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Commercial cellulase complexes produced by cellulolytic fungi contain enzyme activities that are capable
of hydrolyzing non-cellulosic polysaccharides in biomass, primarily hemicellulose and pectins, in addi-
tion to cellulose. However, xylanase activities detected in most commercial enzyme preparations have
been shown to be insufficient to completely hydrolyze xylan, resulting in high xylooligomer concentra-
tions remaining in the hydrolysis broth. Our recent research showed that these xylooligomers are stron-
ger inhibitors of cellulase activity than others have previously established for glucose and cellobiose,
making their removal of great importance. In this study, a HPLC system that can measure xylooligomers
with degrees of polymerization (DP) up to 30 was applied to assess how Spezyme CP cellulase, Novozyme
188 b-glucosidase, Multifect xylanase, and non-commercial b-xylosidase enzymes hydrolyze different
chain length xylooligomers derived from birchwood xylan. Spezyme CP cellulase and Multifect xylanase
partially hydrolyzed high DP xylooligomers to lower DP species and monomeric xylose, while b-xylosi-
dase showed the strongest ability to degrade both high and low DP xylooligomers. However, about
10–30% of the higher DP xylooligomers were difficult to be breakdown by cellulase or xylanase and about
5% of low DP xylooligomers (mainly xylobiose) proved resistant to hydrolysis by cellulase or b-glucosi-
dase, possibly due to low b-xylosidase activity in these enzymes and/or the precipitation of high DP
xylooligomers.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Conversion of lignocellulosic materials into liquid fuels such as
ethanol deserves more attention to meet a critical need for envi-
ronmentally friendly and sustainable transportation fuels that can
reduce our heavy dependence on vulnerable supplies of petro-
leum. Most lignocellulosic materials including woods, grasses,
and agricultural residues are primarily composed of cellulose,
hemicelluloses and lignin, and high yields from both cellulose
and hemicellulose are important to overall economics (Wyman,
2003). The cellulose fraction consists of b-1,4-linked glucose units
aligned in long crystalline chains that form fibers (Nishiyama
et al., 2003; Wada et al., 2008). The hemicellulose content is
somewhat less than for cellulose in cellulosic biomass and is
mainly made up of hetero-1,4-b-D-xylan (Poutanen et al., 1986).
Unlike cellulose, hemicellulose, primarily xylan, is amorphous
and highly branched and much easier to thermochemically depo-
lymerize to monomeric sugars with high yields at the low pH of
dilute acid pretreatments (Jacobsen and Wyman, 2000; Saha,
2003). However, as the pH is raised toward neutral, such as in
autohydrolysis or controlled pH pretreatments, a large portion
ll rights reserved.
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of the sugars are released as oligomers with a wide range of chain
lengths (Wyman et al., 2005). Many researchers have attributed
hemicellulose removal to facilitate hydrolysis of the cellulose
remaining in the solids from pretreatment by improving cellulase
accessibility to cellulose (Allen et al., 2001; Grohmann et al.,
1989; Ishizawa et al., 2007; Kabel et al., 2007; Palonen et al.,
2004; Yang and Wyman, 2004; Zhu et al., 2005). However, higher
pH pretreatments by ARP (Ammonia Recycle Percolation), lime,
and AFEX (Ammonia Fiber Expansion) can also be highly effective
even though most of the hemicellulose is left in the pretreated
solids (Kim and Holtzapple, 2005; Kim and Lee, 2005; Teymouri
et al., 2004). The result is that the xylan content of pretreated sol-
ids can range from as low as 5% for dilute acid pretreatment to as
high as 25% or more for AFEX pretreated biomass (Wyman et al.,
2005).

Because many common fermentative organisms cannot utilize
oligomers, cellulose and hemicellulose must be broken down fully
to monomers for fermentation to ethanol with high yields (Balat
et al., 2008; Sarrouh et al., 2004). A complex of secreted enzymes
derived from filamentous fungi, particularly Trichoderma, is
usually applied to hydrolyze lignocellulosic biomass to ferment-
able sugars (Berlin et al., 2007), and commercial enzyme prepara-
tions such as Spezyme CP that are widely used for enzymatic
hydrolysis of cellulose contain high levels of endoglucanase and
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cellobiohydrolase activities. However, supplementation with b-
glucosidase is frequently needed to obtain high cellulose conver-
sion (Berlin et al., 2007; Spindler et al., 1989; Sternberg et al.,
1977). These enzyme preparations also contain lower amounts
of such non-cellulolytic enzyme activities as hemicellulase and
pectinase that help remove hemicellulose and pectin that are be-
lieved to physically block access of cellulase to cellulose (Jeoh
et al., 2007).

The deficiency in xylanase activities in most commercial en-
zyme preparations (Berlin et al., 2007; Dien et al., 2008; Wood
and Mccrae, 1986) can lead to the release of high concentrations
of xylooligomers in the hydrolysis broth. Recently, new evidence
emerged that xylooligomers are powerful inhibitors of cellulase
activity (Qing et al., 2010), suggesting that partial hydrolysis of xy-
lan or insoluble xylooligomers left in pretreated biomass to soluble
oligomers could dramatically slow cellulose hydrolysis by en-
zymes, particularly for the lower enzyme loadings critical to low
costs. Although more severe pretreatment conditions could re-
move more xylan from biomass, this would result in greater degra-
dation of sugars, resulting in lower yields and greater inhibition
(Wyman et al., 2005). Therefore, it would be useful to formulate
a cocktail of endoglucanases, cellobiohydrolases, b-glucosidases,
xylanases, b-xylosidases, and other enzymes that can completely
hydrolyze cellulose and hemicellulose to monomers and reduce
inhibition of cellulase by xylooligomers.

In this study, the effects of different enzyme preparations on
degrading different chain length xylooligomers was evaluated to
help us better understand the fate of these oligomers that are so
inhibitory to cellulase action during enzymatic hydrolysis. Com-
mercial Spezyme CP cellulase, Novozyme 188 b-glucosidase, Mul-
tifect xylanase, and b-xylosidase provided by Genencor, a
Danisco Division (Beloit, WI) were applied to xylooligomers made
from water-only hydrolysis of birchwood xylan. Changes in the de-
gree of polymerization (DP) of the xylooligomers were then
followed using a new HPLC method we devised to follow concen-
trations of DPs up to 30. In addition to providing insight into the
effect enzymes could have in reducing inhibition by xylooligomers,
investigation of the biological degradation of xylooligomers by dif-
ferent enzyme preparations could also provide useful insight to
industrial xylooligomers production for applications in pharma-
ceutical, food, and other industries (Akpinar et al., 2009).
Table 1
Microbial sources and key enzyme activities of enzyme preparations used in this
study.

Enzyme preparation Activities (units/mL)

Spezyme CP Novozyme
188

Multifect
xylanase

b-
Xylosidase

Microbial sourcea Trichoderma
sp.

Aspergillus
sp.

Trichoderma
sp.

N/A

Total protein
(mg protein/ml)

123 ± 10 140 ± 5 42 ± 5 75 ± 5

Cellulase (FPU) 58.2 8.5 0.77 N/A
b-Glucosidaseb 128 665 35.9 N/A
Xylanase (OSX)b 2622 123 25,203 N/A
b-Xylosidaseb 7.3 16.6 22.6 N/A

a Reference: (Berlin et al., 2006a,b).
b Reference: (Dien et al., 2008).
2. Methods

2.1. Materials

Birchwood xylan with a xylan content measured at �85% was
purchased from Sigma (Lot # is 038K0751) and used in water-only
hydrolysis to generate xylooligomer rich solutions. Xylobiose and
xylotriose standards of over 95% purity were purchased from
Megazyme International Ireland, Ltd. (Bray, Co. Wicklow, Ireland,
Cat. No. O-XBI, O-XTR) to calibrate xylooligomer concentrations
in solution. Genencor, a Danisco Division (2600 Kennedy Drive,
Beloit, WI, 53511) kindly supplied Spezyme CP cellulase (Lot #
301-05330-205, 59 ± 5 FPU/ml, 123 ± 10 mg protein/ml), Multifect
xylanase (Lot 301-04021-015; 42 ± 5 mg protein/ml), and b-xylos-
idase (Lot # 20050881-0882, 75 ± 5 mg protein/ml) enzymes,
while Novozyme 188 (066K0676, 665 CBU/ml, 140 ± 5 mg
protein/ml) purchased from Sigma was used for b-glucosidase
supplementation. In the non-commercial b-xylosidase preparation,
b-xylosidase was the most predominant protein expressed in a
Trichoderma strain in which the major cellulase genes were de-
leted, specifically CBH1, CBH2, EG1, and EG2. The microbial source
and enzyme activities for each enzyme preparation are indicated in
Table 1.
2.2. Procedure for production of xylooligomer mixtures

Xylooligomer rich solutions were produced by water-only
hydrolysis of birchwood xylan at 200 �C for 15 min in a 1 l stainless
steel batch reactor from Parr instruments (Moline, IL) with a solids
loading of 10% (w/v). The reactor vessel was sealed and placed in a
sand bath set at 320 �C for fast heat up and transferred to a 200 �C
sand bath to maintain a constant temperature. After 15 min, the
reactor was quenched quickly in ice water to room temperature.
The solution was poured out and centrifuged to separate the solid
from the liquid hydrolyzate (Yang and Wyman, 2004). The liquid
was collected and stored at 50 �C for future use.
2.3. Sugar analysis

Liquid samples were filtered through 0.2 lm nylon filter vials
(Alltech Associates Inc., Deerfield, IL). Then, a 20 ll sample was di-
luted about 50–100 times with HPLC grade water to concentrations
desired for Dionex HPLC measurements. The rest of the liquid was
pipetted into 500 ll polyethylene HPLC vials (Alltech Associates
Inc., Deerfield, IL) and kept refrigerated at 4 �C until analyzed on
the Waters HPLC to quantify monomeric xylose concentrations.
Liquid samples for measurements of the DP distribution on the
Dionex HPLC were diluted immediately after collection and kept
at room temperature to prevent precipitation of high DP xyloolig-
omers. Liquid samples together with sugar calibration standards
were run on a Waters Alliance HPLC system (Model 2695, Waters
Corporation, Milford, MA) employing an Aminex HPX-87P column
(Bio-Rad Laboratories, Hercules, CA) and a refractive index detector
(Waters 2414). Quantification of xylooligomer chain lengths over a
degree of polymerization (DP) range from 1 to 30 was performed
with a Dionex DX-600 Ion Chromatograph system. The IC system
consisted of a BioLC� GP50, ED50 with cell Au electrode and
equipped with a CarboPac PA100 (4 � 250 mm) anion exchange
column and guard cartridge (Dionex Corporation, Sunnyvale, CA).
The column was run at 30 �C with an eluent flow rate of 1 ml/
min. The mobile phases were operated in the gradient mode with
150 mM of NaOH in 1 M of sodium acetate and 150 mM of NaOH
according to Curve 6 based on the detection waveform from Dio-
nex Technical Note 21 (Dionex, Sunnyvale, CA). Because the lack
of xylooligomer standards with DP greater than 5, the concentra-
tion of each higher DP species from DP 4 to 30 was calculated by
taking the ratio of their peak height to the peak height for xylobi-
ose and multiplying this ratio by the measured concentration of
the latter according to a procedure developed previously (Li
et al., 2003; Yang and Wyman, 2008), with xylobiose and xylotriose
(purity > 95%, purchased from Megazyme Inc., Wicklow, Ireland)
used as calibration standards. The ratio of the peak height of xylo-
triose to that of xylobiose was used to adjust for possible errors in



Table 2
Distribution of xylooligomer DP and xylose concentrations resulting from water-only
pretreatment of birchwood xylan.

Group DP Concentration
(mg/ml)

Percentage
(%)

Monomer 1 0.597 2.53
Low DP xylooligomers 2 0.522 2.21

3 0.359 1.52
4 0.297 1.26
5 0.245 1.04
6 0.215 0.91
7 0.163 0.69
8 0.156 0.66
9 0.106 0.45
10 0.092 0.39
11–30 0.301 1.27

High DP xylooligomers 30 and above 20.55 87.1
Total 23.6 100

Q. Qing, C.E. Wyman / Bioresource Technology 102 (2011) 1359–1366 1361
this method. Xylooligomers over the ranges from DP 2 to 30 to-
gether are termed as low DP xylooligomers in this paper. The con-
centrations of each DP group and xylose are showed in Table 2.

2.4. Determination of total xylooligomers and high DP xylooligomers

The amount of all xylooligomers in solution was determined by
autoclaving liquid samples in 4% sulfuric acid for 1 h at 121 �C to
breakdown oligomers into monomeric sugars as described in NREL
laboratory methods (Sluiter et al., 2008). Sugar recovery standards
containing known sugar concentrations were also autoclaved in
parallel to estimate sugar losses during this post hydrolysis opera-
tion. Monomers were then quantified using a Waters HPLC
equipped with a refractive index (RI) detector and Bio-rad HPX-
87P column (Bio-Rad Laboratories, Hercules, CA). Then the total
mass of oligomers was calculated as (Yang and Wyman, 2008):

Total oligomers ðgÞ ¼ Total xyloseðgÞin the hydrolysate
corrected for degradation following
post hydrolysis�Monomeric xyloseðgÞin
the hydrolysate before autoclaving ð1Þ

Xylooligomers with DP higher than 30 that remained in solution
at room temperature are termed high DP xylooligomers in this pa-
per. The mass of high DP xylooligomers was calculated as:

High DP xylooligomersðgÞ ¼ Total xylooligomers following post
hydrolysisðgÞ �Monomeric xylose
in hydrolyzate before post
hydrolysisðgÞ � Sum of all low DP
xylooligomers measured
on the DionexðgÞ ð2Þ
Fig. 1. Xylose and xylooligomer DP group profiles over a 72 h hydrolysis period for
mixed DP xylooligomers with and without adding Spezyme CP cellulase at a loading
of 10.73 mg protein/g equivalent xylose.
2.5. Enzymatic hydrolysis

Enzymatic hydrolysis of xylooligomer rich solutions with differ-
ent enzymes was performed in 25 ml Erlenmeyer flasks to which
was added 0.05 M acetate buffer (pH 4.8) according to NREL Labo-
ratory Analytical Procedure LAP 009 (NREL, 1996). Xylooligomers
rich solutions were loaded at a concentration of 11.8 mg of total
equivalent xylose/ml of solution. To prevent infection by microor-
ganisms, 400 lg of 10 mg/ml tetracycline antibiotic in 70% ethanol
and 300 lg of 10 mg/ml cyclohexamide in DI water were added to
the hydrolysis broth before adding enzymes. Cellulase, b-glucosi-
dase, xylanase, and b-xylosidase enzymes were added separately
at enzyme loadings of 5.37 or 10.73 mg protein/g equivalent xy-
lose. Flasks containing oligomers and enzymes were placed in a
thermostated shaker at 48 ± 3 �C with a rotating speed of
150 rpm (NREL, 1996), and samples were taken after 4, 24, 48,
72 h of hydrolysis. Substrate blanks without enzyme and enzyme
blanks without substrate were tested in parallel with other sam-
ples, and all samples were run in triplicate unless otherwise stated.
Samples taken were analyzed with an HPLC to follow the reaction
course and determine final yields.

3. Results and discussion

As summarized in Table 1, the three commercial enzyme prep-
arations used in this study all contain some xylanase and b-xylos-
idase activity. Endo-1,4-b-xylanase primarily randomly hydrolyzes
xylan to xylooligomers, while b-xylosidase enzymes release mono-
meric xylose from the non-reducing ends of xylooligomers (Chen
et al., 1997). The ability of these four enzymes in hydrolyzing
xylooligomers to xylose not only depends on their endo-1,4-b-
xylanase and b-xylosidase activities but also on synergistic action
of these two enzymes with esterases to remove acetyl substituents
from the b-1,4-linked D xylose backbone of xylan (Coughlan and
Hazlewood, 1993; Gubitz et al., 1998). In this study, xylooligomers
with a DP range from 2 to 30 were grouped together as low DP
xylooligomers, and those with a DP range over 30 were termed
as high DP xylooligomers. The commercial enzyme preparations
Spezyme CP, Novozyme 188, and Multifect xylanase and the non-
commercial enzyme b-xylosidase from Genencor, a Danisco Divi-
sion were applied based on equal protein content per gram of
equivalent xylose to test their effects in degrading different DP
range xylooligomers. Enzyme loadings of 5.37 and 10.73 mg pro-
tein/g equivalent xylose were applied.

3.1. Spezyme CP cellulase

Fig. 1 shows the concentrations of different groups of xyloolig-
omers over time for addition of 10.73 mg of total Spezyme CP cel-
lulase protein/g equivalent xylose and also for the substrate blank
control. High DP xylooligomers were hydrolyzed rapidly in the first
hour to lower DP xylooligomers and monomeric xylose, and then
the hydrolysis rate gradually slowed down. As a result, a large
quantity of lower DP xylooligomers accumulated in hydrolysis
broth in the first 24 h, with the highest concentration of 24%



Fig. 3. Xylose and xylooligomer DP group profiles over a 72 h hydrolysis period for
mixed DP xylooligomers with and without adding Multifect xylanase at a loading of
10.73 mg protein/g equivalent xylose.
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equivalent xylose detected in the first hour. Thus, Spezyme CP cel-
lulase enzymes have limited ability to hydrolyze lower DP xyloo-
ligomers. As a result of hydrolysis of both higher and lower DP
xylooligomers, the fraction present as total monomeric xylose
was 68.1% after 72 h of hydrolysis, with about 62.3% of that total
resulting from xylooligomer hydrolysis by Spezyme CP cellulase
and the remaining 5.8% present in the xylooligomer solution ini-
tially. Although Spezyme CP hydrolyzed a high fraction of the olig-
omers to xylose, about 28% of the high DP xylooligomers proved
more difficult to break down after 72 h of hydrolysis. On the other
hand, the shorter chain xylooligomers proved much more easily
hydrolyzed by Spezyme CP cellulase enzyme preparation with just
small amounts of xylobiose and xylotriose remaining after 72 h,
apparently as a result of the low b-xylosidase activities in this cel-
lulase preparation.

3.2. Novozyme 188 b-glucosidase

As shown in Fig. 2, Novozyme 188 b-glucosidase hydrolyzed
higher DP xylooligomers much more slowly than Spezyme CP cel-
lulase, with only 11% of the high DP xylooligomer degraded into
lower DP species in the first 24 h. Consequently, even though the
b-xylosidase enzyme activity of Novozyme 188 is very low, no
obvious accumulation of lower DP xylooligomers was found in
the hydrolysis broth over the entire hydrolysis time. Overall, about
32.1% of the high DP xylooligomers and 5.3% of the lower DP xyloo-
ligomers (based on the equivalent amount mass of monomeric xy-
lose) were hydrolyzed within 72 h, and more xylooligomers were
hydrolyzed by commercial b-glucosidase enzymes than for the
control substrate blank.

3.3. Multifect xylanase

Fig. 3 shows that addition of Multifect xylanase results in sim-
ilar xylooligomer profiles to those with Spezyme CP cellulase ex-
cept that the hydrolysis rate is much greater due to the higher
xylanase activities shown in Table 1. A rapid drop in higher DP
xylooligomers was observed in the first 24 h, with about 64.2%
(based on total equivalent xylose amount) of the high DP xyloolig-
omers hydrolyzed into lower DP species or monomeric xylose dur-
ing this time. However, after that, the hydrolysis rate dropped off
sharply, with just 4% of the total oligomers degraded over the
Fig. 2. Xylose and xylooligomer DP group profiles over a 72 h hydrolysis period for
mixed DP xylooligomers with and without adding Novozyme 188 b-glucosidase at a
loading of 10.73 mg protein/g equivalent xylose.
remaining 48 h. The rapid hydrolysis of high DP xylooligomers in
the first 24 h not only led to a dramatic increase in the monomeric
xylose concentration from 8% to 76% equivalent xylose mass but
also resulted in the rapid accumulation of lower DP xylooligomers.
Even after just 1 h of hydrolysis, the amount of lower DP xyloolig-
omers increased from 8% to 25% of the total xylose mass. Similar to
Spezyme CP, Multifect xylanase could not totally hydrolyze all
xylooligomers into monomers even at a higher loading of 10.73 g
protein/g equivalent xylose loading, with about 17% of the high
DP xylooligomers still in solution after 72 h of hydrolysis.

3.4. Genencor b-xylosidase

Unlike the other three enzymes, the b-xylosidase used was a
non-commercial enzyme that was kindly provided by Genencor,
a Danisco Division. b-Xylosidase dominates protein expression by
a Trichoderma strain in which the major cellulase genes were de-
leted, specifically CBH1, CBH2, EG1 and EG2. The data in Fig. 4
clearly indicates that over 76% of the high DP xylooligomers could
Fig. 4. Xylose and xylooligomer DP group profiles over a 72 h hydrolysis period for
mixed DP xylooligomers with and without adding b-xylosidase at a loading of
10.73 mg protein/g equivalent xylose.



Fig. 5B. Xylose yields for enzymatic hydrolysis of xylobiose and xylotriose with
different enzyme preparations at an enzyme loading of 5.37 mg protein/g equiv-
alent xylose.
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be converted into xylose in the first 4 h of hydrolysis, and there
was no obvious accumulation of low DP xylooligomers over the
reaction time. Furthermore, in contrast with Spezyme CP and Mul-
tifect xylanase, this b-xylosidase preparation could totally hydro-
lyze most of the xylobiose or xylotriose into monomeric xylose
in a short reaction time. Also, although around 12% of the high
DP xylooligomers still remained after 72 h, this is still much less
than the 30% and 17% remaining for Spezyme CP cellulase and Mul-
tifect xylanase, respectively. Thus, b-xylosidase removes higher DP
xylooligomers more quickly than the other enzymes.

3.5. Xylobiose profile with different enzyme preparations

To facilitate comparisons of the effect of the different enzymes
on xylooligomers, the fraction of xylobiose during xylooligomer
hydrolysis by the different enzyme preparations is plotted in
Fig. 5A over the 72 h time period. Due to the comparatively low
b-xylosidase activity in Spezyme CP and Multifect preparations
and quick hydrolysis of higher DP ones into xylobiose, a large frac-
tion of xylobiose accumulated during the first 24 h when xyloolig-
omers were hydrolyzed with these two enzymes, although
xylobiose levels dropped more slowly with Spezyme CP than
xylanase. However, as the decomposition rate of the of higher DP
xylooligomers gradually dropped over time, the amount of xylobi-
ose in the hydrolysis broth dropped, and the maximum fraction of
xylobiose was 23.4% and 13.2% of the total equivalent xylose mass
for Multifect xylanase and Spezyme CP cellulase, respectively.
Xylobiose concentrations were virtually constant at low levels for
addition of b-glucosidase and the control, which might be due to
slow depolymerization of higher DP oligomers to form xylobiose.
Most striking is that b-xylosidase hydrolyzed most of xylobiose
into xylose immediately after formation, in contrast to limited
hydrolysis by the control and Novozyme 188 b-glucosidase.

3.6. The effect of different enzymes on xylobiose and xylotriose

As stated above, xylobiose was noticed to be an important frac-
tion in lower DP xylooligomer groups that was relatively resistant
to rapid hydrolysis by Spezyme CP cellulase and Multifect xylan-
ase. Thus, the effect of these four different enzyme preparations
on degrading xylobiose and xylotriose was studied, with the re-
sults summarized in Fig. 5B. Purified xylobiose and xylotriose were
Fig. 5A. Xylobiose profiles over a 72 h hydrolysis period for mixed DP xylooligo-
mers with and without adding various enzymes at a loading of 10.73 mg protein/g
equivalent xylose.
used as hydrolysis substrates at a solids loading of 1% to which an
enzyme loading of 5.37 mg protein/g equivalent xylose was ap-
plied. For both xylobiose and xylotriose, monomer xylose was de-
tected for all of the four enzymes in the first 24 h of hydrolysis.
However, b-xylosidase hydrolyzed 71.0% and 70.2% of the xylobi-
ose and xylotriose into monomers in the first 24 h, respectively.
b-Glucosidase, on the other hand, only hydrolyzed 19.1% and
21.8% of xylobiose and xylotriose, respectively, in this time span.
Although, Multifect xylanase and b-xylosidase showed comparable
capacities in degrading xylobiose and xylotriose at longer times, b-
xylosidase had a much greater hydrolysis rate than Multifect
xylanase as indicated by the conversions measured after 4 and
24 h. In addition, Fig. 5B shows that Spezyme CP cellulase could
hydrolyze more xylobiose and xylotriose in a shorter time than
Novozyme 188 b-glucosidase, although its b-xylosidase activity is
lower than for Novozyme 188. As expected, xylanase displayed a
much greater ability to degrade xylobiose and xylotriose than cel-
lulase. The accumulation of high amounts of xylobiose during
hydrolysis of mixed DP xylooligomers was due to fast hydrolysis
of high DP oligomers into lower DP fragments and xylobiose.
3.7. The effect of enzyme loadings

In addition to an enzyme loading of 10.73 mg protein/g equiva-
lent xylose, a lower loading at 5.37 mg protein/g equivalent xylose
was applied to understand how enzyme loadings impact xyloolig-
omer degradation for the four different preparations, as shown in
Fig. 6 for both loadings. For Spezyme CP (Fig. 6A), reducing the total
protein loading reduced the rate of conversion of high DP xyloolig-
omers to lower DP species and xylose, but the profiles of low DP
xylooligomers were similar for both loadings. For b-glucosidase en-
zymes (Fig. 6B), lower enzyme loadings also resulted in a compar-
atively lower xylose yields and high DP xylooligomer conversion,
but the benefits of increasing enzyme loading were more modest
in that just 7% more xylooligomers were hydrolyzed. Dropping
the xylanase loading more strongly influenced hydrolysis during
the first 24 h than later (Fig. 6C), and more high DP xylooligomers
were converted into lower DP species and then hydrolyzed to
monomeric xylose for the higher total protein loading. However,
higher enzyme loadings did not reduce xylooligomer amounts at



Fig. 6. Comparison of xylose and xylooligomer profiles during enzymatic hydrolysis of mixed DP xylooligomers for 72 h with 5.37 and 10.73 mg protein/g of equivalent
xylose. The four enzyme preparations used are Spezyme CP cellulase (A), Novozyme 188 b-glucosidase (B), Multifect xylanase (C), and Genecor b-xylosidase (D).
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the end of 72 h (Fig. 6C). A possible explanation is precipitation of
longer chain xylooligomers at the enzymatic hydrolysis tempera-
ture due to the drop in solubility of high DP xylooligomers with
decreasing temperature (Gray et al., 2007). Finally, we can see that
cutting b-xylosidase loadings in half had almost no effect on the
xylobiose yields in Fig. 6D, showing that this enzyme is very effec-
tive in rapidly hydrolyzing xylobiose.

3.8. Kinetic implications

Enzymatic hydrolysis of xylan or xylooligomers is a heteroge-
neous reaction that benefits from synergistic action of different en-
zyme activities, and the presence of a wide range of chain length
xylooligomers further complicates the kinetic view of the reac-
tions. On top of that, inhibition of enzymes by the different DP
xylooligomers and xylose must be factored into the analysis (Ku-
mar and Wyman, 2009a). Moreover, even if enzymes are quite spe-
cific and the enzyme–substrate complex follows a ‘‘lock and key”
mechanism, xylan or xylooligomers could bind with cellulase ac-
tive sites with an even higher km value than for cellulose (Kanda
et al., 1976). Our recent research suggests that mixed DP xyloolig-
omers competitively inhibit cellulase and that inhibition by higher
DP xylooligomers is particularly strong. The result is that the
capacity of different enzyme preparations to decompose different
DP xylooligomers cannot be easily predicted by comparing xylan-
ase or b-xylosidase activities alone.

In the research reported in this paper, we sought to better
understand the capability of different enzyme preparations to
hydrolyze different chain length xylooligomers, and the results
indicated that commonly used Spezyme CP cellulase and Novo-
zyme 188 b-glucosidase both have some xylanase and b-xylosidase
activity, consistent with other findings (Berlin et al., 2006a,b, 2007;
Sorensen et al., 2007). However, these two enzymes still left signif-
icant amounts of higher DP xylooligomers in the hydrolysis broth
(Figs. 1 and 2). Because our research has shown that higher DP
xylooligomers are strong inhibitors of enzymatic hydrolysis and
partially responsible for gradually slowing down hydrolysis rates,
it is important to remove as much as possible of these xylooligo-
mers to achieve higher cellulose conversion and enzyme efficiency
during enzymatic hydrolysis.

Supplementation with xylanase has been identified as desirable
to enhance cellulase efficiency by increasing cellulase accessibility
(Garcia-Aparicio et al., 2007; Gupta et al., 2008; Kumar and
Wyman, 2009b; Wyman et al., 2005, 2009). Moreover, removal of
xylooligomers from solution could not only help remove physical
blocking but also hydrolyze xylooligomers that are highly inhibitory
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to cellulase. However, the results of this research indicate that even
high loadings of Multifect xylanase did not totally hydrolyze long
chain xylooligomers within 72 h (Fig. 3), and the comparatively
smaller amount of xylooligomers left could still strongly inhibit
cellulase action. On the other hand, the results reported here show
that the same mass of b-xylosidase protein nearly eliminated all of
the high DP and low DP xylooligomers (Fig. 4).
4. Conclusions

The four enzyme preparations studied in this research all
showed the ability to degrade different chain length xylooligomers.
However, a considerable amount of high DP xylooligomers could
not be hydrolyzed by Spezyme CP cellulase and Novozyme 188
b-glucosidase combined. To reduce inhibition by xylooligomers
and achieve a high xylose monomer recovery, cellulase should be
supplemented with xylanase and b-xylosidase. Further study is
warranted to identify ratios of b-xylosidase to cellulase that max-
imize total sugar yields while reducing enzyme loadings and to
establish the important of removing xylooligomers to enhancing
cellulase effectiveness.
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