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Abstract

Lignocellulosic biomass is a potential source of renewable, low-carbon-footprint liquid fuels.

Biomass recalcitrance and enzyme cost are key challenges associated with the large-scale

production of cellulosic fuel. Kinetic modeling of enzymatic cellulose digestion has been

complicated by the heterogeneous nature of the substrate and by the fact that a true steady state

cannot be attained. We present a two-parameter kinetic model based on the Michaelis-Menten

scheme (Michaelis L and Menten ML. (1913) Biochem Z 49:333–369), but with a time-dependent

activity coefficient analogous to fractal-like kinetics formulated by Kopelman (Kopelman R.

(1988) Science 241:1620–1626). We provide a mathematical derivation and experimental support

to show that one of the parameters is a total activity coefficient and the other is an intrinsic

constant that reflects the ability of the cellulases to overcome substrate recalcitrance. The model is

applicable to individual cellulases and their mixtures at low-to-medium enzyme loads. Using

biomass degrading enzymes from a cellulolytic bacterium Thermobifida fusca we show that the

model can be used for mechanistic studies of enzymatic cellulose digestion. We also demonstrate

that it applies to the crude supernatant of the widely studied cellulolytic fungus Trichoderma

reesei and can thus be used to compare cellulases from different organisms. The two parameters

may serve a similar role to Vmax, KM, and kcat in classical kinetics. A similar approach may be

applicable to other enzymes with heterogeneous substrates and where a steady state is not

achievable.

Lignocellulosic biomass is a potential source of sustainable, low-carbon-footprint

transportation fuels. In order to enhance the positive attributes of cellulosic biofuels a

number of challenges, including efficient enzymatic digestion of cellulose, have to be

overcome. Cellulose digestion by most cellulolytic microorganisms is carried out by

cellulases (EC 3.2.1.4) from multiple glycoside hydrolase (GH) families, many of which

synergize with each other. In addition, a number of important non-cellulase auxiliary

proteins have been recently discovered and studied (1, 2). The major function of these

proteins appears to be disruption of the recalcitrant portions of cellulose, making them more

accessible for digestion by cellulases. As modular proteins, many cellulases contain a

catalytic domain (CD) attached to one or more carbohydrate binding modules (CBMs) via a
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flexible linker. The main function of the CBM is to increase the effective concentration of

the CD on the cellulose surface (3, 4). There are two major classes of cellulases.

Exocellulases have an active site inside a tunnel and attack cellulose chains from the ends.

Most exocellulases appear to be processive and produce cellobiose (G2) as their major

digestion product. Endocellulases have an active site inside an open cleft, which allows them

to initiate hydrolysis anywhere along the cellulose chain. Most endocellulases seem to have

low or no processivity, making random cleavages in accessible regions of the substrate.

There is, however, a subclass of processive endocellulases, the most studied of which is

Thermobifida fusca Cel9A (TfCel9A).

Digestion of insoluble cellulose involves a number of discrete steps. The enzyme must first

bind to the substrate, usually via the CBM. It then must find an accessible site on the

substrate and transfer an individual cellulose chain into the active site. Finally, the enzyme

hydrolyzes the β-1,4 glycosidic bond, releases the product, and either translates along the

chain or releases it. Exocellulases translate along the chain, cleaving off G2 units multiple

times before releasing it. Once the cellulose chain is released from the active site, the CD

may rebind to the same or a nearby chain or the enzyme may dissociate and rebind

elsewhere. Given the fact that cellulase rates of hydrolysis of soluble substrates are much

greater than those of insoluble substrates, it is generally believed that access to substrate is

the rate limiting step in cellulose digestion. Recent studies have provided experimental

support for this idea (4, 5).

Kinetic modeling of enzymatic cellulose digestion is complicated by the number of steps

involved and by the heterogeneity of the substrate, which changes during the reaction. It

appears that a constant rate of hydrolysis is never achieved in cellulose digestion and the rate

begins to drop off rapidly after the initial digestion (6). Various kinetic models of cellulose

digestion, some of which are based on the Michaelis-Menten scheme (7), have been

proposed over the years (as reviewed in (8) and (9)). Some models include cellulase

adsorption, most commonly expressed with the Langmuir isotherm. Incorporation of

adsorption is complicated, however, by the fact that only a fraction of the cellulases is

productively bound. This productively bound fraction is not directly measurable and most

likely continuously changes over time. Nevertheless, despite their apparent limitations,

many of the models are able to accurately fit experimental data and predict product

formation under various conditions, sometimes up to high extents of digestion. The majority

of the proposed models are of a predictive nature, which is particularly useful for the

utilization of cellulases on an industrial scale. They typically rely on multiple mechanistic

studies that allow for the determination of the relevant parameters included in the models.

Another goal of kinetic modeling is to better understand the mechanisms by which enzymes

act on their substrates. The mechanisms and properties of enzymes acting on soluble

substrates are commonly deduced using Michaelis-Menten kinetic parameters Vmax, KM,

and kcat. The Michaelis-Menten kinetic scheme is based on a number of assumptions, which

include steady state reaction conditions and a homogeneous substrate. Neither assumption is

applicable to the hydrolysis of cellulose, however, which is a heterogeneous material that

consists of highly crystalline, semi-crystalline, and amorphous regions (10–12). While the

exact natures of cellulosic substrates have not been thoroughly characterized, due to their
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complexity and technological limitations, cellulose can be described as a collection of

substrates with a spectrum of reactivities, such that some fractions are digested more easily

than others. In this scenario one would expect preferential depletion of easily degradable

regions early in the digestion followed by increasingly slower digestion of the recalcitrant

fractions of the substrate. A decrease in substrate reactivity with the extent of substrate

digestion has been demonstrated (13, 14), although the exact reasons for the increased

recalcitrance are not easily determined. Some authors also have suggested that enzyme

inactivation via irreversible non-productive binding is the primary cause of the continuously

decreasing hydrolysis rate of cellulose (15, 16).

Proposed here is a simple two-parameter fit, which is based on the Michaelis-Menten

scheme, but with a time dependent activity for the enzyme. This is analogous to the fractal

and fractal-like kinetics approach formulated by Kopelman (17) for heterogeneous reactions

limited by surface diffusion. The objective for this model was to develop a mathematical

relationship, which yields an intrinsic constant that quantifies the different abilities of

cellulases to overcome substrate recalcitrance. The two parameters are determined from time

course data of cellulose hydrolysis and can provide insight into the mechanisms by which

enzymes digest insoluble cellulose, alone and in mixtures. This is best illustrated by

comparing the parameters of mutated versions of a cellulase, TfCel48A, with its native

form. In addition, we demonstrate how addition of an auxiliary protein to an exocellulase

affects its measured parameters, and thus confirms the presumed role of auxiliary disruptive

proteins in cellulose hydrolysis. The model applies to low-to-medium enzyme-substrate

ratios, and the two parameters can serve a similar role as Vmax, KM, and kcat in classical

kinetics. In this study we mostly used enzymes from a model cellulolytic bacterium T. fusca

to validate the proposed model and to demonstrate its utility, but we also provide data for the

crude supernatant of a commonly studied cellulolytic fungus, Trichoderma reesei. We

believe that the demonstrated modeling approach may prove useful for other enzymes that

utilize a heterogeneous, continuously evolving substrate and do not reach steady state.

Model Development

In classical kinetics, the reaction rate is constant throughout the reaction. This is also true for

the specific activity of enzymes acting on a soluble, homogeneous substrate, before other

factors such as substrate depletion, thermal inactivation, and product inhibition become

significant. In fractal and fractal-like systems, however, if the reaction is limited by surface

diffusion of the reactants, the reaction rate is not constant, but is dependent on time, as

demonstrated by Kopelman (17):

(1)

where t is time, K is the initial rate coefficient at t = 0, and h is the fractal factor, which can

be determined experimentally and, in some cases, predicted mathematically.

Cellulose digestion can be represented as:
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where S is insoluble cellulose and P any soluble oligosaccharide. In a classical kinetic

system the rate of product formation at low enzyme (E) loads (E << Substrate) can be

represented as:

(2a)

where k is the specific activity of the enzyme. Total generated product (Ptot) at any given

time can be obtained by integrating Eqn. 2a with respect to time:

(2b)

It was determined experimentally that cellulose digestion shows the same time dependence

of the specific activity coefficient as described for fractal systems. In addition, only some

fraction of the added enzyme (Etot) is productively bound (EP), such that:

where EU is unable to generate a soluble product either because it is not bound or is bound

unproductively. Most likely EP changes continuously during the reaction, but it is not

directly measurable. Accounting for the time dependence of the specific activity of the

cellulase and considering only the productively bound fraction gives:

(3)

It is also not possible to determine the exact value of K (i.e. the inherent specific activity) of

any cellulase for its activity on insoluble substrate. Thus, for fitting purposes, the two

variables, K and EP, are lumped into one term A, which represents the net activity of the

total enzyme acting on the substrate, as determined by soluble products formed over time.

While it has no effect on the utility of the model, it is important to note that for non-

processive cellulases the value of A may be an underestimate of the actual number of

cleavages carried out by these enzymes because in theory it should take multiple random

cleavages to produce a soluble oligosaccharide product. However, pseudoprocessivity – a

repeated non-processive attack in the same region, which produces soluble oligosaccharides

– appears to be common among non-processive endocellulases, as evidenced by constant

ratios of soluble and insoluble reducing ends generated by such enzymes over time. For the

sake of simpler representation and to distinguish the present equation from fractal-like

kinetics (discussed below), (1−h) is also simplified to a parameter b, which we call the

“hydrolysis power factor”:

(4)

When b = 1, the specific activity of the enzyme is constant over time (extent of digestion) as

would be the case in classical kinetics. It is useful to monitor cellulase activity with respect
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to substrate digestion. Knowing Ptot allows one to calculate directly the fraction of the

digested substrate (X):

(5)

where Stot is the total substrate added to the reaction. Most of the data and empirically

determined parameters in the manuscript are presented with respect to X, such that

(6)

where A contains Stot.

Materials and Methods

Substrates

Bacterial cellulose (BC) was a gift from Monsanto. BC cake was washed three times with

deionized (DI) water by centrifugation and resuspended in DI water with 0.04% sodium

azide (Sigma-Aldrich). Concentration was determined as dry weight per volume. Avicel®

powder (PH-105; FMC Corporation, Philadelphia, PA, USA) was suspended in DI water

with 0.04% sodium azide. Phosphoric acid swollen cellulose (PASC) was prepared from

Avicel® powder using procedures described in (18) and was stored in DI water with 0.04%

sodium azide.

Enzymes

All individual cloned T. fusca cellulases (except TfCel48A) and E7 were expressed in

Escherichia coli BL21 or Streptomyces lividans strains, which secrete these enzymes during

expression. The enzymes were purified from the culture supernatant as previously described

(19, 20).

TfCel48A contains a 6-His tag on both the amino- and carboxyl termini and no signal

peptide. WT and mutant TfCel48A were expressed inside E. coli BL21-CodonPlus® (DE3)-

RIPL cells (Agilent Technologies) as follows. A starter culture was grown in Lysogeny

Broth (LB) medium overnight at 37 °C. The starter culture was diluted 33 times in fresh LB

and the cells were grown at 37 °C until optical density at 600 nm reached ~0.8 (about 2.5

hrs). The culture was transferred to 25 °C and Isopropyl β-D-1-thiogalactopyranoside was

added to 0.8 mM. The culture was incubated with shaking for 16 hours. Cells were

harvested by centrifugation and resuspended in 1/20 original culture volume of 20 mM

sodium phosphate buffer, pH 8.0, 0.01 M Imidazole (Sigma-Aldrich), 0.5 M sodium

chloride (Solution A). Cells were lysed with a French Press (at cell pressure of 20,000 PSI).

Lysed cells were placed in a 50 °C water bath for 30 minutes (to precipitate out E. coli

proteins) and centrifuged to remove the precipitate. The supernatant was diluted in 5

additional volumes of Solution A and loaded on a nickel Sepharose 6 Fast Flow (GE

Healthcare) column by gravity. The protein was eluted by a gradient of 0.01 – 0.5 M

Imidazole in 20 mM sodium phosphate buffer, pH 8.0, 0.5 M sodium chloride. Fractions

containing TfCel48A, as determined by gel electrophoresis, were combined and diluted 10–
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15 times with DI water (to lower the conductivity of the solution to less than 0.5 mA). The

protein was then loaded on a Q Sepharose (Sigma-Aldrich) column equilibrated with 0.1 M

sodium chloride in 5 mM Bis-Tris buffer, pH 5.8, 10% glycerol (v/v). The protein was

eluted by a gradient of 0.1–0.5 M sodium chloride in 5 mM Bis-Tris buffer, pH 5.8, 10%

glycerol (v/v). Fractions containing TfCel48A, as determined by denaturing gel

electrophoresis, were combined and concentrated using Millipore® centrifugal filter units

with a 30 kDa cutoff membrane. Buffer exchange was carried out in the same filter units by

washing the concentrated protein three times with 5 mM sodium acetate buffer, pH 5.5, 10%

glycerol (v/v). Protein was filtered through a 0.22 µm filter using a syringe and stored at −20

°C.

All enzyme concentrations were determined by spectroscopy using NanoDrop® 1000

spectrophotometer (See Table S1 for relevant extinction coefficients and molecular

weights). T. fusca crude supernatant was obtained by growing T. fusca ER1 strain on

cellulose for 72 hours, as described in (21). T. reesei crude supernatant was obtained by

growing T. reesei L27 strain on cellulose for 96 hrs, as described in (22). Cells were

removed by centrifugation and the supernatant was stored at −70 °C. Crude supernatant

protein concentration was determined by Bradford assay using Bio-Rad Protein Assay Dye

Reagent Concentrate and bovine serum albumin for reference. TfCel48A mutants were

generated using Agilent Quickchange® II XL Site Directed Mutagenesis Kit following the

manufacturer’s instructions. All mutations and sequences were verified by Sanger

sequencing. Mutant proteins were expressed and purified in the same way as WT.

Time course assays

All reactions were conducted in triplicate in Eppendorf 2 mL Protein LoBind plastic tubes. 1

mg substrate was combined with an indicated amount of enzymes in 0.6 mL 50 mM sodium

acetate buffer, pH 5.5. In reactions involving E7, 1 mM glutathione (Sigma-Aldrich) was

added to enhance activity of E7 (1). Only buffer and substrate were combined for negative

controls. Upon mixing, BC and PASC reactions were immediately placed in a 50 °C (unless

otherwise indicated) water bath. Avicel® reactions were carried out in a 50 °C incubator

with rotation to prevent the substrate from settling. Samples (in triplicate) were removed at

the given time points and placed on dry ice to stop the reaction. Frozen samples were later

placed in a boiling bath for 10 minutes in order to denature the enzyme. It was verified

experimentally that boiling does not alter soluble sugar profiles detected by High

Performance Liquid Chromatography (HPLC). The remaining substrate was removed using

Corning® Spin-X® Centrifuge tube filters and the soluble sugar concentrations were

measured using a Shimadzu HPLC system fitted with a Bio-Rad Aminex® HPX-87P

analytical column and a refractive index detector. The mobile phase was Milli-Q water at a

flow rate of 0.6 ml/min. Sample injection (50 µl volume) was performed by an autosampler

installed on the instrument.

Supporting Information Available
Supporting information contains an additional figure and a table of extinction coefficients and molecular weights of the proteins used.
This material is available free of charge via the Internet at http://pubs.acs.org.
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Apparent KM assays

75 nM TfCel48A was combined with the indicated amount of BC in 0.6 ml of 50 mM

sodium acetate, pH 5.5 and reactions were incubated in a 50 °C water bath for one hour.

Samples were boiled for five minutes to denature the enzyme and were processed and

analyzed by HPLC in the same manner as described for the time course assays.

Data analysis

HPLC data were processed with OriginPro 8. Product identities and concentrations were

determined by Gaussian peak fitting, using standard solutions with known concentrations of

soluble cellooligosaccharides for reference. Soluble sugar concentrations at time zero were

subtracted from all of the subsequently obtained concentrations. Soluble sugar produced

upon initial mixing of the enzyme and the substrate is primarily due to the burst activity, as

described in (6, 23), whereas the model presented here is concerned with the digestion of the

more recalcitrant portions of cellulose. Apparent KM and the A and b parameter values of

time course profiles were determined using the nonlinear least squares fit of the Michaelis-

Menten expression (Vmax [S]/(KM + [S])) and Eqn. 6 respectively. OriginPro 8 default

settings (chi-square minimization) were used for all fits.

Results

When the activity of different cellulases is monitored over time, their time course profiles

are distinct (Fig. 1a). This is also true for the same cellulase acting on different substrates

(Fig. 1b). It was empirically determined that initial time course profiles of all T. fusca

cellulases follow Eqn. 6, a two parameter expression based on a pseudo zero order (with

respect to the substrate) reaction with a time-dependent activity coefficient (Table 1). The

same equation applies to mixtures of enzymes, as shown for T. fusca and T. reesei crude

supernatants acting on bacterial cellulose (BC) and Avicel® (Fig. 1c and d).

Based on the derivation of Eqn. 4, the two parameters quantify the net activity of the added

cellulase (A) and the intrinsic ability of the cellulase to overcome substrate recalcitrance (b,

the curvature of the time course profile). In order to verify the mathematically implied

significance of the parameters experimentally the effect of reaction temperature (Fig. 2) and

enzyme concentration (Fig. 3) on their values was tested. A and b values were determined

for a processive endocellulase TfCel9A on BC at temperatures between 10 and 50 °C. An

increase in the reaction temperature had a strong effect on the measured value of A. The

relationship between A and temperature follows the Arrhenius equation (Fig. 2b), which

holds true for most reaction rate constants. On the other hand, the value of b increased only

slightly with temperature, indicating that temperature plays a minor role in the enzyme’s

ability to overcome substrate recalcitrance. The effect of enzyme concentration on the A and

b values was determined for a processive endocellulase TfCel9A, a non-processive

endocellulase TfCel5A, and T. fusca crude supernatant on BC (Fig. 3). For both individual

cellulases, A values increased with increasing enzyme concentration. On the other hand, the

b value was constant, consistent with it being an intrinsic constant. For crude supernatant,

the results are similar to those obtained for individual cellulases, but there is a slight increase

in the value of the b parameter from 0.63 ± 0.01 to 0.69 ± 0.01 with increased enzyme load.
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This may be due to an improved synergistic effect caused by more densely crowded

cellulases on the cellulose surface (24).

In recent years, a number of disruptive enzymes, which are important for enzymatic biomass

digestion, have been discovered (1, 2). These enzymes belong to auxiliary activity families

AA10 (formerly CBM33) in bacteria and AA9 (formerly GH61) in fungi, and use an

oxidoreductive mechanism rather than general acid/base hydrolysis to cleave cellulose

chains at random locations on the bulk substrate (1, 25, 26). Their activity is believed to

disrupt the crystalline regions of cellulose and thus make it more accessible to cellulases.

Addition of these enzymes to cellulases acting on cellulose can significantly increase the

rate of cellulose digestion even though they produce very few soluble products by

themselves. T. fusca secretes two known AA10 enzymes – E7 and E8 – which have been

shown previously to stimulate the activity of other T. fusca cellulases on BC (27). In order to

determine the effect of E7 addition on the b parameter of an individual cellulase, time course

experiments were carried out on BC using T. fusca exocellulase TfCel48A in combination

with E7 (Fig. 4). TfCel48A has the lowest activity of all T. fusca cellulases on insoluble

cellulose (Table 1). Due to E7’s extremely low generation of soluble products and different

mechanism of hydrolysis, it is not possible to fit its time course data with the proposed

model. When E7 is added to TfCel48A, the b parameter of the digestion curve is increased

from 0.34 ± 0.01 for TfCel48A alone to 0.65 ± 0.01 for the mixture of the two enzymes. The

A parameter is increased from 0.53 ± 0.02 to 0.70 ± 0.01.

Access to substrate is widely accepted to be the rate limiting step of enzymatic crystalline

cellulose digestion (5, 28) and it is likely that cellulases have evolved residues that play a

direct role in the separation of an individual cellulose chain from the bulk substrate. The

mutation of such residues should decrease the activity of a cellulase on crystalline cellulose.

As for all exocellulases, the active site of TfCel48A is located inside a tunnel (29), which is

presumed to be important for the processivity of these enzymes. Our group is in the process

of studying residues around the tunnel entrance of TfCel48A in regard to their role in

crystalline cellulose digestion. As part of this study, the effect of these residues on the b

parameter value of the enzyme was determined. Fig. 5b shows time course data for two

TfCel48A mutants, W313A, and W315A on BC. Both residues are conserved in the GH48

family and aromatic residues of various cellulases have been shown to play an important

role in substrate binding and cellulase processivity (30–33). W313 and W315 are located at

the mouth and inside the tunnel respectively (Fig. 5a). Both W313A and W315A mutants

have strongly reduced activity on BC, as shown by their time course profiles. Both mutants

have lower than WT processivity (Fig. 5d), which is determined by their cellobiose to

cellotriose ratio (33), and a similarly reduced A parameter value. However, only the b

parameter of W313A is significantly reduced in comparison to WT. A similar result is

observed for apparent KM of the mutants on BC (Fig. 5c). The mutation of W315 results in a

slight increase in apparent KM of the enzyme from 1.8 ± 0.3 to 2.4 ± 0.1 mg/ml BC, but the

mutation of W313 results in a much greater increase of apparent KM to 4.4 ± 0.4 mg/ml BC.

These results are consistent with the relative position of the two residues: one at the mouth

and one inside the tunnel, as only residues at or near the surface of the protein should

directly affect the enzyme’s interaction with the bulk substrate.
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Discussion

The distinct time course profiles of different cellulases acting on the same substrates or the

same cellulase acting on different substrates (Fig. 1) indicate that the detailed change in

substrate during digestion is not universal, but is specific to each cellulase. Hence, the time

course profile is a reflection of the ability of a cellulase to digest various forms of cellulose.

Enzymatic cellulose digestion is a multistep process, which is further complicated by the

continuously changing substrate. Most models of cellulose hydrolysis thus utilize multiple

parameters that quantify the different factors involved in digestion (e.g. enzyme binding,

change in the average degree of polymerization, change in cellulose crystallinity, etc.).

Proposed here is an alternative approach, which treats cellulose digestion similarly to

classical kinetics, but replaces the specific activity constant with a coefficient that is

dependent on time (extent of substrate digestion). The results indicate that cellulases have

different time-dependencies of their activity coefficients when acting on insoluble

substrates, as quantified by parameter b (curvature of the time course profile) of Eqns. 4 and

6. This parameter is not dependent on the enzyme concentration within the tested range (Fig.

3) and appears to be only slightly dependent on temperature (Fig. 2). These observations

support the idea that the value of b quantifies the intrinsic ability of the cellulase to digest

bulk cellulose. Based on the derivation of Eqn. 4, the value of b will fall between zero, when

no products are produced over time, and one, when the specific activity is constant, as is in

classical kinetics. A relatively robust cellulase, which can effectively hydrolyze recalcitrant

portions of cellulose, will have a higher b value than a cellulase that is only effective on the

easily accessible fractions of the substrate. This holds true for T. fusca cellulases acting on

BC (Table I). In particular, TfCel9A, which is the most effective T. fusca cellulase on

crystalline substrates (19) has the highest b value of 0.58 ± 0.02. Other cellulases, which are

variably effective in crystalline cellulose digestion, have b values in the range from 0.31 to

0.50. The b value does not change when the CBM is removed from the cellulase (Table I),

which leads to a reduced binding efficiency of the cellulase (20, 34). This suggests that the

CBM of the tested enzymes (TfCel9A and TfCel48A) does not directly assist the CD in

substrate digestion, as has been suggested for some cellulases in the literature (35–37). The

constant b parameter value with and without the CBM attached to the CD also indicates that

the time dependence of the cellulase’s specific activity is not related to surface diffusion

limitations, which form the basis of fractal-like kinetic modeling (17). Rather, in the case of

cellulose digestion, the continuously decreasing specific activity is most likely due to

increasing substrate recalcitrance as easier to digest fractions are preferentially hydrolyzed

by the enzyme(s).

The value of A follows the Arrhenius relationship as a function of temperature (Fig. 2),

which is consistent with its proposed significance. Further support is provided by the data

presented in Table I. When the CBM is removed from TfCel9A and TfCel48A, the A value

is significantly reduced, presumably due to the lower binding efficiency of the CD alone.

Both exocellulases (TfCel48A and TfCel6b) have much lower A parameters than the

endocellulases, which probably reflects the fewer productive binding sites (chain ends)

available to these enzymes. Finally, the A value is strongly dependent on enzyme

concentration (Fig. 3), as would be expected for the productively bound concentration at low
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enzyme-substrate ratios. The fact that no two T. fusca cellulases have the same combination

of A and b values suggests that no two cellulases act in the same way. It would be of

particular interest to identify the unique features of the different endocellulases (Cel5A,

Cel6B, and Cel9B in T. fusca), as they may have unique roles in the synergistic mixtures

during substrate digestion.

A potentially useful aspect of the model is the variable range of the extent of digestion over

which the model is applicable. At least some individual cellulases appear to reach a “drop-

off” value, above which the rate of digestion decreases more rapidly than would be predicted

by the b parameter. For TfCel9A (Fig. 3a) and TfCel48A (Fig. S1) acting on BC the “drop-

off” values are approximately at 11% and 2% digestion respectively. On the other hand, the

model fits T. fusca and T. reesei crude supernatant digestion of BC up to at least 50% (Fig. 1

c and d). This observation suggests that as different biomass degrading enzymes are

combined in synergistic mixtures, their ability to maintain initial-like conditions are

enhanced. It is likely that during cellulose digestion by individual cellulases or incomplete

synergistic mixtures, factors other than increased substrate recalcitrance contribute to the

drop in the digestion rate earlier, which results in a more significant rate decline than would

be predicted from the initial data. Such factors may be attributed, for example, to an

increasing fraction of unproductively bound enzymes (15, 16) or the formation of obstacles

on the eroded surface of the substrate (38). A constant b value over a large extent of

digestion by the crude extract of T. fusca and T. reesei suggests that relief of such factors

plays a significant role in the synergism between cellulases with complementary properties

(38, 39).

Eqns. 4 and 6 apply to both individual cellulases and their mixtures (Fig. 1). This is an

important feature of the model, as it makes it possible to design experiments aimed at

understanding synergistic interactions between cellulases and other important proteins. In

comparison to the individual cellulases, the T. fusca crude supernatant time course profile on

BC has the highest b value, which suggests that the synergistic interactions between proteins

in the crude supernatant enhance the ability of the mixture to digest a crystalline substrate

more effectively (not only faster) than any cellulase alone. Cellulases can be combined in

mixtures of two or more and the changes in the parameter values can help determine the

mechanisms of synergistic interactions between those enzymes. The data presented for BC

digestion by TfCel48A (Fig. 4) with and without the disruptive T. fusca AA10 protein E7

shows that E7 increases the b and A parameter values of Cel48A by 97% and 32%

respectively. This is consistent with other studies, which show that AA10 (CBM33) proteins

are likely to disrupt the recalcitrant portions of crystalline cellulose with minimal formation

of soluble products (27, 40). The relatively minor increase in the A parameter indicates that

the specific activity of TfCel48A acting on BC probably is not increased in the presence of

E7. Rather, E7 seems to increase the accessible fraction of the substrate, which results in a

higher fraction of productively bound enzyme. Our group is also carrying out similar time

course experiments as part of a study aimed to understand the synergistic interactions

between TfCel9A and TfCel48A.

It is important to verify that Eqn. 6 applies to biomass-degrading enzymes from other

organisms. For this reason the crude supernatant of T. reesei was tested on BC and Avicel®.
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As Fig. 1d shows, Eqn. 6 fits well T. reesei crude supernatant digestion of BC and Avicel®

up to at least 50% and 20% digestion respectively. While comparison of the T. fusca and T.

reesei crude supernatant time course profiles may provide interesting information about the

possible differences between the bacterial and fungal biomass digestion mechanisms, such a

study would require additional rigorous experiments. For this reason, no conclusions are

made based on the experiments described here, but the results demonstrate that the kinetic

model described by Eqns. 4 and 6 is applicable to both bacterial and fungal systems.

Dependence of the cellulose hydrolysis rate coefficient on time (extent of digestion) had

been previously shown by Valjamae and co-workers (24). Similarly, Ohmine and co-

workers demonstrated that the time course profiles of cellulose digestion can be defined by

two empirically determined parameters that quantify the interaction between a cellulase

mixture and its substrate (41). In both studies, however, only mixtures of cellulases were

tested under pseudo-first order (with respect to the substrate) conditions (i.e. much higher

enzyme to substrate ratios). This leads to important differences between the significance of

our model and those published in the above studies. All three models contain a parameter

that quantifies the shape of the time course profile (b parameter in the proposed model). In

both of the above studies this parameter is dependent on enzyme-substrate ratio, while the b

parameter in this model is constant within the tested range for individual cellulases. On the

other hand, a slight dependence of the b value on enzyme load was observed for T. fusca

crude digestion of BC. This is consistent with the explanation offered by Valjamae et al.

(24) that at increasing enzyme loads the distances between the synergistically acting

enzymes decrease, leading to a more efficient digestion of the substrate. Since there is no

auto-synergism by individual cellulases, an increase in enzyme to substrate ratio, should not

alter the shape of the digestion profile for a single cellulase. In addition, by working at much

lower enzyme to substrate ratios than those used in the above studies, we avoid the

contribution of substrate depletion to the multiple factors responsible for the continuous

drop in the digestion rate of cellulose.

In comparison to the more complex kinetic models of enzymatic cellulose digestion

developed to date, our model has unique advantages for the studies of mechanisms by which

cellulases degrade insoluble cellulose. Only small amounts of enzyme are required for initial

studies. No preliminary information about the cellulase is required; the empirically obtained

A and b parameters are themselves meaningful measures of the cellulase properties and the b

parameter in particular can be used to compare cellulases across different studies.

Correlation between induced modifications to the cellulases (e.g. TfCel48A mutations, Fig.

5) or to their substrates (e.g. PASC derived from Avicel®) and the corresponding changes in

parameter values can provide information about the effects of the induced modifications.

Because the model applies both to individual cellulases and their mixtures, one can design

synergistic experiments that lead to a better understanding of the specific interactions

between the enzymes of interest (e.g. TfCel48a in combination with E7, Fig. 4). Hence, the

presented model can be useful for basic studies of enzymatic digestion of cellulose, as well

as for the design of improved synergistic biomass-degrading cocktails and pretreatment

methods of lignocellulosic biomass.
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Abbreviations

GH glycoside hydrolase

CD catalytic domain

G2 cellobiose

G3 cellotriose

CBM carbohydrate binding module

BC bacterial cellulose

PASC phosphoric acid swollen cellulose
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Figure 1.
Fitted digestion curves for different enzymes on various substrates. (a) 33.3 nM T. fusca

Cel9A, Cel5A, and Cel6B on BC; (b) T. fusca Cel9A on Avicel® (167 nM enzyme) and

phosphoric acid swollen cellulose (PASC; 33.3 nM enzyme); (c) T. fusca crude supernatant

on BC (95µg tot. protein/mg substrate) and Avicel® (159 µg tot. protein/mg substrate); (d)

T. reesei crude supernatant on BC and Avicel®.
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Figure 2.
Dependence of A and b on temperature. (a) Experimentally determined A and b values for

TfCel9A digestion of BC at different temperatures; (b) Arrhenius plot of A. A time course

profile was obtained for each temperature (N=3) and the data were fit with Eqn. 6 to obtain

A and b values. Error bars represent standard error of the fit.
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Figure 3.
Dependence of A and b on enzyme concentration. Different concentrations of TfCel9A ((a)

and (b)) TfCel5A ((c) and (d)), and T. fusca crude supernatant ((e) and (f)) on BC. All time

course data were obtained in triplicate. Error bars in (a), (c), and (e) represent standard

deviation. Time course data were fit with Eqn. 6 and the obtained A and b values are plotted

in (b), (d), and (f); error bars represent standard error. Dashed line in (b) indicates the

approximate “drop-off” value, above which digestion rate decreases more rapidly than

predicted by the initial fit.
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Figure 4.
Effect of the auxiliary protein T. fusca E7 (AA10) on the digestion of BC by a weak T. fusca

exocellulase TfCel48A. Time course data were collected in triplicate and were fit to Eqn. 6.

The calculated parameters are presented in the table inset. E7 alone produces only trace

amounts of soluble sugars and its time course profile does not follow Eqn. 6.
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Figure 5.
Role of W313 and W315 in the digestion of BC by TfCel48A. (a) The tunnel and active site

of TfCel48A. W313 and W315 residues are located at the mouth and inside the tunnel

respectively; (b) time course profiles of WT, W313A, and W315A on BC (N=3), fitted with

Eqn. 6; (c) apparent KM experiments with WT, W313A, and W315A on BC; (d) Eqn. 6

parameter values, processivity, and apparent KM of WT and mutated TfCel48A.

Processivity is calculated as a ratio of cellobiose (G2) to cellotriose (G3) (33).
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Table 1

A and b values of all T. fusca cellulases digestion time course profiles on BC.

Enzyme* Endo/
Exo

A#
(% digestion

hr−1)

b# Processivity%

TfCel9A Endo 1.68 ± 0.04 0.58 ± 0.02 6.9

TfCel9A-CD Endo 0.90 ± 0.01 0.58 ± 0.01 2.5–3.5

TfCel5A Endo 1.61 ± 0.02 0.33 ± 0.02 N/A

TfCel9B Endo 1.11 ± 0.03 0.31 ± 0.01 N/A

TfCel6A Endo 1.18 ± 0.07 0.38 ± 0.01 N/A

TfCel6B Exo 0.48 ± 0.01 0.50 ± 0.01 20

TfCel48A Exo 0.52 ± 0.01 0.33 ± 0.01 15

TfCel48A-CD Exo 0.24 ± 0.01 0.33 ± 0.01 15

T. fusca crude supernatant N/A 13.97 ± 0.23 0.69 ± 0.01 N/A

T. reesei crude supernatant N/A 15.32 ± 0.22 0.64 ± 0.01 N/A

*
Individual cellulase concentrations, except TfCel48A, were 33.3 nM; TfCel48A and TfCel48A-CD concentrations were 100 nM; T. fusca and T.

reesei crude supernatant total protein added per reaction was 95 µg and 8 µg respectively.

#
N = 3 for all data points. Averaged values with standard deviations were fit to Equation 6 to obtain A and b values. Standard error is provided for

all values. All R2 > 0.97.

%
Values for TfCel9A are the ratio of soluble and insoluble reducing ends after digestion of filter paper and were previously published (20, 42).

Values for TfCel6B and TfCel48A are the ratio of cellobiose to cellotriose concentrations (33) after digestion of BC.

N/A = not applicable.
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