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The enzyme diversity of the cellulolytic system produced by Clostridium cellulolyticum grown on crystalline
cellulose as a sole carbon and energy source was explored by two-dimensional electrophoresis. The cellulolytic
system of C. cellulolyticum is composed of at least 30 dockerin-containing proteins (designated cellulosomal
proteins) and 30 noncellulosomal components. Most of the known cellulosomal proteins, including CipC,
Cel48F, Cel8C, Cel9G, Cel9E, Man5K, Cel9M, and Cel5A, were identified by using two-dimensional Western
blot analysis with specific antibodies, whereas Cel5N, Cel9]J, and Cel440 were identified by using N-terminal
sequencing. Unknown enzymes having carboxymethyl cellulase or xylanase activities were detected by zymo-
gram analysis of two-dimensional gels. Some of these enzymes were identified by N-terminal sequencing as
homologs of proteins listed in the NCBI database. Using Trap-Dock PCR and DNA walking, seven genes
encoding new dockerin-containing proteins were cloned and sequenced. Some of these genes are clustered.
Enzymes encoded by these genes belong to glycoside hydrolase families GH2, GH9, GH10, GH26, GH27, and
GHS59. Except for members of family GH9, which contains only cellulases, the new modular glycoside hydro-
lases discovered in this work could be involved in the degradation of different hemicellulosic substrates, such

as xylan or galactomannan.

Cellulose, a long polymer of B-1,4-glucose, is the major
component of the plant cell wall (39). Cellulolytic bacteria and
fungi secrete many different types of cellulases to catalyze
efficient degradation of this recalcitrant substrate. Many cellu-
lolytic, anaerobic microorganisms secrete multienzyme com-
plexes, called cellulosomes (2, 9, 41). The large number and
the diversity of enzymes secreted by these microorganisms
reflect the complex chemical composition of the polysaccha-
rides surrounding the cellulose fibrils in the plant cell wall.
Cellulosomal enzymes are active against numerous substrates,
such as crystalline cellulose, and the backbone or side chains of
xylans, mannans, and pectins, and the enzymes display various
modes of action (endo-, exo-, or processive substrate degrada-
tion) (2, 9, 41). Most of the cellulosomal enzymes cleave gly-
cosidic bonds by hydrolysis, but a few of them utilize a beta-
elimination mechanism (37, 41). Cell wall-degrading enzymes
are classified into three distinct groups: glycoside hydrolases,
polysaccharide lyases, and carbohydrate esterases (CAZY
database [http://afmb.cnrs-mrs.fr/~pedro/CAZY/db.html]) (6).
Each cellulosomal enzyme contains, in addition to its catalytic
domain, a noncatalytic domain termed a dockerin which is able
to interact with the repetitive homologous cohesin domains of
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a noncatalytic scaffolding protein (2, 9, 41). A carbohydrate
binding module (CBM) promotes the binding of the scaffold-
ing protein and therefore the binding of the cellulosome to
cellulose.

In addition to cellulosomes, saprophytic clostridia secrete
noncellulosomal cellulases and hemicellulases (2, 8, 26, 41).
These enzymes, which lack a dockerin domain, are not incor-
porated into the multienzyme complexes. They bind to the
substrate by specific CBMs and constitute a complementary
enzymatic system for the hydrolysis of plant cell wall polysac-
charides. Both free (noncellulosomal) and cellulosomal en-
zymes are necessary for effective plant cell wall degradation,
and the two enzymatic systems probably act synergistically
(8, 206).

At this time, the sequence of the complete genome of the
mesophilic organism Clostridium cellulolyticum is not available.
However, 12 genes encoding C. cellulolyticum cellulosomal
components have been found in a large 26-kb cluster, cipC-
cel48F-cel8C-cel9G-cel9E-orfX-cel9H-cel9]-manSK-cel9M-rgl1 1Y-
cel5N (29, 30, 31, 35). The first gene of the cluster, cipC,
encodes the scaffolding protein CipC, composed of a family
3 CBM (CAZY database [http://afmb.cnrs-mrs.fr/~pedro
/CAZY/db.html] CBM classification), two X2 domains having
unknown functions, and eight cohesins (35). Each cohesin is
able to interact with a dockerin domain. Eight genes encode
cellulases, which belong to families GH48, GHS8, GH9, and
GHS. The man5K and rgl11Y genes encode a mannanase and
a thamnogalacturonan lyase, respectively (37, 38). In the gene
cluster, orfX encodes a membrane-associated protein having an
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unknown function and harboring a cohesin domain (35). In
addition to this cluster of genes, two isolated genes encoding
GHS cellulases (cel5SA and cel5D) and a two-gene cluster
(cel5I-cel440) have been isolated (29). Cel51, encoded by the
cel5I gene and lacking dockerin, is a noncellulosomal enzyme.
Thus, 13 genes encoding dockerin-containing proteins are
known to date, while only eight cohesins are present in CipC.
The number of enzymes potentially able to bind to the scaf-
folding protein CipC is higher than the number of cohesins in
CipC, indicating that there is heterogeneity in the composition
of the cellulosomes produced. Moreover, about 12 dockerin-
containing proteins were detected by one-dimensional so-
dium dodecyl sulfate (SDS)-polyacrylamide gel electrophore-
sis (PAGE) analysis of the cellulolytic system produced by
cellulose-grown cells of a cipC insertional mutant of C. cellulolyti-
cum designated cipCMutl (31). None of the enzymes encoded
by the cel gene cluster was found in this strain, indicating that
numerous dockerin-containing proteins are encoded by genes
not yet isolated.

The aim of the present study was to investigate the enzyme
composition and diversity of the cellulolytic system of C. cel-
lulolyticum grown on crystalline cellulose. For this purpose, the
cellulolytic system produced by C. cellulolyticum was analyzed
by two-dimensional (2D) PAGE. The proteins containing a
dockerin domain were detected using a biotin-labeled cohesin-
containing protein. Of the 30 dockerin-containing proteins de-
tected, most of the known proteins, namely, Cel48F, CelS8C,
Cel9G, Cel9E, Man5K, Cel9M, Cel5A, Cel5N, Cel9J, and
Cel440, were located on the 2D gel. In addition, the cellulo-
lytic system of C. cellulolyticum contains 30 noncellulosomal
proteins that lack a dockerin domain. Genes encoding new
dockerin-containing proteins, detected by 2D PAGE, were
cloned and sequenced by a suitable PCR method, designated
Trap-Dock PCR, followed by DNA walking.

MATERIALS AND METHODS

Bacterial strains. C. cellulolyticun ATCC 35319 was used as the source of
genomic DNA. For production of cellulosomes and noncellulosomal enzymes, C.
cellulolyticum was grown anaerobically for 6 days at 32°C on basal medium (H10)
(16) supplemented with MN300 cellulose (7.5 g/liter; Serva).

Preparation of the cellulolytic system of C. cellulolyticum. C. cellulolyticum was
grown on crystalline cellulose as described above. A 6-day culture was filtered
through a 3-wm-pore-size glass filter (GF/D glass microfiber filter; Whatman).
Residual cellulose fibrils retained by the filter, on which cellulosomal and some
noncellulosomal enzymes (free enzymes) were bound, were washed successively
with 50 mM phosphate buffer (pH 7) and 12.5 mM phosphate buffer (pH 7). A
fraction, called the Fc fraction, containing the cellulolytic system (cellulosomal
and noncellulosomal enzymes) was eluted from the residual cellulose with water
as described by Perret et al. (38). The Fc fraction was concentrated by ultrafil-
tration with an Amicon cell (membrane molecular mass cutoff, 10 kDa).

2D PAGE, Western blotting, and detection of dockerin-containing proteins.
Two 7-cm-long ReadyStrip linear immobilized pH gradient (IPG) strips (pH 4 to
7 and pH 3.9 to 5.1; Bio-Rad, Richmond, CA) were used. Seventy-five or 150 pg
of the Fc fraction was incubated for 1 h at room temperature in 125 pl (final
volume) of denaturing solution containing 8 M urea, 9 M thiourea, 2% (wt/vol)
3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS),
traces of bromophenol blue, 2.8 mg/ml dithiothreitol, and 2% (vol/vol) IPG
buffer (pH 4 to 7 or pH 3.9 to 5.1). After this incubation, the denaturing solution
containing the sample was used to passively hydrate the IPG strips. The IPG
strips were then placed on a Multiphor II electrophoresis unit (Amersham
Pharmacia Biotech) for isoelectric focusing (IEF). For the second dimension, the
IPG strips were equilibrated for 20 min in 10 ml of equilibration solution (50 mM
Tris-HCI [pH 8.8], 6 M urea, 30% [vol/vol] glycerol, 2% [wt/vol] SDS, traces of
bromophenol blue, 10 mg/ml dithiothreitol). The IPG strips were then subjected
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TABLE 1. Primer sequences

Primer Sequence”
dock-In.... ITCDATIGCITCDATRTTNCCITCRTTRTTNACITCICC
p4ldir.. ..GCNACNCCIACIGGIAARIGNITNAARGAYGTNCA
p4ldl .. .CTAACAATTATAAGGTTCATGGA
p4lrl ... CAAACTATTTTGTGAAGGTTCTAA
p4ld2 .. .ACTAATTCGACTGAACTTCAAA
p4lr2... ..CACGTACATCCATCTCAGTTAT
pGHOYd1.. ..GACAACGGTAAGCTTCTTTGGGGAGAGG
pGH9d2.. .TTGAATACAAAAATGGCGTAGGTTCC
pGHOr2... .ACTCTGCCGGCATTATCTGTGTACCC
pGHOr3... .GATACTGCATCAAAGTCCGGCG
pGH9d4.. .CAGGCAGGTCGTGATGAAAGTTAC
pGHOr4... .CTTACATCATCCCAGCAGTGCG
pGHOIdS5.. .TGCCGGAAGCGAAACATTTTG
pGHOrS .ATGTGTTTAAGAGTAGGACGTTG
po0dir.. ..GGNACIGAITAIAAITAIGCIAARITNITNCAITA
po0d1 ..GGCAGAATAAGAGTGTGCTTGACCC
p90r1 .TCCAGGTGTATTGGTTATTTTCGCC
p90d2 .TGTGTTTGTGACAACGGCGTTCTAG
po0r2.. ..GATGACTCCAGTCATCAGTCGGATTCCA
pMand1 .AACATACCCTTTCCCGTCAGACG
pManrl .TGTAAGATGCCATCCGTACCAAGG
pMand2 ..GCTGTACAGACTGCTATTCG
pManr2 .CTGAAAAGTACTGGAACACCT
p50dir .TNAAYAAYICNITNGGNITNACNCCICCIATGGG
p50d1 .GGATGCAAAGACATTTGCTTCATGGG
p50r1 ..CAAGTTCCCATTGGAATCTCTTGCAGG
p50d2 .GACCAGCGGAGGCAATATTGAGATTAG
pS0r2 .TATGAGCCCGTAAAACTGCCTTTGTCAG
p50d5 .CGTATACTTGTTCCGGCTGGG
p50r5 ..GAGGCAATTGTACCCGCACC
p50d12 .CACTAAGTCCGACCCGACAG
p50r12 ..GGTATGGCCTTGAATCAGGG
p59d6 ..GATCTGGCAAGCGGCTATTAC
p59r6 .TGATAGAGATGTTATGCCATGCA
p59d7 .ATGTGGATTTCGGCGATGG

.CCACATCCTCTCCGCCTTC

“ In degenerate primers, I = inosine, Y = Cor T, N =A,G,C,orT,R = A
orG,and D = G, A,or T.

to a second electrophoresis on an SDS-polyacrylamide gel containing 8% (vol/
vol) or 10% (vol/vol) polyacrylamide (Prosieve 50 gel solution for protein anal-
ysis; TEBU). Electrophoresis was performed using a Hoefer mini VE system
(Amersham Pharmacia Biotech). After fixation (10% [vol/vol] acetic acid, 25%
[vol/vol] isopropanol), proteins were visualized by silver or Coomassie blue
staining (21, 34). A protein silver-staining kit (Amersham Bioscience) was used.

Proteins were blotted onto nitrocellulose (Ba83; Schleicher & Schuell) for
Western blotting with specific antibodies (31, 36) and for detection of dockerin-
containing protein with biotinylated miniCipC (36).

N-terminal sequencing. After 2D PAGE, proteins were transferred onto a
polyvinylidene difluoride membrane (Schleicher & Schuell), incubated with fix-
ation buffer, stained with Ponceau Red, cut out, and sequenced by the Edman
method by using an Applied Biosystems 470A sequencer (Plateforme Protéome,
Institut de Biologie Structurale et Microbiologie [IBSM], CNRS, Marseille,
France).

Zymograms. Zymograms with xylan (oat spelt xylan; Sigma) and carboxy-
methyl cellulose (CMC) were obtained by incorporating 0.1% (wt/vol) of each
substrate into the polyacrylamide gels used for second-dimension electrophoresis
(3). After electrophoresis, the gels were washed twice 30 min with 100 mM
potassium phosphate buffer (pH 7) containing 25% (vol/vol) isopropanol and
twice for 15 min with the same buffer without isopropanol. The gels were then
incubated for 90 min at 37°C in 100 mM potassium phosphate buffer (pH 7). The
enzymatic activities were visualized after 30 min of staining with Congo red
(0.5%, wt/vol) and destaining with 1 M NaCl.

Trap-Dock PCR. Genomic DNA from C. cellulolyticum (150 ng) was used as
a template to amplify genes encoding P90, P50, and P41a. Three oligonucleotide
pairs were used (oligonucleotides dock-In and p90dir, oligonucleotides dock-In
and p50dir, and oligonucleotides dock-In and p41dir) at final concentrations of
10 pM for primer dock-In and 2 uM for the other primers (Table 1). The
degeneracy of each primer was decreased by use of inosine for substituting
4-base wobbles instead of using all 4-base substitutions. Tag DNA polymerase
(Promega), which allowed synthesis of DNA with an inosine-containing tem-
plate, was used for amplification. Compared to standard PCR conditions, lower
annealing and elongation temperatures were used (40°C and 65°C, respectively)
and higher PCR cycle numbers (40 to 45 cycles) were required. Each amplified
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FIG. 1. Composition of the cellulolytic system of C. cellulolyticum and localization of the dockerin-containing proteins. (A and B) Proteins of
the Fc fraction were separated on two-dimensional gels (12% polyacrylamide with IEF at pH 4 to 7 [A] or 8% polyacrylamide with IEF at pH 3.9
to 5.1 [B]) and silver stained. The gel images are oriented with the IEF dimension horizontal and the SDS-PAGE dimension vertical. (C and D)
After blotting, proteins separated by 2D electrophoresis on 12% polyacrylamide with IEF at pH 4 to 7 (C) and proteins separated by 2D
electrophoresis on 8% polyacrylamide with IEF at pH 3.9 to 5.1 (D) were incubated with biotinylated miniCipC. The positions of known proteins,
including CipC, Cel48F, Cel8C, Cel9G, Cel9E, Man5K, Cel9M, CelSA, Cel5N, Cel9J, and Cel440 are indicated by arrows, as are the positions
of some unknown proteins. Each unknown protein, indicated by bold type, is designated “P” followed by a number referring to the molecular mass
of the protein. The N-terminal sequences of these proteins and their enzymatic activities as determined by zymogram assays are shown on Table
3. P32b, P41b, P42, P45, P66, P72, and P105 (in bold type with an asterisk) did not interact with biotinylated miniCipC and presumably lack

dockerin.

DNA fragment was directly cloned into the pPGEM-T vector (Promega) to obtain
the recombinant plasmids designated pGp90, pGp50, pGp41/1200, and pGp41/
400. The recombinant vector pGp41/1200 contains a 1,200-bp fragment amplified
with primers dock-In and p41dir, whereas pGp41/400 contains a 400-bp fragment
amplified with the same oligonucleotides. Each insert was sequenced (dye ter-
minator method) by GATC Biotech (Germany).

Chromosomal DNA walking. 5’ and 3’ DNA regions of each gene were am-
plified by inverse PCR (42) (Expand High Fidelity; Roche Applied Science)
using total chromosomal DNA of C. cellulolyticum digested with several restric-
tion enzymes (EcoRI, Accl, Pvull, Pstl, Sspl, HaellI, Haell, and HindIIT) and
circularized. Primers listed in Table 1 were used to amplify DNA sequences
flanking the xynl0A gene (p41dl, p4lrl, p41d2, and p41r2), to amplify DNA
sequences flanking the cel9Q gene (pGH9d1, pGH9d2, pGH9r2, pGHO9r3,
pGH9d4, pGHOr4, pGH9d5, and pGHIr5), to amplify DNA sequences flanking
the cel9P gene (p90d1, p90rl, p90d2, p90r2, pMandl, pManrl, pMand2, and
pManr2), and to amplify DNA sequences flanking the gal274 gene (p50d1,
p50r1, p50d2, p50r2, p50dS, p50rS, p50d6, pS0r6, p50d7, pS0r7, p5S0rl2 p50d12,
p59r6, p59d6, p5917, and p59d7).

Amino acid sequence analysis. Protein sequences were compared to the amino
acid sequences in the NCBI sequence databases using the BLAST program. The
statistical significance of matches with database-registered proteins was calcu-
lated for each new protein using two different programs, protein-protein BLAST
(BlastP) and a search for short, nearly exact matches.

Protein domain compositions were analyzed by using ProDom (protein do-

main analysis; http://protein.toulouse.inra.fr/prodom/current/html/home.php), a
database of protein families and domains.

Nucleotide seq i s. Nucleotide sequences have been
deposited in the GenBank database under the following accession numbers:
DQ778331 for a 2.286-kb DNA fragment containing xynl0A4, DQ778332 for a
3.012-kb DNA fragment containing ce/9Q, DQ778333 for a 8.777-kb DNA frag-
ment containing genes encoding CBM-containing proteins (orf3, gal27A4, gal59A4,
and orf4), and DQ778334 for a 5.411-kb DNA fragment containing man26A4 and
cel9P.

h
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RESULTS

Two-dimensional electrophoresis profile of the cellulolytic
system of C. cellulolyticum. The components of the cellulolytic
system of C. cellulolyticum (Fc fraction), prepared as described
in Materials and Methods, were separated by two 2D PAGE
(Fig. 1A and B). About 60 proteins were silver stained, which
was significantly more than the 15 proteins detected by a pre-
vious one-dimensional SDS electrophoresis analysis of the Fc
fraction stained with Coomassie blue (15).

Eight of the 13 known cellulosomal proteins (CipC, Cel48F,



VoL. 189, 2007

TABLE 2. Known proteins belonging to the cellulolytic system of
C. cellulolyticum detected on two-dimensional gels

. Theoretical Theoretical
Protein N_termm?‘l isoelectric molecular
sequence point mass (Da)

CipC AGTGWSVQF 4.96 155,725
Cel48F ASSPANKVYQ 5.15 77,620
Cel8C ADQIPFPYDA 5.47 47,199
Cel9G AGTYNYGEAL 5.04 76,109
Cel9E FALVGAGDLI 5.16 94,165
Man5K ATTYKLGDVD 4.63 45,071
CelOM AGTHDYSTAL 4.84 54,504
Cel5A YDASLIPNLQ 5.44 50,710
Cel5SN AVDTNNDDWL 4.61 56,641
Cel440 ADXSXAINV 4.60 90,898
Cel9J GSTTPPENYA 4.86 81,194

“ Except for Cel8C, the N-terminal sequences were determined experimen-
tally. The extremely close migration zones of Cel440 and P99 made individual
N-terminal-extremity sequencing very difficult, and in the N-terminal sequence
of Cel440, X indicates an amino acid that was not clearly identified.

Cel8C, Cel9G, Cel9E, Man5K, Cel9M, and Cel5A) were iden-
tified by 2D Western blot analysis using specific antibodies. As
expected, the scaffolding protein CipC appears to be one of the
most abundant proteins of the system, together with the dock-
erin-containing cellulases Cel48F and Cel9E (Fig. 1A and B).
N-terminal sequencing performed for CipC, Cel48F, Cel9E,
Cel9M, Cel9G, Cel5A, and Man5K confirmed the results ob-
tained by 2D Western blotting (Table 2). Antibodies against
Cel5A and against Cel9G recognized two and three proteins
with slightly different isoelectric points and the same apparent
molecular mass. These proteins, having the same amino-ter-
minal sequence, appeared to be isoforms of the cellulases
Cel5A and Cel9G.

Since antibodies raised against the five remaining known
cellulosomal proteins (CelSN, Cel9J, Cel9H, Cel5D, and
Cel440) were not available, the putative migration zones of

2D MAPPING AND GENE CLONING OF CELLULOSOMAL ENZYMES

2303

these proteins were determined on the basis of their theoret-
ical isoelectric points and molecular masses (Table 2), and
N-terminal sequencing was performed. This procedure resulted
in localization of two Cel5N isoforms, Cel9J, and Cel440 (Fig. 1A
and B).

P105, a major protein in terms of abundance, which was
previously detected by Maamar et al. (31) and had the N-
terminal sequence ASGSYEFEDQATVLKDLGIWQGDTT,
was easily detected on 2D gels (Fig. 1A and B). Its N terminus
did not exhibit any similarity with known proteins involved in
plant cell wall degradation.

Dockerin-containing proteins were detected with biotin-
ylated miniCipC (36). About 30 distinguishable proteins pos-
sess a dockerin domain, including the two major cellulases
(Cel9E and Cel48F), as well as Cel8C, Cel5A, Man5K, and
Cel9G (Fig. 1C and D). Surprisingly, Cel9M, a cellulosomal
protein, did not interact with the biotinylated miniCipC in the
experimental conditions used (Fig. 1D). This result indicates
that the number of cellulosomal proteins is probably underes-
timated by the method used. So far, 13 genes encoding C.
cellulolyticum cellulosomal cellulases have been isolated and
sequenced. Of the 30 dockerin-containing proteins revealed by
2D PAGE of the cellulolytic system of C. cellulolyticum, 10
were already known. Thus, at least 20 cellulosomal proteins
produced by C. cellulolyticurm grown on crystalline cellulose
remain unknown.

In addition, the cellulolytic system of C. cellulolyticum con-
tains about 30 proteins that lack a dockerin domain.

N-terminal sequencing of new Fc fraction components. The
N-terminal sequences of 11 new components of the C. cellulo-
lyticum cellulolytic system were determined by Edman se-
quencing of proteins separated by 2D electrophoresis (Table 3
and Fig. 1A and B). For some of these components (P90, P50,
P42, P35, and P32a) a BLAST search (BLAST for short nearly
exact matches) against the sequences deposited in the NCBI

TABLE 3. New components of the Fc fraction of C. cellulolyticum

Identity with another protein or domain Zymogram

Protein” N-terminal sequence P
%° Protein or domain (accession no.) activity
P99 AAAIXVSIDTI NS CMCase
P90 (= Cel9P) GTEYNYAKLLQYXQ 90 Cel9T, C. thermocellum (ABO44407.2) ND
P76 ATDSTXPGFXVE NS ND
P72¢ MTTNKKLEA NS ND
P66¢ AEPGVA NS CMCase
P69 Not sequenced NS CMCase
P50 LNNSLGLTPXMG 83 Aga27A, C. josui (ABO25362.1) ND
P45¢ XKLVPAHGGKSLV ND
P42? LEPPCLYGDXNGD 69 Dockerin domain of a 537-amino acid protein ND
(CtheDRAFT 0895 ZP_00510083 from C.
thermocellum)
P4la (= Xynl0A) ATPTGKRLKEVQ NS Xylanase
P41b¢ Not sequenced NS Xylanase
P32a ATXITENKTGTI 88 Xynl1D, P. multivesiculatum (AJ516958) Xylanase
P32b¢ Not sequenced NS Xylanase
P35 EASSADNEVVGSYTLFGDLNND 81 Eng9Y dockerin domain, C. cellulovorans (AAG59608) ND

“ Each protein was designated “P” followed by a number indicating the molecular mass. P90 and P41a correspond to Cel9P and Xyn10A, respectively. The genes
encoding these two proteins were cloned by Trap-Dock PCR and sequenced in this study (for details see Fig. 2 and the text). The proteins listed share CMCase or
xylanase activity detected by zymogram analysis after 2D electrophoresis or have been subjected to Edman sequencing.

> NS, no significant identity found.
¢ND, not detected.
@ Protein that did not interact with the biotinylated miniCipC.
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database revealed identities with carbohydrate-active enzyme
modules (Table 3). The N terminus of dockerin-containing
protein P90 exhibits 90% identity with the N terminus of the
catalytic domain of Cel9T from Clostridium thermocellum (28),
and P50 exhibits 83% identity with the N terminus of the
catalytic module of the Aga27A «-galactosidase from Clostrid-
ium josui (22). The level of identity between the P35 N-termi-
nal sequence and the dockerin domain of the EngY cellulase
from Clostridium cellulovorans (9) was 81%. Although P42 was
not detected with biotinylated miniCipC, its amino-terminal
sequence exhibits similarity to the dockerin domain of a puta-
tive cellulosomal enzyme detected by sequencing of the ge-
nome of C. thermocellum (Table 3). Finally, the BLAST search
carried out using P32 revealed 88% identity with the N termi-
nus of Xynl1D, a xylanase from the rumen protozoan Poly-
plastron multivesiculatum (7).

Zymogram pattern of the Fc fraction. Proteins of the cellu-
lolytic system (Fc fraction) of C. cellulolyticum, separated by
2D PAGE, were examined for the ability to hydrolyze two
different substrates, xylan and CMC, incorporated into the
gels. Carboxymethyl cellulase (CMCase) activity was detected
for several dockerin-containing proteins (Cel44O and/or P99,
P69, CelSN, Cel5A, Cel9M, and Cel8C) and for one noncel-
lulosomal protein (P66) (Table 3). CMC is typically hydrolyzed
by endocellulases, such as Cel5A, Cel9M, and Cel8C (41).
Cel5N, a noncharacterized member of the GHS5 family en-
coded by the last gene of the 26-kb cel gene cluster, appears to
be highly active against this substrate. Family GHS includes
enzymes active against cellulose (such as CelSA), glucan, or
mannan (such as Man5K) (12, 38). Cel5N, which is able to
hydrolyze CMC, is probably a new GHS5 cellulase. Cel440 and
P99 have identical isoelectric points and similar molecular
masses, and thus the CMCase activity detected in their migra-
tion zone can be attributed to Cel440 or P99 or both.

To determine the distribution of xylanase activities in the Fc
fraction, we performed a zymogram analysis with xylan. Two
major proteins with xylanase activities were detected at about
41 kDa (data not shown). One of these proteins, designated
P41a, contained a dockerin module, and the other protein,
designated P41b, was unable to interact with biotinylated
miniCipC (Fig. 1A and C) and probably lacked dockerin. The
N terminus of P4la is shown in Table 3. Two proteins with
minor activity with xylan were found at a molecular mass of 32
kDa: P32a, a dockerin-containing protein, and P32b, a protein
lacking dockerin (Table 3). P32a could belong to family GH11,
as indicated by the NCBI BLAST search results (Table 3). The
endocellulase Cel5SA also showed weak activity with xylan, as
previously reported (12).

Cloning of genes encoding new dockerin-containing proteins.
A consensus sequence was derived from alignment of the known
C. cellulolyticum dockerin sequences. In this consensus sequence,
GDVNNDGNIDAID, residues at positions 1, 2, 6, 10, 11, and 13
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(underlined) are invariant. A reverse inosine-containing degen-
erate oligonucleotide designated dock-In (5'-ITCDATIGCITCD
ATRTTNCCITCRTTRTTNACITCICC-3") was designed by
back-translation of the consensus amino acid sequence (Table 1).
This primer is putatively able to anneal to all DNA regions en-
coding a dockerin module.

The N-terminal amino acid sequence of a dockerin-contain-
ing protein detected by 2D PAGE could be used to design a
direct inosine-containing degenerate oligonucleotide. This di-
rect oligonucleotide along with the reverse oligonucleotide
dock-In could be used to amplify by PCR the corresponding
gene in genomic DNA. In this study, genes encoding P90, P50,
and P41a were chosen as target genes.

Trap-Dock PCR performed using oligonucleotides p90dir
and dock-In and oligonucleotides p50dir and dock-In allowed
amplification of two fragments, which were 2 and 1.4 kb long,
respectively (Fig. 2A and B). Two PCR products, which were
1.2 and 0.4 kb long, were obtained using primers p41dir and
dock-In (Fig. 2C and D). The PCR products were cloned into
the pGEM-T Easy vector and then sequenced. BlastP and
ProDom analyses with the NCBI protein sequence database
were performed for each deduced amino acid sequence. For
the 2-kb fragment, the deduced amino acid sequence revealed
a modular cellulase containing an N-terminal catalytic domain
belonging to family GHY, associated with a family 3c CBM
(Fig. 2A). The translated sequence of the 1.4-kb DNA frag-
ment consisted of two distinct domains, a family GH27 cata-
lytic domain and a CBM6 domain (Fig. 2B). The sequences of
the 1.2- and 0.4-kb PCR products, obtained with oligonucleo-
tides p41dir and dock-In, revealed two distinct new open read-
ing frames (ORFs) (Fig. 2C and D). The first ORF encoded a
GH10 protein (Fig. 2C). This result is in good agreement with
the catalytic activity detected with a zymogram, since all known
enzymes of this family are xylanases. The 0.4-kb PCR product,
obtained by less specific annealing of the p41dir primer, en-
coded a small peptide consisting of a CBM3c domain (Fig.
2D). This type of CBM has been found to be associated only
with family GHY catalytic domains (14, 32). The peptide de-
duced from translation of the 0.4-kb Trap-Dock PCR product
could probably be part of a new modular family 9 cellulase
(Fig. 2D).

DNA walking and nucleotide sequence analysis. For each
sequence obtained, DNA regions located upstream and down-
stream were amplified by inverse PCR. The primers used are
listed in Table 1.

A 5,411-bp DNA fragment from cel9P was sequenced (Fig.
2A). cel9P encodes a 778-amino-acid protein. The putative N
terminus of the mature form of Cel9P, GTEYNYAKLLQ
YSQ, is the same as the N terminus determined for P90 (Table
3). The catalytic domain of Cel9P is 69% identical to Cel9T
from C. thermocellum (28). In addition, Cel9P contains a
CBM3c domain. GH9 cellulases can have different modular

FIG. 2. Isolation and characterization of new genes encoding dockerin-containing proteins. Genes encoding Cel9P (P90) (A), Gal27A (B), and
Xynl0A (P4la) (C) were amplified from the total genomic DNA of C. cellulolyticum by Trap-Dock PCR using convergent inosine-containing
degenerate primers. A nonspecific fragment (length, 0.4 kb) was amplified with oligonucleotides p41dir and dock-In (D). Chromosomal DNA
walking was performed to clone DNA flanking regions of each gene. S, signal sequence; GH, glycoside hydrolase; D, dockerin domain; X, domain
with unknown function. For glycoside hydrolases and CBMs, the number indicates the family.
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arrangements. The catalytic domain can be isolated, as it is in
Cel9T from C. thermocellum, fused to a CBM3c domain, or
fused to a CBM4 domain and an immunoglobulin-like domain.
So far, three GH9 cellulases containing a CBM3c domain have
been identified in C. cellulolyticum: Cel9G (accession number
M87018), Cel9H (accession number AF316823), and Cel9J
(accession number AF316823). These enzymes exhibit 33, 28,
and 38% identity with Cel9P, respectively. The 1,731-bp ORF
located upstream of ce/9P encodes a cellulosomal GH26 man-
nanase, designated Man26A (Fig. 2A). Man26A from C. cel-
lulolyticum exhibits a high level of identity (72%) to Man26B
from C. thermocellum (accession number AB044406; Cthe
DRAFT 2304 ZP_00504676) (27). Upstream of man26A, orfl
encodes a protein exhibiting homology with a PrsA foldase
protein precursor from Clostridium acetobutylicum (accession
number Q97E99) (24). Downstream of cel9P, orf2 encodes a
transposase exhibiting 53% identity with a putative trans-
posase from Thermoanaerobacter ethanolicus ATCC 33223
(Teth39DRAFT 1803 ZP_00779197).

An 8,777-bp fragment from the initial 1.4-kb fragment am-
plified by Trap-Dock PCR with primers p50dir and dock-In
was sequenced by successive inverse PCRs (Fig. 2B). Three
ORFs were found in this DNA fragment. One of these ORFs
encodes a 604-amino-acid protein designated Gal27A, which
exhibits 60% identity with the Aga27A a-galactosidase from C.
josui (accession number ABO25362) (22). Aga27A is a three-
domain cellulosomal enzyme consisting of a signal sequence, a
GH27 catalytic domain, and a C-terminal dockerin domain.
Gal27A possesses an additional CBM6 domain (Fig. 2B). Sur-
prisingly, the N-terminal sequence of the mature form of
Gal27A (AWDNGLAKTPPMG) was found to be different
from the N-terminal sequence of P50. Nevertheless, the N-
terminal sequence of P50 (LNNSLGLTPXMG) is, without any
ambiguity, the N-terminal sequence of a GH27 a-galactosidase
(22). Thus, two different GH27 a-galactosidases are potentially
produced and incorporated into the cellulosomes of C. cellu-
lolyticum. A 3,366-bp gene was found 32 bp downstream of
gal274 and was designated gal59A4. This gene appears to en-
code a modular enzyme consisting of a GH59 catalytic domain
followed by a CBM6 domain and a dockerin domain. An in-
complete gene (orf4) encoding a putative GH2 enzyme was
found 66 bp downstream of gal594 (Fig. 2B). A 2,865-bp gene
(orf3) encoding a 955-amino-acid protein was identified up-
stream of gal274. NCBI BLASTP analyses of the putative
catalytic domain of this protein (amino acids 23 to 697) did not
reveal any similarity to protein sequences deposited in the
NCBI database. The sequence from amino acid 698 to amino
acid 842 consists of a CBM22 followed by a small domain with
an unknown function (X) and a dockerin domain. The CBM22
exhibits 38% identity with the N-terminal CBM of the same
family of XynD, a GH10 xylanase from C. thermocellum (ac-
cession number AJ585345) (45).

The gene encoding P41a and the flanking regions were se-
quenced by inverse PCR. This 1,269-bp gene encodes a 423-
amino-acid GH10 xylanase (Fig. 2C). The putative N-terminal
sequence of the mature enzyme, renamed Xynl0A (ATPTGK
RLKDVQSR), is in good agreement with the results of the
Edman sequencing performed for P4la (Table 3). Xynl10A
exhibited striking homology with xylanases from different ther-
mophilic species, such as C. thermocellum, Thermotoga sp.,
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Thermobacillus xylanilyticus, and Thermobifida alba. For in-
stance, XynlOA from C. cellulolyticum is 47% identical to
XynA from the hyperthermophile Thermotoga maritima strain
FjSS3-B.1 (accession number U33060) (40), 51% identical to
XylB from T. maritima strain MSB8 (accession number
AY340789) (43), 47% identical to XylA from T. alba (acces-
sion number Z81013) (4), and 42% identical to the catalytic
domain of the bifunctional enzyme Xyn10Z from C. thermo-
cellum (accession number M22624) (5, 17). No new ORF was
found in the flanking regions.

Chromosomal DNA walking around the nonspecific 0.4-kb
PCR product (obtained with primers p41dir and dock-In) al-
lowed isolation of a 2,145-bp gene, cel90Q, encoding a GH9
domain fused to a CBM3c domain (Fig. 2D). This 715-residue
protein has an N-terminal signal sequence and a C-terminal
dockerin domain. Cel9Q is 71% identical to Cel9N from C.
thermocellum (accession number AJ275974) (46) and 70%
identical to a hypothetical GH9 cellulase from the same bac-
terium (ChteDRAFT 0785 ZP_00510325) (44). Cel9Q exhibits
44, 40, 31, and 32% identity with Cel9G, Cel9H, Cel9J, and
Cel9P from C. cellulolyticum, respectively. An ORF (orf5) en-
coding a putative ADP-ribose pyrophosphatase was found up-
stream of ce/90Q, whereas no new ORF was found in the 252-bp
sequence downstream.

DISCUSSION

An exceptionally high number of cellulosomal proteins is
produced by the thermophilic bacterium C. thermocellum. In-
deed, analysis of the recently sequenced genome of this Clos-
tridium revealed the presence of 71 different dockerin-contain-
ing proteins (44). These proteins are cellulases, xylanases,
chitinases, mannanases, lichenases, carbohydrate esterases,
pectinases, putative proteases, and protease inhibitors. Thir-
teen of them contain domains with unknown functions. They
belong to various glycoside hydrolase families (GH2, GHS,
GHS8, GH9, GH10, GH11, GH16, GH18, GH26, GH28, GH30,
GH39, GH53, GH43, GH81, GH44, GH48, GH54, and GH74),
polysaccharide lyase families (PL1, PL9, PL10, and PL11), and
carbohydrate esterase families (CE1, CE2, CE3, CE4, and CE12).
Thirty-three proteins contain a CBM, and at least 10 are bifunc-
tional (i.e., have two different catalytic domains) (44).

In the absence of the genome sequence of C. cellulolyticum,
the aim of the present work was to identify genes and gene
products that define the diversity of the cellulolytic system of
this Clostridium species. This study provided proteome infor-
mation (2D PAGE and zymogram analysis), as well as infor-
mation concerning identification of the genes encoding specific
enzymes (Trap-Dock PCR) that contribute to degradation of
vegetal biomass.

Sixty proteins were detected by two-dimensional analysis of
the C. cellulolyticum cellulolytic system. Thirty of these pro-
teins lack dockerin and are not incorporated into multienzyme
complexes. They are probably targeted to their cognate sub-
strates by specific CBMs. The real impact of the free enzymes
in plant cell wall degradation by C. cellulolyticum is still un-
known. At least 30 proteins are cellulosomal. Zymogram anal-
yses with CMC and xylan as substrates allowed us to identify
new cellulosomal and noncellulosomal CMCases, as well as
new cellulosomal and noncellulosomal xylanases. C. cellulolyti-
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cum is able to grow on xylan, and it has been shown previously
that two xylanases (31 and 54 kDa) are incorporated into
cellulosomes purified from a xylan-grown culture (33). The
31-kDa protein detected by Mohand-Oussaid et al. (33) may
correspond to P32a. However, no xylanase activity was found
to be associated with a 54-kDa dockerin-containing protein.
Xynl0A is the first xylanase clearly identified in C. cellulolyti-
cum. Its corresponding gene was cloned and sequenced (ac-
cession number DQ778331). Cellulosome-producing bacteria
generally have xylanases belonging to families GH10 and
GHI11. As suggested from its N-terminal sequence, P32b could
be a GHI1 xylanase. In addition to these xylanases, other
xylanases could be detected in C. cellulolyticum grown on xylan.
Indeed, in C. cellulovorans, production of xylanases and hemi-
cellulolytic enzymes depends on the growth substrates (18,
19, 25).

Seven new genes encoding dockerin-containing proteins
were isolated by Trap-Dock PCR and inverse PCR. Two of
these genes, cel9P and cel9Q, encode modular GH9 cellulases
(accession numbers DQ778334 and DQ778332, respectively).
In these proteins, the catalytic domain is attached to a CBM3c
domain, as it is in Cel9G, Cel9J, and Cel9H isolated from the
same clostridia. To date, this type of CBM has been found to
be associated only with a GH9 catalytic domain. Usually, the
role of a CBM is to target the enzyme to its specific substrate.
CBM3c, together with the catalytic domain, allows the binding
of one cellulose chain to the active site. CBM3c and GH9
catalytic domains are structurally and functionally connected.
In 2005, Fierobe et al. (13) clearly demonstrated that cellulo-
somal GH48 and GH9-CBM3c enzymes play a crucial role in
the degradation of cellulose by cellulosomes. Indeed, incorpo-
ration into a mini-cellulosome of the processive Cel48F and of
Cel9G allowed the workers to obtain the highest level of hy-
drolyzing activity (11, 13). In addition, together with the scaf-
folding protein CipC, Cel48F is one of the most prominent
proteins, and we hypothesize that at least one Cel48F molecule
is bound per scaffolding protein in cellulosomes. This hypoth-
esis is supported by the recently published results of Han et al.
(18). These workers found that the composition of subpopu-
lations of cellulosomes from C. cellulovorans, purified from
different carbon substrates, such as cellulose, xylan, and pectin,
indicated that the three major subunits, scaffolding protein
CbpA, endoglucanase EngE (GH9), and cellobiohydrolase
ExgS (GH48), were present in all the purified cellulosomal
populations. Strangely, GH9-CBM3c enzymes, which are es-
sential for effective hydrolysis of the crystalline cellulose, are
not massively produced by C. cellulolyticum or by the other
known cellulosome-producing clostridia. The poor production
of individual GH9-CBM3c enzymes could be compensated for
by the redundancy of the genes encoding proteins having the
same domain arrangements. This hypothesis may be supported
by the recent analysis of the genome of C. thermocellum, in
which seven genes encoding cellulases containing a catalytic
GHO9 domain linked to a CBM3c were found (44).

In the present work, the genes encoding hemicellulases
Man26A, Gal27A, and Xyn10A were sequenced. Man26A (ac-
cession number DQ778334), like its C. thermocellum homo-
logue (accession number AB044406), is likely to be a mannan
backbone-hydrolyzing enzyme (27). An alpha-galactosidase,
such as Aga27A (22) from C. josui, hydrolyzes a-galactosidic
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linkages located at the nonreducing ends of various galactose-
containing substrates, such as galactomannan. In the cellulo-
some of C. cellulolyticun, Man26A and Gal27A (accession
number DQ778333) could act synergistically to degrade galac-
tomannan. According to its N-terminal sequence, P50 is a
GH27 «a-galactosidase that is different from Gal27A. These
two galactosidases may be produced in different growth con-
ditions. Synthesis of GH27 and Gal27A on different growth
substrates, such as crystalline cellulose, xylan, galactomannan,
and plant cell wall material, should be studied.

The presence of a gene encoding a modular GH59 enzyme
is surprising. Indeed, GH59 enzymes are found in eukaryotic
organisms, such as Homo sapiens, Mus musculus (mouse),
Canis familiaris (dog), and Rattus norvegicus (rat), and the
GHS59 family comprises enzymes whose only known activity is
galactocerebrosidase (6). Galactocerebrosidases catalyze the
following reaction: p-galactosyl-N-acylsphingosine + H,O —
D-galactosyl + N-acylsphingosine. They are responsible for the
lysosomal catabolism of some galactolipids (10, 23). The only
bacterial member of the GH59 family is a protein designated
AcbD from Actinoplanes sp. strain SES0 (accession number
Y18523) (20). This enzyme is involved in the biosynthesis of
the a-glucosidase inhibitor belonging to the acarbose a-gluco-
sidase inhibitor family. Acarbose (C,sH,sN;0,4) is a linear
tetrasaccharide of a-p-glucose residues, which is modified at
the nonreducing end, is able to inhibit a-glucosidases, and is
used in the treatment of diabetes patients. Although the pres-
ence of a dockerin module and a CBM6 domain clearly indi-
cates a role in the plant cell wall degradation process, the
precise role of Gal59A in C. cellulolyticum remains mysterious.
The gal59A gene is in a cluster containing at least four genes.
This cluster groups together genes encoding CBM-containing
enzymes probably involved in hemicellulose degradation.

About 10 genes encoding proteins with a dockerin domain
associated with modules having unknown functions have been
found in the C. thermocellum genome (44). In C. cellulolyticum,
orf3, a gene encoding a protein with a module having an un-
known function linked to a CBM22 and a dockerin domain,
has been found. The catalytic domain of ORF3p might consti-
tute a new carbohydrate-active enzyme family. Indeed, a
BLASTP search against the NCBI protein database did not
reveal any homology with proteins or modules involved in
plant cell wall degradation. CBM22 generally has a xylan-
binding function (1, 6). They are associated with xylanolytic
domains, which often belong to family GH10, or are present in
bifunctional enzymes, such as XynY from C. thermocellum, which
has the following modular organization: CBM22-GH10-CBM22-
D-CEI (accession number X83269) (95).

The results of the present work clearly show the diversity of
enzymes that can be incorporated into cellulosomes. The hemi-
cellulolytic system of C. cellulolyticum appears to be extremely
rich. All the genes isolated in this study encode cellulosomal
proteins. In the work reported here, crystalline cellulose was
used as the reference substrate for the growth of C. cellulolyti-
cum. Analysis of the compositions of the cellulolytic systems of
C. cellulolyticum grown on different substrates (xylan, mannan,
or straw) may reveal regulation of the synthesis of the different
components.
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