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ABSTRACT 

The Clostridium thermocellum cellulase Ss is a subunit of the extra- 
cellular cellulase complex (cellulosome). It has previously been shown 
that Ss hydrolyzes crystalline cellulose synergistically with another 
subunit, SL. To study this synergism further, the authors cloned the 
gene coding for Ss (celS) and compared its sequence to other known 
cel genes. The celS, although unique in its DNA sequence, has many 
structural features similar to those found in other cel genes. These fea- 
tures include a ribosome biding site, signal peptide sequence, the 
existence of a conserved reiterated amino acid sequence, and a palin- 
dromic structure downstream from its open reading frame. 

Index Entries: Clostridium thermocellum; celS gene; cellulase; 
cellulose degradation; cellulase gene. 

INTRODUCTION 

Clostridium thermocellum produces  an extracellular cellulase sys tem 
highly active on the crystalline cellulose. The Avicelase activity (activity 
against Avicel, a microcrystalline cellulose preparation) of this cellulase 
sys tem resides mainly in an unusual ly  large protein aggregate (cellulo- 
some [1,2]), which has i m p e d e d  the mechanist ic s tudy  of this enzyme  
system. Purification of individual  componen t s  f rom the cel lulosome 
appears  to be a prohibitive job. For this reason, studies of this enzyme  
sys tem have been approached  most ly  th rough  the molecular  cloning of 

"Author to whom all correspondence and reprint requests should be addressed. 

Applied Biochemistry and Biotechnology 149 Vol. 39/40, 1993 



150 Wang and Wu 

cellulase genes. As a result, at least 15 endoglucanase genes, two xylan- 
ase genes, and two ~-glucosidase genes have been cloned into Escherichia 
coli (3-6). Many of those genes (including celA [7], celB [8], celC [9], celD 
[10], celE [11 ], cel F [12], celH [13], xynZ [14], bglA [15], and bglB [16]) have 
been sequenced. 

Significant insights into the process of cellulose degradation by this 
enzyme system can be expected when the synergism between these cloned 
cellulase components is studied. However, at this time, it is not clear how 
many of these components are part of the cellulosome that accounts for 
most of the Avicelase activity. It would therefore be useful to target the 
cloning at the cellulosome subunits. In previous work, two cellulosome 
subunits essential for degrading crystalline cellulose, Ss (Mr= 82,000) and 
SL (Mr=250,000), have been identified (17). Ss and SL act synergistically 
to degrade crystalline cellulose. The properties of their activity are consis- 
tent with those observed with the crude enzyme preparation (18). To 
study the synergism between Ss and SL further, the gene coding for Ss 
(celS) has been cloned using an oligonucleotide probe derived from the 
N-terminal amino acid sequence of Ss. The cloning of celS and its com- 
plete DNA sequence are published in a separate paper (19). In this article, 
the structural features of celS are compared to other known cel genes from 
C. thermocellum. 

MATERIALS AND METHODS 

Bacterial Strains and Vectors 

Clostridium thermocellum ATCC 27405 was used as a source of the Ss 
protein and for genomic DNA. The cloning vectors used were phage 
Lambda ZAPII (Stratagene, CA) and plasmid pBR322. E. coli XL-1 Blue 
{ recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac IF' proAB lacIqZ~ M15 
Tnl0(tetr)]} was used as the cloning host for bacteriophage Lambda 
ZAPII. E. coli DH10B [F- mcrA A(mrr-hsdRMS-mcrBC) c~80z~lacZMCI15 
A lacX74 endA1 recA1 deoR A (ara, leu) 7697 araD139 galU galK nupG rpsL X- ] 
was used as the host for pBR322. Growth and maintenance were carried 
out as described in a separate paper (19). 

Cloning and Sequencing of the Ss Gene 

The detailed procedures for cloning and sequencing the Ss gene are 
described in a separate paper (19). In brief, the N-terminal amino acid 
sequence of the native Ss protein was determined as described by 
Matsudaira and by LeGendre and Matsudaira (20, 21). An oligonucleotide 
probe was constructed based on this amino acid sequence and used to 
screen C. thermocellum genomic libraries. Positive clones were sequenced 
using the dideoxy termination method (22). A DNA insert was found to 
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Table 1 
Characteristics of Cloned C. thermocellum Endoglucanases a 

151 

Cloned gene Length, bp Predicted mol wt, dalton Actual mol wt, dalton b 

celA 1344 52,503 56, 000 
celB 1689 63,857 66,000 
celC 1032 40,439 38,000 
celD 1947 72,344 65,000 
celE 2442 90,211 - 
celF 2217 82,015 - 
celH 2702 102,301 - 
celS 2223 80,670 82,000 

aData taken from refs. (7-13,19). 
bMolecular weight of the native protein produced by C. thermocellum. 

contain a sequence coding for the N-terminal amino acid sequence of Ss. 
This clone contained a truncated structural gene of Ss. The complete open 
reading frame of the Ss gene was obtained by a "chromosome wa lk"  pro- 
cedure and by subsequent  reconstruction of the sequence from a total of 
four clones. 

DNA Sequence Analysis 

The DNA sequence was analyzed using the computer  software 
package developed by the University of Wisconsin Genetics Computer  
Group (23,24). 

RESULTS AND DISCUSSION 

The Open Reading Frame 
The translated sequence of celS consists of 2223 bp, which encode a 

peptide of 741 amino acid residues, including a putative signal peptide of 
27 amino acid residues. The 714 amino acid residue CelS protein has a 
predicted mol wt of 80,670 daltons (19). The comparison of its size to 
sizes of other C. thermocellum cel genes of known sequence is shown in 
Table 1. CelE and CelH are clearly larger than Ss. On the other hand,  CelF 
has a very similar size to Ss, although they share no homologous sequences 
except the conserved reiterated sequence described below. The rest of the 
genes of known  sequences are much  smaller than celS. 

The Amino Acid Composition 

The amino acid composition of the deduced celS product is shown in 
Table 2. The composition is not unique compared to other cel gene pro- 
ducts, including CelA, CelB, CelC, CelD, and CelH. It is notewor thy  that 
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Table 2 
Amino Acid Composition of CelS 

Deduced from the Nucleotide Sequence 

Amino Acid Number Percentage 

Ala 60 8.4 
Cys 2 0.3 
Asp 50 7.0 
Glu 38 5.3 
Phe 27 3.8 
Gly 65 9.1 
His 12 1.7 
IIe 27 3.8 
Lys 42 5.9 
Leu 38 5.3 
Met 18 2.5 
Asn 33 4.6 
Pro 37 5.2 
Gin 21 2.9 
Arg 25 3.5 
Ser 47 6.6 
Thr 50 7.0 
Val 40 5.6 
Trp 28 3.9 
Tyr 54 7.5 

714 99.9 

there are only two cysteine residues in the entire sequence of Ss. Other  C. 
thermocellum cel genes also have low cysteine contents, except for celF, 
which contains 7% cysteine (12). 

The Ribosome Binding Site 
A putative ribosome binding site is located in the 5' end of celS. It is 

highly homologous to other Shine-Dalgarno sequences from C. ther- 
mocellum (Fig. 1). However ,  as in many  other cel genes, no obvious pro- 
moter  sequence can be identified in celS. 

The Signal Peptide Sequence 
The deduced amino acid sequence of celS contains a sequence similar 

to the signal peptide sequence for prokaryotic secretory proteins. This 
signal peptide sequence is located upstream of the N-terminal amino acid 
sequence of the Ss protein, confirming that Ss is a secreted protein. As 
shown in Fig. 2, the signal peptides of various C. themocellum genes are of 
different length. However ,  they all share general characteristics, such as a 
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CelS 5'- 
CelA 5'- 
CelB 5'- 
CelC 5'- 
CelD 5'- 
CelE 5'- 
CelF 5'- 
CelH 5'- 
XynZ 5'- 
BglA 5'- 

-3 '  
-3 '  A G G A G G A I  -3 '  

A G G A G G A ]  -3'  
A G G A G G A J  
A ~G['G-] G G_.~ A - 3 '  
A G GA GIA G -3'  

[AG GIG AIGLG, G - 3 '  
I A G G A G G A I -3'  
IA 

CONSENSUS 5'- A G G A  G G A  -3'  

Fig. 1. A comparison of ribosome binding sites from the celS, celA, celB, 
celC, celD, celE, celF, celH, xynZ, and bglA genes from C. thermocellum. The con- 
sensus Shine-Dalgarno sequence is also shown. 

short region rich in positively charged amino acid species, followed by a 
sequence of predominantly hydrophobic residues, a residue breaking the 
secondary structure (glycine or proline), and a cleavage site ending with 
alanine, glycine, or serine (25). 

The Conserved Reiterated Sequence 

Comparison of the deduced CelS amino acid sequence with sequences 
of other cellulases from C. thermocellum and other organisms revealed no 
global homologies (23, 24). However,  the deduced celS peptide contains a 
highly conserved reiterated sequence of 24 amino acids, found also in 
CelA (7), CelB (8), CelD (10), CelE (11), CelF (12), CelH (13), CelX (11), 
and XynZ (14) of C. thermocellum, as well as in CelCCA (26) of C. celluloly- 
ticum (Fig. 3). This sequence is located near the C-terminus of CelS and 
most of the other proteins. The reiterated sequences in celS are linked by 
eight amino acid residues similar to those in CelA and CelB (Fig. 3). It has 
been suggested that the reiterated sequences play a role in cellulose bind- 
ing or in protein-protein interaction (7,27). 

The Palindromic Structure 

Downstream from the open reading frame of celS, a palindromic se- 
quence is located 16 bp from the stop codon. A possible s tem and loop 
structure is shown in Fig. 4. Similar structures have been reported follow- 
ing the open reading frames of celA (7), celB (8), celD (10), celH (13), xynZ 
(14), and bglA (15) of C. thermocellum. These structures probably play a 
role in transcription termination (28). 
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Fig. 2. A comparison of the signal peptides of the CelS, Cela, CelB, 
CeIC, CelD, CelE, CelF, CelH, and XynZ proteins from C. thermocellum. 

The Hydrophil icity Plot 

A hydrophilicity plot, generated by the Kyte-Dootittle algorithm (29), 
of the CelS protein is shown in Fig. 5. Except for the region of the signal 
peptide and a few other short hydrophobic regions, the protein is 
generally hydrophilic. 
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CONCLUSION 

The celS is a new cel gene identified from C. thermocellum. It shares 
many structural features with other cel genes from the same bacterium. It 
is probably one of the first of the identified cel genes k n o w n  to code for a 
cellulosome subunit.  Since the celS product  is one of the key subunits of 
the cellulosome for degrading crystalline cellulose, its availability will be 
useful for elucidating the mechanism of this enzyme system. 
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ADDENDUM IN PROOF 

Since this article was submitted, the CelS deduced amino acid se- 
quence has been found to have greater than 50% homology with two par- 
tial OFRs. One ORF is located upstream of the celCCC gene of Clostridium 
cellulolyticum (Bagnara-Tardif, C., Gaudin,  C., Belaich, A., Hoest, P., 
Citard, T., and Belaich, J.-P. 1992. Gene 119: 17-28) and the other pre- 
cedes the manA gene of Catdoceltum saccharolyticum (Luthi, E., Jasmat, N. 
B., Grayling, R. A., Love, D. R., and Bergquist, P. L. 1991. Appt. Environ. 
MicrobioI. 57: 694-700). The complete genes for these two polypeptides 
have not been reported. 
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