Available online at www.sciencedirect.com

ENZYME AND
MICROBIAL
TECHNOLOGY

www.elsevier.com/locate/emt

ScienceDirect

Enzyme and Microbial Technology 42 (2008) 426-433

An improved method to directly estimate cellulase
adsorption on biomass solids

Rajeev Kumar?, Charles E. Wyman *

2 Thayer School of Engineering, Dartmouth College, New Hampshire 03755, USA
b Chemical and Environmental Engineering Department and Center for Environmental Research and Technology (CE-CERT),
University of California, 1084 Columbia Avenue, Riverside, CA 92507, USA

Received 19 October 2007; received in revised form 20 December 2007; accepted 21 December 2007

Abstract

Based on nitrogen factors (NF) determined for two commercial cellulases produced by the fungus Trichoderma reesei, a nitrogen analyzer was
used to directly estimate the amount of enzyme adsorbed on biomass solids, rather than relying on the difference between initial and final dissolved
protein as typically practiced. For adsorption of cellulase at 4 °C where reactions are minimal, the results for this method agreed closely with those
indirectly determined by the usual BCA measurements of dissolved protein. But for hydrolysis at 50 °C, the BCA method indicated that much less
protein was adsorbed on the solids compared to the NF method. Because the reagents used in conventional methods are very sensitive to reducing
sugars, reagents, chemicals, and especially lignin components released during hydrolysis of lignocellulosic biomass, the result was a high amount
of free protein in solution which indirectly affected the amount of protein adsorbed on the solid. Another important advantage of this approach
compared to conventional methods is that material balances on protein can be closed. Application of the NF method revealed that sugars and
especially cellobiose strongly inhibit cellulase binding, and cellulase binding was completely shut down at cellobiose concentrations greater than

150 g/L. However, this binding inhibition can be reversed using a higher ratio of substrate concentration to inhibitors.

© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

The maximum amount of protein that can be adsorbed during
enzymatic saccharification of cellulose to glucose is a control-
ling factor for hydrolysis rates and yields and directly depends
on enzyme accessibility to active sites on the solid substrate
[1-5]. For low levels of loadings such as with purified cellulase
components, a spectrophotometer is typically used to estimate
enzyme adsorption based on an extinction coefficient at Asgo,
and FPLC is widely employed to estimate the amount of dis-
solved protein [6-8]. However, no methods have been reported
to directly measure protein adsorption on the surface for higher
loadings of either fractionated or complete cellulase systems
that are of interest commercially. Instead dissolved protein is
measured using colorimetric methods such as BCA, Bradford,
and Lowry [9-11] or protein precipitation by acetone [12], with
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protein adsorption calculated as the difference between the total
amount of protein initially added and the amount left in solu-
tion at any time. Thus, the values are indirectly determined, and
material balances cannot be used to check accuracy. For samples
having large amounts of protein, these conventional methods are
more prone to flawed results because high protein samples must
be diluted to bring the protein concentrations in the range of
the standards (1-2 mg/ml) used for calibration. In addition, sev-
eral studies showed that various substances can interfere with
spectrophotometric readings for such procedures [13,14]. Fur-
thermore, the problem may be compounded when working with
heterogeneous biomass containing xylan, lignin, glucan, pro-
tein, extractives, and ash, because the reagents used in BCA,
Bradford, and other assays are very sensitive to dissolved sug-
ars, chemicals, salts, color compounds, and other components
that may be released during processing. In this regard, Fig. 1
illustrates the reactivity of BCA reagents with cellobiose, glu-
cose, and xylose. Consequently, estimations of dissolved protein
via BCA and Bradford methods may be erroneous for complex
cellulosic substrates [15]. Alternatively, components that could
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Fig. 1. Amount of protein estimated by the BCA method in response to color
developed with different sugars.

interfere with measurements can be removed by ultrafiltration or
protein can be precipitated out of solution before quantification
[12]. But such approaches further complicate measurements and
introduce other potential errors. Although the Kjeldahl method
directly measures protein adsorption on solids and is applied to
determine the nitrogen and protein content in a range of products
such as fertilizers, food, and biomass [16—18], the complex and
tedious nature of this prolonged procedure makes it impractical
for routine biomass analysis. Thus, a simple and reliable method
was needed to directly measure protein adsorption on solids [19],
and this study reports a new approach and its efficacy in esti-
mating the amount of adsorbed enzyme at low temperatures and
for reaction at hydrolysis conditions.

2. Materials and methods

2.1. Enzymes and other proteins

Spezyme-CP cellulase (lot # 301-04075-034; 59 FPU/ml, 123 mg pro-
tein/ml), GC-220 cellulase (lot # 301-04232-162; 90FPU/ml, 184 mg
protein/ml), and Multifect xylanase (lot # 301-04021-015; 42 mg protein/ml)
enzymes were generously provided by Genencor International (Rochester, NY,
USA). Another cellulase in lyophilized form, BioChemika, Trichoderma reesei,
lot # 1086305, was purchased from Sigma Chemicals (St. Louis, MO), as were
bovine serum albumin and chicken egg albumin.

2.2. Substrates

Pure cellulose, Avicel PH-101, was purchased from FMC Corporation
(Philadelphia, PA) (cat # 11365, lot # 1094627). Solids prepared by corn stover
pretreatment in a Sunds reactor (Metso Paper USA, Inc. Norcross, GA, USA) at
180 °C for 1.5 min with 3% sulfuric acid followed by hot water washing and by
pretreatment at 190 °C for 5 min with 3% SO, followed by washing were gener-

Table 2
Nitrogen and solids content of Spezyme CP

Solids
(mg/ml)

Drying method % Nitrogen Average (standard

deviation)

Oven @ 105°C 3.68
3.69
3.72
3.77

3.72 (0.04) 386.0

Oven @ 50°C 3.93
4.00
3.88
3.90

Vacuum dried @ 50°C 3.89
391
3.85
3.84

Freeze drying @ —42°C 3.62
3.74
3.87
3.73

3.93(0.05) 382.0

374.0

3.87(0.03)

397.0

3.74(0.12)

Overall average 3.80 384.8

ously provided by the National Renewable Energy Laboratory (NREL, Golden,
Colorado) and the University of British Columbia in Canada, respectively. Poplar
solids prepared by ammonia recycled percolation (ARP) pretreatment at 185 °C
for 27.5 min with a NHj3 to dry biomass ratio of ~3.66 were generously provided
by Auburn University. Their compositions as determined by NREL procedures
[20] are reported in Table 1.

2.3. Nitrogen factor

Lyophilized cellulase and other protein solids were assumed to be pure
protein to facilitate estimating the fraction of protein in each. However,
because commercial liquid enzyme preparations contain diluents such as sorbitol
(Ce¢H1406) and sodium chloride (NaCl) and preservatives such as potassium sor-
bate (CcH70,K) [21], they were dried to determine their total solids content by
NREL procedures [22], and the fraction protein was then calculated based on
the amount of protein per ml as determined by the standard BCA method [9]. To
determine whether protein was lost during drying, it was dried at 105 and 50 °Cin
a conventional oven (model EW-52501-03, Cole-Parmer Instrument Company,
Tllinois, USA), at 50°C in a vacuum oven (model C-05053-10, Cole-Parmer
Instrument Company, Illinois, USA), and at —42 °C in a freeze drier (model 10-
270B, Labconco Corporation, Kansas City, Missouri). The nitrogen content of
the dried and homogenized solids for enzymes and other proteins was then mea-
sured using a Flash EATM 112 N/Protein plus CHNS/O Analyzer (CE Elantech,
Lakewood, NJ) with aspartic acid/BBOT (2,5-bis-(5-tert-butyl-benzoxazol-2-
yl)-thiophen) as a standard (CE Elantech, Lakewood, NJ). Table 2 summarizes
the nitrogen and solids content for Spezyme-CP from which nitrogen factor was
calculated by the following formula [23]:

. % protein
Nitrogen factor (NF) = ————
% nitrogen

Table 1

Composition of solid substrates

Substrate solid Pretreatment method and conditions % Glucan % Xylan % Lignin
Avicel-PH 101 None 96.5 1.8 None
Pretreated corn stover Dilute acid/Sunds reactor 180 °C, 3%H;SOy, 1.5 min, 25% solids-W* 59.3 9.3 22.5
Pretreated corn stover S0,/190°C, 3%S0,, 5 min-W 56.9 11.6 23.8
Pretreated poplar ARP/185 °C, NH3:biomass ~3.66, 27.5 min-W 57.5 13.5 24.8

W: washed.
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Nitrogen factors determined for selected enzymes and proteins and % nitrogen from literature

Enzyme/protein-commercial name % Protein % Avg. nitrogen Nitrogen factor (NF)
Cellulase-Spezyme CP 32.0+0.8 119 £ 0.5 8.40 £ 0.3
Cellulase-GC-220 453+0.6 124 + 04 790 £ .3
Multifect xylanase 127£0.4 12.1 £ 0.5 8.28 £ 0.3
Lypolyzed cellulase (BioChemika) ~100 11.9 £ 0.0 8.39 £ 0.0
Bovine serum albumin (BSA) ~100 14.0 £ 0.2 7.16 £ 0.1
Chicken egg albumin ~100 12.8 £ 0.2 7.79 £ 0.1
CBHI of T. reesei® - 13.7 £ 0.5 -
CBHII of T. reesei® - 139 £ 0.5 -

EGI of T. reesei® - 13.7 £ 0.5 -
Amino acid residue of CBHI? - 13.8 £ 0.8 -
Amino acids - 142 + 6.4 -

4 Nitrogen was determined from amino acid composition of CBHI, CBHII, and EGI of T. reesei [50].

b CBHI of Trichoderma pseudokiningii S-38, Xu et al. [51].

As an example for Spezyme CP (Table 2),

% Protein = 100 x (amount of protein per ml/amount of solid per ml)

= 100 x (123/384) = 31.96, NF = 31.96/3.80 = 8.40.

2.4. Calculation of protein adsorption

After drying the substrate, a small fraction (<6 mg) of each homogenized
sample, prepared with pestle and mortar, was weighed in replicate into tin cap-
sules (cat # 240-064-40, CE Elantech, Lakewood, NJ) and sealed. Then the
amount of protein adsorbed on the solid substrate was calculated from the
nitrogen measurements using the CHNS/O Analyzer. Because lignocellulosic
substrates also contain some protein, it was necessary to subtract the amount of
nitrogen naturally occurring in each substrate from the total reading to determine
the nitrogen content from the adsorbed protein. The nitrogen content measured
in this way was converted into the corresponding protein content using the NF
established for the enzyme used, and the amount of protein adsorbed in mg per
mg of substrate was then calculated.

2.5. Adsorption and hydrolysis experiments

Adsorption experiments were performed in replicate using 0.05N citrate
buffer at 4 °C in 50 ml test tubes with a biomass loading containing 0.5-1% glu-
can (0.5-1% glucan for pure Avicel cellulose) and different cellulase loadings.
After equilibration overnight, the tubes were centrifuged and dried at 105°C
for 2 days for further nitrogen analysis. The supernatant was used to determine
the amount of protein in solution by the BCA method. Consistent with NREL
procedures [24], cellulose hydrolysis was performed in 0.05N citrate bufter (pH

Table 4
Protein mass balances for Spezyme-CP and GC-220 adsorption on Avicel at 4 °C

4.8) with tetracycline (200400 pl of 10 mg/ml in 70%, v/v ethanol) and cyclo-
hexamide (150-300 pl of 10 mg/ml in water) as antibiotics at 50 °C in 125 ml
Erlenmeyer flasks with biomass loading containing 1% glucan (1% glucan for
pure Avicel) and a total volume of 50 or 100 ml with a given enzyme loading for
4h. Enzyme action was first stopped by placing the tubes in boiling water for
5 min, and the solids were then centrifuged and dried at 105 °C for further nitro-
gen analysis. Supernatants were collected to determine the amount of protein
in solution and the amount of sugar generated during the course of hydrolysis
using a Waters Alliance HPLC system (Model 2695, Waters Corporation, Mil-
ford, MA) employing Aminex HPX-87H columns (Bio-Rad laboratories, life
science research, Hercules, CA).

3. Results
3.1. Nitrogen factors and protein mass balances

Nitrogen factors (NF) were determined for Spezyme CP
cellulase, GC-220 cellulase, Multifect xylanase, lyophilized cel-
lulase (BioChemika), bovine serum albumin (BSA), and chicken
egg albumin by the methods described above and found to be
very similar, as shown in Table 3. Thus, the NF of these enzymes
and protein sources could be used somewhat interchangeably
with minimal impact on the results. Based on these values, the
nitrogen content of these proteins were determined to be in the
range of 11-14%. Furthermore, for Spezyme CP and GC 220
cellulase adsorption on Avicel PH-101 at 4 °C in citrate buffer,
adding the measurement of protein on the solids based on the
nitrogen factor to that measured in solution by the BCA method

Enzyme Loadings A-Protein adsorbed on F-Free protein in A +F - Total protein Total protein added
Avicel (mg) by NF solution by BCA (mg) measured (mg) initially (mg)

Spezyme-CP A 6.15 10.3 16.5 18.0

B 13.8 16.1 29.8 30.0

C 23.8 339 57.6 56.0

D 30.1 51.4 81.5 81.0
GC-220 A 104 11.0 21.4 20.5

B 21.8 25.0 47.0 35.0

C 25.0 37.8 62.8 60.0

D 28.0 62.5 90.5 85.0
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Fig. 2. Amount of protein adsorbed on Avicel at 4 °C for Spezyme CP cellu-
lase as measured by the nitrogen factor and BCA methods at different protein
loadings.

agreed very closely with the total added initially for all but one
of the protein loadings, as shown in Table 4.

3.2. Protein adsorbed at 4°C

The adsorption of Spezyme CP and GC 220 cellulases on
Avicel was performed in citrate buffer (pH 4.8). The amounts of
protein (mg) adsorbed on the solids determined from the direct
measurement of nitrogen content with the nitrogen analyzer and
indirectly by subtracting the amount of free protein determined
by the BCA method from total initially loaded were close. How-
ever, the NF measurements tended to be a little higher than those
determined for the BCA method, as shown in Figs. 2 and 3 for
Spezyme CP and GC220, respectively.

3.3. Protein adsorbed during hydrolysis

Avicel PH-101 and SO, pretreated corn stover solids were
enzymatically hydrolyzed for 4 h at a loading of 50 FPU/g cellu-
lose (~1.05 mg/ml) as described in Section 2. Almost 58% of the
cellulose in Avicel was reacted at these conditions, whereas 95
and 28% of the cellulose and xylan in SO, pretreated corn stover
were digested, respectively. As shown in Table 5, the difference
between the amount of protein in solution as measured by the
BCA difference method and that added initially indicated that a
negligible amount of protein was adsorbed on Avicel and corn
stover solids if the effect of sugars present in the hydrolyzate was

Table 5
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Fig. 3. Amount of protein adsorbed on Avicel at 4 °C for GC220 cellulase as
measured by the nitrogen factor and BCA methods at different protein loadings.

neglected. However, for both substrates, the amount of protein
adsorbed as measured by the BCA method when interference
by the sugars was considered agreed very closely with those
for the nitrogen factor method. The BCA method [9] gave a
slightly lower value for adsorbed protein for SO, pretreated corn
stover, apparently due to its reaction with color bodies and lignin
components released during hydrolysis.

3.4. Adsorption parameters using NF

Adsorption parameters were estimated by the NF method
for Avicel and dilute acid and SO, pretreated corn stover at
4 °C and compared with values previously reported in the liter-
ature. Each substrate was incubated at a 1-2% glucan content
with different loadings of Spezyme-CP protein (20-800 mg/g
cellulose) in 50 ml tubes overnight with buffer. Then the tubes
were centrifuged repeatedly, the liquid decanted, and solid dried
for 2 days. Parameters such as adsorption capacity (mg/g cel-
lulose) and affinity constants (1/Kg—L/g) were determined by
non-linear regression of the adsorption data to the following
Langmuir expression [19] using Polymath software:

CE — oS Ex]
K4+ E

in which CE is the adsorbed enzyme, Ef the free enzyme in
mg/ml, o the adsorption capacity in mg/mg substrate, S; the
substrate concentration in mg/ml, and Ky is the equilibrium
constant = [C][E]/[CE] in mg of enzyme/ml. For Avicel, the
maximum adsorption capacity determined by NF agrees closely

Amount of protein adsorbed on the solid substrate during hydrolysis as measured by NF and BCA methods and corresponding sugar concentrations in solution

Substrate Adsorbed protein (mg/gm) Sugar concentration in solution (mg/ml)
NF method BCA method Equ. glucose® Xylose
A B
Avicel 18 0.0 229 3.22 0.0
SO,-corn stover 63 0.0 61.2 5.54 0.275

(A) amount of protein adsorbed without excluding the effect of sugars present in the solution; (B) amount of protein adsorbed with excluding the effect of sugars

present in the solution as determined by HPLC.
4 Equivalent glucose = glucose + 1.053*cellobiose.
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Table 6
Enzyme adsorption parameters
Substrate Adsorption capacity, o (mg/gm cellulose) Binding affinity (1/g) Conditions/method Source
Avicel PH-101 84 1.84 @ 4 °C/nitrogen factor This study
92 1.92 @ 50°C/— [19]
95.2 0.30 @ 4°C/Bio-Rad [52]
Dilute acid—corn stover 912 2.49 @ 4 °C/nitrogen factor This study
60%:¢ - Bradford [53]
Dilute acid—-mixed hardwood 80.6 1.82 @ 40 °C/Bradford [35]
SO,—corn stover 1242 0.90 @ 4 °C/nitrogen factor This Study
S0,-Douglas Fir® 342 0.78 @ 4°C/Bio-Rad [52]

% mg protein/g substrate.

b 195 °C, 4.5 min, 4.5% (w/w) SO3, 52.0% cellulose, 46.1% lignin, and 1.9% hemicellulose.

€ 180°C, 1.5 min, 3.0% (w/w) H,SOy4, 60.0% cellulose.

with values reported in the literature, as shown in Table 6. How-
ever, less information has been reported for pretreated biomass,
making it difficult to make meaningful comparisons. Nonethe-
less, adsorption capacities are similar to those reported for other
dilute acid pretreatments, although pretreatment conditions,
reactor configurations, and substrates differ among studies. On
other hand, the adsorption capacities for SO, pretreatment are
noticeably different from those for Avicel and solids from dilute
acid pretreatment. These results infer that the accessibility of
B-glycosidic bonds [5] is higher for SO, pretreatment, but the
very high adsorption capacity for Douglas fir could be attributed
to a higher lignin content that is believed to adsorb protein
unproductively [6,25-28].

3.5. Impact of sugars on protein adsorption

In enzymatic hydrolysis of cellulose, the inhibition of enzy-
matic activity by end products (cellobiose, glucose, xylose, and
ethanol) and other compounds is well known, with cellobiose
being particularly powerful [29-34]. In general, inhibition stud-
ies are believed to account for the effect of end products and
other compounds on the activity of the catalytic domain of cel-
lulase. However, there are very few studies that show sugars
and other compounds affect cellulase adsorption mediated by
the cellulose binding domain (CBD), an essential step to het-
erogeneous reactions like cellulose hydrolysis. Some previous
studies showed that dissolved sugars do not affect intact cellulase
adsorption [35-37], although, others have found that hydrolysis
compounds/sugars may be inhibitory to protein adsorption and
may even promote cellulase desorption [38—46]. Stutzenberger
and Lintz [38] found that the hydrolyzate of protein-extracted
lucerne fibers (PELF), having sugars equivalent to 6% glucose
~175 mM, inhibited binding of endoglucanse and exoglucanase
by 27 and 46%, respectively. Wendorf et al. showed that
sugar excipients including mono and disaccharides reduced the
adsorption of ribonuclease A, bovine serum albumin, and hen
egg white lysozyme at the liquid—solid interface [47]. Ooshima
et al. reported that the presence of ethanol depressed the adsorp-
tion of exoglucanases [42]. However, in another study, Ooshima
et al. [35] showed that neither cellobiose nor glucose (up to
20 mg/ml ~58 mM) affected protein adsorption on dilute acid

pretreated hardwood using the Bradford method to indirectly
estimate protein adsorption [10], although it was not mentioned
if interference by sugars with the protein determination was
taken into account. In addition, the effect of higher concentra-
tions of sugars and other compounds has seldom been studied.
Therefore, it is still not clear if the inhibitory nature of the sug-
ars and other compounds is entirely due to inactivation of the
catalytic domain and/or inhibition of the binding domain or a
combination of both.

The effect of cellobiose and glucose on cellulase adsorp-
tion on cellulose was determined using the method developed
in this study. Protein adsorption experiments were performed
with Avicel and ARP poplar (cellobiose effect only) at 4 °C, to
avoid hydrolysis, in a citrate buffer (pH 4.8) at a protein loading
of 40 mg/g cellulose (0.4 mg/ml). Cellobiose and glucose were
added to the buffer to bring the concentration from 0 to 80 g/1
and from 0 to 100 g/1, respectively, prior to adding protein. Both
sugars were found to affect cellulase adsorption negatively, and
cellobiose inhibited binding of cellulase more than glucose, as
shown in Fig. 4. The binding inhibition for ARP poplar was sim-
ilar to Avicel at low cellobiose loadings but was a little higher
at high loadings. For Avicel, the extent of binding inhibition by
6% glucose for cellulase (about 30%) comprised of about 60%
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Fig. 4. Effect of cellobiose and glucose on cellulase adsorption as measured by
NF method for Avicel and cellobiose only effect for ARP poplar at 4 °C.
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Fig. 5. Effect of cellobiose inhibitor on cellulase adsorption at various Avicel to
cellobiose ratio for Avicel at 4 °C with a cellobiose concentration of 50 mg/ml.

CBHI, 20% CBHII, and 12% EGTI protein [48], was found to
be roughly equal to the inhibition shown by Stutzenberger and
Lintz [38].

To understand whether higher substrate concentrations can
reduce inhibition of cellulase binding, adsorption experi-
ments were performed with a fixed cellobiose concentration
of 50 mg/ml and varying Avicel concentrations from 10 to
100 mg/ml. About 40 mg of cellulase protein/g of cellulose
(0.4 mg/ml) was added to the solution having a desired amount of
cellobiose and Avicel cellulose. As shown in Fig. 5, the relative
binding inhibition (cellulase adsorption on Avicel in the pres-
ence of cellobiose relative to adsorption on Avicel alone) was
reduced from about 25 to 5% as the ratio of Avicel to cellobiose
was increased from 0.2 to 2.

4. Discussion

Measurements of nitrogen content in several protein sources
by a nitrogen analyzer gave consistent nitrogen contents in
the range of 11-14%, and nitrogen factors (NF) for cellulases,
xylanase, and other proteins were found to be very similar
and greater than the nitrogen factor (6.25) widely used for
estimating the amount of protein in plants [23]. Furthermore,
negligible nitrogen losses were found at high temperatures indi-
cating that drying of samples at higher temperatures should
not affect the nitrogen content or the NF method applicability.
Because nitrogen contents and nitrogen factors were simi-
lar for a range of proteins and enzymes, the method should
be quite robust for even commercial enzyme preparations
that may contain proteins and sources of nitrogen other than
cellulases.

Direct nitrogen measurements were then applied to estimate
the amount of protein adsorbed at 4 °C on pure cellulose for two
cellulases, Spezyme CP and GC220, and the data were compared
to indirectly determined protein adsorption measurements based
on the conventional BCA method. For both cellulases at all load-
ings, the amount of protein adsorbed as determined by NF was
close to that for the BCA method. However, the NF method gen-
erally gave a little higher indication of protein adsorption than
the BCA approach, apparently because of the latter’s sensitivity

to bodies in solution such as the enzyme itself and other proteins.
Data for protein adsorption on solids after hydrolysis when sug-
ars and other color developing bodies were in solution along
with free protein showed the superiority of the NF to the BCA
method. Langmuir adsorption parameters (maximum adsorption
capacity, o) for cellulase at 4 °C were determined using the NF
approach for a variety of substrates and generally found to be
comparable to values reported in literature.

Application of this method showed that glucose and cel-
lobiose inhibit whole cellulase binding. About 12% inhibition
was observed at a 1% cellobiose concentration, a result that is
similar to the 10% level reported by Yue et al. [41] for CBHI
adsorption. It is also consistent with the small binding inhibition
for CBHII reported by Palonen et al. at a very low cellobiose con-
centration (1.5 mM, ~0.5 g/1) [39]. In addition, our data showed
that binding inhibition can be reduced at higher substrate con-
centrations. Consistent with this, reduced sugars inhibition of
cellulase activity by high substrate loadings was reported by
Xiao et al. [34]. However, Oh et al. [49] showed cellulase activ-
ity was reduced by more than 75% by cellobiose and more than
60% by glucose at loadings of 20 g/, although binding inhi-
bition was only about 15 and 6% by cellobiose and glucose,
respectively, at this loading, as our study showed. This suggests
that binding inhibition cannot be solely responsible for a drop
in activity during enzymatic hydrolysis of cellulose, and further
study is needed.
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