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A B S T R A C T

Many cellulose degrading and modifying enzymes have distinct parts called carbohydrate binding modules
(CBMs). The CBMs have been shown to increase the concentration of enzymes on the insoluble substrate and
thereby enhance catalytic activity. It has been suggested that CBMs also have a role in disrupting or dispersing
the insoluble cellulose substrate, but dispute remains and explicit evidence of such a mechanism is lacking. We
produced the isolated CBMs from two major cellulases (Cel6A and Cel7A) from Trichoderma reesei as re-
combinant proteins in Escherichia coli. We then studied the viscoelastic properties of native unmodified cellulose
nanofibrils (CNF) in combination with the highly purified CBMs to detect possible functional effects of the CBMs
on the CNF. The two CBMs showed clearly different effects on the viscoelastic properties of CNF. The difference
in effects is noteworthy, yet it was not possible to conclude for example disruptive effects. We discuss here the
alternative explanations for viscoelastic effects on CNF caused by CBMs, including the effect of ionic cosolutes.

1. Introduction

Many lignocellulose-degrading enzymes contain a carbohydrate
binding module (CBM) in addition to their catalytic domain to help
guide the enzyme towards the substrate and bind to it. There are many
different families of CBMs that vary in both structure and function, with
affinity for different carbohydrates including cellulose, chitin and xylan
[1]. Currently at least 86 different CBM families are known [2]. Of
these, Family 1 (CBM1) is unique in that its members are found almost
exclusively in fungal enzymes. They are relatively small domains of
approximately 36 amino acids (~4 kDa), having two highly conserved
disulfide bridges preserving a compact wedge-shaped structure [3–5].
Cellulose binding occurs through a combination of hydrogen bonding
and π-stacking with three aromatic residues (most often Trp or Tyr) that
are displayed on their cellulose-binding face [6–9].

Given their role in the enzymatic breakdown of various celluloses,
CBM1 domains have been the focus of many research efforts [10–12].
CBM1s play a role in a wide variety of enzymes that fungi use to de-
grade cellulose, such as endoglucanases, cellobiose dehydrogenases,
and lytic polysaccharide monooxygenases (LPMO). As these enzymes
can be applied in biomass pretreatment, making surface modifications,
or in the production of biofuels and other small-molecule chemicals, the
interaction of CBM1s with different cellulose substrates is of great in-
terest. Additionally, CBMs can be incorporated in genetically

engineered proteins in order to create new protein-based materials such
as cellulose-protein composites with specific and improved material
properties [13–15]. Examples of CBM1s are found in the Trichoderma
reesei exo-cellobiohydrolases Cel6A and Cel7A. Whereas these CBMs are
highly similar, Cel6A-CBM1 features an additional disulfide bridge and
Trp-Tyr-Tyr as binding residues, the Cel7A-CBM1 uses three Tyr re-
sidues (Fig. 1). It is interesting to note that CBM1 members often have a
relatively low affinity towards cellulose, with a KD in the order of
magnitude of 1–10 μM depending on the substrate [16]. In comparison,
members of other families that are found in bacterial enzymes often
have much higher affinities. For example, the Family 3 CBM (CBM3)
from the Clostridium thermocellum cellulosome scaffolding protein CipA,
has a KD of about 0.5 μM [17].

In several investigations, it has been suggested that CBMs can en-
hance the degradation of cellulose by acting as an auxiliary element. It
was proposed that the binding of CBMs to cellulose materials could lead
to the disruption of fibers, or disruption of interactions between fibrils,
leading to increased access and activity of cellulases [21–23]. This
hypothesis has been presented for various CBM-families, including ex-
amples specifically studying CBM1-members [24]. However, a detailed
mechanism remains unclear and even alternative explanations cannot
be ruled out, since preparations easily contain fractions of unknown
activities that may act synergistically giving positive results by un-
related reasons. Most studies addressing the question of possible
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structural disruption of cellulose by CBMs take an approach of sy-
nergistic effects with enzyme action [21,24]. In some cases also x-ray
diffraction [24] or observation of cellulose flocculation [23] have been
used.

In this study we were interested to know how adding CBM proteins
affect the rheological properties of native, unmodified cellulose nano-
fibrils (CNF) [25]. The CBMs were produced in E. coli as isolated do-
mains, and were highly purified. CNF was produced from birch pulp
and consists of elemental cellulose fibrils that are highly dispersed.
They are thin, with a width about 2.5 to 3.5 nm, and have a high aspect
ratio with a length in the range of several μm. CNFs are estimated to
have a relatively low crystallinity of 8–12% [26]. Already at con-
centrations of 0.5–1% they form gels. These gels form by a percolating
network of the CNF fibrils due to their relatively high stiffness and high
aspect ratio. Furthermore, gel properties can be significantly affected by
fibril contacts, bundling, and electrostatic interactions. In the non-
modified type of CNF from birch pulp that were used here, there is also
a dispersive effect enhanced by residual hemicellulose, xylan, that stay
attached to the CNF during processing [27]. The gelling properties of
CNF can be measured through viscoelasticity measurements using a
rheometer. We chose to use CNF expecting that the highly dispersed
and nanoscale character of CNF could yield new insight into the event
of CBM binding to cellulose. In addition, CNF offers a balance of a well-
defined material that still resembles the natural substrate of CBM1-
containing enzymes.

2. Materials and methods

2.1. Construct design and plasmid preparation

Proteins were designed to have a N-terminal His-tag followed by a
thrombin recognition sequence, a Smt3 cleavable carrier protein, and
either Cel6A-CBM1 or Cel7A-CBM1 (full sequences are in the
Supplementary Data). The His-tag and Smt3 were cleaved off by the
protease ULP-1 [28,29]. DNA constructs were synthesized and sub-
cloned into pET28a(+) expression vectors by GeneArt (Thermo Fisher).
The resulting plasmids were verified by 1% agarose gel electrophoresis
and sequencing (Eurofins).

The plasmid for producing Clostridium thermocellum CipA-CBM3
from the cellulosome scaffoldin protein CipA has been described in an
earlier study [17]. The CipA-CBM3 belongs to Family 3.

2.2. Protein expression and purification

The plasmids for CBM1s were co-transformed into chemically
competent BL21(DE3) E. coli together with a second plasmid pMJS205,
carrying sequences for two proteins that actively aid in the proper
formation of disulfide bridges in the cytoplasm. This procedure for in
vivo disulfide formation is referred to as CyDisCo [30,31]. Individual
colonies were picked and grown in pre-cultures in LB medium supple-
mented with kanamycin (50 mg/L) and chloramphenicol (35 mg/L),
overnight at 37 °C. For production, MagicMedia expression medium
(500 mL) (Thermo Fisher) was filled in Erlenmeyer flasks (2 L), sup-
plemented with kanamycin (50 mg/L) and chloramphenicol (35 mg/L),
inoculated with 1:10 of the pre-culture, and grown for 22–24 h at 30 °C,
230 rpm.

Cells were harvested by centrifugation (17000×g, 4 °C, 10 min),
and cell pellets were suspended in lysis buffer (20 mM NaH2PO4,
20 mM imidazole, 500 mM NaCl, 10 μg/mL DNAseI, 10 μg/mL MgCl2,
protease inhibitor cocktail (Sigma Aldrich) at 4 °C. After shaking for
30 min at 4 °C, the cell suspensions were further lysed by running them
2–3 times through an EmulsiFlex-C3 homogenizer (Avestin), after
which the cell debris was removed by centrifugation (29000×g, 4 °C,
30 min). The CBM1 proteins were purified from the supernatant using
an ÄKTA Pure LC system and a HisTrap IMAC column (GE Healthcare).
Subsequent purifications were done on a 2 mL Resource Reversed Phase
Chromatography (RPC) (GE Healthcare) column by eluting with a
gradient from water (MilliQ, Millipore) to 0–100% acetonitrile with
0.1% trifluoroacetic acid in both eluents. A final polishing step was
performed on a RPC 214TP101015C4 column (Vydac) with the same
eluents. Finally, the purified fractions were frozen and lyophilized. The
resulting pure and salt-free protein powder was stored at room tem-
perature in a desiccator.

The CipA-CBM3 protein was produced in the same way but without
the CyDisCo plasmid and purified by HisTrap IMAC chromatography.
The purified protein was desalted by two subsequent runs on a 10DG
column (Bio-Rad) with water as the eluent.

The identity of CBMs was verified by SDS-PAGE (4–20%) with
Coomassie Blue staining, RPC Ultra-high performance chromatography
(UHPLC) (BioBasic 4 column, Vanquish, Thermo Fisher), and by di-
rectly injecting RPC UHPLC fractions into a Q-TOF 6350 mass spec-
trometer (Agilent). Protein concentrations were determined by mea-
suring the absorption at 280 nm using a Varian Cary 50 UV-VIS
spectrophotometer, corrected for background, and calculated using the
extinction coefficient (Cel6A-CBM1 e = 15845; Cel7A-CBM1 e = 6210;

Fig. 1. A) Sequences of the Family 1 CBMs,
Cel6A-CBM1 and Cel7A-CBM. Alignment
made with MUSCLE and formatted with
Jalview 2 [18,19]. B) Accessible surface of
Cel6A-CBM1. C) Accessible surface of
Cel7A-CBM1. On the accessible surfaces,
the negatively charged Asp-residue in
Cel6A-CBM1 is marked in red and the io-
nizable His-residue in Cel7A-CBM1 is
marked in blue. No other ionizable side
chains exist in the CBMs. Polar residues are
marked in green, and hydrophobic in
yellow, corresponding to the colors used in
the sequences. The bottom parts of the
structures have the aromatic residues that
form the cellulose-binding face indicated.
The structure of Cel7A-CBM has been solved
by NMR [6](PDB ID: 1CBH), and Cel6A-
CBM1 is a homology model based on 1CBH
made with SWISS-MODEL [20]. (For inter-
pretation of the references to color in this
figure legend, the reader is referred to the
Web version of this article.)
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CipA-CBM3 e = 35140), based on protein sequence [32].

2.3. Binding assay

The CBM-cellulose binding assays were performed by mixing 100 μL
CBM1 protein (50 mM TrisHCl pH 7 buffer) with 100 μL water (control)
or 100 μL of 1 mg/mL CNF to a range of final protein concentrations of
between 1 and 15 μM, followed by incubation at 23 °C for 1 h. The
dispersions were then centrifuged at 23 °C for 2 min at 21000×g to
separate the supernatant (containing the non-bound CBM protein) for
analysis. A Vanquish RPC UHPLC (Thermo Fisher) was used to analyze
and quantify the non-bound proteins, by injecting 20 μL of the super-
natant on a BioBasic 4RPC (Thermo Fisher) column and eluting by a
gradient from water to 0–60% acetonitrile, both containing 0.1% tri-
fluoroacetic acid.

2.4. Protein-CNF gel preparation

In order to prepare CNF-protein gels, appropriate amounts of CNF
for rheology measurements were weighed, placed in separate tubes and
water was added to a final concentration of 0.82% w/v. The CNF (in a
2 mL Eppendorf tube) was tip sonicated on ice for 2 min (2 s on/off
cycles) with 20% amplitude (QSonica Q500). The CBMs were combined
with the sonicated CNF and water at varying CBM concentrations and
obtaining a final CNF concentration of 0.6% CNF. The dispersion was
mixed for 5 s using a lab-bench vortex. Rheology experiments were
started exactly 25 min after the sonication.

2.5. Rheology

Rheological measurements were carried out on an Anton Paar
MCR302 strain-controlled rheometer at 23 °C (Peltier element + hood)
using plate-plate geometry (diameter 25 mm). To counter evaporation
effects, the Peltier hood and a filled water ring were attached.
Viscoelastic properties were determined by performing small de-
formation oscillatory sweeps with 800 μL sample and a 1 mm gap.
Measurements were done as follows, time sweep (frequency 0.1 Hz,
strain 1%) for 20 min, frequency sweep (100–0.0159 Hz) at constant
strain (1%), and strain sweep (0.01–100%) at a constant frequency
(0.1 Hz). The time and frequency sweeps were performed at the linear
visco-elastic region.

2.6. Step-Stress Creep recovery (SSCR)

For the SSCR, the same rheology setup was used, as well as the same
sample preparation. A step-stress test was performed by measuring the
strain during alternating steps of increasing steady levels of stress
(creep, 2 min) and zero stress (recovery, 4 min), starting with a re-
covery step. The various stress steps were determined based on the
previous stress sweeps and several test runs.

2.7. Atomic Force Microscopy (AFM)

In order to visualize the elementary fibrils of the CNF, a stock so-
lution (1.69% w/w) was diluted to 0.15% (w/w) with water. The di-
luted sample was sonicated with a tip sonicator (QSonica Q500) for
10 min with 25% amplitude. The sonicated CNF solution was then
centrifuged for 45 min at 10 000×g after which a fraction of CNF was
collected from the top of the sample by pipetting.

For imaging, 1x1 cm SiO2 wafers were used as substrates. The wa-
fers were thoroughly washed with ethanol and water. After washing,
the wafers were dried under nitrogen gas and cleaned in an UV-ozone
oven for 15 min. The wafers were coated with polyethylene imine (PEI)
as an adhesive layer. The wafers were first submerged into 0.33% w/w
solution of PEI for 15 min after which they were thoroughly washed.
This involved first dipping into water several times, then keeping in

water for 2 min, rinsing, and finally keeping in water for 5 min. The
wafers were then dried under nitrogen gas. The CNF was diluted 1:10
and applied by spin-coating onto the wafers. Before applying cellulose,
the wafer was wetted by with 50 μL water (3000 rpm, 20 s) and then
50 μL CNF sample was applied and spin-coated for 1 min (3000 rpm).

AFM imaging was done using a NanoTA AFM+ instrument (Anasys
Instruments, Bruker) with Mounted Standard Silicon Tapping Mode
Probes with Al Reflex Coating (Applied NanoStructures). Images were
recorded in tapping mode in air with scan rates of 0.4–0.6 Hz. The
damping ratio was around 0.7–0.85. Images were flattened to remove
possible tilts in the image data. Otherwise, no further processing of the
images was done.

2.8. Cellulose Nanofiber (CNF) preparation

CNF was prepared from never-dried bleached Kraft birch pulp by
disintegrating it with an ultra-fine friction grinder (Masuko
Supermasscolloider) with rotation speed of 1500 rpm followed by ten
passes through a high-pressure fluidizer (Microfluidics) [33]. The re-
sulting samples with a solid content of 1.69% (w/v) were then stored at
4 °C.

3. Results and discussion

3.1. Atomic force microscopy

AFM confirmed the dispersed state of the CNF fibrils showing ty-
pical fibril diameters of 2.5–8 nm and lengths of fibrils in the range of
several micrometers (Fig. 2). The results show that elementary fibrils as
well as small bundles of fibrils were present.

3.2. Protein production and binding functionality

Our production strategy including solubility tags and the CyDisCo-
system allowed for producing the CBM1s as isolated domains without
linker sequences attached in a highly pure state and with disulfide
bridges formed. The yield for purified protein was 10–15 mg/L.

To determine the binding functionality of the produced proteins,
binding studies were performed on the pure CBM1 and studying their
binding to CNF. In Fig. 3 the resulting binding isotherms of the proteins
are shown. The binding parameters were comparable to ones previously
published [16], with Cel7A-CBM1 having a higher affinity. The differ-
ence between the current and previous experiment is that here a dif-
ferent way of protein quantification was used, the way they were pro-
duced, and that here the CBMs lacked any residual linker regions.

3.3. Rheology

The viscoelastic properties of the cellulose-protein gels were ana-
lyzed extensively using rheology to investigate the effect of the CBMs
on CNF. First, the linear viscoelastic region (LVR) was determined, after
which time sweep, frequency sweep, and stress sweep measurements
were performed. After initial screening, a concentration of 0.6% (w/v)
CNF was chosen as the reference concentration to be used in all ex-
periments. This was because this concentration represents the low end
of the range where CNF forms a gel on its own, giving a soft gel that was
highly responsive to changes in its chemical and structural environ-
ment. Initial experiments also showed that the CNF gels were highly
responsive to the presence of salts such as NaCl. Even salts that co-
purified with the proteins could result in effects on viscoelastic prop-
erties, which led us to prepare proteins with special care, including two
separate and different RPC purification steps in highly purified water
(conductivity 5 μS) and HPLC-grade solvents.

Fig. 4 displays an overview of the rheological properties of the CNF-
CBM gels. Frequency sweeps (Fig. 4A) were performed for all samples
between 100-0.0159 Hz at a constant 1% strain in LVR to obtain the
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storage modulus (G′) and loss modulus (G″). Stress sweeps were done at
0.1 Hz frequency in LVR (Fig. 4B). In Fig. 4C, the tan δ values (G’‘/G’)
from the frequency sweeps are shown. The protein concentrations in
these measurements were set at 50 μM. The choice of this concentration
was based on screening which showed that at this concentration, the
differences between Cel6A-CBM1 and Cel7A-CBM1 were clear
(Fig. 5A). At 50 μM a significant amount of protein was bound to the
cellulose, and corresponding to about 50% saturation. The concentra-
tion dependency of NaCl on viscoelasticity was also measured (Fig. 5B).

A characteristic of CNF gels in general is their shear thinning ten-
dency, i.e. to show lower viscosity at higher shear rates (Fig. 5C) when
large deformation shear rate experiment is done. It can be seen that the
starting viscosity at low shear rates is different between the samples and
that the flow behavior of CNF with NaCl and CNF with Cel7A-CBM1
shows clear difference at low shear rates, i.e. the slope of the curves
below shear rate 1 s−1 are steeper. However, all samples show a very
similar thinning behavior during increased shear rate (rates above 1
s−1). This suggests that at low shear rates the systems behave differ-
ently and more interactions are present in CNF samples with NaCl and
Cel7A-CBM1 yet at higher shear rates, their general behavior under
flow remained the same. What is interesting is that CNF with Cel6A-
CBM1 does not differ from CNF alone and their flow behavior is very

Fig. 2. AFM image of the CNF used in this study. A) An AFM image of the CNF fine fraction. The cross section in image B) shows the height of the elementary fibril
(2.5–3.5 nm) and the length is estimated to be in the range of several μm.

Fig. 3. Binding isotherms of Cel6A-CBM1 and Cel7A-CBM1 on CNF, displayed
as against μmol of free protein plotted against μmol of bound CBM protein per
gram of cellulose.

Fig. 4. Stress and frequency sweeps. A) Frequency sweeps and B) stress sweeps show that Cel6A-CBM1 and Cel7A-CBM1 affected the viscoelastic properties of CNF
very differently. Cel6A-CBM1 had almost no effect, while Cel7A-CBM1 caused clear gelling. The samples containing CipA-CBM3 and only NaCl also showed increased
gelling. C) All samples were gels as shown by the loss factor (tan δ). The gels collapsed at increased frequency, with the Cel6A-CBM1-containing sample being the
weakest one. Open symbols represent samples in pure water and filled symbols show samples with NaCl added.
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similar regardless of the shear rate.
The data show that there are clear differences in the effects of

Cel6A-CBM1 compared to Cel7A-CBM1 and CipA-CBM3 on the gelling
of CNF. However, the effect of adding of NaCl to a final concentration of
1 mM gave in many respects a similar result as adding Cel7A-CBM1 or
CipA-CBM3.

Between the different CBM1s, a very clear effect was seen in gelling
and relative gel strength, so we continued to study gel properties by
performing a creep recovery test, i.e. SSCR (Fig. 6). Under persistent
load usually below the material's yield stress, polymer chains undergo
stretching and re-orientation leading to changing in dimensions and
even failure of the material (creep) [34]. Materials that can recover
from creep i.e. materials that are resistant to creep are of great interest
in long-term structural applications [35]. Thus, SSCR measurements
give insight into the resilience of the material and its ability to recover
from stress. These experiments are common in polymer research and
have been applied for example to polymer composites routinely but
have not been described extensively for CNF materials. In our SSCR, a
constant stress was applied, and the effect on strain was measured.
After applying constant stress during a fixed time, the stress was re-
leased and the effect on strain was recorded. The relaxation of the stress
indicated the ability of the gel to recover, i.e. the elastic response of the
material to applied load. Stress was then applied in repeated steps at

increasingly higher values. When the applied stress surpassed the
strength of the gel, the gel broke and no recovery was observed.

SSCR was performed for both the 0.6% CNF without additives and
with either CBM1 proteins added. The CNF and CBM1 samples were
also measured with 1 mM NaCl added. The plain 0.6% CNF as well as
the Cel6A-CBM1 sample did not show recovery already after the first
stress-step of 0.25 Pa. All samples containing NaCl and Cel7A-CBM1
showed much higher resistance to stress and recovery. Cel7A-CBM1
broke at 4 Pa, while the 1 mM NaCl containing samples at 8 Pa.

In summary, the work here explored the effects of two CBM1s on the
viscoelastic properties of CNF. Since the percolating network of fibrils
in CNF that results in bulk viscoelastic properties are dependent on fi-
bril length and stiffness as well as interactions between fibrils [25], we
speculated that binding or the previously suggested disruptive effects
could be seen by rheological measurements. It is also clear that ele-
mental fibrils are at least to some extent bundled in CNF, and any
changes to such bundling is also expected to affect their effective length
and stiffness, and the overall surface area of the solid fraction, thus
affecting their viscoelastic properties. The sensitivity of viscoelastic
properties for fibril interactions was previously used to understand the
role of the hemicellulose component of CNF [27]. When interpreting
results, it became very clear that care should be taken with sample
preparation since the effect of NaCl addition shows that the gel network

Fig. 5. Protein concentration dependency and shear tinning. A) Concentration dependence CBM1 on the G′ of CNF at 0.025 Pa stress. The x-axis shows how much
CBM1 is bound to the cellulose. B) The dependence of NaCl concentration on the storage modulus of CNF at 0.025 Pa stress with a line showing a linear fit. C) Shear
rate rheological measurements indicate shear thinning behavior of the CBM1-CNF gels.

Fig. 6. Step-Stress Creep recovery rheology measurements of Cel6A-CBM1 and Cel7A-CBM1 with and without 1 mM NaCl, 0.6% CNF and CNF with 1 mM NaCl
added. Creep is displayed as strain on the y-axis. The y-axis shows the steps of stress that were applied. The gel shows a recovery as reduced strain during the intervals
of zero stress. When gels break, it is seen as a sharp increase in strain upon applying stress and showing no recovery during zero stress intervals. Stress was applied at
increasing values in several steps of 1 min with intervals of 2 min with zero stress in between (i.e. recovery).
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of connected CNF fibrils is highly sensitive to cosolutes in general [36].
The effect of salt has been noticed in particular for CNF preparations
that have modifications to increase their negative charge, and thus their
colloidal stability [37]. Although the CNF used in this work had a non-
modified surface without any additionally introduced stabilizing
charges, the CNF was highly sensitive to NaCl. This indicates that some
excess charge can exist even in the non-modified version of CNF used
here, perhaps as a part of the associated hemicellulose fraction [27,38].
The CNF itself was prepared using low ionic strength water, allowing
efficient colloidal charge stabilization, and processing at relatively high
cellulose concentrations [26,33].

It has been previously shown that creep recovery tests are useful
when studying concentration dependent behavior of and interaction in
CNF gel networks [39]. It was shown that an increase in mass fraction
of carboxylated CNF led to an increase in stiffness of the hydrogels and
the predominant response of the materials to applied stress was elastic,
although all samples have some viscous character in the semi-dilute
region. In our work, the viscous response was also seen in native CNF
hydrogels with additives as was expected. The recovery of samples with
Cel7A-CBM1 and NaCl showed more elasticity compared to CNF with
Cel6A-CBM1 and CNF alone. Because of the high sensitivity of the CNF
for different cosolutes, it is remarkable that the Cel6A-CBM1 had only a
very small effect on the viscoelastic properties. It seems unlikely that
Cel6A-CBM1 would have any fiber-disruptive properties, especially as
relevant concentrations of at least 50% saturation of the CNF were in-
vestigated. On the other hand, effects of Cel7A-CBM1 are more difficult
to understand, since there is a clear correlation between adding Cel7A-
CBM1 and gel strength. For a fiber-disruptive function, this observation
would be expected, since disruption could increase entanglement or
release of hemicellulose could increase fibril interactions. Hence a
disruptive effect cannot be excluded. If Cel7A-CBM1 did disperse fiber
bundles, an increase in gel strength would be due to the ability of better
dispersed fibrils to allow for more efficient percolation in the network.
Attempts to study this by AFM did not show any clear evidence for
disruption (data not shown), but it is expected that already sample
preparation in AFM could possibly change the appearance of fibrils,
making conclusions hard to draw by the technique.

An alternative explanation could be that Cel7A-CBM1 behaves in a
salt-like way, i.e. a screening of charges present in the bound hemi-
cellulose on CNF would result in less fibril repulsion and therefore to
aggregation and increased gelling. This explanation would not support
the suggestion that Cel7A-CBM1 could disrupt fibril bundling.
However, when comparing the way NaCl and Cel7A-CBM1 affect in a
concentration dependent manner (Fig. 5A and B), there is a difference.
The NaCl affects in a linear fashion while Cel7A-CBM1 shows a re-
sponse in a concave upward fashion. The effect of Cel7A-CBM1 seems
therefore to be related to its binding. The non-linear effect of Cel7A-
CBM1 may be related to some threshold being overcome only when a
significant fraction of the maximal binding is achieved. The screening
of charges by NaCl could be expected way linearly dependent on its
concentration. We note that Cel7A-CBM1 has one His residue (Fig. 1).
The pI of His is 6.0, which is the same as the pH of the system, meaning
that Cel7A-CBM1 should not have a net charge. However, the pI of the
His is altered due to a change of the local environment of the His re-
sidue, it may have a positive charge [40]. Comparing the Coulombic
charges of proteins we note that Cel6A-CBM1 does have a single net
negative charge, and on the other hand, CipA-CBM3 has a net of ne-
gative charged residues (Asp + Glu = 15, Arg + Lys = 11, pI = 5.01).
Since the high-affinity CipA-CBM3 shows a strong gelling and Cel6A-
CBM1 does not, it seems that no clear conclusions could be made based
on simple considerations of charge.

4. Conclusions

We can conclude that Cel6A-CBM1and Cel7A-CBM1 affect fibril
interactions differently in CNF gels. It seems unlikely that Cel6A-CBM1

has any fiber-disruptive properties, while Cel7A-CBM1 show gelling
effects for which a fibril-modifying function cannot be excluded. An
alternative explanation could be found in subtle electrostatic effects or
other effects on CNF dispersion, but effects of NaCl and Cel7A-CBM1 on
the CNF gels are not consistent, and are an argument against this ex-
planation. A clear conclusion is that using rheology to study interac-
tions is very complicated due to the extreme sensitivity of the system
towards the presence of ions. Related to our finding that Cel6A-
CBM1and Cel7A-CBM1 affect fibril interactions differently, it is inter-
esting to note that we have previously found that there is a difference in
the way in which Cel6A-CBM1 and Cel7A-CBM1 interact with cellulose
[16]. Our present observations on the difference between the two CBMs
can therefore also reflect differences in their function on their native
cellulosic substrate. The exact nature of this difference however re-
mains unclear.
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