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Abstract

Background: Expansins are relatively small proteins that lack enzymatic activity and are found in plants and micro-
organisms. The function of these proteins is to disrupt the plant cell walls by interfering with the non-covalent
interchain bonding of the polysaccharides. Expansins were found to be important for plant growth, but they are also
expressed by various bacteria known to have interactions with plants. Clostridium clariflavum is a plant cell wall-
degrading bacterium with a highly elaborate cellulosomal system. Among its numerous dockerin-containing genes,
two expansin-like proteins, Clocl_1862 and Clocl_1298 (termed herein Cc/EXL1T and Cc/EXL2) were identified, and
CclEXLT was found to be expressed as part of the cellulosome system. This is the first time that an expansin-like pro-
tein is identified in a cellulosome complex, which implicates its possible role in biomass deconstruction.

Results: In the present article, we analyzed the functionality of Cc/EXL1. Its dockerin was characterized and shown

to bind selectively to type-l cohesins of C. clariflavum, with preferential binding to the cohesin of ScaG, and addition-
ally to a type-l cohesin of C. cellulolyticum. We demonstrated experimentally that the expansin-like protein binds
preferentially to microcrystalline cellulose, but it also binds to acid-swollen cellulose, xylan, and wheat straw. Cc/EXL1
exhibited a pronounced loosening effect on filter paper, which resulted in substantial decrease in tensile stress. The C.
clariflavum expansin-like protein thus enhances significantly enzymatic hydrolysis of cellulose, both by C. clariflavum
cellulosomes and two major cellulosomal cellulases from this bacterium: GH48 (exoglucanase) and GH9 (endoglu-
canase). Finally, we demonstrated Cc/EXL1-mediated enhancement of microcrystalline cellulose degradation by differ-

ent cellulosome fractions and the two enzymes.

Conclusions: The results of this study confirm that the C. clariflavum expansin-like protein is part of the elaborate
cellulosome system of this bacterium with capabilities of cellulose creeping. The data suggest that pretreatment of
cellulosic materials with Cc/EXL1 can bring about substantial improvement of hydrolysis by cellulases.

Keywords: Cohesin, Dockerin, Plant cell wall loosening, Cellulases, Cellulosomes, Tensile strength, Cellulose

degradation, Clostridium clariflavum

Background

As technologies develop and the standard of living con-
tinues to rise, energy costs and consequences are becom-
ing too expensive and demanding for our dependence on
unsustainable fossil fuel sources. Major efforts have been
invested in recent years to find alternative fuel sources,
and one of these is the use of lignocellulosic biomass for
production of bioethanol [1-3]. This initiative has led to a
growing interest in cellulolytic microorganisms and their
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carbohydrate-hydrolyzing systems as efficient resources
for degrading cellulosic biomass.

Among the most efficient natural molecular machin-
eries for cellulose degradation known today is the cel-
lulosome [4]. The cellulosome is a multi-enzymatic
complex that is produced by anaerobic cellulolytic bac-
teria and was first discovered in the thermophilic anaer-
obe Clostridium thermocellum [5-8]. Cellulosomes of
different bacterial species are highly diverse and have
different levels of complexity, depending on the “build-
ing blocks” that are encoded in the genome of a given
cellulosome-producing species [5]. Cellulosomes are
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constructed of two major protein groups: structural sub-
units called “scaffoldins” and catalytic subunits, which
are the enzymes [4, 9-12]. By definition, scaffoldins
contain modules called “cohesins” that interact specifi-
cally with modules called “dockerins” that are found on
the enzymatic subunits and/or other scaffoldins. A scaf-
foldin may also contain a carbohydrate-binding module
(CBM) that targets the complex to the substrate [13-17].
The dockerin-containing proteins (notably the cellulo-
somal enzymes) integrate into the scaffoldin(s), thereby
creating the mature cellulosome complex. Interactions
between different scaffoldins can serve to multiply the
number of enzymes in the complex and thus contribute
to the complexity of these intriguing complexes [4]. The
cohesin—dockerin complex is characterized by a strong,
non-covalent, and highly specific protein—protein inter-
action, which exhibits inter- and/or intra-species speci-
ficity. There are different types of cohesins and dockerins,
wherein the type-I cohesin—dockerin interaction is usu-
ally found between enzymes and scaffoldins, and the
type-II cohesin—dockerin interaction usually occurs
between different scaffoldins. The cohesin—dockerin
interactions of each species are specific, and, in general,
a cohesin/dockerin originating from one bacterial species
cannot interact with a counterpart from another species,
although there are exceptions [9, 18].

Clostridium clariflavum is a strict anaerobic, ther-
mophilic, cellulolytic bacterium that was first reported
in 2006 [19, 20]. Genome sequence analysis revealed
that C. clariflavum contains a large number of cellulo-
somal genes [21]. In a previous study, we analyzed all of
the cellulosomal genes of this species and identified 13
scaffoldins and 79 dockerin-containing proteins, which
together create a highly elaborate and intricate cellulo-
some system. We defined the possible cohesin—dockerin
interactions between the cellulosomal proteins (both bio-
informatically and experimentally) [22], and the analysis
revealed numerous cellulosome assemblies, the largest
of which would contain up to 160 enzymatic subunits,
which also represent the largest cellulosome complex
known in nature today. Among the 79 dockerin-bearing
proteins, we also identified two putative expansin-like
proteins. This constitutes the first evidence for a cellulo-
somal expansin in nature.

Subsequently, we explored the status of this intricate
cellulosomal system in vivo. As part of this effort, C.
clariflavum was cultivated on three carbon sources, i.e.,
cellobiose (CB), microcrystalline cellulose (MCC), and
switchgrass (SG) as sole carbon sources, and the cellu-
losome complexes were isolated from each of the spent
growth media [23]. Cellulosome fractions were separated
by size-exclusion chromatography in which two fractions
for each growth medium were obtained: a high-molecular
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weight cellulosome fraction (CBI, MCCI, and SGI) and
low-molecular-weight fraction (CBII, MCCII, and SGII).
Cellulosome complexes with the highest catalytic activity
were those isolated from the microcrystalline cellulose
medium, i.e., MCCI and MCCII. We analyzed the pro-
tein contents of each fraction by quantitative LC-MS/
MS and identified the key components of the different
cellulosomes in each fraction. One of the interesting
proteins that we identified during the analysis was the
putative cellulosomal expansin-like protein Clocl_1862.
This protein was only found in the low-molecular-weight
complexes (CBII, MCCII, and SGII), and it was pro-
duced at relatively low expression levels—2 %, compared
to the primary scaffoldin ScaA. Two putative celluloso-
mal expansin-like genes, Clocl_1862 (termed Cc/EXL1
for the purposes of this communication) and Clocl_1298
(CclEXL2), were identified in C. clariflavum genome.
However, under the growth conditions applied in this
study, only Cc/EXL1 was expressed by the bacterium;
CclEXL2 was not detected.

Expansins are small proteins (~26 kDa) that lack cata-
lytic activity and were first discovered in plants. These
proteins were reported to have disruptive activity on
plant cell walls and thereby assist growth and develop-
mental processes in the plant [24-27]. The expansins
are constructed of two small domains (D1 and D2) that
are tightly associated to each other [27, 28]. Domain
D1 exhibits some similarity to GH45 enzymes but
lacks key residues that are critical for catalytic activ-
ity. Domain D2 was originally classified as CBM63 and
is responsible mainly for substrate-binding charac-
teristics, although it might have additional roles [28].
Although the expansins lack catalytic activity, they have
the unique functionality of plant cell wall “creeping, i.e.,
they interfere with non-covalent bonding of the plant
cell wall polysaccharides and thus loosen the crystallin-
ity of the substrate by physically separating associated
polysaccharide chains [24].

Growing numbers of expansins have been discov-
ered, both in plants and in bacterial species. Bacterial
expansins have been found in species that are known to
interact with plants, such as plant pathogens or bacteria
that naturally inhabit plants [29]. Heterologous expres-
sion of plant expansin in Escherichia coli host expression
systems results in very low and inefficient expression
levels. However, expression of bacterial expansins gener-
ally results in high protein yields [26], which render these
expansins of high interest for the field of biomass degra-
dation studies and applications [30].

In recent years, many studies have attempted to dem-
onstrate synergism between expansins and cellulases,
but the effect of the expansins on cellulose hydrolysis
remains debatable and inconclusive. Some of the studies
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have indeed reported synergistic effects of expansin and
cellulases. These include the BsEXLX1 expansin-like pro-
tein from Bacillus subtilis [31] and other bacterial species
[32, 33] and the protein Zea h from corn stover [34]. In
addition, the two C. clariflavum expansin-like proteins
were previously integrated into small designer cellu-
losomes and added to the cellulose-binding fraction of
the C. clariflavum and C. thermocellum secretomes [35].
However, other studies failed to find a synergistic effect
between expansin-like proteins and cellulases [36], and
even contradicted previous reports for the same proteins.
In this context, Georgelis et al, failed to find a synergistic
effect of BsEXLX1 with several cellulases [29].

In the current study, we explored the functional char-
acteristics of the C. clariflavum expansin-like protein
CclEXL1, by experimentally addressing its cellulose-
disruption activity, substrate-binding characteristics, the
binding specificity of its dockerin module, and the impact
of the expansin on the degradation of cellulosic sub-
strates by C. clariflavum enzymes and cellulosomes. The
information generated during the present study assists in
understanding the role of a cellulosomal expansin in the
cellulosome complex per se and suggests that this expan-
sin can be used in different systems as an enhancer of the
cellulose-hydrolysis process.

Methods

Cloning of C. clariflavum genes

C. clariflavum strain DSM 19,732 and its genomic DNA
were purchased from the Leibniz Institute DSMZ-
German Collection of Microorganisms and Cell Cul-
tures. The genome sequence of C. clariflavum DSM
19,732 [CP003065.1] was obtained from the Gen-
Bank of NCBI. The genes encoding for the expansin-
like protein Cc/EXL1 (Clocl_1862), GH9 (Clocl_2225),
and GH48 (Clocl_4007) enzymes were cloned using
specific primers for each gene: Expansin—forward
primer: 5-TATAACCATGGGCGAAGGACAAGTTA
CCGTTGGAGATATCAATGG-3’; Reverse  primer:
5'-ATAATCTCGAGTTCAGGGAACTGGACATTGCC
ATCAATGATATAAGC-3'. GH9—forward  primer:
5'-ATTATACCATGGGCCACCATCACCATCACCATG
CAGGAAATTTCAACTATGC-3’; Reverse  primer:
5'-TTATATCTCGAGTTAGAATGATTTTATTATT
CC-3'. GH48—forward primer: 5-TTATAACCATGG
GCCACCATCACCATCACCATGACTCTGACACTT
TTAAAGAC-3’; Reverse primer: 5-TATATTCTCGAG
TTAAAAATCTTTGCTTATTCCG-3'. All genes were
designed to contain a His-tag, to facilitate purification of
the recombinant proteins. The genes were amplified by
polymerase chain reaction (PCR) using Reddymix x 2
(Advanced Biotechnologies Ltd., Epsom, Surrey, United
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Kingdom). The PCR products were purified by The
HiYield gel-PCR fragment extraction kit (Real Biotech
Corporation, RBC, Bangiao City, Taiwan). The inserts
were restricted by Ncol (5 terminus) and Xhol (3’ ter-
minus) FastDigest enzymes (Thermo scientific, Fermen-
tas UAB, Vilnius, Lithuania) and cloned into a pET28a
plasmid using the Ncol and Xhol restriction sites. The
plasmids were transformed to E. coli XL-1 Blue and puri-
fied by QIAprep Spin Miniprep Kit (QIAGEN GmbH,
D-40724 Hilden, Germany). The recombinant scaffol-
dins Scaf-A, Scaf-B, Scaf-F, Scaf-G, Scaf-C, Scaf- T, CBM-
CohAl, CBM-CohA5, CBM-CohA8, CBM-CohD3, and
CBM-CohG were cloned as reported earlier [22, 37-40].
The trivalent Scaf-ABT was cloned as described previ-
ously by Vazana et al. [41].

Protein expression and purification

The pET28a plasmids containing the recombinant genes
were transformed to E. coli BL21 (DE3) cells. The cells
were grown in LB (Luria—Bertani broth) medium sup-
plemented with 50 pg/mL kanamycin (Sigma-Aldrich,
Rehovot, Israel) and 2 mM CaCl, to Agy, ~ 0.8 for 2.5 h
at 37 °C. Protein expression was induced by the addition
of 0.2 mM Isopropyl-1-thio-B-D-galactoside (IPTG)
(Fermentas UAB, Vilnius, Lithuania). Following induc-
tion, cells were grown at 16 °C for 16 h. The cells were
centrifuged at 5000 rpm for 15 min, and resuspended
with TBS (Tris-buffered saline, 137 mM NaCl, 2.7 mM
KCl, 25 mM Tris—HCI, pH = 7.4), supplemented with
5 mM imidazole. Cells were sonicated and centrifuged
for 30 min at 15,000 rpm, 4 °C. Purification of the three
proteins was performed in a batch purification system
as described previously by Vazana et al. [42]. Protein
purity was estimated by SDS-PAGE, and the proteins
were dialyzed against TBS, supplemented with 5 mM
CaCl,. The expression and purification of the recombi-
nant Scaffoldins Scaf-A, Scaf-B, Scaf-F, Scaf-G, Scaf-C,
Scaf-T, CBM-CohD3, CBM-CohAl, CBM-CohAS5,
CBM-CohA8, and CBM-CohG were carried out as
described earlier [22, 37-40]. The expression and puri-
fication of Scaf-ABT was performed as reported before
by Vazana et al. [41].

Cultivation of C. clariflavum and isolation of its
cellulosomes

Clostridium clariflavum was grown on GS-2 medium
containing 0.2 % microcrystalline cellulose (Avicel;
Sigma-Aldrich) as a sole carbon source [23]. The high-
molecular-weight cellulosome fractions (MCCI—higher
molecular weight fraction, MCCII—lower molecu-
lar weight fraction) were concentrated and purified as
described previously [23].
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Affinity-based ELISA

The functionality of the N-terminal dockerin module of
the CclEXL1 expansin was examined by affinity-based
ELISA, based on the previous established protocol of
Barak et al. [43]. Briefly, the 96-well ELISA plates (Greiner
Bio-One, Belgium) were coated overnight with 30 nM of
expansin. The five recombinant C. clariflavum scaffoldins
(CBM-Cohs) CBM-CohA1l, CBM-CohA5, CBM-CohAS,
CBM-CohD3, and CBM-CohG, or 7 recombinant scaf-
foldins: Scaf-A, Scaf-B, Scaf-F, Scaf-G, Scaf-C, Scaf-T, and
CBM-CohD3 were supplemented in concentrations rang-
ing from 2 pM and 20 nM in order to evaluate their spe-
cific interaction profiles. The interactions were detected
by anti-CBM primary antibody and horseradish peroxi-
dase (HRP)-labeled secondary antibody.

Affinity pulldown

In order to characterize the substrate-binding character-
istics of Cc/[EXL1, 10 pg of the expansin together with a
negative control protein, Scaf-ABT [41], were incubated
under continuous mixing for 1 h at 4 °C, in the presence
of the following substrates: 11.25 mg microcrystalline
cellulose (Avicel; Sigma-Aldrich), 5.6 mg/mL phosphoric
acid-swollen cellulose, 11.25 mg beechwood xylan
(Sigma-Aldrich, Rehovot, Israel), or 9 mg/mL of wheat
straw (Valagro, Poitiers, France). As a control, a triva-
lent designer cellulosomal scaffoldin composed of three
cohesin modules: Acetivibrio cellulolyticus cohesin (C3),
Bacteroides cellulosolvens cohesin (B3), and Clostridium
thermocellum cohesin (A2) [41] was tested under iden-
tical assay conditions. The reaction buffer was 50 mM
acetate buffer, pH 5.5. Prior to addition of the Cc/EXL1,
the beechwood xylan substrate was washed three times
with double-distilled water, in order to remove free sol-
uble saccharides. The final volume of the binding assay
was 200 pL. After incubation, the tubes were centrifuged
for 2 min at 14,000 rpm, the unbound fractions were
collected and boiled in SDS sample buffer for 5 min at
100 °C. The pellets were washed three times with 200 pL
of 50 mM acetate buffer (pH 5.5) with 0.05 % Tween 20
(Sigma-Aldrich, Rehovot, Israel), resuspended in reaction
buffer and SDS sample buffer, boiled for 5 min at 100 °C,
and centrifuged for 2 min, 14,000 rpm. The bound
and unbound fractions were further analyzed by 12 %
SDS-PAGE..

Tensile-strength measurements of filter paper

after different treatments

Expansins lack measurable enzymatic activity. Conse-
quently, in order to determine whether this protein has
biological functionality, we tested its influence on the
tensile strength of filter paper after incubation in the
presence of Cc/EXL1. The tensile strength of the samples
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was measured using an Instron 3345 Tester (Instron,
Norwood, MA). The experiments were performed as
described by Kim et al. [31]. Filter paper no. 3 strips at
a size of 2 cm x 5.5 cm (Whatman, Little Chalfont,
Buckinghamshire, UK) were incubated with 50 mM
acetate buffer (pH 5.5), containing Cc/EXL1 (0.6 mg/
mL). Bovine serum albumin (BSA, 0.6 mg/mL) or buffer
alone was used as negative controls, and 8 M urea was
used as a positive control. After 1 h of incubation at 55 °C
in each solution, the tensile strength of the samples was
measured. The extension rate used was 0.5 mm/min.
Experiments were performed in triplicate, and standard
deviations were determined.

Hydrolysis of filter paper after incubation with expansin
Measurement of the tensile strength of filter paper after
incubation with expansin showed that the filter paper
weakens as a result of the expansin function. In order
to demonstrate that the expansin disrupts the hydrogen
bonds between the cellulose chains and makes it more
accessible for the cellulases, we pre-incubated the filter
paper strips with Cc/EXL1 (0.6 mg/mL in 50 mM ace-
tate buffer, pH 5.5) for 1 h at 55 °C (or in the same buffer
alone as a negative control). Subsequently, the recombi-
nant enzymes GH48 and GH9 or the C. clariflavum cel-
lulosomes (MCCI fraction) were added to the tubes. For
comparison, the same reactions were performed without
preincubation, i.e., the enzymes and the expansin were
added simultaneously. The reactions were done in 200 pL
volume, and the concentration of the enzymes was
0.5 uM each, and MCCI concentration was 25 pg/mL.
The tubes were incubated for 24 h, at 55 °C, under con-
tinuous shaking. The amount of released reducing sugars
was assessed by the DNS method [44], whereby enzy-
matic reactions were terminated by cooling the tubes on
ice, 100 uL of the reaction volume was transferred into
150 pL of dinitrosalicylic acid (DNS), and the samples
were boiled for 10 min at 100 °C. In addition, the resid-
ual filter paper samples were washed in double-distilled
water, and the amount of the reducing sugars on the filter
paper was also measured by the DNS method. After boil-
ing, the samples were cooled on ice, and the absorbance
was measured at 540 nm. The amount of reducing sug-
ars was determined using a glucose standard curve. The
experiments were performed three times in duplicates,
the + standard deviations for the three experiments are
demonstrated.

Enzymatic hydrolysis of Avicel by recombinant enzymes
and expansin

Two prominent C. clariflavum cellulosome cellulases,
GH48 and GH9, were used for enzymatic hydrolysis of
Avicel, with or without the addition of Cc/EXL1. The
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addition of Cc/EXL1 was performed either simultane-
ously together with the enzymes or, alternatively, the
microcrystalline cellulose samples were pre-incubated for
1 h at 55 °C prior to the supplementation of the enzymes.
The reaction volume was 200 pL, and the enzymes and
CclEXL1 were brought to a final concentration of 0.5 pM
each. The tubes were supplemented with 11.25 mg of
Avicel and were incubated at 55 °C for 24 h and 48 h with
shaking. The amount of released reducing sugars was
examined by the DNS method as described above.

Hydrolysis of Avicel by C. clariflavum cellulosomes

and expansin

In order to evaluate the contribution of expansin to cel-
lulose degradation by the two cellulosome fractions,
each fraction (MCCI and MCCII) was incubated with
11.25 mg of Avicel with or without Cc/EXL1. The concen-
tration of each fraction was 25 pg/mL. The combination
of the two fractions was also incubated with and without
CclEXL1, and the total concentration of the two fractions
was 25 pg/mL (12.5 pg/mL of each). Cc/EXL1 concentra-
tion was 0.5 uM. The tubes were incubated for 24, 48,
and 72 h at 55 °C under continuous shaking. The levels
of released reducing sugars were assessed as described
above.

Results

Characterization of the binding specificity of the
expansin-borne dockerin module

The C. clariflavum expansin-like gene Clocl 1862
encodes for a protein (Cc/EXL1) with a molecular mass
of 35,122 Da, constructed of three domains: a dockerin
module at the N-terminus of the protein and an expan-
sin-like region, containing the two expansin-related
domains (D1 and D2). The two expansin-like genes in the
C. clariflavum genome are the first to be discovered to
contain a type-I dockerin [22, 35], which renders them
putative components of the cellulosome system in this
bacterium. Two similar dockerin-bearing expansin-like
proteins were also identified in the newly sequenced
genome of Clostridium alkalicellulosi [45]. Moreover,
the expansin-like protein Cc/EXL1 was also found to be
part of cellulosome complexes that are produced by C.
clariflavum when cultivated on different carbon sources
[23]. Significantly, Cc/[EXL1 was only identified in the
lower-molecular-weight cellulosome fractions (the sec-
ond fraction eluted by gel filtration during purification
of C. clariflavum cellulosomes), and at relatively low
expression levels (2 % relative to the amount of primary
scaffoldin, ScaA, in this fraction). The second expansin-
like protein, Clocl_1298 (Cc/[EXL2), was not detected at
all, upon cultivation of the bacterium on three different
carbon sources (microcrystalline cellulose, cellobiose,
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and acid-pretreated switchgrass). Based on this obser-
vation, we decided to further characterize the Cc/[EXL1
protein, which was expressed at very high levels in the E.
coli expression system (yields of 70 mg/L were obtained),
as reported for other highly expressed bacterial expansin-
like proteins [26].

The binding characteristics of the type-I dockerin mod-
ule of the expansin-like protein were examined by affin-
ity-based ELISA. For this purpose, various monovalent
recombinant scaffoldins (CBM-Cohs, each containing a
CBM3 module and a single-cohesin module originating
from a different bacterial species) were combined with
CclEXL1. The expansin-like protein was found to inter-
act with type-I cohesins from various scaffoldins of C.
clariflavum, thereby confirming experimentally that this
is a type-I dockerin. Cc/EXL1 interacts with the type-I
cohesins of ScaA (CBM-Cohs Al, A5, and A8, the first,
fifth, and eighth cohesins of ScaA), ScaD (CBM-CohD3,
the third cohesin of ScaD), and the monovalent scaffoldin
ScaG (CBM-CohG) [22] (Fig. 1a). The cohesins originat-
ing from ScaA and ScaD interacted at approximately the
same level with the Cc/EXL1 dockerin module, whereas
the ScaG cohesin interacted with its dockerin at a signifi-
cantly higher level. For subsequent experiments, the two
type-1 cohesins from C. clariflavum, CBM-CohD3 and
CBM-CohG, were chosen as positive controls for binding
of the dockerin of Cc/EXL1. We then examined possible
interactions of the latter with cohesins of other bacterial
species. The other tested monovalent scaffoldins used
in this work are as follows: Scaf-A (Cohesin C3 from A.
cellulolyticus), Scaf-B (Cohesin B3 from Bacteroides cel-
lulosolvens), Scaf-F (cohesin Bl from Ruminococcus
flavefaciens strain 17), Scaf-G (cohesin 2375 from Archae-
oglobus fulgidus), Scaf-C (cohesin C1 from Clostridium
cellulolyticum), and Scaf-T (cohesin A from the CipA
scaffoldin subunit of Clostridium thermocellum YS). All
of the latter scaffoldins, with the exception of Scaf-F, have
been established previously as type-I cohesins. As dem-
onstrated in Fig. 1b, the dockerin of Cc/EXL1 did not
interact with most of the monovalent scaffoldins, but
exhibited specific intra-species interaction with CBM-
CohD3, and again, a stronger binding to CBM-CohG.
Surprisingly, however, Cc/EXL1 also displayed very
strong and specific interspecies interaction the C. cel-
lulolyticum cohesin [46, 47] at the same level as the intra-
species interaction with the C. clariflavum CBM-CohG.

Substrate-binding capabilities of Cc/EXL1

Expansins (both bacterial and of plant origin) are
reported to contain two domains: D1 and D2, which
together bind the substrate. D2 is the main binding com-
ponent and is classified as a family-63 CBM. The bacte-
rial expansin BSEXLX1 from B. subtilis was shown to
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Fig. 1 Investigation of the binding specificity of the expansin dock-
erin with various cohesins. The specific binding of the Cc/EXLT dock-
erin was determined by affinity-based ELISA. Microtitter plates of 96
wells were coated with Cc/EXL1, and (a) five CBM-Coh fusion proteins
from C. clariflavum (Cohesins A1, A5, A8, D3, and G) or (b) eight CBM-
Coh fusion proteins from different bacterial species (C. clariflavum,
C. cellulolyticum, C. thermocellum, B. cellulosolvens, A. cellulolyticus, R.
flavefaciens, and A. fulgidus) were added to the wells in increasing
concentrations. CBM, carbohydrate-binding module; Coh, cohesin

bind cellulose and different hemicelluloses [28]. For bet-
ter understanding of the binding specificity of Cc/EXL1,
we performed an affinity-pulldown assay with different
substrates, i.e., microcrystalline cellulose, unpretreated
wheat straw, phosphoric acid-swollen cellulose (PASC),
and beechwood xylan. As a negative control, we used a
trivalent recombinant scaffoldin Scaf-ABT, which lacks
a CBM and comprises three cohesin modules, originat-
ing from A. cellulolyticus, B. cellulosolvens, and C. ther-
mocellum. The results (Fig. 2) show that Cc/EXL1 binds
strongly to cellulosic substrates, as most of the protein
was found in the bound solid fraction (pellet) and only
a very small portion remained in the unbound frac-
tion (supernatant fluids). Interestingly, Cc/EXL1 bound
microcrystalline cellulose in a stronger manner than the
phosphoric acid-swollen cellulose, which might give a
clue to the substrate preference of the expansin-like pro-
tein and to the available binding sites for expansin in each
substrate. The control protein showed some presumably

Fig. 2 Affinity pulldown of Cc/EXLT with cellulosic and hemicellu-
losic substrates. Microcrystalline cellulose (MCC), wheat straw (WS),
phosphoric acid-swollen cellulose (PASC), and beechwood xylan
were incubated with 10 pg of expansin for 1 h at 4 °C. The presence
of CclEXLT in the bound (B) and unbound (U) fractions was assessed
by subjecting the fractions to 12 % SDS-PAGE. Scaf-ABT (10 ug) was

used as a negative control

non-specific binding to the cellulosic substrates, but a
larger portion of the protein was found in the unbound
fraction.

In addition to cellulosic substrates, Cc/EXL1 also
bound the hemicellulosic substrates—xylan and wheat
straw. The binding to xylan was less extensive than the
binding to cellulose, as can be seen by the amount of pro-
tein that remained in the unbound soluble fraction. The
control protein also bound xylan in a non-specific man-
ner, but again, a larger portion of the protein was found
in the unbound soluble fraction. For wheat straw, only
a very small portion of the control protein was found
bound to the substrate, while most of the protein stayed
in the unbound soluble fraction. This observation appears
to reflect the binding preference of Cc/EXLI to different
plant cell wall polysaccharides, which favors binding to
the cellulosic portion, although binding to hemicellulose
was detected as well.

The effect of the expansin-like protein on the tensile
strength of filter paper

Expansins lack detectable enzymatic activity. Although
the D1 domain shares sequence and structural simi-
larity with glycoside hydrolases from family 45, they
lack selected key residues that are responsible for cata-
lytic hydrolysis [26]. Previous studies have shown that
expansins disrupt the non-covalent interactions in the
plant cell wall and presumably interfere with the inter-
chain hydrogen bonding of the crystalline cellulose
structure, thus causing a “creeping” or “loosening” effect
on the cell walls [24-26, 28]. In order to confirm that
CclEXL1 exhibits the same biological function as other
studied expansins, we measured the changes in tensile
strength of filter paper as a result of 1-h incubation with
CclEXL1. As negative controls, we incubated filter paper
strips in acetate buffer (pH 5.5) alone or with the addi-
tion of BSA. This pH was chosen since this is the optimal
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pH for C. clariflavum cellulosome activity [23], and since
CclEXL1 is an acidic expansin-like protein [48]. As a pos-
itive control, we incubated the strips in 8 M urea, which
is known for its disruptive hydrogen bonding capacity
and has commonly been used as a positive control by
others. The results are shown in Fig. 3. Filter paper strips
incubated with BSA were not affected and had similar
values of tensile stress at maximum load as strips incu-
bated in buffer. Strips incubated with 8 M urea exhibited
a much lower value of tensile stress at maximum load,
with a decrease of 43.0 % in tensile strength compared
to strips incubated in buffer. The effect of Cc/EXL1 was
almost identical to that of urea, with a decrease of 44.4 %
in tensile strength compared to the controls. This level
of filter paper weakening is significant, and the impact of
CclEXL1 on tensile strength exceeded that of BsEXLX1,
which showed a 29 % decrease in tensile stress at maxi-
mum load (in experiments performed under identical
conditions) [31]. These results provide direct experimen-
tal evidence that Cc/EXL1 possesses biological function
consistent with expansins. It is also important to note
that we examined whether Cc/EXL1 has catalytic activity
on different substrates, but none was detected for any of
the substrates.

Enhancement of filter paper hydrolysis by cellulases as a
result of preincubation with Cc/EXL1

Tensile-stress examination of filter paper after different
treatments has shown that filter paper weakens as a result
of preincubation with expansin. Our aim was thus to
determine whether this effect can result in enhancement
of cellulose hydrolysis by cellulases. For this purpose, we
incubated filter paper strips with Cc/EXL1 or with acetate
buffer for 1 h at 55 °C (as described for the tensile-stress
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Fig. 3 Examination of tensile strength of filter paper after different
treatments. Filter paper strips were treated with acetate buffer (pH
5.5), 600 pg/mL BSA (as a negative control), 8 M urea (as a posi-

tive control), or 600 pug/mL CclEXLT for 1 h at 55 °C, and the tensile
strength of each strip was measured until tearing of the strip. Stand-
ard deviations are indicated, where two asterisks (**) indicate p < 0.01
(two-tailed t test for samples treated with buffer, urea, or Cc/EXL1)
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measurements above). Immediately after incubation with
CclEXLI, the filter paper was supplemented either by two
purified cellulases or by the purified C. clariflavum cel-
lulosomes (i.e., the high-molecular-weight fraction cel-
lulosomes isolated from microcrystalline cellulose-grown
cells, MCCI) for 24 h at 55 °C (Fig. 4a). As a control, the
same experiment was performed with Cc/EXL1 but with-
out preincubation, whereby CclEXL1 was added to the
reaction at the same time with either the enzymes or with
the cellulosome preparation (Fig. 4c, d). For this experi-
ment, we cloned, expressed, and purified the putative
C. clariflavum exoglucanase GH48-Doc (Clocl_4007)
and the putative processive endoglucanase GH9-CBM3-
Doc (Clocl_2225). Like in the majority of cellulosomes,
the GH48 enzyme was found to be the most abundant
enzyme in the cellulosome of C. clariflavum, and the
GHY9 enzyme is predicted to be a processive endoglu-
canase, similar to CelQ from C. thermocellum, and is
also one of the highly expressed enzymes in the C. clari-
flavum cellulosome [23]. Examination of their catalytic
activity on PASC showed that they work synergistically
(Additional file 1). The samples of filter paper that were
pretreated with Cc/EXL1 and hydrolyzed by either GH9
and GH48 or the MCCI cellulosome fraction showed a
substantial increase in the level of the released reducing
sugars in the reaction solution (59.71 or 71.14 %, respec-
tively), compared to control samples that were incubated
in buffer instead of Cc/EXL1 (Fig. 4a).

Examination of the reducing sugars found on the fil-
ter paper did not reflect the same increased hydrolysis
effect by the GH48 and the GH9 enzymes, since the
amounts of reducing sugars on the Cc/EXL1-treated fil-
ter paper and the non-treated filter paper were similar
(Fig. 4b). However, filter paper samples that were hydro-
lyzed by the MCCI cellulosome preparation displayed a
similar effect on the levels of reducing sugars as found
in the reaction solution. These findings can be explained
by the fact that the two enzymes have a lower capacity
to hydrolyze and disrupt the structure of filter paper in
comparison to the cellulosome, which contains a diver-
sity of enzymes that work synergistically and together
disrupt the filter paper more effectively. Preincubation
with Cc/EXL1 assists both the enzymes and the cellu-
losomes in disrupting and hydrolyzing the filter paper,
as shown in Fig. 4a. The high levels of released reducing
sugars in the hydrolysis reaction with the two enzymes,
compared to those remaining on the filter paper itself,
can be explained by the fact that there is a high concen-
tration of exoglucanase GH48 (compared to the amount
of this enzyme in the MCCI fraction) that hydrolyzes
the oligosaccharides released by endoglucanase GH9 to
cellobiose subunits, which thus increases the levels of
reducing ends in solution.
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Fig. 4 Preincubation of filter paper strips with Cc/EXL1 enhances enzymatic degradation. Filter paper strips were incubated for 1 h at 55 °C with
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Filter paper samples that were not pre-incubated with
CclEXL1 prior to the addition to the enzymes and cel-
lulosome to the reaction (Cc/EXL1 was added together
with the enzymes/cellulosome) revealed additional infor-
mation (Fig. 4c, d). The levels of released reducing sug-
ars in the solution as a result of the hydrolysis by the two
enzymes was not increased by the addition of Cc/EXLI,
and was even slightly reduced (Fig. 4c). However, hydroly-
sis of the filter paper by MCCI was enhanced by Cc/EXL1,
independent of preincubation. An explanation for this
phenomenon can be that the two enzymes and Cc/EXL1
compete for the same binding sites on the filter paper, and
their simultaneous addition to the reaction prevents access
of the enzymes to the filter paper. Upon preincubation
of filter paper with Cc/EXL1, binding of Cc/[EXL1 occurs
earlier, and Cc/EXL1 can disrupt the filter paper and pro-
vide the enzymes with more exposed sites for degradation.

When the cellulosome fraction is used instead of the two
purified enzymes, the concentration of each enzyme in the
complex is much lower, but a greater diversity of enzymes
participate in hydrolysis of the filter paper. The enzymes
work via different mechanisms and react on different sites
of the filter paper, so in this case, Cc/EXL1 does not inter-
fere with the hydrolysis, and hydrolysis is enhanced.

These observations reinforce the results of the tensile-
strength measurements that show a weakening of the
filter paper strips. These findings presumably reflect
the disruption of hydrogen bonding between cellulose
chains, which renders the substrate more accessible
for enzymes, and cellulose hydrolysis is thus enhanced.
No release of reducing sugars was detected for filter
paper that was incubated under similar conditions with
CclEXL1 alone without subsequent addition of enzymes,
thus confirming its lack of catalytic activity.
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Catalytic hydrolysis of microcrystalline cellulose in the
presence of Cc/EXL1

The expansin of C. clariflavum contains a dockerin mod-
ule at its N-terminus, which provides a clue about its role
in nature. As a cellulosome component, Cc/EXL1 can
be assumed to improve the activity of the cellulosomes
in some way. We therefore isolated the cellulosomes of
C. clariflavum, separated between the high-molecular-
weight (MCCI) and the low-molecular-weight (MCCII)
complexes by gel filtration (as described earlier [23]), and
we examined whether addition of Cc/EXL1 would result
in a synergistic effect on cellulose degradation (Fig. 5).
For this purpose, Cc/[EXL1 was added to each of the
isolated cellulosome fractions (MCCI and MCCII) and
to the combination of the two cellulosome complexes
(MCCI + MCCII), and the effect on cellulose hydroly-
sis was determined. The hydrolysis of microcrystalline
cellulose was performed at 55 °C, and was sampled at
24, 48, and 72 h. The concentration of each cellulosome
fraction that was used was 25 pg/mL, and Cc/[EXL1 was
added to the reaction at a concentration of 0.5 pM. The
combination of the MCCI and MCCII fractions was
fixed at 25 pg/mL (12.5 pug/mL of each fraction). When
CclEXL1 was the only protein in the reaction, no cata-
lytic activity was observed. The results show that the
addition of Cc/[EXL1 to each of the cellulosome fractions
causes a synergistic effect that fosters enhancement of
cellulose hydrolysis. Catalytic hydrolysis of microcrys-
talline cellulose by MCCI in the presence of Cc/[EXL1
was increased in comparison to the observed activity of
MCCI alone (16.3, 29.7, and 17.7 % at 24, 48, and 72 h,
respectively). For MCCII-mediated hydrolysis of cellu-
lose, the observed activity was similarly enhanced (18,
23.7, and 19.5 % at the 24, 48, and 72 h, respectively) by
CclEXL], as observed also for the combined cellulosome
fractions (MCCI + MCCII) (16.7, 12.5, and 26.3 % for 24,
48, and 72 h, respectively) (Fig. 5). These findings dem-
onstrate that Cc/EXL1 has a significant synergistic effect
on microcrystalline cellulose degradation, with both
the high-molecular-weight cellulosomes and the low-
molecular-weight cellulosome fractions. In addition, we
performed a similar experiment in which Cc/EXL1 was
added to the microcrystalline cellulose prior to the cel-
lulosomes, in order to examine the influence of prein-
cubation. The results showed that preincubation had no
effect on microcrystalline cellulose hydrolysis, and the
levels of enhancement by Cc/[EXL1 remained at approxi-
mately ~20 % (data not shown).

However, when the concentration of the cellu-
losomes was increased (doubled) to 0.5 pg/mL, the
synergistic effect of the expansin disappeared, and a neg-
ative synergistic effect was observed whereby Cc/EXL1
caused a minor decrease in the observed activity on
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Fig. 5 The impact of Cc/EXL1 on catalytic hydrolysis of microcrystal-
line cellulose by C. clariflavum cellulosome fractions. Hydrolysis of
microcrystalline cellulose (Avicel) was performed by the cellulosome
fractions of C. clariflavum (25 ug/mL) with (full symbols) or without
(empty symbols) the addition of Cc/EXL1 (0.5 uM). Samples were taken
at 24,48, and 72 h, and the amount of the released reducing sugars
was assessed. Hydrolysis was performed by the high-molecular-
weight fraction, MCCI (a), the low-molecular-weight fraction, MCCII
(b), and a combination of MCCl and MCCII (to a combined concen-
tration of 25 pg/ml) (c). Standard deviations are indicated, where
two asterisks indicate p < 0.01 and three asterisks indicate p < 0.001
(two-tailed t test)

microcrystalline cellulose (Additional file 2). A simi-
lar observation was reported earlier by Kim et al. 2009,
whereby addition of the B. subtilis expansin-like protein
BSsEXEL1 caused an inhibition of filter paper hydrolysis
by a commercial enzyme cocktail (Celluclast) compris-
ing free uncomplexed fungal enzymes from Trichoderma
reesei [31].

Finally, when the degradation of microcrystalline cel-
lulose was performed by two cellulases, GH48 and GH9
and Cc/EXL1 (at an equimolar ratio of all components),
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the presence of expansin showed no substantial effect
(Fig. 6a). This was surprising, since a potent synergistic
effect was observed upon preincubation with Cc/EXL1
on this particular substrate prior to the action of these
two cellulases (see above, Fig. 4). Furthermore, hydroly-
sis of microcrystalline cellulose was performed by the
two enzymes after a preincubation period with Cc/EXL1,
which resulted in 7.2 % enhancement of degradation
(Fig. 6b). These results suggest that the synergistic effect
of CclEXL1 depends on the composition of the enzymes
in the reaction and/or their target substrates, and on pre-
incubation of the substrates with Cc/[EXL1 for different
enzyme compositions.

Discussion
Expansins are unique proteins that are expressed by
plants and diverse types of bacteria, and their biological
function has yet to be fully established. Various groups
have shown in a number of studies that expansins from
numerous sources are capable of plant cell wall “creep-
ing” [24, 26, 31], but the exact mechanism of this activity
is not known.

C. clariflavum, a cellulolytic bacterium with a highly
elaborate cellulosomal system, contains in its genome
two expansin-like genes, each bearing a dockerin module
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Fig. 6 Hydrolysis of microcrystalline cellulose by two cellulases and
CclEXL1. Degradation of Avicel was performed by exoglucanase GH48
and endoglucanase GH9 (0.5 pM each) with (blue curve) or without
(red curve) the addition of Cc/EXLT (0.5 uM). The reactions were
performed with a simultaneous supplementation of enzymes and
CclEXLT (@) or with a 1-h preincubation step at 55 °C (b). Two asterisks

indicate p < 0.01(two-tailed t test)
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at their N-terminus. The dockerin module of the two
expansin-like proteins is of type-I, as has been shown
by sequence analysis of all non-scaffoldin dockerin-
containing proteins of C. clariflavum [22], and we show
herein that the dockerin module of expansin Clocl_1862
(CclEXL1) interacts with type-I cohesins of both C. clari-
flavum and C. cellulolyticum (Fig. 1). C. clariflavum has
several different scaffoldins in its cellulosomal system
that bear type-I cohesins: ScaA, which is the primary
(enzyme-integrating) scaffoldin of the cellulosome and
contains eight type-I cohesins; ScaC, an anchoring scaf-
foldin that bears three type-I cohesins, ScaD, another
anchoring scaffoldin that comprises two type-II cohes-
ins and a single (third) type-I cohesin; ScaG, which has
a single type-I cohesin (also predicted to be a cell-surface
anchoring scaffoldin); ScaH/L with three type-I cohesins;
ScaM that also contains three type-I cohesins; ScaM (a)
and ScaM(b), each bearing six type-I cohesins, and ScaO
with a single type-I cohesin.

In our previous study [23] we performed quantitative
label-free LC-MS/MS analysis of the C. clariflavum cel-
lulosome fractions that revealed the complete protein
contents of the cellulosomes. These data provided insight
into the possible assemblies of the different components
and the composition of dockerin-containing proteins in
the cellulosome fractions [23]. Cc/EXL1 was found to be
expressed by the bacterium, but at relatively low expres-
sion levels compared to other cellulosomal (enzyme)
components. Intriguingly, this dockerin-bearing protein
was found only in the low-molecular-weight fractions
(CBII, MCCII, and SGII) for each cellulosome prepara-
tion isolated from cells grown on the three respective
growth conditions. The amount of Cc/EXL1 in these
fractions was only 2 % compared to that of the primary
scaffoldin ScaA. Cc/[EXL1 was not detected in the high-
molecular-weight fractions (CBI, MCCI, and SGI), and
the second expansin-like protein Clocl_1298 (Cc/EXL2)
was not detected in any of the cellulosome fractions.

The low-molecular-weight cellulosome fractions of C.
clariflavum contain three possible cellulosomal assem-
blies (Additional file 3). The first complex contains the
primary scaffoldin ScaA that interacts with the anchor-
ing scaffoldin ScaF through its single type-II cohesin. The
second complex is composed of ScaM(b) that interacts
with six dockerin-containing proteins, and the third is
ScaG which contains a single type-I cohesin that interacts
with a single dockerin-containing protein (see Fig. 3 of
Ref. [23]). The fact that Cc/EXL1 is not found in the high-
molecular-weight fractions can perhaps help deduce in
which complex(es) it may likely reside. Cc/EXL1 probably
does not interact with ScaA in the second fraction, since
it is not found in the first (higher-molecular-weight) frac-
tion where ScaA is dominant. Indeed, ScaA is the most
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abundant (or one of the most abundant) scaffoldin(s) in
both the high- and low-molecular-weight fractions, so
we may assume that if the expansin would have inter-
acted with ScaA, we would also have found Cc/EXL1 in
the high-molecular-weight fractions as well. If this is the
case, the interaction of Cc/EXL1 would be restricted to
ScaM(b) and/or ScaG. ScaM(b) is a cell-free scaffoldin,
which is secreted from and would presumably diffuse
away from the cell. An expansin that is incorporated into
this scaffoldin would thus bind to the substrate via the
scaffoldin-borne CBM2 and assist other enzymes in the
complex to degrade the cellulosic substrate by disrupt-
ing the interchain hydrogen bonding, thereby rendering
it more accessible to the enzymes. ScaG, on the other
hand, is predicted to be a cell-anchored scaffoldin, and
incorporation of Cc/EXL1 into this scaffoldin can result
in the following possible roles: (i) adhesion of the cells to
the substrate (probably cellulose), since expansin is com-
posed of two domains, D1 and D2, and the latter mainly
functions as a CBM; and (ii) enhancement of cellulose
degradation by cell-anchored cellulosomes, assuming
that cellulosomes are in close proximity to the Cc/EXL1-
borne ScaG on the cell surface. These conclusions are
supported by the affinity-based ELISA assay (Fig. 1), in
which the cohesin of ScaG was shown to bind the dock-
erin of Cc/[EXL1 stronger than the cohesins of ScaA and
ScaD. However, an in vivo assay that will confirm pref-
erential binding of Cc/EXL1 to ScaG and ScaM(b) is
required.

The basic functionality of Cc/[EXL1 was examined in
our study employing two experimental approaches: the
substrate-binding characteristics and the creeping activ-
ity on filter paper. The binding of cellulose by Cc/[EXL1
was substantial, both to microcrystalline cellulose and
PASC (Fig. 2). Surprisingly, Cc/JEXL1 demonstrated more
extensive binding to microcrystalline cellulose than to
PASC, which is the reverse of the binding characteristics
exhibited by many cellulases and/or CBMs. We observed
that some of the Cc/[EXL1 remained in the unbound frac-
tion of the PASC-mediated pulldown experiment, even
though the substrate was in great excess. It has been
shown before that the binding of cellulases and CBM3 to
PASC is 20-fold higher than to microcrystalline cellulose
owing to the increased surface area of the former [15],
which implies that the cellulases and CBM can access
the cellulose more easily when neighboring cellulose
chains are disrupted. These contrasting results may indi-
cate that Cc/EXL1 can bind preferentially the crystalline
regions of cellulose and work in such areas where expan-
sin is required to facilitate cellulose hydrolysis. In addi-
tion, Cc/[EXL1 was capable of binding partially xylan and
wheat straw, which may suggest that it can also be active
on hemicellulosic substrates.
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Preincubation of filter paper with Cc/EXL1 resulted in
significant reduction in tensile stress at maximum load
of the filter paper (Fig. 3), which indicates that Cc/EXL1
possesses the same biological functionality as other char-
acterized and well-studied expansins of different origins.
This conclusion was further reinforced by the addi-
tion of cellulases or native cellulosome to the pre-incu-
bated paper, which showed a substantial increase in the
hydrolytic activity as a result of Cc/EXL1 action (Fig. 4).
The preincubation step was effective only for degrada-
tion performed by the two enzymes, which indicated
the importance of this step when working with artificial
enzyme cocktails that might be inhibited by the expan-
sin. Degradation of filter paper and microcrystalline cel-
lulose by MCCI did not require this step, probably due
to a much more complex enzyme composition. Similar
results that show the importance of a preincubation step
were reported by Tovar-Herrera et al. 2015 for ScExIx1,
an expansin originating from Schizophyllum commune
[49].

Moreover, examinations of tensile strength were per-
formed under the same conditions reported by Kim et al.
2009 for BsEXLX1 from B. subtilis, and the C. clarifla-
vum expansin showed a markedly greater loosening effect
on the filter paper (29 % for BsEXLX1 versus 44.4 % for
CclEXL1). Together with the fact that Cc/[EXL1 is highly
expressed in E. coli and is thermostable, these findings
suggest that the C. clariflavum expansin CclEXL1 can
be used as a biological pretreatment for cellulosic sub-
strates, before adding the cellulases for enhanced sub-
strate degradation.

Finally, we examined the effect of Cc/EXL1 on micro-
crystalline cellulose degradation by native C. clariflavum
cellulosomes, separated into the high- and low-molec-
ular-weight (MCCI and MCCII) fractions (Fig. 5).
CclEXL1 enhanced cellulose hydrolysis by ~20 % for each
of the cellulosome fractions and for its combination with
MCCI and MCCII, but only when low concentrations
of cellulosomes were employed. When a higher concen-
tration was used, the synergistic effect diminished, and
CclEXL1 even inhibited the degradation of the cellulosic
substrate (Additional file 2). Similar findings have been
reported in the literature [31]. A possible explanation of
this phenomenon could be that Cc/[EXL1 and the cellu-
losome compete for available binding sites on the cellu-
lose surface, which causes an inhibition of enzyme action
under high enzyme concentrations, since bound Cc¢/EXL1
blocks the binding of the enzymes to the substrate. More-
over, when Cc/EXL1 was added together with the two
purified cellulases to microcrystalline cellulose, there was
no detectable effect of the expansin on hydrolysis (Fig. 6),
in contrast to its major contribution to the hydrolysis
of filter paper, which was pre-incubated with expansin



Artzi et al. Biotechnol Biofuels (2016) 9:61

before addition of enzyme. However, when microcrys-
talline cellulose was pre-incubated with Cc/EXLI, a syn-
ergistic effect was observed. The results are compatible
with those of Tovar-Herrera et al. 2015, who observed a
synergistic effect of the expansin only when it was incu-
bated with the substrate prior to enzymatic degrada-
tion. The improvement of the effect by preincubation
with expansin might also be indicative of its location in
the cellulosome system: if Cc/EXL1 would work inde-
pendently of the enzymes, it might attach to the bacte-
rial cell surface via ScaG and initiate substrate creeping
before the cellulosome complex commences enzymatic
hydrolysis. In any case, the precise role of Cc/EXL1 in
the degradation of cellulosic substrates requires further
experimental exploration.

These data suggest that the mechanism of Cc/EXL1
action is very complicated, and its contribution to bio-
mass degradation depends on a variety of factors, such
as the composition of enzymes used, the ratios between
the expansin and the enzymes, the characteristics of the
substrates that are used, and the timing of addition of the
expansin to the substrate suspension. None of the stud-
ies that have been performed to date have succeeded in
cracking the unique expansin code, but the evidence that
has been collected from each study can eventually help in
our efforts to better understand the mechanism of expan-
sin action.

Conclusions

The present study was initiated in order to address the role
of the expansin-like protein, Cc/[EXL1, in the C. clarifla-
vum cellulosome system. We showed herein that Cc/EXL1
is capable of disrupting the substrate and assisting in cellu-
lose degradation, both by recombinant enzymes and native
cellulosomes. The Cc/EXL1 dockerin displayed preferential
binding to the single cohesin of the presumed cell-anchored
Sca@ scaffoldin, thereby suggesting that its integration into
the cellulosome system of this bacterium is not random. We
demonstrated the importance of preincubation of the sub-
strates with Cc/EXL1 when working with artificial enzyme
cocktails, which can be highly beneficial to cellulolytic pro-
cesses. Further studies are required for complete under-
standing of why this protein forms part of the enormous
multi-enzymatic complex. It is currently a mystery why this
bacterium produces an expansin-like protein and why other
similar cellulosome-degrading bacteria, i.e, C. thermocel-
lum, A. cellulolyticus, and B. cellulosolvens, do not. In the
meantime, the secret remains with C. clariflavum.
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Additional files

Additional file 1: Figure S1. Cellulases GH48 and GH9 work in a
synergistic manner. The recombinant putative C. clariflavum exoglucanase
GH48 and endoglucanase GH9 were used for degradation of PASC
(phosphoric acid-swollen cellulose) alone or combined. Reaction tubes
were supplemented with 0.5 uM of each enzyme, or 1 uM in total of the
two enzymes combined. The duration of the reaction was 3 h, and the
level of cellulose degradation was assessed by measuring the amount of
released reducing sugars. The combination of the two enzymes resulted
in 1.29-fold enhancement of PASC degradation. Synergy was calculated
by summation of the released reducing sugars from the degradation by
each enzyme alone, and comparing it to the amount of released reducing
sugars by the action of the two enzymes together.

Additional file 2: Figure S2. Impact of Cc/EXL1 is diminished at high
cellulosome concentrations. Microcrystalline cellulose (Avicel) degrada-
tion was performed using the cellulosome fractions of C. clariflavum,
MCCI (A), MCCII (B) and the combination of MCCl and MCCII (C), at a final
concentration of 50 ug/mL with the addition of 0.5 uM expansin (full
shapes) or without (empty shapes). Samples were taken at 24-h intervals,
and the amount of released reducing sugars was assessed. The Cc/EXL1-
mediated enhancement of cellulose hydrolysis that was demonstrated for
low cellulosome concentrations (25 pg/mL) was not observed for higher
concentrations. Standard deviations are indicated.

Additional file 3: Figure S3. Low-molecular-weight cellulosomes of
C. clariflavum. Expansin-like protein Cc/EXL1 was detected in the low-
molecular-weight cellulosome fractions (CBII, MCCIl and SGII) but not

in the high-molecular-weight cellulosomes (Artzi et al. 2015). Based on
tour previous data (Artzi et al. 2015) and the binding preferences of the
CclEXLT dockerin, the expansin may be a component of one or more of
the following complexes: (i) Complex 1, Cc/EXLT may interact with the
type | cohesins of ScaA; (ii) Complex 2, Cc/EXLT may interact with the
ScaM(b) type | cohesins, or (iii) Complex 3, in which Cc/EXL1 may interact
with the single cohesin of ScaG. Artzi L, Morag E, Barak Y, Lamed R, Bayer
EA: Clostridium clariflavum: key cellulosome players are revealed by prot-
eomic analysis. MBio 2015, 6:e00411-15.
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