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Abstract The composition of the cellulase system in the
cellulosome-producing bacterium, Clostridium thermocel-
lum, has been reported to change in response to growth
on diVerent carbon sources. Recently, an extensive car-
bohydrate-sensing mechanism, purported to regulate the
activation of genes coding for polysaccharide-degrading
enzymes, was suggested. In this system, CBM modules,
comprising extracellular components of RsgI-like anti-�
factors, were proposed to function as carbohydrate sensors,
through which a set of cellulose utilization genes are acti-
vated by the associated �I-like factors. An extracellular
module of one of these RsgI-like proteins (Cthe_2119) was
annotated as a family 10 glycoside hydrolase, RsgI6-GH10,
and a second putative anti-� factor (Cthe_1471), related in
sequence to Rsi24, was found to contain a module that
resembles a family 5 glycoside hydrolase (termed herein
Rsi24C-GH5). The present study examines the relevance of
these two glycoside hydrolases as sensors in this signal-
transmission system. The RsgI6-GH10 was found to bind
xylan matrices but exhibited low enzymatic activity on this
substrate. In addition, this glycoside hydrolase module was

shown to interact with crystalline cellulose although no
hydrolytic activity was detected on cellulosic substrates.
Bioinformatic analysis of the Rsi24C-GH5 showed a gluta-
mate-to-glutamine substitution that would presumably pre-
clude catalytic activity. Indeed, the recombinant module
was shown to bind to cellulose, but showed no hydrolytic
activity. These observations suggest that these two glycoside
hydrolases underwent an evolutionary adaptation to func-
tion as polysaccharide binding agents rather than enzymatic
components and thus serve in the capacity of extracellular
carbohydrate sensors.

Keywords Anti-sigma factor · RsgI · Family 24 sigma 
factor · Carbohydrate-binding module (CBM) · 
Glycoside hydrolase (GH)

Introduction

Clostridium thermocellum is a cellulolytic Gram-positive
bacterium that serves as a model organism for plant cell
wall degradation by virtue of its multi-enzyme cellulosome
complex [1–3]. The central component of the cellulosome
is the nonhydrolytic “scaVoldin” subunit that integrates the
various catalytic subunits into the complex via high-aYnity
protein–protein interactions between the multiple copies of
scaVoldin-borne “cohesin” modules and a complementary
“dockerin” module borne by each catalytic subunit. The
C. thermocellum scaVoldin can thus integrate nine diVerent
catalytic subunits per complex, although the genome
encodes for more than 70 diVerent dockerin-containing
components. The targeting of the cellulosome to its cellu-
losic substrate is mediated by a carbohydrate-binding
module (CBM) that comprises part of the scaVoldin. Carbo-
hydrate degradation by this bacterium may also be carried
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out by free or cell-bound carbohydrate-degrading enzymes
that lack dockerins, although the great majority of plant cell
wall degrading enzymes found in this bacterium are clearly
cellulosomal in nature.

Plant cell walls consist of several intertwined heteroge-
neous polymers, primarily cellulose, hemicellulose (substi-
tuted xylans, mannans, etc.), pectin, and lignin. Therefore,
the action of several enzymes with diverse catalytic activities
is needed in order to unravel and break down this inherently
intricate polymer network in an eYcient manner. Indeed, pre-
vious studies have demonstrated that the enzyme composi-
tion in the cellulosome changes in response to growth on
diVerent carbon sources [4–6]. The latter studies indicate that
decomposition of lignocellulosic substrates is governed by a
coordinated substrate-speciWc regulation of cellulosomal sub-
unit composition in C. thermocellum.

Recently, systematic analysis of the C. thermocellum
genome revealed multiple copies of putative �I- and RsgI-
like proteins, some of which were predicted to be involved
in regulatory mechanisms that control carbohydrate degra-
dation processes including formation and function of the
cellulosome complex [7]. Nine of the deduced proteins
share strong similarity in their N-terminal sequences to the
Bacillus subtilis membrane-integrated anti-�I factor RsgI.
Eight of them appeared to form bicistronic operons down-
stream of genes, which encode proteins that bear strong
similarity to the B. subtilis �I factor.

The RsgI-like proteins have an atypical domain organi-
zation. In Wve proteins, the C-terminal regions, presumed to
be located outside the cell membrane, contain putative
CBMs, three of which were classiWed as family 3b
(CBM3b), which are known to bind crystalline cellulose.

One (Cthe_1273) contains a putative arabinose-binding
domain classiWed as CBM family 42 (CBM42), and another
(Cthe_0316) includes two tandem PA14 motifs (pfam07691,
smart00758), which together bind to pectin and related
polysaccharides [7].

Of the remaining RsgI-like proteins, one of them,
Cthe_2119 (RsgI6), contains a family-10 glycoside hydro-
lase (GH10) catalytic module (Fig. 1), known to hydrolyze
mainly xylans (http://www.cazy.org/GH10.html) [8]. Upon
additional mining of the C. thermocellum genome, we also
discovered an unusual family-5 glycoside hydrolase (GH5)
module associated with a deduced protein sequence
(Cthe_1471), similar to a B. subtilis membrane-associated
anti-� factor. The prediction of such carbohydrate-active
GH modules as a component of putative anti-� factors may
suggest that they also function as carbohydrate sensors that
detect extracellular polysaccharide biomass components. In
the present communication, we examine the carbohydrate-
binding and enzymatic performance of these two GH
modules and discuss their relevance as components of
biomass sensors in the signal-transmission system of
C. thermocellum.

Materials and methods

Materials

Pectin (from apple), oat-spelt xylan, chitin (from crab shells),
carboxymethyl cellulose, and polygalacturonic acid (from
orange) were purchased from Sigma Chemical Co. (St. Louis,
MO). Wheat arabinoxylan medium viscosity (L-arabinose,

Fig. 1 Putative GH-containing biomass-sensing genes in C. thermo-
cellum. a Genomic organization of sigI6-rsgI6 and sig24C-rsi24C
operons. Numbers in parentheses indicate the size of the gene product
in amino acid residues. b Comparison of modular structures of putative
anti-sigma factors RsgI6 and Rsi24C. Each protein harbors an RsgI- or

Rsi24-like domain (dark gray) containing an N-terminal transmem-
brane helix (black). The GH10 and GH5 modular components are indi-
cated; UNK refers to a divergent domain of unknown function. The
Rsi24-like domain contains a zinc-binding anti-sigma region (ZAS).
Ruler indicates the length of the proteins (number of amino acids)
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38%, D-xylose, 62%) was purchased from Megazyme
International, Ltd. (Wicklow, Ireland). Microcrystalline
cellulose (Avicel) was purchased from FMC BioPolymer
(Philadelphia, PA). Phosphoric acid-swollen cellulose (PASC)
was prepared according to Lamed et al. [9]. GFP-CBM3a
was prepared according to Demishtein et al. [10].

Bacterial strains

Clostridium thermocellum ATCC 27405 is referred to as a
type and genome-sequenced strain. Alternatively, strain YS
was also used in some experiments. Escherichia coli strain
XL1-Blue (Stratagene, La Jolla, CA) was used for plasmid
constructions, and strain BL21(DE3) (Novagen, Madison,
WI) was used for protein expression via the T7 RNA poly-
merase system.

DNA manipulation and cloning procedures

DNA sequences encoding GH10 (Cthe_2119, residues
378–760) and GH5 (Cthe_1471, residues 114–561) regions
were ampliWed by PCR using C. thermocellum ATCC
27405 genomic DNA as template, Phusion™ high-Wdelity
DNA polymerase (Finnzymes Oy, Espoo, Finland) and the
following primers. For GH10 (Cthe_2119): 5�-AATTCCA
TGGGCATTCAATGGATTGACCAGGC-3� (NcoI site is
underlined) and 5�-AATTCTCGAGGGGAATTCTGTAA
GTAGTCTGCAATG-3� (XhoI site is underlined), and For
GH5 (Cthe_1471): 5�-AATTCCATGGGTTTTGACAAT
CTCGGCAACTGGATTG-3� (NcoI site is underlined) and
5�-AATTCTCGAGTTTCCAAAAATTTTGCAATGTTTC
AAG-3� (XhoI site is underlined). The genes of the desired
modules were then ligated into NcoI-XhoI linearized-pET28a
vectors, thus encoding an attached His-tag for subsequent
puriWcation of the gene product. The DNA plasmids were
transformed into E. coli XL1-Blue, puriWed using Qiaprep
spin Miniprep Kit (Qiagen, Alameda, CA) and veriWed by
DNA sequencing.

Protein expression and puriWcation

Cultures of E. coli BL21(DE3) cells containing the above
plasmids were grown at 37°C in LB medium, supplemented
with kanamycin (50 �g/ml) to an A600 = 0.5–0.6. Then, iso-
propyl �-D-1-thiogalactopyranoside (IPTG) was added to a
Wnal concentration of 0.1 mM and the culture was subjected
to additional incubation at 16°C, overnight. The cells were
harvested, resuspended in Tris-buVered saline (TBS)
(137 mM NaCl, 2.7 mM KCl, and 25 mM Tris-HCl; pH
7.4) and sonicated in the presence of 1 mM phenylmethyl-
sulfonyl Xuoride (PMSF) and 10 �g/ml DNase. The soni-
cate was heated for 30 min at 60°C and then centrifuged.
The supernatant Xuids were mixed with 5 ml packed

Ni-nitrilotriacetic acid (NTA) beads supplemented with
5 mM imidazole for 1 h at 4°C (batch puriWcation system).
The beads were then loaded on a 20-ml Econo-pack col-
umn, washed by using gravity Xow with 50 to 100 ml wash
buVer (TBS with 15 mM imidazole), and eluted with TBS
containing 100 mM imidazole and then 250 mM imidazole.
The purity of the recombinant proteins was tested by SDS-
PAGE on 12% or 15% acrylamide gels. Highly puriWed
protein fractions were merged, dialyzed against TBS buVer,
and concentrated using Millipore 3,000 MW cutoV concen-
trators (Millipore, Billerica, MA). Protein concentrations
were estimated by using the absorbance at 280 nm. The
extinction coeYcient was determined based on the known
amino acid composition of each protein using the ProtParam
tool on the ExPASy server (http://www.expasy.org/tools/
protparam.html). Proteins were stored in 50% (vol/vol)
glycerol at ¡20°C.

Enzymatic activity

Xylanase activity was determined quantitatively by mea-
suring the reducing sugars released from soluble arabinoxy-
lan and insoluble oat-spelt xylan by the dinitrosalicyclic
acid (DNS) method [11]. A typical assay mixture consisted
of 1 �M enzyme in reaction buVer (50 mM sodium acetate
pH 5.5, 12 mM CaCl2) and 1% soluble arabinoxylan in a
Wnal volume of 200 �l. The reaction was performed in trip-
licate for 20 min at 50°C and was terminated by transfer-
ring the tubes to ice. An aliquot (100 �l) of the reaction
mixture was then added to 150 �l of DNS reagent, and the
tubes were boiled for 10 min, after which absorbance was
measured at 540 nm. ThermobiWda fusca Xyn10A (kind
gift of Sarah Moraïs, Weizmann Institute) was used as a
positive control for these experiments. Michaelis constant
(Km) and maximal rate (Vmax) were determined using ara-
binoxylan concentrations of 0.2, 0.5, 0.8, 1, and 1.5% (w/v)
and 1 �M enzyme. These kinetic values were calculated
from a plot of the initial reaction rates vs. substrate concen-
tration. Values of Km and Vmax were determined from a
Lineweaver-Burk plot of the data [12]. The results were
expressed in nkat, where 1 nkat corresponds to the amount
of enzyme necessary to release 1 nmol of reducing ends per
second.

Xylanase activity on 1% insoluble oat-spelt xylan was
measured as above at diVerent enzyme concentrations using
a xylose standard curve.

Carbohydrate binding assay

Qualitative assessment of binding to the insoluble polysac-
charides was achieved using Avicel, oat-spelt xylan, chitin
(from crab shells), pectin and polygalacturonic acid. Insolu-
ble xylan was pretreated as described before [13]. Pectin
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and polygalacturonic acid were immersed in buVer contain-
ing 7 mM CaCl2 in order to precipitate the polysaccharides.
Each assay mixture consisted of 3 �g of the puriWed protein
in binding buVer (50 mM Tris-HCl pH 8.0, 300 mM NaCl,
0.05% Tween 20) and 5 mg polysaccharide in a Wnal vol-
ume of 200 �l. The mixture was incubated at 4°C for
30 min with gentle agitation and then centrifuged at
13,000 rpm for 5 min. The supernatant containing the
unbound protein was separated and kept on ice. The pellet
was washed three times with 800 �l binding buVer for
10 min to reduce nonspeciWc binding. Protein sample buVer
(60 �l, containing SDS and DTT) was added to the polysac-
charide pellet and then boiled for 10 min to dissociate any
bound protein. Bound and unbound fractions were analyzed
by SDS-PAGE using a 12% or 15% SDS polyacrylamide
gel.

AYnity gel electrophoresis

Qualitative assessment of binding to soluble arabinoxylan
was performed by loading 7 �g of the recombinant proteins
onto a 7.5% polyacrylamide gel containing 0.1% arabin-
oxylan and comparing the mobility of each protein to a
native gel without arabinoxylan. Non-denaturing conditions
(absence of SDS) were used throughout the procedure.

Bioinformatic analysis

Sequence analysis of the GH modules in putative C. ther-
mocellum anti-sigma factors Cthe_1471 and Cthe_2119
was based on their similarity to protein families established
at both the CAZy [8] (http://www.cazy.org) and Pfam [14]
(http://pfam.sanger.ac.uk) databases. The SWISS-MODEL
Repository (http://swissmodel.expasy.org/repository/) was
used to more precisely map amino acid sequences resem-
bling either GH5 or GH10 domains in all available 3D
structures presented in PDB (http://www.pdb.org/pdb/home/
home.do). Amino acid residues 424–685 of Cthe_2119
(RsgI6) were shown to be strongly related (identity >30%)
to certain PDB entries representing the 3D structures of
GH10 proteins (1TA3, 1ISZ, 1IT0, 1XYF, 1ISV etc).
A C-terminal module of Cthe_1471 (Rsi24C), residues
134–536, was shown to be related to the PDB entry 1EQC
(the Candida albicans family 5 glycoside hydrolase). The
Pfam and InterPro [15] (http://www.ebi.ac.uk/interpro/)
databases annotated a C-terminal module of Cthe_1471 as
PF00150 Cellulase (residues 158–484) and as IPR001547
Glyco_hydro_5 (residues 190–480), respectively. Multiple
sequence alignments were performed with the ClustalW
program [16].

The following GenBank accession numbers were used to
construct the alignments: for GH5 proteins—YP_001037225,
ACM60954, BAA25878, YP_001037893, AAA23230,

BAA14354, AAG45159, AAA23231, BAA12826, YP_
001036965, BAA32286, AAC09379, AAD36302 and
BAE44526; and for GH10 proteins—YP_001038519,
ABN53181, YP_001037339, YP_001038983, CAA84631,
AAK76861, AAQ83581, AAT37531, AAZ56824,
ACE84815, CBA13561 and AAA56791.

Results

Binding of RsgI6-GH10 to xylan

According to the CAZy Web site and additional resources
(e.g., Pfam, InterPro, and PROSITE), the extracellular
C-terminal region of Cthe_2119 (RsgI6) is annotated as a
glycoside hydrolase family 10 [7], which contains enzymes
that primarily exhibit xylanase activity [8, 17, 18]. Hence,
the interaction of the puriWed 283-residue recombinant
GH10 module (RsgI6-GH10, residues 378–760) was exam-
ined with xylan matrices. For this purpose, we Wrst
employed a gel-retardation binding assay system, using sol-
uble arabinoxylan as a target substrate. As revealed from
the aYnity gel in Fig. 2a, in the presence of the substrate,
the electrophoretic mobility of the GH10 module was
retarded in the non-denaturing gel relative to its mobility in
the absence of target polysaccharide. This shift in protein
migration on the gel indicates that the module binds soluble

Fig. 2 Binding of RsgI6-GH10 to xylan matrices. a Interaction of
RsgI6-GH10 with a soluble xylan derivative. The protein was sub-
jected to non-denaturing gel electrophoresis in the presence or absence
of 0.1% arabinoxylan (§AX). BSA was used as a negative control.
Note the reduced mobility of the protein band (asterisks) in the pres-
ence of substrate. b Interaction of RsgI6-GH10 with an insoluble oat-
spelt xylan matrix. The recombinant RsgI6-GH10 was incubated with
the indicated insoluble polysaccharides, centrifuged, and the bound (+)
and unbound (–) fractions were analyzed by SDS-PAGE
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arabinoxylan. Similar binding of RsgI6-GH10 to insoluble
oat-spelt xylan was demonstrated using a centrifugation-
based assay system (Fig. 2b). The protein also bound to
Avicel, but not to chitin or pectin.

Enzymatic activity of RsgI6-GH10

Since RsgI6-GH10 exhibited an interaction with xylan
matrices as was anticipated, we were further interested to
test its enzymatic capabilities on this substrate. GH10
xylanases are retaining enzymes, liberating the product
with an overall retention in the anomeric conWguration.
Retaining glycosidases utilize a two-step double-displace-
ment mechanism involving two key active site acidic resi-
dues, one functioning as the nucleophile and the other as
the acid-base catalyst. In the case of xylanases, only glu-
tamic acid residues have been identiWed as the catalytic
amino acids that promote the hydrolysis [19–21]. There-
fore, we examined the Cthe_2119 sequence for the pres-
ence of these two catalytic residues, using multiple
sequence alignment analysis of the RsgI6-GH10 module
with the 502 available bacterial sequences of the GH10
family. The two conserved glutamate residues were found
at positions 538 and 635 (Fig. 3), as the acid-base catalyst
and catalytic nucleophile, respectively [22, 23]. Conse-
quently, RsgI6-GH10 would be expected to be functional.

The enzymatic activity of RsgI6-GH10 was tested on sol-
uble arabinoxylan and on insoluble oat-spelt xylan and was
found to be active on both substrates. The activity of RsgI6-
GH10 was examined on diVerent concentrations of soluble
substrate, which enabled calculation of the kinetic constants.
The Km was calculated to be 2.9 mg/ml and the Vmax was
43.5 nkat/mg protein. The RsgI6-GH10 module showed no
detectable activity on carboxymethyl cellulose, phosphoric
acid-swollen cellulose or microcrystalline cellulose (Avicel).

IdentiWcation and genomic organization of the sig24 
and rsi24 genes in C. thermocellum

Previous bioinformatic analysis by Kahel-Raifer and
coworkers [7] revealed for the Wrst time the unique set of

�I- and RsgI-like proteins in C. thermocellum, and their
presence in the genome may implicate a major regulatory
role in the degradation of plant cell wall biomass. More
extensive analysis of the C. thermocellum genome dat-
abases revealed several additional predicted operons that
encode pairs of putative alternative sigma factors together
with cognate transmembrane anti-sigma-like factors. These
alternative sigma factors are weakly similar to �W, a sub-
family of the B. subtilis extracytoplasmic function (ECF)
sigma factors, and to E. coli �24. Consequently, we hereby
assign the common preWx sig24 for C. thermocellum genes
encoding putative ECF sigma factors, and the preWx rsi24
for their cognate anti-sigma factors. However, only one of
these operons contains a gene, Cthe_1471, which encodes a
protein, herein termed Rsi24C, that includes a recognizable
carbohydrate-active module, which shares similarity to GH
family 5 (Fig. 1). All of the other rsi24 genes encode pro-
teins with C-terminal regions that have no signiWcant simi-
larity to other sequences in the known databases.

Binding of Rsi24C-GH5 to insoluble polysaccharides

Glycoside hydrolase family 5 (GH5) is one of the largest
and most diverse families of glycoside hydrolases [24, 25].
GH5 enzymes are known to hydrolyze various substrates,
including cellulose, mannan, xylan, chitin, glucan, and
lichenin [17]. In order to predict the substrate speciWcity of
Rsi24C-GH5, its amino acid sequence was compared with
other members of the GH5 family using Clustal analysis.
This protein showed low sequence similarity with other
GH5 enzymes but did not cluster into one of the known
sub-groups of this family (e.g., endoglucanase, xylanase,
mannanase). Interestingly, in the CAZy database, this
Cthe_1471 module is not annotated as a glycoside hydro-
lase, in contrast to both Pfam and InterPro databases
(PF00150: Cellulase and IPR001547: Glyco_hydro_5,
respectively).

The 448-residue recombinant GH5 module (114–561)
was cloned and expressed, and its binding properties were
tested against various insoluble carbohydrates. The results
shown in Fig. 4 demonstrate relatively weak but reproducible

Fig. 3 Sequence conservation 
of two distinctive portions of the 
GH10 modules from various 
representative enzymes. Puta-
tive catalytic residues are 
marked in bold font. GenBank 
accession numbers used to con-
struct the alignment are given in 
the Materials and methods 
section
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interaction with crystalline cellulose but shows little (poly-
galactauronic acid) or no interaction with any of the other
examined polysaccharides (oat-spelt xylan, pectin, and chi-
tin). The binding of Rsi24C-GH5 to cellulosic substrates
was weak, compared to a CBM3-containing chimeric pro-
tein (GFP-CBM3a) used as a positive control (data not
shown).

Enzymatic performance of Rsi24C-GH5

Family 5 glycoside hydrolases catalyze the hydrolysis of
diVerent target substrates (cellulose, xylan, mannan) with
net retention of conWguration at the anomeric center [19,
26]. Both the acid/base catalyst and the stabilizing anion/
nucleophile residues that catalyze the hydrolysis of the gly-
cosidic bond have been identiWed experimentally within
enzymes of this family. An Asn-Glu-Pro motif distin-
guishes the acid catalyst, while a Glu-X-Gly sequence,

where X is typically an aromatic amino acid residue, char-
acterizes the Glu participating as the stabilizing nucleo-
phile.

Before performing an enzymatic test to investigate the
function of the Rsi24C-GH5 module, we analyzed the pro-
spective position of the conserved glutamic acid residues in
its sequence. Multiple sequence alignment analysis of the
Rsi24C-GH5 sequence with 1357 Pfam available bacterial
sequences of the GH family 5 revealed the catalytic motifs
depicted above as Asn-Gln-Pro in positions 314–316 and
Glu-Tyr-Gly in positions 443–445 (Fig. 5). This extremely
conserved pattern of catalytic residues, although largely
maintained in our GH5 module, contains a curious Glu-to-
Gln replacement (position 315) of the general acid/base
catalyst Glu (position 315) into Gln. This switch in the
conserved Glu is the only one found throughout the
alignment among the entire collection of GH5 sequences
that maintained this pattern of catalytic site. This observa-
tion implies that the putative enzyme may have lost its
hydrolytic function.

In order to clarify this issue, the enzymatic activity of the
puriWed recombinant GH5 module was tested on various
polysaccharides. The degradation of crystalline cellulose
(Avicel), amorphous cellulose, carboxymethyl cellulose,
oat-spelt xylan, chitin, pectin, and polygalactauronic acid
was determined after 20 min at 50°C using the reducing
sugar method. Under these conditions, no degradation of
any of these carbohydrates was detected, even for cellulose
to which this putative enzyme was shown to bind (Fig. 4).

Discussion

The process of plant cell wall degradation either by free
cellulolytic enzymes or by cellulosomes begins with a bind-
ing interaction to the component polysaccharides via appro-
priate CBMs [27]. Based on their amino acid similarity,
CBMs are currently grouped into 59 families that show
notable variation in substrate speciWcity [8]. For example,

Fig. 4 Binding of Rsi24C-GH5 to complex polysaccharide matrices.
The recombinant protein was incubated with the indicated insoluble
polysaccharides, centrifuged, and the bound (+) and unbound (–) frac-
tions were analyzed by SDS-PAGE

Fig. 5 Sequence conservation 
of the regions containing the cat-
alytic residues of GH5 modules 
from various representative en-
zymes. Putative catalytic resi-
dues are marked in bold font. 
Note the E315Q substitution in 
the position of the catalytic acid 
of Rsi24C-GH5 (arrow). Gen-
Bank accession numbers used to 
construct the alignment are giv-
en in the Materials and methods 
section
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CBMs can bind speciWcally to cellulose, xylan, chitin, pec-
tin, �-glucans, starch and many others polysaccharides,
such as mannan, arabinan, and polygalacturonic acid. The
most recognized function of these domains is to bind poly-
saccharides, bringing the biocatalyst into close and pro-
longed proximity with its substrate, thereby allowing
eYcient carbohydrate hydrolysis. However, CBMs are also
important in events related to metabolism, pathogen
defense, polysaccharide biosynthesis, virulence, plant
development, etc., as reviewed in Guillén et al. [28].

Recently, a new role for CBMs as extracellular carbohy-
drate sensors was suggested by Kahel-Raifer et al. [7]. In
this case, CBM-annotated modules were found at the C-ter-
minal end of several membrane-associated anti-�I factors,
predicted to be localized and to act outside the cell mem-
brane. The N-terminal portion of these proteins was
expected to be on the cytoplasmic side of the membrane
and to interact with �I-like factors (i.e., alternative � factors
that control specialized regulon activation), such that the
activated genes would encode proteins involved in carbo-
hydrate utilization. Accordingly, a novel carbohydrate-
sensing mechanism was proposed, whereby the presence of
polysaccharide biomass components is detected by a corre-
sponding RsgI-borne CBM extracellularly and the signal is
transferred intracellularly by which the �I is released from
the RsgI-like subdomain and, together with RNA polymer-
ase, transcribes the target genes.

One of the nine putative RsgI-like proteins, Cthe_2119
(RsgI6), contains a predicted glycoside hydrolase family 10
instead of a CBM. This GH10 module was studied here for
its relevance in this system, since its major function is to cat-
alyze the hydrolysis of xylan. Indeed, RsgI6-GH10 both
binds to and hydrolyzes insoluble and soluble xylan sub-
strates. Although the Km was similar to previously published
values for GH10 enzymes on arabinoxylan [29–31], the
Vmax value was very low, exhibiting between 0.1–10% of the
activity of other characterized xylanases, from C. thermocel-
lum [31, 32], as well as from Aspergillus aculeatus, Bacillus
subtilis, Geobacillus stearothermophilus, and Themobacil-
lus xylanilyticus [29, 30, 33]. This indicates that the aYnity
for the soluble xylan substrate was similar to those of a typi-
cal GH10 enzyme, but the hydrolysis of the substrate was
limited. Moreover, RsgI6-GH10 also binds to cellulose,
although it fails to hydrolyze cellulosic substrates. Another
glycoside hydrolase from family 5 was revealed at the C-ter-
minal region of Cthe_1471, which is similar in its N-terminal
sequence to a B. subtilis membrane-associated anti-� factor
(RsiW, a negative regulator of the ECF family 24 sigma
factor �w). This prospective enzymatic module, however,
completely lost its catalytic function, presumably due to
replacement of the catalytic acid, which is essential for the
hydrolysis. Nevertheless, the binding function to microcrys-
talline cellulose of this module was preserved.

These observations suggest an evolutionary adaptation
of the above-described glycoside hydrolases to function as
CBMs in polysaccharide binding, due to their extracellular
localization in proteins that play a role in regulating
enzyme expression for polysaccharide utilization by the
parent cells. In this context, the hydrolytic function appears
not to be crucial. These modiWed glycoside hydrolases,
together with the other CBMs in this extensive biosensing
system, promote various binding speciWcities for diVerent
plant cell wall polysaccharides, and the speciWcity is main-
tained in the cognate �-like factors, which together serve to
activate diVerent sets of carbohydrate-active enzymes,
located at various loci on the C. thermocellum genome.
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