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ABSTRACT

Cellulases are enzymes capable of depolymerizing cellulose. Understanding their interactions with cellulose
can improve biomass saccharification and enzyme recycling in biofuel production. This paper presents a study
on binding and binding reversibility of Thermobifida fusca cellulases Cel5A, Cel6B, and Cel9A bound onto
Bacterial Microcrystalline Cellulose. Cellulase binding was assessed through fluorescence recovery after
photobleaching (FRAP) at 23, 34, and 45 °C. It was found that cellulase binding is only partially reversible. For
processive cellulases Cel6B and Cel9A, an increase in temperature resulted in a decrease of the fraction of
cellulases reversibly bound, while for endocellulase Cel5A this fraction remained constant. Kinetic parameters
were obtained by fitting the FRAP curves to a binding-dominated model. The unbinding rate constants
obtained for all temperatures were highest for Cel5A and lowest for Cel9A. The results presented demonstrate
the usefulness of FRAP to access the fast binding kinetics characteristic of cellulases operating at their optimal

FRAP temperature.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Cellulases are important cell-wall-degrading enzymes used in the
saccharification of biomass for biofuel production [1,2]. They can be
classified as endocellulases, which cleave intermediate glucosidic
bonds within cellulose chains, or as exocellulases, which cleave bonds
at the extremes of the chains; cellulases can also be processive,
cleaving adjacent bonds in succession [1,2]. Cellulases are typically
composed of a catalytic domain (CD) and one or more carbohydrate
binding modules (CBMs) [1-3]. CBMs bind cellulases to cellulose [1,3]
and increase the local concentration of CDs, enhancing the rate of
cellulose depolymerization [4]. Consequently, understanding the
effect of temperature on binding and reversibility, especially at
temperatures where catalysis occurs is important to further our
understanding of cellulase-cellulose interactions.

Different approaches have been used to study binding and
reversibility, such as direct measurement of enzyme in solution
resulting from binding equilibrium or from buffer exchange and
elution with chemicals [5-8], measurement of fluorescence [9,10] or
radioactive [5,11] emission resulting from exchange with labeled or
unlabeled enzymes, measurement of total protein content in solution
and on lignocellulose through protein hydrolysis [12], changes in
refractive index measured through surface plasmon resonance [13], or
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mass accretion measured by quartz crystal microbalance [14,15].
Through these approaches, cellulase binding kinetics have been
addressed for different cellulosic substrates such as filter paper [13],
Avicel [5-7,12], pretreated corn stover [12], wood [11], and native
[5,7-10,16] and reconstituted [14,15] bacterial micro-crystalline
cellulose (BMCC). Overall these studies have found that cellulases
bind tightly and competitively to cellulose at low temperatures, while
binding strength is reduced and can become synergistic at higher
temperatures. On the other hand, studies on binding reversibility have
found that temperature, substrate accessibility, and type of catalytic
activity influence the binding kinetics. As a result, the quantification of
binding reversibility has yielded inconsistent results, with studies
reporting cellulase binding as either reversible, partially reversible, or
completely irreversible [5,6,8,11-13]. In addition, most studies on
cellulase binding have been performed by indirect measurements,
which has limited the spatial and temporal resolution, and has given
limited access to the effect that temperature and cellulose structure
have on binding and reversibility. Thus, methods that quantify
binding and reversibility of cellulases in real time, detailing the
complexity of cellulose structures, at relevant temperatures, and with
high spatio-temporal resolution could greatly expand our under-
standing of cellulase-cellulose interactions.

In previous work, our group has utilized fluorescently-labeled T.
fusca cellulases in combination with surface-immobilized BMCC to
demonstrate the high spatio-temporal resolution achieved for binding
assays through quantitative fluorescence microscopy [17]. In the
present study we build on our previous work by implementing
Fluorescence Recovery After Photobleaching (FRAP) microscopy for
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the study of cellulase binding and reversibility on surface-immobi-
lized BMCC. FRAP probes the recovery of fluorescence due to the
molecular transport of labeled molecules into an area where
fluorescence has been bleached by a high-intensity illumination
pulse [18-20]. Depending on the system studied, recovery can stem
from diffusion or from active binding and unbinding [20,21]. Thus,
fitting the FRAP recovery curves to diffusion and/or binding models
can reveal kinetic details on the behavior of the fluorescent species
[18-22]. In the past, Jervis and collaborators used FRAP to assay the
surface diffusion of cellulases and their isolated CBMs on cellulose
sheets [23]. In this study binding kinetics were not targeted, and the
effect of binding/unbinding on the observed recovery was intention-
ally minimized by extensive washing and the addition of a second
cellulose sheet as a sink for unbound cellulases and CBMs. However,
FRAP can also be employed to measure protein binding kinetics,
making it ideally suited to study cellulase binding and binding
reversibility on cellulosic materials.

The goal of the present study was to elucidate the binding kinetics
and binding reversibility, at a range of temperatures, for T. fusca
cellulases adsorbed onto BMCC through FRAP microscopy. For our
experiments we selected cellulases Cel5A (a classical endocellulase),
Cel6B (a processive exocellulase), and Cel9A (a processive endocellu-
lase). The choice of this set of cellulases builds on our expertise and is
representative of the distinct modes of catalysis found both in fungal
and bacterial cellulases. Our results show that binding for these
cellulases at all temperatures is only partially reversible. Furthermore,
the fraction of enzymes reversibly bound to cellulose was independent
of temperature for the classical endocellulase Cel5A, while it decreased
with increasing temperature for processive exocellulase Cel6B and
processive endocellulase Cel9A, which suggests a strong relationship
between catalysis and binding reversibility. Kinetic binding parameters
were obtained by fitting FRAP curves to a binding-dominated model.
The unbinding rate constants obtained for all temperatures were
highest for Cel5A and lowest for Cel9A. In addition, all cellulases showed
higher apparent dissociation constants at higher temperatures. The
results presented demonstrate the usefulness of FRAP microscopy to
study binding reversibility and access the fast binding kinetics
characteristic of cellulases operating at their optimal temperature.

2. Materials and methods
2.1. Cellulase production and labeling

T. fusca cellulases Cel5A, Cel6B, and Cel9A were expressed and
purified as described by Jeoh [10] and Jung [24]. They were labeled
with Alexa Fluor 488 (Invitrogen, Carlsbad, CA) using a solid-phase
protocol and FPLC purified as previously reported [25]. Only cellulases
with degree of labeling of one and exhibiting full hydrolytic activity on
BMCC were used in FRAP experiments.

2.2. Sample preparation

A stock suspension of BMCC (Monsanto Cellulon, San Diego, CA) was
prepared as previously described [9,10]. A 50 pg/ml BMCC suspension in
MilliQ water was sonicated for 5 min at 60% amplitude using a SPLt
sonicator (Branson, Danbury, CT). Then, 10 pl of the suspension were
spread on a 40 mm, 170 um thick glass wafer (Bioptechs, Butler, PA)
previously treated using a Plasma Cleaner (Harrick, Ithaca, NY). A
droplet of the BMCC solution was spread across the glass and dried at
70 °C for 5 min; the glass was then used to create a fluidic chamber
(Supplemental Fig. 1, FCS2 chamber assembly, Bioptechs, Butler, PA).
The sample was rinsed with MilliQ water and incubated for 4 h with 10%
BSA (Fisher Scientific, Pittsburgh, PA). Then, it was rinsed with 40 ml of
imaging buffer (50 mM sodium acetate buffer, 5 mM ascorbic acid, pH
5.5),and rehydrated overnight. Prior to imaging, 2.5 ml of 2 nM cellulase
solution in imaging buffer were incubated with the sample for 1 hat4 °C

for binding, after which an additional 2.5 ml of cellulase solution was
perfused in, yielding a total of 20 pmol enzyme/gram BMCC in the
sample. The sample was finally mounted on the microscope, where
temperature was held constant by resistive heating provided by the
FCS2 and an objective heater.

2.3. Confocal imaging and FRAP

BMCC-bound cellulases were imaged using an Olympus IX81-
FV1000 confocal microscope (Olympus, Center Valley, PA) equipped
with laser excitation at 405 and 488 nm and a PLAPO 60X/1.45NA
TIRFM oil immersion objective. All imaging was performed at 1.5%
488 nm laser power, gain=1, photo multiplier tube (PMT) volt-
age =300-650, 20 ps pixel (px) dwell time, 8x zoom, and confocal
aperture of 100 um. In FRAP experiments, two reference images were
taken, then selected areas were bleached (100% 405 nm laser, 40 ps px
dwell time), and recovery images were taken at 3-30 s intervals.
Images were corrected for stage drift using the Stackreg plugin [26]
for Image] (NIH, Bethesda, MD), and pre-processed using a custom
Matlab routine (Mathworks, Natick, MA). This routine allowed the
user to select a background area and establish a threshold based on
the mean background intensity and standard deviation. The threshold
was used to separate pixels that were considered signal (fluorescence
coming from cellulases bound to cellulose) and those that were
considered background (areas devoid of cellulose). At the same time,
saturated pixels were removed from further analysis. Finally, the
mean background was substracted form the entire image. This pre-
processing yielded images where the intensity for background and
saturated pixels was set to zero and the intensities for signal pixels
accurately reflected the amount of bound cellulases.

FRAP images were analyzed using a program developed in Python
(www.python.org), that located the bleached areas by a user-defined
threshold on the change of intensity between the pre-bleach images
and the first recovery image. The threshold was set to 25% for FRAP on
fibrils and 50% for mats to match the areas programmed for bleaching.
An exclusion region was created for all bleached areas to eliminate
pixels at the boundary of the bleached area that are only partially
bleached. All signal pixels outside the exclusion regions were used as
reference to correct for photobleaching during the time-lapsed
recovery. Finally, the average intensity of each bleached area was
normalized to the reference intensity, and recovery curves were
constructed. All recovery curves for a particular experimental
condition were averaged (n>5) and fitted to the binding/unbinding
model (described below) using a non-linear Levenberg-Marquardt
curve fitting approach in OriginPro8 (OriginLab, Northampton, MA).
All values reported for the fitted parameters are presented with the
propagated errors containing the variation between experimental
replicates and uncertainties from the fitting.

2.4. Fluorescence calibration

Fluorescence intensity was calibrated to cellulase concentration
through serial dilutions of Alexa488-dUTP (Invitrogen, Carlsbad, CA).
Three images were acquired for each temperature, PMT HV setting,
and dUTP concentration. Average pixel intensities were plotted
against concentration and the slope (a) was estimated by linear
regression (Supplemental Fig. 2). Plots of o against HV yielded
calibration curves for each temperature (Supplemental Fig. 3).

2.5. Cellulase binding/unbinding FRAP model

FRAP curves were fitted to a model [21], where recovery is
dominated by the kinetics of cellulase binding to cellulose:

dc,
(Tf = KonCpS—kyCp 1)
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where Cr is the concentration of cellulase in solution, S is the
concentration of available binding sites on the cellulose surface, Cp is
the bound cellulase concentration, and ko, and ko are the binding and
unbinding rate constants. Assuming no quenching, Eq. (1) can be
multiplied by «, which relates bound cellulase concentration to
fluorescence intensity I, to yield:

I = kG kgl @
where k,, has also been replaced with an apparent binding rate
constant ks, = k.

Bleaching a small fraction of the fluorescent molecules in FRAP
experiments disturbs the distribution of fluorescent and non-
fluorescent molecules, but does not alter the equilibrium between
bound and unbound molecules [21]. Thus, through FRAP it is possible
to measure binding reversibility and binding kinetics in a system
under equilibrium conditions, such as those obtained after prolonged
incubation of the cellulases with BMCC. In this case, the term k:fr,CFa is
constant and Eq. (2) can be directly integrated, using the initial
condition Iz(0) = 0. This yields the following equation:

Io(t) = "k% (1=e ) = (1 ™") 5

where Fy is the mobile fraction (fraction of cellulases reversibly
bound). It must be noted that in a system where the substrate can
change as a result of catalytic action of the bound molecules, such as
the cellulose—cellulase system, FRAP can still be used to study binding
kinetics as long as the FRAP observation window is much smaller than
that of the overall degradation of the substrate, and the system can be
considered in quasi-equilibrium. This is an assumption that holds for
the cellulase-cellulose system, where the degradation of the substrate
by nanomolar concentration of cellulases takes place over the course
of hours and the FRAP observation window is on the order of minutes.

3. Results and discussion
3.1. Cellulose immobilization and cellulase binding

The sample preparation yielded a distribution of cellulose
morphologies from dense cellulose mats (Fig. 1a-b) to single fibrils
(Fig. 1c), which we henceforth describe following nomenclature
previously reported [17]. Fibrils had widths below the microscope's
diffraction-limited resolution (<200 nm), lengths in microns, and in
the axial dimension were confined to a single confocal plane (350 nm
slice). On the other hand, mats had sizes of tens of microns, dense
fibrilar structure, and were 1-2 pm thick, spanning multiple confocal
planes (Supplemental Fig. 4).

Fluorescence intensities of BMCC-bound cellulases were converted
into concentration plots (Fig. 1b-c) using the calibration curves
(Supplemental Figs. 2 and 3). Concentration plots at 23 °C were chosen
to compare the binding behavior of T. fusca cellulases because at this
temperature they exhibit little hydrolytic activity (<15% of that at 50 °C).
It must also be noted that because mats were thicker than a confocal
plane, each imaged voxel (three dimensional pixel) is entirely filled with
BMCC and the concentration plots accurately show the amount of
cellulase bound on cellulose. On the other hand, fibrils with diameters in
the 10-50 nm range [27-29] are thinner than a single confocal plane,
which results in an underfilled voxel. This leads to an underestimation of
the concentration of the enzymes bound on the cellulose fibrils.

Analysis of the concentration plots at 23 °C (Fig. 1c) revealed that the
concentration of BMCC-bound cellulases was in the micromolar range
(which for a completely filled voxel translates into nanomoles per gram
BMCC, Table 1). The distribution of the enzymes on cellulose fibrils was
relatively homogeneous, in agreement with the random binding of

CBM:s to the available cellulose surfaces. The plots for dense BMCC mats
showed that Cel5A and Cel6B bound in comparable concentrations,
while Cel9A showed lower values (Fig. 1b and Table 1). The
concentrations were consistent over a number of mats, ruling out the
possibility that the differences between Cel5A, Cel6B, and Cel9A binding
were due to different substrate density or composition. The observed
variations in the amounts of bound enzymes are most likely due to
different binding affinity, cellulase size, and the relative accessibility to
the interior cellulose structure of mats, where interstitial space, pores
and crevices between fibers, can have dimensions comparable to those
of cellulases [30] and hinder the diffusion of enzymes on the basis of
their hydrodynamic radius. The hydrodynamic radii of Cel5A and Cel6B
have been measured through dynamic light scattering to be ~4 nm,
while Cel9A has been found to behave like an ellipsoid with minor and
major axes of ~5and 11 nm (unpublished results), which would explain
why Cel9A shows lower concentrations of bound cellulases on mats.
Concentration plots were also obtained at 34 and 45 °C (Table 1,
Supplemental Figs. 5 and 6). Overall, as temperature increased, the
concentration of bound enzymes decreased, which is attributed to a
higher dissociation constant and increased hydrolytic activity. Further
experiments with inactive cellulases or individual CBMs at saturating
conditions could allow a direct estimation of the influence of saturation
and temperature on binding without catalysis.

3.2. Impact of bleached area size and cellulose morphology on recovery

To assess binding reversibility and obtain the kinetic binding
constants FRAP experiments were conducted with Cel5A, Cel6B, and
Cel9A cellulases bound to cellulose mats and fibrils. The fluorescence
recovery observed (Fig. 2a-b) was attributed solely to the replacement
of bleached enzymes that unbound from the cellulose with fluorescent
ones from the bulk solution. This assumption is justified because the
experiments were conducted under equilibrium conditions and no
sustained surface diffusion has been observed under the experimental
conditions used (unpublished single molecule data, e.g. Supplemental
Videos 1-3). FRAP curves for the bleached areas in all replicate
experiments (n>5) were pooled together and averaged for each
experimental condition. The averaged curves were fitted to the binding-
dominated FRAP model (Eq. (3)) to obtain the kinetic binding constants.

The effect of bleached area size on the recovery curves was assessed
for both cellulose fibrils and mats. The diameter of the circular
bleached areas was varied between 10 and 50 px for fibrils. No
significant difference in recovery was observed between these
bleached areas, which further supports the lack of a diffusion
component in the recovery. Consequently, the bleaching diameter
for experiments on fibrils was fixed at 20 px (Fig. 2a and c). The lack of
variation of recovery with bleached area size on individual cellulose
fibrils was an expected result, since the bulk solution contained free
enzymes, and recovery was dominated by the binding/unbinding
turnover. On the other hand, varying the size of bleached areas on mats
(Fig. 2b) resulted in significant differences in recovery (Fig. 2d-e).
Thus, two bleached area sizes were chosen for subsequent FRAP
experiments on mats: circles with 10 px diameter (henceforth
referred to as small areas) and 50 px side squares (large areas).
These dimensions were chosen to mirror those used in previously
published FRAP experiments for Cellulomonas fimi cellulases [23].

Previous experiments have reported cellulase binding at room
temperature to be anywhere from irreversible to completely
reversible [5,6,11-13,16]. Our FRAP experiments conducted on T.
fusca cellulases Cel5A, Cel6B, and Cel9A bound to BMCC fibrils and
mats (Fig. 3) provide direct evidence that cellulase binding and
unbinding is very dynamic with recovery times on the order of
minutes, and only partially reversible. From Fig. 3 it is observed that
for all cellulases the recovery on mats is significantly slower than the
recovery on fibrils, and that the recovery on mats for large bleached
areas is significantly slower than for small areas. The differences in
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Fig. 1. Conversion of fluorescence images to local concentrations of bound enzyme on BMCC. (A) Fluorescence intensity images taken for cellulases Cel5A, Cel6B, and Cel9A bound on
dense cellulose mats at 23 °C. (B) Local concentration maps for the images in (A). (C) Local concentration maps for individual fibrils. The concentrations values (color bar) are
presented in micromolar, and the values for the x-y axes are in pixels (51 nm/px).

recovery rate between mats and fibrils were attributed to cellulose different-size bleached areas. Furthermore, the fibrils are disperse
accessibility and to hindered bulk diffusion. In the case of cellulose enough that unbinding of enzymes and rebinding to neighboring
fibrils, all surface area available is equally accessible and no diffusion fibrils is highly unlikely. On the other hand, mats have a porous
hindrance is expected, leading to similar recovery curves from structure where cellulose in deep layers is not as accessible as that on

Table 1

Range of local bulk concentrations of bound cellulases on BMCC given in uM (and in parentheses in nanomol cellulase per gram BMCC), estimated from calibrated confocal
fluorescence microscopy images. Estimates of the amount of cellulase per gram BMCC were obtained (only for dense mats where BMCC completely fills the voxel) assuming a bulk
density of 1.5 g/cm? for BMCC [23,31].

Temperature 23°C 34°C 45°C

BMCC structure Dense mats Fibrils Dense mats Fibrils Dense mats Fibrils
Cel5A 20-50 (13-33) 1-4 5-15 (3-10) 0.5-2 3-9 (2-6) 0.5-2.0
Cel6B 20-60 (13-40) 2-5 15-40 (10-27) 1-3 15-35 (10-23) 0.5-2.5
Cel9A 5-15 (3-10) 2-5 5-10 (3-7) 0.5-2.5 3-9 (2-6) 0.5-2.5
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Fig. 2. Sample images from FRAP experiments performed on Cel9A cellulases bound onto BMCC structures at 23 °C. All fluorescence images shown at the same magnification.
(a) Images depicting bleached areas (circles, 20 px diameter) and their recovery on individual cellulose fibrils. Pre-bleaching image (Pre) was used to normalize the recovery images.
(b) Images depicting bleached areas (circles 10 px diameter, squares 50 px side) and their recovery on dense cellulose mats. Sample recovery curves (dots) for bleached areas on
individual fibrils (c), and small (d) and large (e) bleached areas on dense cellulose mats, and their corresponding fits to the recovery model (solid lines).

the external surface. This leads to longer recovery times because
binding and diffusion through the interstitial spaces occur within the
mats. In addition, the concentration of bound cellulases surrounding
the bleached areas in mats is high and may significantly contribute to
local rebinding events especially in deep cellulose layers, which would
explain the variations in recovery for different-size bleached areas.

3.3. Effect of temperature on reversibility
The effect of temperature on cellulase binding and reversibility

was studied through experiments at 23, 34, and 45 °C (Fig. 4).While
the optimal temperature for hydrolysis for T. fusca cellulases is 50 °C,

the temperature in our experiments was limited to a maximum of
45 °C to preserve the integrity of the microscope objective. As shown
by the error bars in Fig. 4, bleaching experiments were highly
reproducible within and across independently-prepared samples for
all enzymes. However, it was found that the longer the sample was
incubated with Cel9A at temperatures where significant hydrolysis
occurred, the lower the value for the maximum fluorescence
recovered. This was attributed to Cel9A's high hydrolytic activity on
crystaline cellulose, as compared to other T. fusca cellulases [32]. To
minimize changes due to hydrolysis, subsequent experiments for
Cel9A at each of the studied temperatures were conducted with
freshly prepared BMCC samples.
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Fig. 3. Comparison of the averaged FRAP recovery curves for different cellulose structures. Experiments were conducted at 23 °C. Recovery curves for fibrils are presented in light
green, for small bleached areas on dense mats in blue, and for large bleached areas on dense mats in black. Curves are averages of recovery curves for individual bleached areas
(n=5-30). Error bars represent the standard deviation from the different recovery curves. Inset graph for Cel6B presents a zoomed in view of the average recovery curve for fibrils.
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Fig. 4. Comparison of the averaged FRAP recovery curves for different temperatures on

Time (seconds) Time (seconds)

the different cellulose structures. Recovery curves for 23, 34 and 45 °C are presented in blue,

orange and red respectively. Curves are averages of recovery curves for individual bleached areas (n=5-30). Error bars represent the standard deviation of the different recovery
curves. Insets present zoomed views of the average recovery curves at 45 °C. Fits to the binding dominated model (Eq. (3)) are shown in black for fibril data only.

Qualitatively, Fig. 4 shows that for Cel5A an increase in
temperature accelerated the recovery, while it had little effect on
the maximum fluorescence recovered. For Cel6B, only the increase
from 34 to 45 °C significantly accelerated the recovery, while the
maximum fluorescence recovered was slightly reduced with each
temperature increase. For Cel9A it was hard to qualitatively assess
whether the recovery was faster at higher temperatures. However,
from information obtained from experiments performed on fibrils, it
is evident that as temperature increased, the maximum fluorescence
recovered decreased. From these results it is observed that Cel5A and
Cel6B followed the expected behavior, where an increase in
temperature accelerates the recovery, leading to a higher turnover
rate, while Cel9A did not.

The averaged recovery curves for fibrils (Fig. 4) were fitted to the
binding-dominated FRAP model (Eq. (3)) to extract the cellulase
binding parameters. Experiments performed on fibrils were selected
for fitting because they allow a simplified analysis that need not take
into account interstitial space entrapment and diffusion hindrance
encountered in cellulose mats. In addition, the use of data from fibrils
justifies the use of Eq. (3) to account for recovery, since previous
studies have shown that cellulase binding to isolated fibrils adjusts

well to a Langmuir binding model with a limited number of available
binding sites [17]. Fitting of the experimental data to the binding-
dominated model (e.g. Fig. 5a, red line) yielded values for Fy, (mobile
fraction, dashed blue line), ko and K* on. Fur is @ measure of cellulase
binding reversibility and represents the fraction of cellulose-bound
enzymes that can be replaced by fluorescent enzymes from solution,
while 1 —F)y, yields the fraction of immobile cellulases. Fig. 5b shows
the Fy; values for FRAP experiments on fibrils at different tempera-
tures. It is observed that all three cellulases exhibit only partial
reversibility, which is consistent with previous reports [4,8,16].
However, because in these experiments the mobile fraction is
obtained directly from measurements on fibrils, irreversibility cannot
be attributed to interstitial space entrapment. Thus, the irreversible
binding observed can only arise from cellulase-cellulose fibril
interactions, and a decrease in Fy can only be explained by the
irreversible attachment of enzymes to the cellulose surface.
Comparing the mobile fractions obtained at 23 °C (Fig. 5b) reveals
that all cellulases exhibit the same extent of reversibility, suggesting
that when there is little catalysis, reversibility is primarily determined
by CBM binding. This agrees with previous observations that binding
of cellulase mixtures at low temperatures is dominated by the CBMs
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Fig. 5. Reversibility of T. fusca cellulases Cel5A, Cel6B, and Cel9A binding assessed by
FRAP. (A) The averaged recovery curve for Cel6B bound on BMCC fibrils at 23 °C is
shown in black and its fit to the recovery model is shown in red, with Fy and t;, values
presented as dashed lines. (B) Mobile fraction of bound cellulases extracted from the
averaged recovery curves. Error bars represent standard deviation from multiple
bleaching experiments (n>5). (*) and (**) represent statistical significance at 0.95 and
0.99 confidence respectively, when compared to measurements with the same enzyme
at 23 °C.

and results in competitive binding [8,10]. Fig. 5b also shows that as
temperature is increased, Fy remains constant for Cel5A, but
decreases for Cel6B and Cel9A. The fact that a decrease in Fy is seen
only for processive enzymes, suggests a relationship between the
catalytic activity of the cellulase and the fraction that can dissociate
from the cellulose. As mentioned earlier, Cel5A is a classical
endocellulase that randomly cleaves glucosidic bonds along the
cellulose polymer. Thus, the binding-catalysis cycle of Cel5A does
not require the cellulase to remain attached to the cellulose through
its CD and the enzyme can readily dissociate. In comparison,
exocellulase Cel6B cleaves glucosidic bonds in a processive fashion;
while processive endocellulase Cel9A initially cleaves a random
glucosidic bond but then continues cleaving neighboring bonds in
succession. Both processive enzymes follow the same initial binding
and catalysis steps as Cel5A, but instead of unbinding after catalysis,
they remain attached to the cellulose through their CD and continue
cleaving glucosidic bonds. Our results suggest that the sustained
association of the CD with the cellulose chain makes processive
cellulases more likely to bind irreversibly during catalysis. It has been
previously shown that binding of CDs by themselves is less reversible

than that of whole cellulases [8], which supports the notion that the
irreversibility at temperatures where catalysis occurs is due to the
specific CD-cellulose interaction.

3.4. Effect of temperature on binding constants

Fitting of the averaged FRAP curves to the binding dominated
model (Eq. (3)) yielded the rate constants for cellulase binding. It is
important to note that the k. values are determined solely by the
temporal evolution of the recovery, and do not depend on the
reversibly bound fraction (Fy). On the other hand, kg, values are
intrinsically tied to Fy; and to the available binding sites (S) on the
cellulose surface. Thus, kg represents a true unbinding rate constant,
while k%, represents an apparent binding rate constant, and could be
affected by the fraction of immobilized enzymes. This distinction
becomes important when interpreting the observed behavior, espe-
cially in the case where the mobile fraction changes as a function of
temperature. Table 2 presents the ko values obtained for the different
temperatures assayed. It is observed that as temperature is increased,
ko increases for both Cel5A and Cel6B, indicating a shorter time spent
by the enzymes in the bound state. In contrast, Cel9A shows a decrease
in ko as the temperature is increased, implying longer residence time
by the enzyme in the bound state. From kg, the half-recovery time can
be calculated as t;, = —1In(0.5)/k.g which serves as an indicator of
how quickly the turnover of bleached enzymes occurs, with shorter
ti, corresponding to faster recovery. t;, for Cel5A and Cel6B
decreased from 23 to 2 and from 45 to 9 s respectively as temperature
increased from 23 to 45 °C, while ¢y, for Cel9A increased from 77 to
201 s. It is observed that Cel5A and Cel6B again conform to the
expected behavior of higher ko as temperature is increased, while
Cel9A deviates from it. This behavior could be attributed to Cel9A's
higher catalytic activity as compared to the other cellulases, and the
modification of the available binding sites in the underlying substrate.

Values for koy and k¥, were used to calculate an apparent
dissociation constant Kj; = ’;’Z‘: . The influence of temperature on the
apparent dissociation constant is shown in Table 2. For all three
cellulases K;y increases with increasing temperature. This result implies
that at higher temperatures, higher enzyme concentrations are required
to achieve half saturation of the available binding sites. It is interesting to
note that for Cel9A, although ko decreases with increasing tempera-
ture, the apparent binding rate constant (k:'jn =konS) decreases to an
even greater extent (due to a decrease in both the available binding sites
and the true binding rate constant), ultimately resulting in an increase in
Kp. This further supports the notion that hydrolysis of the substrate by
Cel9A changes the binding landscape that the cellulases encounter. In
binding experiments where no catalytic activity is involved, an increase
in temperature typically leads to an exponential increase in Kj; which
allows the calculation of the characteristic binding energy of the system.
With cellulases the binding behavior at high temperatures is convolved
with the hydrolytic activity and the fraction of enzymes that bind
irreversibly. Thus, the increase in K5 cannot be directly correlated to the
binding energy for the cellulose-cellulase system. As a final exercise, if a
true dissociation constant (Kp) is calculated using the ko5 values

Table 2

Kinetic rates extracted from average FRAP recovery curves for T. fusca cellulases bound
to BMCC fibrils for the different temperatures assayed. Errors reported represent the
propagated error corresponding to the variations between experimental replicates and
curve fitting to the model.

Temperature 23 °C 34°C 45°C
Kinetic kop 1073 Kp 107% koy 1073 Kp 107% koy 1073 K} 104
parameter (s~ !) (s7hH (s¥h
Cel5A 3442 28+02 76+6 45404 263416 51404
Cel6B 153407 214+£01 17.7+£09 44403 7542 6.14+0.1
Cel9A 89404 24+40.1 52403 65+04 34+£02 75+06
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obtained from the FRAP experiments reported here, together with the
kon (true binding rate constant) values reported in the literature for the
same T. fusca cellulases [17], we find dissociation constant values in the
10-50 nM range. These values are lower than Kj, values reported from
measurements performed in bulk [5,33], meaning that we observe
tighter cellulase-cellulose binding. This difference could arise because
the rate constants were derived from temporal measurements from
individual fibril adsorption/desorption isotherms, and not from an
average of all cellulose structures. However, to get definitive true
dissociation constant values the adsorption/desorption experiments
should be performed on the same fibrils.

4. Conclusions

FRAP experiments were performed on T. fusca cellulases Cel5A,
Cel6B, and Cel9A bound onto BMCC fibrils and mats to assay binding
reversibility and kinetics at different temperatures. Our results show
that, under the experimental conditions used, cellulases bind to
cellulose fibrils and mats with concentrations in the nanomol per
gram BMCC range, well below its maximum binding capacity.

Cellulase binding reversibility was quantitatively assessed through
the mobile fraction. The results unequivocally show that cellulase
adsorption is only partially reversible, and that the mobile fraction
depends strongly on the type of cellulase and temperature. It was
observed that at room temperature, where there is minimal catalytic
activity, the mobile fraction was similar for all three cellulases (ca.
70%), while at elevated temperatures the behavior was different
between processive and non-processive cellulases. This suggests that
at low temperature binding is determined mostly by CBM-cellulose
interactions. As temperature was increased the mobile fraction
remained unchanged for classical endocellulase Cel5A, while it was
reduced for processive cellulases Cel6B and Cel9A. This indicates that
processive enzymes have a higher immobile fraction at temperatures
where there is significant interaction between the CD and the
cellulose. Our results as a whole imply that some of the observed
loss of catalytic activity during cellulose depolymerization is caused
by cellulases adsorbing irreversibly onto cellulose. An explanation for
the higher immobile fraction for processive cellulases is that these
enzymes encounter physical barriers during catalysis which prevent
them from continued processivity. These enzymes would not be able
to dissociate from the cellulose chain because it is threaded into their
CD, thus remaining immobilized on the surface. In this scenario,
mixtures which combine endocellulases and exocellulases would
result in the release of some of the immobile enzymes, and enhance
the hydrolytic activity through synergism.

The unbinding rate constants extracted from recovery curves
evidenced further differences between the cellulases. It was found
that with higher temperatures ko increased for Cel5A and Cel6B, but
decreased for Cel9A. Typically, upon heating the added thermal energy
causes ligands to unbind more readily from their targets, leading to
higher unbinding rates and dissociation constants. Our results show that
Cel5A and Cel6B behave in this fashion, while Cel9A does not. While the
reason for this behavior is unclear, it indicates that Cel9A cellulases
spend more time bound to cellulose at temperatures where catalysis
occurs. Finally, it was observed that for all the cellulases the apparent
dissociation constant increased upon increasing the temperature. This
was the expected behavior for all enzymes, regardless of the observed
anomalies in the behavior of Cel9A. However, the fact that the apparent
dissociation constant increases for Cel9A despite a lower unbinding rate
constant, means that the apparent binding rate constant must decrease
at an even faster rate. This can only be explained if the number of
available binding sites decreases due to hydrolysis.

In summary, the binding kinetics of T. fusca cellulases have been
probed as a function of temperature through FRAP. These experiments
have shed light on the binding reversibility of these cellulases, the
effect of temperature, and of the inherent cellulose structure.

Anomalous behavior was observed for Cel9A, a processive endocellu-
lase, which can be explained by the assumption that processive
enzymes can stall during hydrolysis. This highlights the value of high
spatial and temporal resolution in binding assays, because equilibri-
um measurements of dissociation constants can mask some of the
mechanistic behavior of these enzymes.
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