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Abstract The adsorption of a carbohydrate binding

module (CBM3) from the Clostridium thermocellum

scaffolding protein (CipA) to cellulose was analysed in

this work. The effect of CBM-PEG on the drainability

of E. globulus and P. sylvestris pulps and on the

physical properties of the respective papersheets was

also studied. The CBM binding to cellulose is often

described as ‘‘irreversible’’, but this classification does

not fully characterize this interaction. Indeed, the

results obtained demonstrate that, although the adsorp-

tion on cellulose is rather stable, CBM inter-fibre

mobility may be observed. The results also showed that

the CBM-PEG conjugate improves the drainability of

E. globulus and P. sylvestris pulps without affecting

the physical properties of the papersheets.

Keywords Cellulose � CBM3 � Clostridium

thermocellum � Adsorption � Pulp drainability

Introduction

The interaction of CBMs with cellulose has been

characterized as irreversible; other studies, though,

describe it as a dynamic process. Indeed, studies

using fluorescent labelled CBMs showed that these

proteins exhibit surface mobility on crystalline cel-

lulose (Jervis et al. 1997). The ‘‘irreversible’’ nature

of this interaction, that depends both on the CBM and

cellulose properties, is not fully characterized. Cel-

lulose presents multiple overlapped binding sites and

even in model substrates the surface is heteroge-

neous. It is generally accepted that the adsorption is

ruled by multiple reversible interactions between the

glucose molecules and the CBM. Thus, desorption

requires multiple interactions to break simultaneously

(Shoseyov and Warren 1997).

It has been shown that the treatment of cellulose

fibres with CBMs alters the interfacial properties of

the fibres (reviewed by Shoseyov et al. 2006). These

properties—tight adsorption and potential to modify

the surface properties—contribute to the utilization of

CBMs in different fields of biotechnology; one of

these fields is the paper industry, which has tradition

in the utilization of proteins, in particular enzymes

(Suurnäki et al. 1994; Senior and Hamilton 1993;

Geng and Li 2003; Seo et al. 2000; Jackson et al.

1993; Pala et al. 2001). Indeed, it has been shown that

CBMs, obtained by proteolysis of Trichoderma reesei

cellulases, are capable of modifying the drainability

of recycled paper pulps (Pinto et al. 2004). Conju-

gates of CBMs (Kitaoka and Tanaka 2001) and fusion

proteins with several CBMs (for instance, fused

starch and cellulose binding modules; Levy et al.

2002) has also been shown to improve the mechanical
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properties of papersheets (Levy et al. 2002). Further-

more, CBMs were also successfully used for the

depilling of cotton fabrics (Ramos et al. 2007). Thus,

there is considerable evidence that CBMs may be

used for the modification of the technical properties

of cellulosic materials. A deeper characterization of

the interaction CBM-cellulose will help the develop-

ment of the CBM-based technologies.

In the present work, we analyse the CBM adsorp-

tion reversibility and mobility, and the effect of a

CBM-PEG conjugate in the properties of E. globulus

and P. sylvestris pulps and papersheets. Since PEG is

highly hydrophilic, its conjugation with CBM fol-

lowed by the adsorption of CBM-PEG in the fibres is

expected to modify the surface wetability. Further-

more, the comparison of the technical properties of

pulps and paper fibres treated with CBM and CBM-

PEG may reveal the effect of the surface hydration on

those properties. The CBMs from Clostridium

thermocellum have been described in previous studies

(Najmudin et al. 2005; Fontes et al. 1995, 2004; Xie

et al. 2001), and were selected in this work.

Materials and methods

Chemicals

Sodium acetate trihydrate was obtained from Appli-

Chem (Darmstadt, Germany), O-[2-(3-Mercaptopro-

pionylamino)ethyl]- O0-methyl-PEG 5,000 was

purchased for Sigma (St. Louis, Mo.). Paper fibres

were kindly supplied by Prof. Ana Paula Duarte, from

the University of Beira Interior.

Protein production

Clostridium thermocellum was used as source of

genomic DNA. The bacterium was grown anaerobi-

cally under a nitrogen atmosphere at 60 �C, in a

prereduced medium with 1% (w/v) cellobiose. The

carbohydrate binding module (CBM3) from the

Clostridium thermocellum scaffolding protein (CipA)

coding sequence was amplified by PCR, cloned in the

expression vector pET21a and produced as described

in previous works (Klyosov and Sinitsyn 1981;

Kataeva et al. 1999, 2001). The CBM3 construct

includes a linker, a peptide that links the CBM to

other modules in the scaffolding CipA protein. The

full sequence of the protein produced in this work,

including the CBM3 and the linker, is shown in

Table 1.

Adsorption reversibility assays

Suspensions of Whatman CF11 fibres, with concen-

tration of 80 mg/mL, were incubated for 2 h at 4 �C,

in the presence of a CBM3 at a concentration of

0.73 mg/mL. The fibers were then centrifuged at

4,000 rpm for 10 min. The supernatant was dis-

carded, and the pellet washed twice with the CBM

buffer solution (Tris 20 mM, NaCl 20 mM, 5 mM

CaCl2(2H2O), pH = 7.0) and 5 mM of phenylmetha-

nesulphonylfluoride (PMSF). The fibres were resus-

pended in different solutions (1 mL), in order to

analyse the stability of the CBM3 adsorption. The

following conditions were used: urea 0.5 M, urea

1 M, Glucose 1 M, pH 5 buffer (glycin 0.1 M), pH 3

buffer (glycin 0.1 M), pH 7 buffer (100 mL of

KH2PO4 0.1 M and 58.2 mL of NaOH 0.1 M),

pH11 buffer (100 mL of Na2HPO4 0.05 and 8.2 mL

of NaOH 0.1 M), pH13 buffer (50 mL of KCl 0.2 M

and 132 mL of NaOH 0.2 M), ultrapure water, NaCl

0.5 M, ethylene glycol and SDS, both at 1%

concentration. The mixtures were allowed to interact

for 2 h at room temperature, with gentle stirring.

Then, the fibres were centrifuged and the superna-

tants analysed by SDS–PAGE electrophoresis.

Mobility assays

These assays were carried out using fluorophores

conjugates of the CBM. The CBM3 conjugation with

FITC (florescein isotiocyanate) and TRITC (tetra-

methylrodamine), was made using a ratio of 1:3

(protein: fluorochrome). The fluorochrome was

Table 1 Peptide sequence of CBM3

Protein Peptide sequence

CBM3 TPTKGATPTNTATPTKSATATPTRPSVPTNTP

TNTPANTPVSGNLKVEFYNSNPSDTTNSIN

PQFKVTNTGSSAIDLSKLTLRYYYTVDGQ

KDQTFWCDHAAIIGSNGSYNGITSNVKGT

FVKMSSSTNNADTYLEISFTGGTLEPGAHV

QIQGRFAKNDWSNYTQSNDYSFKSASQFV

EWDQVTAYLNGVLVWGKEHHHHHH

The linker sequence is underlined
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dissolved in DMSO (2% of the protein volume), and

allowed to react with the protein overnight, at room

temperature and with slow stirring.

After conjugation, the protein was purified using a

PD-10 column. The conjugated CBMs were allowed

to adsorb on Whatman fibers CF 11 (30 mg), for 2 h.

The fibers were centrifuged (5 min, 12,000 rpm) and

washed with buffer. Fibres with CBM linked to each

fluorophore were separately prepared. Then, the two

samples were mixed (0.5 mL for each sample), and

allowed to interact.

The mixture was kept in suspension by magnetic

stirring, at 5 �C. Samples were collected immediately

after mixing the fibres, and after 1, 2, 5, and 8 days.

Fluorescence microscopy observations were per-

formed in a Zeiss Axioskop microscope (Zeiss,

Oberkochen, Germany) equipped with a Zeiss Axi-

ocam HRc attached camera (Zeiss, Oberkochen,

Germany) and using the Axiovision 3.1 software

(Zeiss, Oberkochen, Germany).

The fibres with CBM-FITC were detected using a

filter with blue excitation (BP excitation 450–490,

Dichrioc FT 510; emission LP 515), and the protein

stained with TRITC was observed using a green

excitation filter (BP excitation 546/12, Dichroic FT

580; emission LP 590).

Quantification of cellulose adsorption by image

analysis

The proteins were conjugated with FITC, and then

the CBM3 was purified in a PD-10 column, previ-

ously equilibrated with an appropriate buffer (Tris

20 mM, NaCl 20 mM, 5 mM CaCl2(2H2O),

pH = 7.0). The absorbance of the sample containing

CBM3 was read at 280 and 495 nm.

A sample of CBM3 (1 mL), with concentrations of

50 and 500 lg/mL, was added to 20 mg of Whatman

CF11, and lefted stirring for 2 h at 4 �C. The mixture

was centrifuged at 12,000 rpm for 5 min, and the

supernatant was discarded.

Fluorescence microscopy observations of the fibres

were performed using the equipments described in the

previous section, using the blue excitation filter.

The surface concentration of CBD-FITC conju-

gates, adsorbed on cellulose fibers, was determined

by image analysis. The program used for this

calculation consists of two scripts, the first dedicated

to the elaboration of the calibration curve. The

emission of fluorescent light, detected by image

analysis, is correlated with the concentration of

CBDs. This calibration is then used (second script)

to determine the concentration of CBDs adsorbed on

cellulosic fibers. This method allows the direct

estimation of the adsorbed CBDs surface concentra-

tion, which usually is not accurately calculated from

depletion studies since the surface area is hardly

known. The methodology used is described elsewhere

in detail (Pinto et al. 2007, 2008).

The calibration curve for different times of

acquisition was obtained using protein (CBM-FITC)

solutions with different concentrations (0, 15, 20, 25,

30, 35, 40, 45, 50, 60, 70, 80, 90, 100, 110, 120, 135

and 150 lg/mL). The images were taken with

Axiskop microscope with the blue excitation filter.

The quantification of the CBM3 adsorbed to the CF11

fibres was performed using the script of the MAT-

LAB� (The Mathworks, Inc.; EUA), developed by

(Pinto et al. 2007, 2008).

CBD-PEG conjugation

The conjugates CBM-PEG were prepared with

the purpose of mimetizing the glycosidic fraction

in fungal CBMs, and to analyse the effect of

surface hydration on the technical properties of

paper fibres.

The PEG (O-[2-(3-Mercaptopropionylamino) ethyl]-

O0-methyl-PEG, Mw = 5,000) was added to the protein

solution with magnetic stirring and allowed to react

overnight at 4 �C (Abushowski et al. 1977; Bailon and

Berthold 1998). A molar ratio of 3% (PEG:CBM3

amino groups) was used. As shown elsewhere, in these

conditions, the modified CBM3 still binds to the fibres

(Data not shown).

Treatment of E. globulus and P. sylvestris fibres

with CBM3 and CBM3-PEG conjugate

Paper fibres were refined (3,000 revolutions) in a PFI

mill. The CBM3 and CBM3-PEG conjugate were

allowed to adsorb on the refined fibres by mixing the

protein at a concentration of 1 mg per gram of fibre

(dry weight), using 15 g of fibers (dry weight) in

acetate buffer (50 mM, pH 5.0, final volume of

600 mL), for 30 min at room temperature.
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Analysis of the pulp and paper properties

The pulp and handsheet properties were analysed

using standard procedures: ISO 5267/1 (Shopper-

Riegler); ISO 5636/3 1992 (F) (permeability); ISO

1924/2 1985 (F) (tensile strength and break length);

ISO 1947 (F) (tearing); ISO 2758 1983 (F) (bursting

strength).

Results and discussion

Production and purification of the proteins

The SDS–PAGE analysis (Fig. 1) shows that the

obtained CBM3 is highly pure and exhibits an

apparent molecular weight according to the theoret-

ical value of 22,112 Da.

Adsorption reversibility studies

The stability of the CBM adsorption on cellulose

fibres was analysed incubating the fibres with

adsorbed protein in solutions with different pH, ionic

strength, and with different additives. The desorbed

protein, separated from the fibres by centrifugation,

was analysed by silver stained SDS–PAGE.

The gel (Fig. 2) reveal that, for all of the studied

conditions, CBM3 desorption occur to different

extents, although in most cases only tiny amounts

of protein is released. It must be remarked that the gel

is silver stained, and therefore very low amounts of

protein are being detected. As a matter of fact, when

the gel is stained with Coomassie Blue, only solutions

with low pH or SDS releases detectable amounts of

CBM off the fibres (data not shown).

These results confirm the data from previous

studies, suggesting that the adsorption of CBM3 is

quite stable (Shoseyov and Warren 1997). However,

it is demonstrated that the adsorption may not be

considered irreversible. To further characterize the

reversible/irreversible character of the interaction, a

mobility assay was carried out using CBMs conju-

gated with fluorochromic labels.

Fig. 1 SDS–PAGE

electrophoresis, evaluation

of the production and

purification of the CBM3 in

the His-tag column. 1:

Protein extract; 2: Flow

fraction; 3, 4, 5: 2nd wash;

6: Imidazol 300 mM

elution; 7: Imidazol

500 mM elution; 8:

Purification (PD-10); 9:

Protein marker

Fig. 2 SDS–PAGE analysis of CBM3 desorbed using differ-

ent solutions: 1: Urea 0.5 M; 2: Urea 1 M; 3: Glucose 1 M; 4:

pH 2; 5: pH 3; 6: pH 7; 7: pH 11; 8: pH 13; 9: Ultrapure water;

10: NaCl 0.5 M; 11: Ethyleneglycol; 12: SDS 1%, 13: Initial

amount of protein used in the assay
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Mobility assays

According to the results shown in the previous section,

the CBM3 is reversibly bound cellulose. The micro-

scopic observation of fibres with labelled CBMs, using

the appropriate filters, allows the characterization of

the surface mobility/adsorption reversibility. This

assay provides a way to directly observe whether

CBMs, once adsorbed to cellulose, are able to move to

other fibres in a cellulose suspension. In this assay,

CBMs are labelled with different fluorochromes, FITC

and TRITC. Then, the labelled CBMs are mixed with

the fibres, separately. Finally, the two fibre samples are

mixed and the mobility of CBMs among fibres is

detected by a colour change of the fibres. If, after

mixture of the fibres, they gradually become indistinct

on the fluorescence microscope, this implies that

CBM-FITC and CBM-TRITC are able to move from

one fibre to another, until the fibre ‘‘colour’’ becomes

homogeneous.

As can seen in the Fig. 3, there is a clear difference,

immediately after mixture, in the colour exhibited by

the fibres with adsorbed protein stained either with

FITC or TRITC, which allows their differentiation. As

a matter of fact, each fibre can be observed using only

one of the filters. Thus, each fibre bears adsorbed

CBMs with only one of the fluorochromes used.

The following sample observed was collected 24 h

after mixing the fibres. It is possible to observe that,

despite the existence of some fibres that are much

Fig. 3 (1) Selected image for the contact time of 0 h. (2)

Selected image for the contact time of 24 h. (3) Selected image

for the contact time of 192 h. The same observation field, in the

microscope, was photographed using different filters, a FITC

filter, b TRITC filter and—in this case a different field is

shown—c overlapped images of both filters
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better noticed using one of the filters, there are some

fibres that may be observed using either filter. These

results suggest that, after 24 h, the mobility of the

CBMs between fibres occurred already to some

extent.

After 8 days of contact, it is no longer possible to

recognize the kind of proteins (with FITC or TRITC)

originally adsorbed on each fibre. Similar results

were obtained after 48 and 70 h (not shown),

demonstrating the inter-fibre mobility of the protein.

So, despite the results suggesting that the adsorption

is irreversible, due to the difficulty in removing the

protein from the fibres using different solutions

(previous section), a gradual transfer between fibres

occur, and so we can conclude that the adsorption is

reversible.

Thus, it is possible to conclude that, after several

days, CBM3 moves from one fibre to another. This

result is in agreement with studies that showed that

CBMCex is mobile on the surface of crystalline

cellulose (Jervis et al. 1997), and with authors

claiming that the mobility of CBMs may explain

the function of CBMs (Shoseyov et al. 2006).

Quantification of protein surface concentration

The surface concentration of CBMs was estimated

using an image analysis methodology, as referred in

the materials and methods section. Basically, a

correlation between the fluorescent intensity and the

signal recorded in a digital camera is obtained using

solutions of CBM-FITC with known protein concen-

tration. Then, the signal obtained in the analysis of

fibres with adsorbed CBD-FITC is related to the

surface concentration using this calibration. In average,

a surface concentration of 40.60 and 83.30 lg/mL was

obtained for fibres equilibrated with CBM3 solutions

with concentration of 50 and 500 lg/mL. The number

of adsorbed CBM layers was calculated using the

MATLAB program (for more detail on the calculations

please see references Pinto et al. 2007, 2008); the

estimated number of adsorbed CBM layers was 0.8 and

1.5, respectively, for the lower and higher CBM

concentration used. These results are similar to the

ones obtained previously, using a CBM from T. reesei,

and show that a high surface concentration exists at

saturation, as expected, roughly corresponding to a

protein monolayer covering the fibres. This is in our

view a relevant finding: the effect of CBMs on the

technical properties of cellulosic fibres can be assigned

to the modification of interfacial properties, only if a

high surface coverage is achieved, as seems to be the

case.

CBM and CBM-PEG treatment of E. globulus

and P. sylvestris fibres

In previous work (Pinto et al. 2004; Ramos et al.

2007), we showed that fungal CBMs, heavily glycos-

ylated, modify the properties of textiles and paper

pulps. This effect may be assigned, theoretically,

either to the modification of interfacial properties or to

the disruption of the fibres. In this work, a CBM

expressed in bacteria (not glycosylated) was tested in

the treatment of paper fibres. Although both CBMs

(the fungal used in previous studies, and the bacterial

produced in this work) have high affinity for cellulose,

they would be expected to introduce different surface

properties to the fibres were they adsorb, since

glycosylation is lacking in the bacterial protein. To

confirm this hypothesis, and check the relevance of the

glycosylation in this regard, the CBM3 was modified

by pegylation—an attempt to mimetize the glycosidic

fraction present in fungal bacteria which, as PEG, is

likely to be highly hydrated.

The goal of this part of the study was to analyse

the effect of CBM3 on the pulp and paper properties,

specifically to check whether the protein adsorption

introduce significant changes in fibre properties.

Previous works have shown that CBM-PEG is

capable of modifying the drainability of recycled

paper pulps without changing negatively the physical

properties. The pulp drainability is the capacity of the

Fig. 4 Shopper-Riegler Index of the E. globulus and

P. sylvestris fibers treated with CBM, CBM-PEG and

untreated. (mean ± SEM, n = 8)
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pulp for water drainage and is measured by the

Shopper-Riegler degree (8SR).

The graph on Fig. 4 shows a significant reduction

(15.7% for E. globulus and 10.5% for P. sylvestris) of

the Shopper-Riegler Index (8SR) induced by CBM-

PEG, and no effect for the pulp treated with CBM,

which proves that the CBM needs to be PEGylated to

improve the drainability. This result, valid for both

pulps, represents an improvement in the pulp draina-

bility comparable to the reported using cellulases.

The improved drainability observed may be signifi-

cant for papermaking, allowing relevant energy

savings.

For a suitable industrial application of these

compounds, it is necessary also that the physical

properties of the handsheets are not negatively mod-

ified, and thus the physical properties were analysed.

The graph (Fig. 5) shows that, as a general trend,

CBM-PEG improves the drainability and does not

affect the paper mechanical properties. These results

strongly suggest that the effect of CBM3-PEG is due

to the modification of the surface/interfacial proper-

ties of the fibres, namely the hydrophilicity, (Data not

shown).

Conclusions

The adsorption of CBM3 to the fibres is reversible.

The proteins have shown inter-fibre mobility,

suggesting that occasionally the CBM desorbs,

although at each moment most of the protein remains

adsorbed.

Adsorption of CBMs leads to a substantial cover-

age of the fibres. Indeed, under the conditions used in

this work, a surface coating corresponding to 0.8 and

1.5 layers of protein was found. Such a high surface

coating suggests that using CBMs the modification of

surface properties may achieved. Indeed, the utiliza-

tion of CBM-PEG improves the drainability of the

E. globulus and P. sylvestris pulps without affecting

negatively the paper physical properties. This effect

is attributed to the hydration of the surface, due to the

high water binding power of PEG.
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