known
omains have been identified in either protein. ChW14 and
hW16/17 are highly similar to each other with 70% iden-

ity and 82% similarity between the two proteins as analyzed
y BLASTP [8]. The ChW domain structures for all 20 C.
cetobutylicum and the 9 non-C. acetobutylicum proteins are
llustrated (Fig. 1). Since phylogenetic analysis (Fig. 3B and
) indicates that the ChW domains cluster into groups of

hrees, i.e., that the ChW domains are not interchangeable but
ather are specifically ordered, the individual ChW domains
re coded to indicate their position as first (ChW1), second
ChW2), third (ChW3), et cetera along the primary sequence
f the protein. Regarding specific amino acids, the absolutely
onserved tryptophan may prove to be a key residue while
he large number of hydrophobic and small residues may act
o keep the interior environment of the ChW protein intact
Fig. 2).

In addition to the phylogenetic data of every third ChW
omain clustering together, the number of ChW domains present
n the proteins also suggests that the ChW domains function in
riplets. Twenty-seven of the 29 ChW proteins contain a mul-
iple of three ChW domains (Table 3). It is, thus, tempting to
peculate that the ChW domains function as triplets.

.3. Other protein domains found in ChW proteins

ChW proteins may harbor other domains in addition
o the multiple ChW domains. SMART [24,25] recognizes
omains that are protein degrading (serine protease, peptidases,

xtracellular neutral metalloprotease), sugar degrading (beta-
annase), cell wall hydrolyzing (N-acetylglucosaminidase),

rotein binding (leucine rich repeats), and cell adhering
BID 2).

t
a
o
1

ave 783, 854, 854 residues; (K) protein has 537 residues; and (L) protein has
79 residues. ChW14 and ChW16/17 are both B architecture types of proteins.

Noteworthy among these domains is the cell adhesion domain
ID 2. This domain is found surface proteins such as intimins,
hich mediate bacterial adhesion to host-cells. Its lectin-like
omain suggests that carbohydrate recognition may be impor-
ant for its adhesive function. A total of 19 C. acetobutylicum
roteins contain BID 2 domains. Among the other clostridial
pecies, C. thermocellum and C. perfringens have a single pro-
ein with this domain, C. tetani has five, and C. beijerincki has
even. Because most bacterial species contain few proteins with
his type of domain (according to Pfam database), the fact that C.

cetobutylicum has 19 proteins with the BID 2 domain is curi-
us. Furthermore, of the 20 ChW proteins in C. acetobutylicum,
1 also contain a BID 2 domain. Statistically, the association
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Fig. 2. ChW domain alignment. The first ChW domain (ChW1), of each of
the 20 ChW proteins from C. acetobutylicum was aligned using CLUSTALW.
The Cac and Cap numbers refer to the gene number of the chromosome and
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egaplasmid in the sequenced genome, respectively. The conserved tryptophan
s highlighted in red.

f both the ChW and the BID 2 domains on C. acetobutylicum

roteins is highly significant (probability of 1.5 × 10−22). There-
ore, we cautiously speculate that the ChW domains and the
ID 2 domains may operate cooperatively for carbohydrate
inding on the cell surface of C. acetobutylicum.

able 3
he number of ChW domains present in C. acetobutylicum and non-C. aceto-
utylicum proteins

hW domain # Domains

. acetobutylicum proteins
Cac0538 3
Cac0539 3
Cac0540 3
Cac1389 9
Cac1532 6
Cac2290 6
Cac2325 6
Cac2367 9
Cac2532 6
Cac2533 6
Cac2584 6
Cac3272 6
Cac3273 3
Cac3274 6
Cac3275 8
Cac3278 3
Cac3279 6
Cac3280 6
Cap0002 6
Cap0003 6

on-C. acetobutylicum proteins
EF0123 9
gbs1279 9
LMOf2365 1900 3
LMOh7858 1996 3
SAG1206 9
SCO4256 1
TeryDRAFT 3421 3
ArthDRAFT 0637 6
SdenDRAFT 2946 3
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.4. Phylogeny of ChW proteins and of individual ChW
omains

In order to investigate the relationship between ChW pro-
eins a phylogeny was constructed using the entire amino
cid sequence of the proteins (Fig. 3A). The phylogeny pro-
ides further evidence that ChW14 (CAC1532) and ChW16/17
CAC2584) are most closely related to one another. Inter-
stingly, in four instances, the most closely related proteins
re ones whose genes are adjacent to each other (i.e.,
AC0538–CAC0540; CAC3274 and CAC3275; CAP0002 and
AP0003; CAC2532 and CAC2533). Moreover, in three of the

our cases, the same numbers of ChW domains are present in
heir respective proteins (Table 3). This arrangement suggests
hat there may have originally been fewer genes encoding ChW
roteins and that they were subsequently copied during a less
table period in the history of the genome of C. acetobutylicum.

The non-C. acetobutylicum proteins cluster together and
ppear to be derived from the C. acetobutylicum proteins.
oreover, the genera listeria, enterococci, streptococci have

een previously shown to cluster with clostridia in the low
+ C phylogenetic branch [30,31]. There are a limited number

f ChW domains in these genera. It is not an entirely unusual
peculation that ChW domains may have transferred from C.
cetobutylicum to other low G + C bacterial species.

In order to evaluate the relatedness of individual ChW
omains to each other we constructed a phylogeny using the
pproximately 47 residues of the ChW domains alone. In pro-
eins where more than one ChW domain is present, the domains
ere numbered from N- to C-terminal positions consecutively.
he phylogeny that results from using all 159 ChW domains

llustrates four major clusterings (Fig. 3B). In each cluster, the
st, 4th, 7th, and 10th ChW domains group together, as do the
nd, 5th, 8th, and 11th, as well as the 3rd, 6th, 9th, and 12th.
ote that not all ChW proteins contain as many as 12 ChW
omains, but the grouping of three is maintained in ChW pro-
eins with fewer ChW domains as well. An example of the 1st,
th, 7th, and 10th clustering is shown (Fig. 3C). This data indi-
ates that the ChW domains appear to function as triplets of
epeats and that the ChW domains may not be interchangable
ith one another.

.5. Predicted secondary structure of full length ChW
roteins and of ChW domains

The overall secondary structure predictions for ChW14 and
hW16/17 are quite comparable in the percentage of specific

econdary structures and the ordering of the �-helices, �-sheets,
nd random coils. When the predicted secondary structures are
xamined over the entire protein length the percentage of �-
elices and �-sheets were both approximately 20% and the
emaining 60% of the protein was predicted random coil. This
esult suggests that these two proteins likely have similar ter-

iary structures. Tertiary structure prediction is only available
hen a protein structure has been solved and reported, i.e., able

o serve as a template for the protein of interest. No protein
tructures have been solved with sequence similarity to ChW
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roteins. Thus, no protein is available in the non-redundant pro-
ein GenBank database to serve as a useful template for ChW14
nd ChW16/17.

When the predicted secondary structures of the ChW domains
ere examined they were not all the same for this conserved seg-
ent. The 159 ChW domains in the 29 ChW proteins could be

laced into six categories based on predicted secondary struc-
ure elements (Table 4). The number of ChW domains and the

epresentative percentage of each secondary structure is detailed
or all 159 ChW domains. Individual ChW domains appear to
ave three subsections. The most common structure within in
single ChW domain is �-sheet (69.2%), �-helix (55.9%), �-

p

c

ig. 3. Phylogenetic analyses. (A) Phylogenetic analysis of entire amino acid sequen
equences containing ChW domains using CLUSTALX and the phylogenetic relatio
orrespond to the frequency of occurrence of node in 1000 bootstrap replicates. Bootstr
f 1000 and 7 additional nodes had values greater than 900. Line length indicates perc
rganism to which the protein belongs and the gene identification number in the g
CO, Streptomyces coelicolor; TeryDRAFT, Trichodesmium erythraeum; ArthDRA
isteria monocytogenes; EF, Enterococcus faecalis; and gbs/SAG, Streptococcus ag
ach individual ChW domain in each protein. Alignments and phylogeny was perform
he ChW domains alone rather than the sequence for the entire protein was used. Th
hW domain position (e.g., ChW1–ChW12) at the end. The complete phylogeny in
omain (blue, green, and red) from C. acetobutylicum and a fourth cluster of non-C. a
th (ChW7), and 10th (ChW10) ChW domains in C. acetobutylicum in blue; the 2n
cetobutylicum in green; the 3rd (ChW3), 6th (ChW6), 9th (ChW9), and 12th (ChW
hW domains in black. (C) The clustering of the 1st, 4th, 7th, and 10th ChW domain
s in (B).
ial Technology 42 (2007) 29–43 35

heet (69.8%) (Table 4). Therefore, the most common predicted
econdary structure of a single ChW domain is �–�–� with each
econdary structure up to approximately 15 amino acids long,
or a total of about 45 residues. A total of 45 residues of sec-
ndary structure correlate well with the total average length of
he ChW domain of 47 amino acids long.

.6. β-Galactosidase assays of chw14 and chw16/17

romoters in wild type C. acetobutylicum and SKO1

In order to assess when and to what extent chw14 and
hw16/17 promoters were active we performed �-galactosidase

ce of ChW proteins. Multiple alignments were performed on microbial protein
nships were calculated using the neighbor-joining approach. Bootstrap values
ap values (not shown) of a total of 26 nodes were calculated; 10 nodes had values
ent sequence divergence (scale at top). The abbreviations indicate the microbial
enome encoding the specified proteins: CAC/P, Clostridium acetobutylicum;
FT, Arthrobacter sp. FB24; SdenDRAFT, Shewanella denitrificans; LMOh/f,
alactiae. (B) Phylogenetic analysis of the amino acid sequence representing
ed as specified in A with the exception that only the amino acid sequence for

e abbreviations are the same as in (A) with the additional specification of the
cluded 159 sequences aligned and indicated three clusters of every third ChW
cetobutylicum ChW domains (black). Shown are: the 1st (ChW1), 4th (ChW4),
d (ChW2), 5th (ChW5), 8th (ChW8), and 11th (ChW11) ChW domains in C.
12) ChW domains in C. acetobutylicum in red; and the non-C. acetobutylicum
s in C. acetobutylicum in blue as shown in (B). The abbreviations are the same
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Fig. 3. (Continued )
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Fig. 3.

eporter analyses. �-galactosidase stability tests [23] indicate
hat the turnover rate of the �-galactosidase enzyme allows it to
unction as a sensitive reporter. �-galactosidase reporter plas-
ids, pHT14 and pHT16, were constructed to assess promoter

ctivity for chw14 and chw16/17, respectively (Fig. 4A). �-
alactosidase analysis in wild type 824 showed that chw14 and
hw16/17 promoters are both active to approximately the same

xtent. The strength of the chw14 promoter is somewhat less
han that of chw16/17, with a 0.8-fold ratio of chw14/chw16/17
t peak activity. The promoters for chw14 and chw16/17, in
ild type 824, are both active during mid-exponential phase.

S
t
u
i

inued ).

herefore, the timing and strength similarities between chw14
nd chw16/17 indicate that both may be involved in the same
rocess providing similar or perhaps redundant functions in C.
cetobutylicum.

Our hypothesis was that chw14 and chw16/17 required
po0A for expression because these proteins were not detected

n SKO1 [7]. Thus, promoter activity was not expected in

KO1. Because SKO1 is an erythromycin resistant strain, a

hiamphenicol �-galactosidase reporter plasmid, pThiLac, was
sed. pThiLac, had been previously shown to function properly
n SKO1 [6]. Promoter activity of both chw14 and chw16/17,
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Table 4
Predicted secondary structures of each single ChW domain

Structure First sectiona Second sectiona Third sectiona

#b (%c) #b (%c) #b (%c)

�-Helix 14 (8.8) 89 (55.9) 7 (4.4)
�-Sheet 110 (69.2) 37 (23.3) 111 (69.8)
Mix 0 (0) 33 (20.7) 3 (1.9)
Random coil 35 (22.0) 0 (0) 38 (23.9)

a Section, each ChW domain appears to have three sections of predicted sec-
ondary structure with the first section defined as the most N-terminal and the
third section as the most C-terminal section of predicted secondary structure
within one ChW domain.

b Number of members with a specific predicted secondary structure in the
s
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pecified section of the ChW domain.
c Percentage of total number of members to which the specified number

orresponds. The total number is 159 ChW domains examined.

sing plasmids pTL14 and pTL16, respectively, appear consti-
utive in SKO1 (Fig. 4B).

Therefore, Spo0A either directly or via an intermediate

layer is not required for chw14 and chw16/17 expression, but
ay be required for stability or to delay protein turnover of
hW14 and ChW16/17. In contrast to �-galactosidase activity
bserved in wild type 824, in SKO1, the promoter of chw14

b
t
p
w

ig. 4. (A) In vivo determinations of promoter activities of chw14 and chw16/17 by
cetobutylicum ATCC 824. (i) Specific �-galactosidase activities for the negative con
ontrol, ptb promoter, closed square, 824(pHT4); chw14 promoter, open triangle, 824
verages during growth. (B) In vivo determinations of promoter activities of chw14 a
ultures in SKO1. (i) Specific �-galactosidase activities for the negative control with n
pen triangle, SKO1(pTL14); and chw16/17 promoter, X, SKO1(pTL16). (ii) Relatio
ial Technology 42 (2007) 29–43

as 1.6-fold greater than that of chw16/17 at its peak activ-
ty. The different �-galactosidase expression patterns in wild
ype 824 and SKO1 indicate that Spo0A or an intermediate
ndeed exerts control over chw14 and chw16/17 expression,
lbeit, not required for expression. Because chw14 is 1.6-fold
reater than chw16/17 in SKO1, this result suggests that in
ild type 824 either Spo0A directly or indirectly may act to

epress chw14 or may act to promote chw16/17. Copy num-
er differences are not likely to dramatically affect expression
evel between the two strains, since the replication origin, repL,
as present on both of the parent plasmids pThiLac and pHT3.
lternatively, Spo0A may affect general background mRNA

evels.

.7. Primer extension analysis of chw14 and chw16/17
xpression and transcription start site

Primer extension analysis has a two-fold objective: (i) to fur-
her characterize the expression pattern of chw14 and chw16/17

y determining when transcripts are detectable and (ii) to iden-
ify putative regulators of chw14 and chw16/17 by identifying the
recise 5′ end of the chw14 and chw16/17 transcripts. Results
ith total RNA from wild type 824 cells obtained from late

means of lacZ reporter for six replicate analyses of static flask cultures in C.
trol with promoterless �-galactosidase, open diamond, 824(pHT3); the positive
(pHT14); andchw16/17 promoter, X, 824(pHT16). (ii) Relationship of OD600

nd chw16/17 by means of lacZ reporter for six replicate analyses of static flask
o promoter �-galactosidase, open diamond, SKO1(pThiLac); chw14 promoter,
nship of OD600 averages during growth.



icrob

e
1
a
a

F
p
a
c
G
s
u

L. Sullivan et al. / Enzyme and M
xponential through early stationary phase (OD600 2.0, 8 h, and
2 h) indicate that chw14 mRNA is present at very low levels
t these time points despite starting with five times the standard
mount of total RNA (100 �g) (data not shown). The mRNA

t
u

c

ig. 5. Primer extension analysis for controlled pH (pH > 5) fermentation with stra
rimer designed to the 5′ end of lacZ are shown. 20 �g of RNA sample from OD600

nd 824(pHT16). Transcription start sites and promoter region sequence of chw14
hw14 (A) and chw16/17 (B) correspond to the transcription start sites shown on the
) were generated with the same primers as those used for the extension reactions. A

ite (underlined) [32], a putative binding site for Spo0A (0A box in lower case), a
nderlined). The arrows indicate the first codon of the open reading frame.
ial Technology 42 (2007) 29–43 39
ranscripts for chw16/17 were never detectable in wild type 824
sing 100 �g of starting total RNA (data not shown).

In order to increase the sensitivity of detecting chw14 and
hw16/17 mRNA transcripts the promoter regions of both genes

ins 824(pHT14) and 824(pHT16). (A) Primer extension products made with
1.2 was used for these experiments and was obtained from strain 824(pHT14)
and chw16/17. The transcripts (arrowhead) identified by primer extension for
sequences in brackets. The sequencing reactions products (lanes A, T, C, and

lso identified within the promoter region sequences are a predicted σA binding
transcription terminator structure (boxed), and a ribosome-binding site (RBS
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ere placed adjacent to the lacZ gene in the reporter plas-
ids. The higher sequence dosage of chw14 and chw16/17

n strains 824(pHT14) and 824(pHT16), respectively, allows
rimer extension products to be detected in early and late expo-
ential phase, respectively, until early stationary phase in strains
24(pHT14) and 824(pHT16), respectively. In wild type 824,
t appears that chw14 transcripts correlate with the results for
ts corresponding recombinant reporter strain; transcripts are
etectable in late exponential until early stationary phase (data
ot shown). For chw14 and chw16/17, a single rho-independent
erminator structure was predicted upstream of the predicted
romoter elements [32], suggesting that for each gene the tran-
criptional unit begins with that gene. Thus, the transcript end
ikely represents the true transcriptional start site.

This study examines the promoter structures of chw14 and
hw16/17 according to the published transcriptional organiza-
ion of C. acetobutylicum [32] and the mapped transcription start
ites (this study). The gene chw14 (CAC1532) and CAC1533

elong to the same transcriptional unit with a predicted σA

romoter region located 80 to 40 nucleotides upstream of the
TG. A predicted rho-independent transcriptional terminator is

p
t
1

ig. 6. Comparison of expression ratios of genes encoding ChW proteins. The expr
umber GSE5020 (http://www.ncbi.nlm.nih.gov/geo/)), time course [21] and M5/WT
ime is indicated with time = 0 being the moment when the stress started whereas f
s in their original paper. All values presented are log2 ratios with red indicating a h
han the control. Saturated red and saturated green indicate log2 ratios equal or grea
o measurable ratio for the time point or a gene not expressed according to the crite
omparison purposes, sporulation and solventogenic markers have been included.
ial Technology 42 (2007) 29–43

ocated at positions 292–252 upstream of the ATG. The mapped
hw14 transcriptional start site (Fig. 5A) is 39 nucleotides
pstream from the putative translation initiation codon with A
s the first transcribed nucleotide. A putative σA binding site,
TGCAA (17bp) TAAAAT began 32 nucleotides upstream of

he transcriptional start site indicating that this is the promoter
tructure directing transcription of chw14. Additionally, a puta-
ive Spo0A binding site, 0A box, was identified 91 nucleotides
pstream of the start site.

The gene chw16/17 (CAC2584) is a predicted singleton with
σA promoter region located 77 to 37 nucleotides upstream

f the ATG. Positions 148–101 upstream of the ATG har-
ors a predicted rho-independent transcriptional terminator.
he mapped chw16/17 transcriptional start site (Fig. 5B) is
6 nucleotides upstream from the putative translation initiation
odon with A as the first transcribed nucleotide. A putative σA

inding site, TTGAAA (17bp) TAAAAT began 33 nucleotides
pstream of the transcriptional start site indicating that this is the

romoter structure directing transcription of chw16/17. Addi-
ionally, a putative Spo0A binding site, 0A box, was identified
13 nucleotides upstream of the start site.

ession ratios for acetate, butyrate and butanol stress challenges (GEO deposit
[22] are shown. For the acetate, butyrate and butanol experiments the sampling
or the time course and M5/WT experiments, the sampling points are labeled
igher mRNA level than the control and green indicating a lower mRNA level
ter than 3 or equal or smaller than −3, respectively. Grey rectangles indicate
rion described [22]. Black rectangles indicate equal levels of expression. For

http://www.ncbi.nlm.nih.gov/geo/
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.8. DNA-microarray gene-expression studies

Because the function of genes encoding proteins with ChW
epetitive motifs is as of yet undiscovered the significance of
heir expression patterns cannot yet be fully appreciated. The
xpression of these genes is summarized below and seen in
ig. 6. These microarray studies examined gene expression dur-

ng a batch growth; challenges with acetate, butyrate, or butanol;
nd in a megaplasmid mutant strain (M5). First, the expres-
ion of many genes is altered at the transition from exponential
o stationary phase. Five genes are downregulated (CAC0539,
AC0540, CAC2290, CAC2325, CAC2367, and CAC2533) and

wo upregulated (CAC0538 and CAC1389).
Secondly, five genes are downregulated in response to

cid challenges, including both chw14 (CAC1532) and
hw16/17 (CAC2584). The three remaining genes are CAC2367,
AC0539 and CAC0540. These last two genes (CAC0539
nd CAC0540), which comprise a predicted two gene operon
32], are also downregulated as a response to butanol chal-
enges. Of the six genes (CAC0539, CAC0540, CAC1389,
hw14 [CAC1532], CAC2367, chw16/17 [CAC2584]) that show
ltered expression with the loss of the megaplasmid, two of them
re expressed in the exponential phase (chw14 and chw16/17)
ith the other four genes demonstrating downregulation.
Noteworthy among the genes in the ChW family, CAC3273

as an expression pattern very similar to that of sigE. The gene
igE is part of a bicistronic operon (spoIIGA-sigE) and encodes
late stage sporulation sigma factor, σE. The expression of
AC3273 is either at a very low level or not expressed at all
nder all conditions tested.

It is also interesting to note that chw14 and chw16/17 behave
imilarly under every condition tested: with the loss of megaplas-
id, with a challenge of acid or butanol, or during phases of

rowth. Thus, their strikingly similar expression pattern enforces
he hypothesis that these two genes perform the same or an
verlapping function.

Finally, not all of the genes in the ChW family dis-
lay interesting expression patterns. In fact, 8 of the 20
enes (CAC2532, CAC3272, CAC3274, CAC3275, CAC3275,
AC3278, CAC3279, CAC3280, CAP0002) appear to not be
xpressed at all. Either these genes are not expressed at a
etectable level under the conditions examined or they are pos-
ibly pseudogenes. While CAP0002 appears not to be expressed
nder the conditions of this study its expression has been
eported to be upregulated in the absence of spo0A in exponential
hase, as described below.

The expression of three genes in the ChW family was com-
ared in the SKO1 strain versus wild type C. acetobutylicum
icroarray analysis: CAC2290, CAP0002, and CAP0003

33]. That report encompassed approximately 25% of the C.
cetobutylicum genome and thus many of the genes in the ChW
amily were not part of that analysis. CAC2290 was never
ifferentially expressed in response to the presence or absence

f spo0A. All three genes appeared to be truly expressed through
he entire time course as their log mean intensity was above
00 units, with the exception of points A and H for CAC2290.
AP0003, and to a lesser extent CAP0002, were upregulated

e
i
t
c

ial Technology 42 (2007) 29–43 41

n the SKO1 strain as compared to wild type until the transition
o stationary phase [33].

. Discussion

.1. ChW domains

It is interesting to speculate what physiological relevance the
ovel ChW protein family might have in C. acetobutylicum.
he functional role the ChW domains play is unknown but they
ay interact with other proteins or substances in the environ-
ent [9]. The high degree of amino acid similarity between
hW14 and ChW16/17 and the same encoded gene structure

ndicate that these proteins may provide analogous or redun-
ant functions. The roles they play are likely to be specific to
he unique physiology of C. acetobutylicum because proteins
ith these domains are largely limited to this microbe. Whereas

ittle is known about the role of ChW proteins, one is known
o be modified, i.e., ChW16/17, but the exact post-translational

odification remains unknown [7]. While ChW14 protein is
he next most closely related to ChW16/17, this protein is not
pparently covalently modified [7]. It remains unknown how
any other ChW proteins require post-translational modifica-

ion for their activity, stability, or processing. ChW proteins
ontain N-terminal signal sequences suggesting a role on the
ell surface.

.2. Characteristics of surface proteins Gram-positive
rganisms

While the study of C. acetobutylicum surface proteins has
een limited, the surface proteins of many other Gram-positive
acteria have been extensively studied, especially the pathogenic
taphylococcus and Streptococcus genera. The functions of sur-
ace proteins in these bacteria studied are many-fold (for a
eview see Ref. [16]) and have common requirements. The sur-
ace proteins of these non-sporulating Gram-positives have been
ell characterized and require an N-terminal signal peptide, a

onserved LPXTG motif, and a C-terminal sorting signal for
ell wall anchoring [34]. However, the same requirements for
signal sequence, LPXTG motif, and sorting signal do not

ecessarily hold true for the sporulating clostridia and bacilli.
hile N-terminal signal sequences may or may not be present,

PXTG motifs and C-terminal sorting signals appear to be
bsent. Regardless of the potential differences in surface pro-
eins between non-sporulating and sporulating Gram-positive
acteria, the domain architectures of proteins in both are similar.

The surface proteins of sporulating and non-sporulating
acteria are modular, harbor repeat elements, are cleaved prote-
lytically, and may contain a large percentage of aromatic amino
cids.

The function of the repeating modules is either to bind to
target or substrate, to cleave the protein, or is unknown. For
xample, the toxin proteins of the sporulating bacteria Clostrid-
um difficile, TcdA and TcdB are not synthesized with an N-
erminal signal sequence [35] and how they are secreted from the
ell is unknown. TcdA and TcdB contain C-terminal 30-residue
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andem repeats which target eukaryotic cells [36] by binding
o specific carbohydrate compounds [37,38] and may also act to
leave the toxin proteins to their mature and active form. Among
he uncharacterized repeat structures with targeting elements,
romatic amino acids (W, Y, and F) are found regularly [39]. The
romatic residues may serve as stacking devices for the inter-
ction with carbohydrate ring structures, as has been observed
or sugar binding proteins in the periplasm of Gram-negative
acteria [39], but this function has yet to be demonstrated.

The two proteins examined in detail in this study, ChW14 and
hW16/17, have all the characteristics to be genuine surface pro-

eins in C. acetobutylicum in that they both contain functionally
ncharacterized repetitive ChW modules with a large number of
romatic residues. Moreover, ChW16/17 is cleaved in vivo at its
-terminus (data not shown), thus demonstrating a functional

ignal sequence. Evidence suggests that ChW14 and ChW16/17
re surface proteins, but because their location and function is
urrently indeterminate we instead investigated their regulation
y transcriptional proteins as a means of characterization.

.3. Correlation between gene expression and protein
ccumulation

The protein accumulation pattern in wild type 824 of both
hW14 and ChW16/17 [7] agrees well with the gene expres-

ion data, as determined by reporter expression, primer extension
ime course, and microarray analysis (this study). The ChW14
rotein increases in abundance during growth, especially at the
nd of exponential phase. At the transition from exponential to
tationary phase the peak levels of ChW14 protein is present.
y late stationary phase little ChW14 protein is detected, in
ontrast to ChW16/17 protein accumulation [7]. The chw14 pro-
oter is most active during mid-exponential phase and shut-off

y the transition to stationary phase (Fig. 4A). The primer exten-
ion time course (data not shown) indicates that transcripts are
etected from mid-exponential phase until the transition to sta-
ionary phase. The microarray data for chw14 indicates that this
ene is exponentially active and its transcripts may be some-
hat more stable than chw16/17 as chw14 transcripts continue
e detected during late stationary phase at the same level as early
tationary phase.

ChW16/17 expression patterns are similar to that of ChW14.
oth isoforms of ChW16/17 protein increase somewhat in
bundance during growth and especially accumulate during sta-
ionary phase with one isoform more abundant than the other [7].
he �-galactosidase data for chw16/17 is similar in timing and
trength to the promoter for chw14. The primer extension time
ourse (data not shown) indicates a similar timing of transcript
etection as that of chw14, with just a slightly earlier detection
f transcripts from early-mid-exponential phase until the transi-
ion to stationary phase. The pattern of ChW14 and ChW16/17
rotein accumulation can be explained by these proteins being
ore stable than their respective RNA transcripts, such that the

hW14 and ChW16/17 proteins synthesized remain detectable
uch later than when the promoters are active or the transcripts

re detected. The microarray data for chw16/17 show that this
ene is expressed most highly during exponential phase and has
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ow levels of transcripts detected at late stationary phase when
ts promoter is shut-off. Thus, chw16 may have shorter lived
ranscripts than chw14 at this late stage.

.4. Concluding remarks

In summary, while it is unknown what the functional sig-
ificance ChW14 and ChW16/17 and the entire ChW family
rovides for the physiology of C. acetobutylicum, this study pro-
ides a sound starting point for further research into this novel
roup. This study is a close examination of the expression pattern
nd promoters of two genes, chw14 and chw16/17, belonging to
he ChW family specific to C. acetobutylicum. Furthermore, this
tudy portrays a detailed analysis of the relationships among all
embers of the protein family using phylogenies and structure

redictions. Moreover, this study illustrates the different meth-
ds that can be utilized to analyze a family of proteins and the
enes that encode them when many of the protein domains may
e known and unknown.
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