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The mechanisms by which cellulolytic enzymes and enzyme complexes in Ruminococcus spp. bind to cellulose
are not fully understood. The product of the newly isolated cellulase gene endB from Ruminococcus flavefaciens
17 was purified as a His-tagged product after expression in Escherichia coli and found to be able to bind directly
to crystalline cellulose. The ability to bind cellulose is shown to be associated with a novel cellulose-binding
module (CBM) located within a region of 200 amino acids that is unrelated to known protein sequences. EndB
(808 amino acids) also contains a catalytic domain belonging to glycoside hydrolase family 44 and a C-terminal
dockerin-like domain. Purified EndB is also shown to bind specifically via its dockerin domain to a polypeptide
of ca. 130 kDa present among supernatant proteins from Avicel-grown R. flavefaciens that attach to cellulose.
The protein to which EndB attaches is a strong candidate for the scaffolding component of a cellulosome-like
multienzyme complex recently identified in this species (S.-Y. Ding et al., J. Bacteriol. 183:1945-1953, 2001).
It is concluded that binding of EndB to cellulose may occur both through its own CBM and potentially also

through its involvement in a cellulosome complex.

Cellulolytic Ruminococcus spp. play an important role in the
degradation of plant cell wall polysaccharides in the rumen and
hindgut of mammals (5, 15, 20). Early biochemical and micro-
scopic evidence indicated that their plant cell wall-degrading
enzymes are organized into high-molecular-weight complexes
on the cell surface (22, 24, 43). Analysis of cloned polysaccha-
ridase genes has, however, produced somewhat conflicting ev-
idence concerning the molecular organization of these en-
zymes, and the mechanisms by which they might attach to their
substrate and to the cell surface have thus remained unclear.
Many of the cellulase genes first isolated from R. flavefaciens
and R. albus (7, 18, 30, 33, 40, 41) were reported to encode
single domain enzymes smaller than 50 kDa that carry no
obvious substrate binding domains, and no regions that might
be responsible for the types of protein-protein interactions that
are found, for example, in the assembly of cellulosome com-
plexes from Clostridium spp. (3, 4, 9). On the other hand, it has
been known for some time that xylanases from R. flavefaciens
display complex multidomain organization (11, 45). Further-
more, the endoglucanase EndA from R. flavefaciens 17 was
shown to be a multidomain enzyme carrying an 80-amino-acid
dockerin-like region that is also present in three xylanases and
an esterase from the same strain (2, 19). Dockerin-like regions
have also been reported recently in multidomain endoglu-
canases from R. albus F40 (29, 30). Since dockerins are respon-
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sible for the assembly of cellulosome complexes via specific
dockerin-cohesin interactions in Clostridium species (3, 4, 17,
31, 34), this provides a strong indication that complexes resem-
bling cellulosomes may be involved in the organization of many
plant cell wall-degrading enzymes in ruminococci. In support
of this, two linked genes that encode structural proteins con-
taining cohesin domains have recently been identified in R. fla-
vefaciens 17 (8). Cellulosome organization provides one po-
tential mechanism for binding of cellulolytic enzymes to their
substrate since cellulosomal scaffolding proteins from clos-
tridia carry cellulose-binding modules (CBMs) (4, 39). On the
other hand, recent evidence from R. albus has also demon-
strated a role for binding modules associated with pilus pro-
teins in attachment to cellulose (27, 32).

We show here that the product of a newly isolated cellulase
gene from R. flavefaciens 17, EndB, is a multidomain enzyme
that carries its own CBM, which is unrelated to previously de-
scribed CBMs. In addition, however, EndB possesses a dock-
erin region that is shown to be involved in a specific interaction
with a putative scaffolding protein of 130 kDa present among
R. flavefaciens 17 proteins that bind to crystalline cellulose
(Avicel).

MATERIALS AND METHODS

Growth conditions. R. flavefaciens 17 was grown anaerobically as described
previously (10) at 39°C in M2GSC medium (26) or, for large-scale culture with
cellulose as energy source, in Hungate Stack medium (16) containing 0.2%
Avicel PH101. Escherichia coli strains XL1-Blue, used for cloning, and BL21
(DE3)pLys Gold, used for expression of pET28a Hise-tagged constructs, were
obtained from Stratagene. pET28a was from Novagen (Madison, Wis.).

Gene isolation. The clone pCMCP3 was isolated from a pUC13 plasmid library
as described previously (7). Carboxymethyl cellulase (CMCase) activity was vi-
sualized on plates by using an overlay of 0.1% carboxymethyl cellulose (CMC)-
0.4% (wt/vol) agarose in 25 mM sodium phosphate buffer (pH 6.8). The plates
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were incubated for 4 h at 37°C, followed by staining with 0.1% (wt/vol) Congo
red and destaining with 1 M NaCl. Plasmid DNA isolation and other molecular
biology techniques were done according to standard procedures (35).

DNA sequence analyses. DNA sequences were determined on both strands by
using an ABI377 automated sequencer and appropriate oligonucleotide primers.
Computer analysis was carried out by using the UWGCG software available
through the HGMP facility (Cambridge, United Kingdom). Multiple alignment
was done by using CLUSTALW. Database screening made use of the National
Library of Medicine retrieval system (http://www.ncbi.nlm.nih.gov/) and the
BLAST-P program.

Overexpression of EndB. The region of endB coding for residues 20 to 808
(i.e., omitting the N-terminal signal peptide) was amplified by using the forward
primer aattccatggCGCCCGTCAACGGTCTG and the reverse primer cacgctc
gagTTCGGGAAGCTTGTCTAT (lowercase letters indicating additional 5’ res-
idues that carry Xhol or Ncol sites) (see Fig. 2). The product was cloned in an
Ncol/Xhol-cut pET28a(+) vector such that His, residues were fused at the C
terminus of EndB. The C-terminal truncated EndB (retaining amino acid resi-
dues 20 to 702) was produced by using another reverse primer, tatactcgagAGT
TACCTTCGGAGCCTCTCC. The putative CBM (residues 499 to 702) was
amplified by using this reverse primer with the forward primer atatccatggTGC
CTGCCTTCTCTGCTGCA. Successful constructs were transformed into E. coli
BL21(DE3)pLysS, and the cloned product was expressed as follows. A single
colony was transferred to 50 ml of Luria-Bertani (LB) medium containing 30 p.g
of kanamycin/ml and grown overnight at 37°C. Then, 1 liter of LB medium
containing 1.2% (vol/vol) glycerol was inoculated with the 50-ml overnight cul-
ture and allowed to grow to an optical density at 600 nm between 0.8 and 1.0. The
culture was then cooled in ice for 1 h, and 1 mM of IPTG was added, followed
by incubation at 16°C without shaking for 1 h and then overnight shaking at 200
rpm. The culture was centrifuged at 5,000 X g at 4°C for 10 min, and the cells
were washed twice in 100 ml of lysis buffer (50 mM sodium phosphate buffer [pH
8.0], 0.3 M NaCl, and 10 mM imidazole). The cells were resuspended in 10 ml of
lysis buffer containing protease and lysozyme (8), incubated at 37°C for 30 min,
and then sonicated at full speed (MSE Soniprep) for three cycles of 1 min with
2 min cooling on ice. The sonicated cell suspension was centrifuged at 15,000 X
g at 4°C for 10 min, and the supernatant was collected for further purification.

Purification of His-tagged proteins. His-tagged proteins were purified from
sonicated E. coli cells by binding to Ni-NTA resin, as described previously (36).
Reducing sugar assays were performed at pH 6.5 and 37°C, unless otherwise
stated, by the method of Lever (23) as described previously (10).

Polysaccharide binding assay for the cloned EndB product. The purified
His-tagged EndB products (20 pg) were incubated at either 37 or 4°C for a
specified time with 5 mg of prewashed Avicel, phosphoric acid-swollen Avicel, or
oat spelt xylan in 8 l of 50 mM potassium phosphate buffer (pH 6.8) containing
2 mM dithiothreitol (DTT) (14). After binding, the Avicel was washed four times
with 200 pl phosphate buffer at ambient temperature. Proteins remaining at-
tached were then eluted with sodium dodecyl sulfate (SDS) sample buffer at
100°C for 5 min (21) and separated by SDS-polyacrylamide gel electrophoresis
(PAGE). After Western blotting onto Immobilon P membranes (Millipore,
Mass.) as described previously (8), His-tagged proteins were detected by using
specific antibodies (Invitrogen) and chemiluminescent detection kits (Super Sig-
nal West Pico, Pierce, Ill.) according to the manufacturers’ instructions. Size
markers were detected by Coomassie blue staining.

Binding of R. flavefaciens proteins to Avicel. R. flavefaciens 17 was grown in
Hungate Stack medium containing 0.2% Avicel for 150 h. Cultures were still
growing at this stage, as judged by the continued production of acetate, which
was measured by gas chromatography. Next, 1,600 ml of culture was harvested by
centrifugation at 13,000 X g, and the supernatant was retained. Culture super-
natants were freeze-dried, redissolved, and desalted by using Vivascience 10 KDa
concentrators to give a final 50-fold concentration. The pellet containing cells
and substrate was resuspended in 50 mM sodium phosphate (pH 6.5)-1 mM
DTT and left at room temperature for 30 min (43). Cell debris was then spun at
2,600 X g and washed three times in 5 ml of 50 mM Tris-HCI (pH 7.5) at room
temperature. Supernatants from these washes were combined with those from
the initial sodium phosphate wash, and fresh undegraded Avicel was added (1%
final concentration). Similarly, fresh Avicel was added to the original culture
supernatant. In both cases, after incubation at 37°C for 15 min, the added Avicel
was spun down and washed three times in 50 mM sodium phosphate buffer (pH
6.5) containing 2 mM EDTA (by centrifugation at 13,000 X g), and both the
buffer washes and the final pellet were analyzed by SDS-PAGE to detect eluted
or attached proteins.

Detection of EndB binding to R. flavefaciens proteins. R. flavefaciens 17 cul-
tures were grown as described above, and proteins from concentrated culture
supernatant and from pelleted cells plus substrate were separated by SDS-
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FIG. 1. Binding of R. flavefaciens 17 endoglucanases to crystalline
cellulose (Avicel). Lane 1 shows an SDS-PAGE CMC zymogram of ex-
tracellular proteins from an Avicel-grown (150-h) culture of R. flave-
faciens 17 that bound to Avicel. Clear zones are the result of CMCase
activity, as revealed by Congo red staining. In this case the proteins
were from the supernatants obtained from washing harvested cells in
buffer (see Materials and Methods), but similar results were obtained
with the original culture supernatant (not shown). Lane 2 shows mo-
lecular size markers (in kilodaltons), stained with Coomassie blue.

PAGE. Proteins were transferred by Western blotting onto Immobilon-P mem-
branes and probed with His-tagged EndB. After extensive washing, bound EndB
was detected by chemiluminescence as described previously (8).

SDS-PAGE zymograms. Proteins were eluted after attachment to insoluble
polysaccharide substrates by heating at 60°C for 20 min in SDS sample buffer
(21). To detect CMCase activity after SDS-PAGE, 0.2% CMC was included in
the polyacrylamide solution before the gels were cast. After electrophoresis, the
gel was washed and the enzymes were allowed to renature overnight at 4°C
before staining with Congo red to reveal activity bands according to the method
of Saul et al. (36).

RESULTS

Binding of R. flavefaciens endoglucanases to cellulose. R. fla-
vefaciens 17 cultures were grown for 150 h with crystalline
cellulose (Avicel) as an energy source. Culture supernatant
and supernatants obtained from washing harvested cells in
buffer were allowed to bind to fresh, undegraded Avicel (see
Materials and Methods). Polypeptides that remained bound
after three washes of the added Avicel in phosphate buffer
were eluted with 2% SDS (in sample buffer [21]) and analyzed
in SDS-PAGE zymograms (Fig. 1). These showed that at least
five major endoglucanases ranging in molecular mass from 60
to 125 kDa were among the extracellular proteins that bound
to Avicel. These observations demonstrate substrate binding
but do not reveal whether binding occurs directly through
binding domains present in the endoglucanases or indirectly
through the mediation of other components.
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FIG. 2. Diagram showing domain structures of EndB and of the His-tagged derivatives used here. The N-terminal signal peptide is shown in
black, the C-terminal dockerin is shown in white, the T-rich region is shown in light gray, the family 44 catalytic domain is indicated by dark
cross-hatching, and the unknown region (containing a new CBM) is indicated by light cross-hatching. The primers used for construction of the
pET28 clones in order to overexpress the full-length and truncated polypeptides as Hisg-tagged products are described in the Materials and

Methods.

Multidomain organization of the endoglucanase EndB from
R. flavefaciens 17. The new gene endB was identified from
sequencing the insert in the plasmid clone CMCP3 that had
been isolated by the expression of CMCase activity (7). Se-
quence analysis (accession number AJ298117) predicted a
gene product (EndB) of 808 amino acids. As for most other
polysaccharidase genes studied from R. flavefaciens 17, the stop
codon is followed by a region containing a perfect 14-base pal-
indrome that represents a possible p-independent terminator.
The N-terminal region of EndB consists of a family 44 endo-
glucanase catalytic domain following a putative signal peptide
sequence of about 30 amino acids (Fig. 2). This portion of
EndB shows 81% amino acid identity with CelB from R. fla-
vefaciens FD1 (40). The C terminus of EndB consists of a
threonine-rich linker of 26 amino acids, as was also found in
the R. flavefaciens 17 enzymes XynB, XynD, and EndA (11,
19), followed by a dockerin-like region of 81 amino acids. The
EndB dockerin shows 42% amino acid identity with that of
EndA, and the conserved features noted previously between
the dockerins of XynB, XynD, and EndA are also present in
the EndB dockerin. These include two copies of a putative
Ca** binding motif, which accounts for almost all of the sim-
ilarity between the Ruminococcus dockerins and those of Clos-
tridium spp. (Fig. 3). Between the family 44 catalytic domain of
EndB and the T-rich region is a sequence of ca. 200 amino
acids that shows no close similarity to other proteins in data-
base searches.

The complete EndB coding region, excluding residues en-
coding the signal peptide, was amplified by PCR, and the
product was expressed as a C-terminal Hisg-tagged fusion
product in the vector pET28a (see Materials and Methods).
The resulting construct was introduced into E. coli BL21, and
the overexpressed 87-kDa tagged EndB product was purified
by means of the His, tag. Activity was confirmed for the puri-
fied enzyme by clear zone formation in polysaccharide-con-
taining agar plates against CMC or lichenan (B1-3:1-4 glucan)
but was not detected against mannan, phosphoric acid-swollen
cellulose, or Avicel. The specific activity estimated by reducing
sugar release was 2.5 X 10~* wmol/min/mg of protein for CMC
and 0.97 X 10~* wmol/min/mg of protein for lichenan. No ac-
tivity was detectable against p-nitrophenyl cellobioside. EndB
showed a pH optimum of ca. 5.8, and the enzyme was quite
temperature labile, its activity when assayed at 50°C being only
40% that observed at 37°C (results not shown).

Binding of EndB to cellulose. The purified His-tagged EndB
protein was found to bind strongly to Avicel, at both 4 and

37°C. Zymograms performed with CMC showed a major active
band that migrated slightly slower than the predicted size of 87
kDa for the pET-EndB product (Fig. 4). In addition, smaller
inactive bands of 30 and 40 kDa carrying C-terminal His tags
were detected that retained the ability to bind to cellulose. The
smallest of these bands (30 kDa) was recovered and shown
by peptide sequencing to contain the N-terminal sequence
XEFTDI (corresponding to residues 551 to 556 of EndB) and
the internal sequence SYNLPLGS (corresponding to residues
617 to 624). This suggested that the cellulose-binding capacity
of EndB resides in the C-terminal 258 amino acid residues of
the protein. Apart from the dockerin and T-rich regions, this
fragment contains only the unknown region that follows the
catalytic domain. Residues 499 to 702, representing this un-
known region, were therefore expressed as a His-tagged fusion
product (pET-EndBAN498AC106) after amplification of the
relevant coding sequence (see Fig. 2). The purified product,
whose predicted molecular size is 21.17 kDa, bound strongly to
cellulose, as shown in Fig. 5. We concluded that cellulose
binding is due to the region between residues 551 and 702 of
EndB. The full-length EndB enzyme was shown to bind Avicel
and acid-swollen Avicel and also showed some binding to birch
wood xylan when tested at 37°C (results not shown).

Binding of EndB to a 130-kDa R. flavefaciens extracellular
protein. The His-tagged EndB protein was also used to probe
native R. flavefaciens 17 proteins from Avicel-grown cultures
after separation by SDS-PAGE (Fig. 6). Specific binding to a
polypeptide of 130 kDa was detected in cell extracts, in culture
supernatant, and in culture supernatant proteins recovered

ENDB :
XYNB :

ANPNKFGLNGSAEKHL : 770
WPNKYGLEGTAEKHL : 746

XYND : G DN VDLSEAIFIMG KYGLTGTETNEM : 476
ENDA : IDLpmA S QL : 716
LICB : --------PLKGEVECHEHVNS SBYSLFKRYLRVIDR-—— =~~~ F i 299
ENDB : 0815 TORLLHLT DK@PE—~—-- : 808
XYNB : a DALMIQE FEGKVASE- -~~~ ;782
XYND : JAVST 'RATSEMPESYLEG : 519
ENDA : i/ DAMATQLLMTKKISSWPVPSGTV @ 758
LICB : BigV - LTMLKRY@IRATPS@------- : 334

FIG. 3. Multiple alignment of dockerin domains from R. flavefa-
ciens 17 XynD, XynB, EndB and EndA with dockerin from LicB from
Clostridium thermocellum (37). Residues conserved in all five se-
quences are highlighted in black, while those conserved in 4 out of 5
sequences are highlighted in grey. Numbers on the right hand side re-
fer to amino acid sequence positions within the relevant gene product.
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FIG. 4. Binding of purified, His-tagged pET-EndB to Avicel. Bind-
ing was assayed by incubating the purified EndB protein with Avicel.
The Avicel was then washed three times in phosphate buffer, and at-
tached polypeptides were then eluted with SDS sample buffer (see
Materials and Methods). CMCase activity was detected by a zymogram
technique (36) by incorporating CMC into the gel (lane 1). His-tagged
protein was detected by using specific antibodies (see Materials and
Methods) (lanes 2 and 3). Incubation with Avicel was at 37°C for 5 min
(lanes 1 and 2) or at 4°C for 20 h (lane 3).

after binding to Avicel. A His-tagged truncated derivative of
EndB (EndBA C106) was also constructed that lacks the C-
terminal 106 amino acids representing the T-rich linker and
dockerin regions (Fig. 2). Under the experimental conditions
described in Fig. 6, we did not detect binding of the purified
truncated EndBA C106 enzyme to any R. flavefaciens protein.
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FIG. 5. Binding of a purified, His-tagged protein fragment (from
pET-EndBA N498A C106) that carries residues 499 to 702 of EndB to
insoluble cellulose (Avicel). The putative EndB CBM was incubated
with Avicel for 20 h at 4°C (lanes 1, 2, and 3) or for 1 h at 37°C (lanes
4, 5, and 6), followed by four washes in buffer (see Materials and
Methods). Lanes 1 and 4 were loaded with the unbound protein, lanes
2 and 5 were loaded with protein eluted with 2% SDS after binding to
Avicel and washing, and lanes 3 and 6 were loaded with the 18-fold-
concentrated final buffer wash.
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FIG. 6. Binding of purified His-tagged pET-EndB to R. flavefaciens
17 proteins from an Avicel-grown culture. Lane 1, molecular size mark-
ers (in kilodaltons); lane 2, R. flavefaciens culture pellet; lane 3, R. fla-
vefaciens culture supernatant; lane 4, R. flavefaciens supernatant pro-
teins after absorption onto Avicel at 37°C, four washes in buffer, and
subsequent elution with 2% SDS.

This suggests strongly that the dockerin region is responsible
for binding to the 130-kDa protein.

DISCUSSION

EndB is only the second cellulase to be characterized fully
from R. flavefaciens 17, and it is the first protein from R. fla-
vefaciens to be shown to carry a CBM. We show here that the
CBM lies within a region of 152 amino acids and that it rep-
resents a novel binding module that is unrelated to other de-
scribed protein sequences. The predicted secondary structure
(12) of the 200 amino acids following the family 44 catalytic
domain contains alpha-helices at each end flanking a central
region of ca. 60 amino acids that is composed of beta sheets
and that includes several aromatic residues. This central region
appears to be the best candidate for the cellulose-binding ac-
tivity based on structural analyses of other families of CBMs
(38, 39). Further analysis of the binding specificity and struc-
ture-function relationships of this module will clearly be of
interest. There have been several instances of novel bacterial
CBMs that show unique sequences, suggesting that there is
considerable sequence diversity among CBMs (6, 25, 44).

EndB is one of only five enzymes thus far reported to carry
a catalytic domain belonging to glycoside hydrolase family 44
(http://atmb.cnrs-mrs.fr/~pedro/CAZY/db.html). CelJ from
C. thermocellum carries both a family 9 and a family 44 cata-
lytic domain; the purified family 44 domain of Cel] was re-
ported to have some activity against the crystalline cellulose
Avicel, and a key role in the cellulosome complex was pro-
posed (1). While we did not detect activity against Avicellase
for EndB, recovery of the active enzyme was relatively poor.
Interestingly the CelB endoglucanase from R. flavefaciens FD1
(40) was also reported to encode a family 44 catalytic domain
that shares 81% amino acid sequence identity with R. flavefa-
ciens 17 EndB. CelB was reported to terminate at a point
corresponding to 176 amino acids before the end of EndB, i.e.,
before the dockerin-like domain of EndB, and was considered
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to be a single domain enzyme lacking a dockerin domain (40).
It is possible that CelB is a partially homologous, but shorter,
enzyme than EndB that does not contain a dockerin-like do-
main. Alternatively, it is not ruled out that the celB clone
isolated in E. coli might carry a mutation that results in the
C-terminal coding region being out of frame. It may be noted
that R. flavefaciens 17 EndB shares 45% identical amino acid
residues with a translation of the sequence immediately down-
stream of the celB gene of R. flavefaciens FD1.

EndB was able to bind specifically to a polypeptide of ca. 130
kDa in R.flavefaciens 17 proteins eluted after binding to Avicel.
This indicates a specific protein-protein interaction that could
be involved in the positioning of the EndB protein within a
multienzyme complex. Since binding was shown to be depen-
dent on the dockerin domain present in EndB, the 130-kDa
protein to which EndB attaches is a possible candidate for the
scaffolding protein component of a cellulosome complex, by
analogy with the model proposed for cellulolytic Clostridium
spp. (3). Recent work identified two adjacent genes, sca4 and
scaB, that encode likely cellulosomal structural components in
R. flavefaciens 17 (8). The products of both genes carry multi-
ple cohesin domains which were shown by immunoblotting
experiments to recognize other R. flavefaciens proteins. ScaB
cohesins 4 and 5 were shown to interact specifically with a
dockerin at the C terminus of the putative scaffolding protein
ScaA and recognized an R. flavefaciens protein of 130 kDa,
assumed to be ScaA, in immunoblotting experiments. Further-
more, the purified xylanase—B-glucanase enzyme XynD, whose
dockerin is structurally similar to that of EndB, was shown to
bind the isolated ScaA cohesin 2 (8). It appears very likely,
therefore, that EndB is one of many R. flavefaciens enzymes
that interacts with cohesins in ScaA and represents a cellulo-
some-associated enzyme that carries its own CBM. This sup-
position is supported by the finding that a peptide sequence
from the 130-kDa protein matches a region within the recently
completed N-terminal domain of the ScaA protein (M. T.
Rincén et al., unpublished data). There is recent evidence that
several cellulosomal cellulases in Clostridium spp. carry CBMs
(see, for example, references 13 and 46).

The only two cellulases thus far studied from R. flavefaciens
17 (EndA [19] and EndB), together with several cellulases
from R. albus F40 (28, 29), have proved to be multidomain
enzymes that carry dockerin sequences. On the other hand,
there are many reports of single-domain endoglucanases from
R. flavefaciens and R. albus that are smaller than 50 kDa (30,
33, 40, 41, 42). This may suggest that not all cellulases are
cellulosome associated in ruminococci. It now appears likely
that the genetic instability that is often encountered with cel-
lulase genes from ruminococci when cloned in E. coli has
resulted in a bias against the recovery of genes encoding the
larger cellulases. For example, EndA from R. flavefaciens 17
was first reported to be a single-domain enzyme (7), but fur-
ther investigation, and sequencing from chromosomal DNA by
PCR walking, established it to be a multidomain enzyme that
includes a dockerin (7, 19). The reasons for such instability
remain unclear but might be attributable in part to toxic effects
of certain protein domains, in particular the dockerin, in
E. coli.

In R. flavefaciens 17 cultures grown on Avicel, we found that
CMCases ranging in molecular size from 60 to 120 kDa at-
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tached to cellulose. Based on the present work with EndB, we
can speculate that the attachment of R. flavefaciens cellulases
to cellulose may occur through several mechanisms. These
means include the direct binding via CBMs present in individ-
ual enzymes, as observed for EndB, and the indirect binding
resulting from CBMs present in other components of a cellu-
losome-like complex. Indirect binding might involve CBMs
present in a scaffolding protein, as are found in all cellulolytic
clostridial species studied to date (4), in catalytic subunits such
as EndB, or in other noncatalytic subunits yet to be defined.
The recent discovery of pilus-like adhesins that bind to cellu-
lose in R. albus (27, 32) suggests that there might be additional
attachment mechanisms either for whole cells, or conceivably
for the enzyme complexes, if such pilus proteins were in some
way associated with the complexes themselves. Such pili have
not yet been demonstrated in R. flavefaciens.

In conclusion, the present study provides the first report of
a CBM in R. flavefaciens and also the first evidence for specific
dockerin-mediated binding of an R. flavefaciens cellulase to
another extracellular protein. More information on the distri-
bution of CBMs in cellulosomal and noncellulosomal proteins
is clearly still needed in order to fully elucidate the mechanisms
of substrate attachment and hydrolysis in this important cellu-
lolytic species.
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