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Abstract: The chemical pretreatments of Abies grandis wood on enzymatic hydrolysis of cellulose into glucose in view
of potential applications in biofuel production were carried out by 85% phosphoric acid, incubated in a hot water bath
at 50°C. The highest glucose yields of up to 100% of converted cellulose were reached by using 1 g of wood particlesin
8 mL of 85% phosphoric acid incubated in a hot water bath for 1 hr and applying a combination of 4 U mL™ cellulase,
4 U mL™ xylanase and 4 U mL™ laccase in 5 mL of 50 mM sodium acetate buffer, pH 5.0 for cellulose hydrolysis for
24 hrs. Evidence for the latter was given in studies where glucose yields from cellulosic pellets obtained from chemical
pretreatments were dramatically increased when laccase was added to the samples prepared for cellulose hydrolysis:
generally, the combination of 4 U mL™ cellulase, 4 U mL™ xylanase and 4 U mL™ laccase was more effective in
increasing glucose yields than 4 U mL™ cellulase and 4 U mL™ xylanase alone. Likely, laccase has a potential to
decrease inhibitory effects of phenolic compounds present wood extractives on enzymatic hydrolysis. Changes in
structure of the cellulose during a pretreatment produce of the A. grandis wood and/or production of compounds with
inhibitory effects on the hydrolyzing enzymes can be reasons for a failure of glucose production. Evidence for this was
further given by experiments where wood extractives or specific phenolic compounds as found in wood extractives were
added to enzymatic reactions. Water extractives, and p-coumaric acid and vanillic acid in concentration-dependent
manner all inhibited the actions of cellulase on carboxymethylcellulose (CMC). Addition of laccases in most instances
could partially or fully reverse the inhibitory effects.
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1. INTRODUCTION

Bioethanol has been promoted to replace fossil dnel becomes more and more interesting for thgetdrecause of
the large growing demand for the world energy comsion, limited resources on petroleum and gas, gintal

warming also linked to consumption of fossil fueBrude-oil resources are rapidly decreasing bygusissil-based
energy carriers, thereby increasing also the spéedimate change. Political attention and commitintherefore
turned currently towards improved utilization ohesvable energy resources. Presently, ethanol isntie important
renewable fuel in terms of volume and market valiewever, the first generation of biofuels was proed from food
and fodder, which competes with human and animas@mption. To overcome this point of disadvantagette first

generation biofuels, the second generation of bisfuvas generated from non-food and non-fodder naéte Plant

lignocellulosic biomass is the most attractive clkadn biofuel production. Biomass represents thetrabundant of alll
bio-materials for renewable energy resources, dinty for biofuel production and value added chetsic&/ood

biomass from forest land and fast growing tree tpldons could be supplier of large amounts of raatemals,

supporting biofuel production for many regions leé wworld. Woody biomass is most attractive to usa &edstock in
production of bio-based materials because of iteyradvantages in terms of production, harvestingrage, and
transportation as well as overall energy conterbimparison to herbaceous materials [1, 2, 3, &, 3].

The research presented here addresses the problamakig the so far little studied softwood bettmcessible to
efficient cellulose hydrolysis. Softwoods have gailg not yet been as thoroughly investigated ieirtlpotential for
biofuel productionA. grandis wood is especially attractive becausegrandisis a fast growing coniferous tree with a
high potential for sustainable wood production atsb interesting applications in the wood prodimdsistries [8, 9, 10,
11]. Moreover, as shown by the research in thiskyibre renewable wood biomass fréngrandis is also a potential
source for enzymatic treatment technologies to aknihe energy stored in its lignocellulose for sfemring it into
biofuels. In this work, thé\. grandis softwood has been explored using different pretneat methods and different
combinations of hydrolytic and oxidizing enzymesligase, xylanasd}-glucosidase, laccase) in wood hydrolysis. The
different pretreatments resulted in the productibfermentable sugars from the wood cellulose tesfiy be used as a
bio-base for fermentation processes of bioetharitbhl &g. suitable yeast [12, 13]. In the near fefyorocess integration
and optimization to transform the whole wood oferesuch as fromA. grandis into value-added and biochemical
products, such as ethanol, but also butanol aner dtio-based chemicals such as lactic acid, suceioid etc. could
become promising attempts to fulfill the world'seegy consumption [14, 15]. The purpose for thisois the
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development of approaches and technologies witlyrafisant promise in reducing production cost andcaring for
environmentally friendly procedures in order to mdignocellulosic ethanol economically competitiwéh the first
generation biofuel production. This knowledge issthurgently needed and also knowledge from timesgarch in how
to integrate enzymatic hydrolysis of material sastwood into already existing basic fermentatiacpsses in order to
adjust the available biotechnology for biofuel protion to the specific challenges meet when transifog cellulose
from wood e.g. into ethanol [1, 3, 4].

2. MATERIALAND METHOD

2.1 Wood

Wood particles ofA. grandis were prepared in cooperation with the work grotiprof. Kharazipour from the Division
of Molecular Wood Biology and Technology and Techhi Mycology, Biisgen-Institute, Goéttingen, Germabhy,
chipping wood log into wood shaving (length aboutm, width about 1 cm and height about 2 cm) imardchipper
(Kléckner Trommelhacker KTH 120 x 400 H2WT, Kléckn&ood Technology GmbH, Hirtscheid, Germany), fraki
these with a knife ring flaker (Condux HS 350, Caxdvaschinenbau GmbH. and. Co. KG, Hanau, Germarig)
smaller particles and then sieving the wood pati¢60-40 mesh), following the methods presentéiiGh

2.2 Wood extractives

Wood particles (10 g) were extracted with a Soxhfgiaratus in 450 mL boiling water for 6 hrs, fallog TAPPI Test
Method T 204 om-88 (1988). The water extractiveseweoncentrated and evaporated to dryness usirajatory
evaporator (Heidolph, W105/38, V 220, and Hz 50B@&C. Wood extractives were dissolved in dimethyl axille
(DMSO) in a concentration of 1 mL DMSO per 1 g exted wood. Wood extractives were analyzed by GC(Bi&s
Chromatography Mass Spectrometry, Agilent techrielyg6890N, network GC system, USA) to define irdlial
extractive constituents in the solution. The extvas in 0.5 mL DMSO were concentrated to drynegsspeed-
vacuum-centrifugation (Concentrator 5301, Eppenddrésseling-Berzdorf, Germany) at°@5 Dry samples were
dissolved in 50 pL pyridine (PIERCE BiotechnologRRockford, USA) and 50 pL bis-N,O-trimethylsilyl
trifluoroacetamide (BSTFA: PIERCE Biotechnology,dRfiord, USA) for derivatization in order to increathe volatile
phase of compounds and give more thermal stahititythe samples. The extractives were directly dréetl
resuspended in 300 uL toluene to be injected moGC-MS (capillary column, Agilent 122-5532). Carapds were
identified by comparing resulting data with stambaeferences in the data program NIST (Nationatitlite of
Standards and Technology, Maryland, USA). Concéatraof specific compounds were determined by itjec
mixtures of specific compounds (2-methoxyphenohydroxybenzaldehyde, 1,4-dihydroxybenzene, 3,®dbtit-4-
hydroxy-toluene, 3-methoxy-4-hydroxybenzaldehyddjydroxybenzoic acid, 3-methoxy-4-hydroxybenzoiddaadi-
hydroxy cinnamic acid, and 4-hydroxy-3-methoxy @mic acid) in defined amounts (0.025 pg each, @g%ach,
0.1 pg each, 0.25 pg each, 0.5 pg each, 2.5 pg eadtb.0 pg each) into the GC-MS and creatingéonparison a
standard curve of abundances for each tested cordpou

2.3 Chemical and physico-chemical pretreatment

Chemical and physico-chemical pretreatments foltbwéth modifications the procedure presented by].[¥8ood
particles were treated with phosphoric acid (8 net p g wood in 25 mL glass beaker), then incubates hot water
bath at 56C.

2.4 Chemicals and enzymes

All chemicals were reagent grade and purchased f&gma-Aldrich (St. Louis, MO), unless otherwiseteth

A commercial cellulase enzyme (Cellulase “Onozuk&aOR from Trichoderma viride, SERVA Electrophoresis GmbH,
Heidelberg, Germany), xylanase frommichoderma viride (Fluka), B-glucosidase from almonds and recombinant
laccase fromAspergillus sp.(Novozyme, EEC No. 420-150-4) and pure laccases\p(aified by [17]) fromC. cinerea
Okayama 7 were used for enzymatic hydrolysis.

2.5 Enzymatic cellulose hydrolysis

All enzymatic hydrolysis experiments were carriad at 37C in 5 mL of 50 mM sodium acetate buffer, pH 5.0 fo
100 mg substrate in 50 mL Falcon tubes (SARSTEDImbrecht, Germany) on a standing shaker (Unifonforg
AG, Bottmingen, Switzerland) applying 200 rpm fdnaking. 500 pL samples were periodically removed an
centrifuged with 16,000 xg for 5 min. The produntiof sugar was determined by using a glucose dete@AGO-20
assay, Sigma-Aldrich, Steinheim, Germany throughasueements in a spectrophotometer (Spectra max340PC
Molecular Devices, California, USA). In another sétexperiments, the influences of wood extractiaes specific
phenolic compounds on cellulose hydrolysis wereemeined by analyzing a kinetic curve between prtidacof
glucose and incubation time. The experiment wasezh out by using 5 mg carboxymethylcellulose (OM&S a
substrate in a 50 mL Falcon tube on a standingest2®0 rpm, 37 in 5 mL of 50 mM sodium acetate buffer, pH 5.0.
500 pL samples were periodically collected aftey ®0 and 120 min of incubation, and boiled for ;ino stop the
enzymatic reaction, and centrifuged for 16,000 ag 3 min. The production of sugar was measured $igguthe
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glucose oxidase/peroxidase method of the GAGO-28yasSigma-Aldrich. The conversion of cellulosgbocose was
calculated by using the cellulose content of wopg@ercentage converting to glucose.

2.6 Sugar assay

Production of sugar was quantified by using a gec¢GO) assay kit, GAGO-20 (Sigma) following theiers
directions. An adapted methodology was carried wgihg a 96-microplate format. Per individual te$d, pL of
centrifuged, diluted sample was mixed with 80 plicgise reagent and incubated &G3@n a standing shaker 200 rpm
for 30 min. Reactions were stopped at 30-60 secbgdsdding 80 pL of 12 N sulphuric acid &0,). Absorbance at
540 nm was measured in a microplate spectrophotomét order to convert absorbance values to ghkicos
concentration, measured values were interpolaté@uy ws glucose calibration curve which kept a linegationship
between 37.04 and 1.37 pg L

2.7 Statistical analysis

Group values for all parameters in the tests werapared by analysis of variance (ANOVA) tests ugimg Fisher’s
least significant difference (LSD) and Duncan's f@®cedure for multiple comparison (SPSS 8.0 fandéws; USA).
Relations among the values of samples were comgaregbch factor to the controls kept under the esaonditions
than the samples of interest.

3. RESULT AND DISCUSSION

In this experiment, the effects of different amaurdf 85% phosphoric acid were tested by incubatidn

1 g A. grandis wood particles for one hour in different volumes tife acid. Subsequently, each time
100 mg of the respective left cellulosic pelletsrevaydrolyzed for one day by 4 U Tbf cellulase and 4 U llof
xylanase in 5 ml of 50 mM sodium acetate buffer,508Bl at 37C (Fig. 1). Glucose yields were found to decreasa i
manner in dependence of the increasing amountsaxfghoric acid.
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Fig. 1 Enzymatic conversion of cellulose to glucose Aofgrandis wood particles pretreated prior to enzymatic
hydrolysis for one hour at 80 in a hot water bath with 8, 15, 20, and 25 mBB% phosphoric acid, respectively.
Upon washing the left material with water, each 10 of left cellulosic pellets were incubated wi¢thU ml* of
cellulase and 4 U nllxylanase in 50 mM sodium acetate buffer, pH 51026 hrs at 3%C under constant shaking.
Three different samples per pretreatment and ttwa#ols with 100 mg originah. grandis wood particles were treated
with enzymes in parallel and average values of agacyields and standard deviations were calculatainst the
cellulose content (respectively the hexose consdtar treatment with sulfuric acid) experimentatlgtermined in
100 mg ofA. grandis wood particles, respectively. The different supepss on the chart indicate values of glucose
yields that differ significantlyd<0.05) between treatments as based on analysariaice (ANOVA)

The glucose yield obtained by using 8 ml, 15 mindGr 25 ml of 85% phosphoric acid in the pretnesnt procedure
of A. grandis wood particles corresponded to yields of 70%, 50%8% and 5% of conversion of cellulose in the left
cellulosic pellets to glucose, respectively (Fiyy. Enzymatic degradation depends on the generadtate of cellulose,
i.e. whether accessible or not by enzymes [18]thrdresults of poor cellulose conversion upon apfitbn of higher
phosphoric acid concentrations may point to anawefed chemical structural stage generated in @djins of high
phosphoric acid volumes. The 100 mg of the cellalpsllets of the different samples were treatad?# hrs with both

4 U mi* cellulase and 4 U mixylanase in 50 mM sodium acetate buffer, pH 5rlil, subsequently, glucose yields
were determined. Glucose levels in the samples esmilated against the measured cellulose cobiEng present in
treated 100 mg samples of cellulosic pellets. Thatinent with phosphoric acid drastically increasglsequent yields
of glucose from cellulose conversion to values\#rdb5% up to 70% (% of conversion of the cellulasglucose that
was left in the cellulosic pellets) as comparedh® about 5% yields of cellulose to glucose coriwvar$rom wood
control samples handled without chemical pretreatn(Eig. 2). 56% cellulose conversion into glucesas already
reached of cellulosic pellets frof grandis wood particles obtained from 15 min incubation v88% phosphoric acid
as pretreatment whilst prolongation of incubatiorithr further increased the glucose yield to 7@¥version of the
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cellulose present in the left cellulosic pelletglocose. Moreover, conversion of cellulose was appé significantly
increase when the wood extractives were extracted Wwood comparing to no extracted one.
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Fig. 2 Enzymatic conversion of cellulose to glucose dd by of cellulosic pellets left frorA. grandis wood particles
pretreated prior to enzymatic hydrolysis with 8 Imlid acid [of either 85% phosphoric acid durin§ fin or 1 hr
incubation at 58 in a hot water bath and, subsequently, the leftenral was washed with water. For enzymatic
hydrolysis, in each three parallel samples the eetdpe materials were incubated with 4 U™'ndf cellulase and

4 U mI* xylanase in 50 mM sodium acetate buffer, pH 5102 hrs at 37C under constant shaking. In all instances,
average yields of glucose and standard deviatioee walculated relative to the cellulose contergeexentally
determined in 100 mg of the wood particles. Théed#int superscripts on the chart indicate valuegwafose yields that
differ significantly £<0.05) between treatments as based on analysiaridnee (ANOVA). * Wood after water
extraction

Materials were observed under the microscope @igdefore pretreatment, cell structures and eveineewood fibers
were clearly identified in thé&. grandis wood particles (Fig. 3A). If only a pretreatmeit8oml 85% phosphoric acid
was done for 1 hr at 80 by incubating in a hot water bath, the fibrilustiures loosened, although cellular structures
were still recognizable (Fig. 3B) or the structut@slly dissolved in case of the 25 ml pretreath{€ig. 3C).
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Fig. 3 A. grandis wood particles before any pretreatméy)t after pretreatment with 8 ml and with 25 ml &9%8
phosphoric acid for 1 hr at 8D in a hot water batB) andC), respectively. The samples showrBitio C correspond to
the experiments on glucose production present&ibinl

Looking at the phosphoric acid pretreatment, howwrgter the morphological changes (aggregation) taedcolor
changes were, how less the yields in glucose wersubsequent enzymatic hydrolysis. However, jusifrithe
appearance of the material after pretreatment tois possible to do any reliable prediction on faesyields in
enzymatic glucose production. Nevertheless, a dtaiking of the material and a dissolved aggregadiopears to be
negative clumping in some part (compare Fig. 3)intlécated already from the conclusion from theutsspresented in
Fig. 2, wood extractives are one of the possibéembacks of enzymatic hydrolysis processes sincéutinetions of the
enzymes might be inhibited by the wood extractiVi#ater extractives were subjected to a GC-MS aislgsorder to
identify their individual compounds (Fig. 4). Théferent compounds were present in the chromatografmwater
extractives with an identification quality highéah 95%: 4-Hydroxy cinnamic acig-€coumaric acid) and 3-Methoxy-
4-hydroxybenzoic acid (vanillic acid) were obtaind@ghest amount in concentration of 16.28 and 14g# 1 g dry
wood, respectively (Fig. 4; filled arrows).
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Fig. 4 GC-MS analysis of compounds in water extractivesmfrA. grandis wood particles. Filled arrows mark
compounds obtained highest amount in concentrétighin 1 g dry wood

This section therefore investigates the influencdswood extractives in cellulase hydrolysis carriedt in

50 mM sodium acetate buffer, pH 5.0 (Fig. 5). A coencial carboxymethylcellulose (CMC) preparatiorswaed as a
substrate in cellulase hydrolysis at a concentmabi®5 mg in 5 mL 50 mM sodium acetate buffer pla @ith either
0.008 U mL* cellulase or 0.008 U mt.cellulase and 0.008 U ritlaccase added to the samples for a 2 and a haif ho
incubation at 3%C. Water extractives were used to simulate theuémfte of extractives on enzymatic cellulose
hydrolysis. Moreover, addition of laccase was aimed to possibly improve cellulase hydrolysis undach
circumstances.
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Fig. 5 Influence of water extractives in cellulase hygisid A) and water extractives in cellulase+laccase hydisB)

of 5 mg carboxymethylcellulose (CMC) by using 0.008nL™ cellulase (cellulase “Onozuka R-10" frofrichoderma
viride, SERVA Electrophoresis GmbH, Heidelberg, Germaany)l 0.008 U mL laccase (Novozyme, EEC No. 420-
150-4) in 5 mL 50 mM sodium acetate buffer, pH &tCan incubation temperature of°87 Water extractives were
added portions of 2.5 uL DMSO containing the amafréxtractives corresponding to 5 mgfofgrandis wood. To all
other reactions, 2.5 uL DMSO was added for compari®er treatment, each three samples were analjzé&d, 90,
120 and 150 min of incubation, 150 uL per sampleswaken from the reactions and tested for glucosgent using
the GAGO. An acceptable positive correlation wasspnt with B>0.95 for each kinetic curve

Fig. 5A shows that water extractives negativelyuaficed hydrolysis of 5 mg CMC in 50 mM sodium atetbuffer,
pH 5.0 by cellulase over the whole time of incubatbbserved, although the kinetic curve of productf glucose
(PG) by CMC hydrolysis through cellulase increakedarly according to the time of incubation (Tfid. 5A). At the
end of the experiment, the glucose yield was 13mig and thus only half as much as achieved with theyme
without addition of wood extractives (24 pg thiFig. 5A). However, when adding in addition laceas the samples,
the negative effect by the wood extractives wasteracted and a nearly identical kinetic curve@MC hydrolysis
was obtained than for CMC+cellulase alone (comgége 5A and 5B). According to previous own resyt®],
p-coumaric acid and vanillic acid are active in iothg a high laccase production frofnametes versicolor. These
phenolic compoundsp{coumaric acid and vanillic acid) were also founmd the highest amounts within water
extractives (Fig. 4). These phenolic compounds urepcommercial form were therefore added in diffiere
concentrations (1 mM and 1 uM) to reactions of ematyc CMC hydrolysis carried out in 50 mM sodiunetate buffer,
pH 5.0 (Fig. 6). In this series of tests with 5 nfgcommercial CMC preparation, again 0.008 U hellulase was
used and 0.5 U mt of purified laccase V fronCoprinopsis cinerea Okayama 7. As expected, the purified laccase
added into samples with just CMC did not lead wogmizable conversion of cellulose into glucose ik the samples
with no added enzyme and unlike in the samples evhest cellulase was added to the CMC (Fig. 6).ifhalts of the
two different phenolic compounds always lead toeduction cellulase activity. The results in Fig. 6Aow that
p-coumaric acid at a high concentration (1 mM) nedully blocked the enzymatic hydrolysis of CMC whas
production of glucose was to a certain level redusigthe lower concentration of 1 pMm@toumaric acid (Fig. 6A).



4th International Conference on Sustainable Energy and Environment (SEE 2011):
A Paradigm Shift to Low Carbon Society

Code: x-xx 27 Febuary-2 March 2012, Bangkok, Thailand
A " B
40 @ Cellulase+laccase+vanilic acid 1 mM PG =0.34T
® Cellulase+laccase-+p-coumaric acid 1mM o Celulase Hlaccase +vanilic acid uM R?=0.99
© Cellulase+laccase+p-coumaric acid 1uM 1 N
351 PG = 0.28T 35 A Celulase+vanilic acid 1 mM
4 Celllase +p-coumaric acid 1mM R?=0.99 4 Cellulase+vanilic acid 1iM
A Cellulase+p-coumaric acid 1M .
.  Laccase+vanilic acid 1 mM PG = 0.26T
301 *Llaccase+p-coumaric acid Imm — © Laccase+vanilic acid 1aM R%>=0.9
= © Laccase+p-coumaric acid 1M el E y
= P- H R2=0.99 = Cellulase+laccase
£ =0. =
2 = Cellulase+laccase = 5c ] xcelulase
25 o %
e X Cellulase a + Laccase
g + Laccase g = Buffer without enzyme
S 201 = Bufferwithout enzyme S 20
s - & PG = 0.22T,
5 PGZ= 0.22T 5 R?=0.99
c =
< 15 R=09 2 151 PG = 0.20T
| 2 o
3 3 R?=0.99
O _ a
PG = 0.22T
10 -~ 10
R®=0.99 PG = 0.12T
R?=0.97
51 51 {
i
] ; ?
0 : : ¥ 0 : : -

0 30 60 90 120 0 30 60 90 120

Incubation time [min] Incubation time [min]

Fig. 6 Influence of addition op-coumaric acidd), and vanillic acidB), on hydrolysis of 5 mg CMC by cellulase in
presence and absence of laccase. 0.008 U eellulase (Cellulase “Onozuka R-10" frofrichoderma viride, SERVA
Electrophoresis GmbH, Heidelberg, Germany) andWrBL™ of purified laccase V of. cinerea Okayama 7 in 5 mL
of 50 mM sodium acetate buffer, pH 5.0 were uge@oumaric acid was dissolved in 100 uL DMSO. ToaHer
samples, for reasons of comparison, 100 uL of MMSO was added. Per treatment, three different Emmpere
followed up in glucose formation over the time.&Q, 90, and 120 min of incubation, per sample aliswf 150 uL
were taken and analyzed for glucose content wghGAGO kit

At the high concentration gf-coumaric acid (1 mM), as in controls without adde@ymes, a neglectable rate of
production of glucose much below than 0.03 pg'nmin® were obtained in comparison to a rate of productié
glucose of 0.22 pg mb.min™ at the low concentration gEcoumaric acid. When laccase was added to sampths w
cellulase and 1 pM-coumaric acid, the hydrolysis activity was fulgstored with a highest rate of glucose production
of about 0.28 pg mt min?, respectively even increased when compared ts wftproduction of glucose in samples
with cellulase alone (0.22 pg MLmin™®). Also, some activity was restored upon additiaochse to samples with
cellulase and 1 m\g-coumaric acid, although the production rate otgke was very low with a rate of 0.03 ug L
min® (Fig. 6A). Notable is further that the combinatiofithe cellulase + laccase without additionpefoumaric acid
had also a better rate of glucose production (génL* min?) than cellulase alone (0.22 pg thimin™), (Fig. 6A).
Addition of vanillic acid (Fig. 6B) followed the s# trend in the production of glucose than previoobserved with
samples with addegd-coumaric acid (Fig. 6A). A high concentration ainillic acid (1 mM) resulted in a rate of
production of glucose of less than 0.12 pg mhin®, whereas in comparison a low concentration of liraracid

(1 uM) resulted in a rate of production of gluco$®.20 pg mL* min™ which was somewhat reduced as compared to
the rate of production of 0.22 pg mimin™ of glucose in samples with only cellulase and C®Csubstrate. Upon
addition of laccase to samples with cellulase aamgilic acid at a concentration of 1 pM vanillicidchighest rate of
production of glucose with about 0.34 pg Tmin® a same trend was measured and at a concentrdtibrmiv
vanillic acid, a reduced rate of about 0.12 pg’mhin™. Thus, rates of production of glucose in presesfdaccase in
combination with cellulase and a low amount of aemdlic compound (1 uM) and in presence of laccase i
combination with cellulase without any added phenobmpound (0.26 pg mLmin™) were obtained that were higher
than the rate of production of glucose in sampléh yust cellulase alone. What are the reasonsoftimizing the
glucose yields from cellulosic pellets in the preseof laccase? Cellulases may bind to lignin &mdan hinder their
enzymatic actions [20]. In the study here, by additof wood extractives and by addition of specifibenolic
compounds shown to be present An grandis wood extractives to CMC and cellulase it was shawat such
compounds also hinder the cellulolytic enzymatitivétees (Fig. 5). Water extractive@-coumaric acid and vanillic
acid all influenced the production of glucose froefiulose by cellulase hydrolysis, (Fig. 5). Thecentration in water
extractives ofA. grandis wood applied in the enzymatic test with CMC (wagtractives from 1 mé\. grandis wood
transferred into 1 mL buffer; Fig. 5) were 0.123 no¥l p-coumaric acid and 0.137 mM vanillic acid and thos
between the two concentrations of 1 mM and 1 pMluis¢he test for the purified compounds (Fig.Fépm the results
shown in Fig. 6, it is to be expected that at theural concentrations the two compounds will alsaovigle negative
effects to cellulase activity, in particular whesnsidering in addition that in the wood extractities negative actions
of the different compounds will likely add up tcstonger effect. Therefore, since addition of Iaecto the cellulase
overcomes in concentration-dependent manner thatinegeffects of the phenolic compounds, it carcdrecluded that
laccase has a potential to decrease inhibitorerim bf phenolic compounds in wood extractives bioglcellulases in
cellulose hydrolysis (Fig. 5). Whilst the data shthat laccase can very much improve the enzymaieigtion of
glucose from cellulosic pellets. In summary, howelaccase has a good potential to improve the lolaats of lignin
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and lignin-related compounds on enzymatic cellulisgradation because laccase is efficient in déggaaf lignin and
of phenolic compound as present in wood extractoresven somewhat of hemicellulose [21]. Thus, afSkaccase in
combination of enzymatic hydrolysis can improve liyerolysis process and gain higher glucose yigdg$pund in the
study by [21] and also in this study.

The effects of different combinations of enzymesétiulose hydrolysis by using each time 100 mgadfulosic pellets
obtained in an up-scaled pretreatment process iohwh 1 hr incubation 5 g oA. grandis wood were incubated in
40 mL of 85% phosphoric acid in a 100 ml beakett kemGC in a hot water bath. Each 100 mg of the cellolpsillet
were hydrolyzed either by a single enzyme or by lmioations of enzymes in 50 mM sodium acetate bufferr 5.0 at
37°C for one day. In a comparative analysis, singleyere hydrolysis was followed up, thereby using 4nU™ of
either cellulase, xylanase, laccase, laccase+nmediatdiator: HBT; 1-hydroxybenzotriazole; 1 mM)Rglucosidase,
respectively (Fig. 7). Of these, only cellulase aythnase hydrolysis obtained about 60% glucos&sjewvhereas
laccase, laccase+HBT affidglucosidase obtained glucose yields lower than 1B%. 7) and no glucose yield was
obtained by un-hydrolyzed controls. Combinationsenfymes (laccase and/pmlucosidase together with cellulase
and xylanase) in contrast were in all instancesensmccessful in yielding glucose from celluloserddgtion (up to
100% glucose yield) but the combination of onljidake and xylanase (Fig. 7). This combinationmfdwo enzymes
reached just about 60% glucose yield, similarlyhtat what was achieved with the two enzymes inviddial digestion
(Fig. 7). Interesting to note is that regardlessvbiether laccase, laccase with a mediator (HEtglucosidase or
combinations of these were added, the yield ofagaowvas always optimal (Fig. 7). The laccase appliere supplied
from Novo, Denmark (Novozyme, laccase EEC No. 420-4). To elucidate possible contaminations, 0.12fWhe
laccase solved in 30 pL of 50 mM sodium acetatéebubH 5.0 were used in final total volumes of L af 100 mM
sodium lactate buffer, pH 5.0 to determine cell@lastivity with 4.0% (w/v) CMC and xylanase actyitith 1.5%
(w/v) with xylan form oat spelts. To determifieglucosidase activity with 1 mNp-nitro phenol (pNP-Glc), 2 U of
laccase solved in 500 pL of 100 mM sodium acetaféelh pH 5.0 were tested for foreign enzymatidwiiaes. In no
case, such enzymatic activities were detected aswinations in the preparations. Accordingly, hiese types of
enzymes are at all present, they should occur iy ménor amounts in the solutions of 4 U thbf laccase applied in
the A. grandiswood pretreeiolments.
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Fig. 7 Conversion of cellulose to glucose in cellulositigts ofA. grandis wood particles pretreated prior to enzymatic
hydrolysis with 8 ml of 85% phosphoric acid at’G0for one hour in a hot water bath, and washed witker. Each
time 100 mg of left cellulosic pellet were inculzhtgith enzymes in 50 mM sodium acetate buffer, pbifér 24 hrs at
37°C under constant shaking. Per different treatnénée samples were incubated in parallel and agevatues and
standard deviations were calculated. The diffeseipierscripts on the chart indicate values of gleigaslds that differ
significantly £<0.05) between treatments as based on analyseriaince (ANOVA)

4. CONCLUSION

The conversion of cellulose to glucose reacheddsghip to 70% when using for 1 g Af grandis wood patrticles
8 mL of 85% phosphoric acid for one hour incubatw®CC in a hot water bath. Laccase in combination afyeratic
hydrolysis of cellulose by application of Onozukal® cellulase in combination or in a mixture witlsaxylanase
improved the glucose yields by factors of 60 to%0fs compared to enzymatic hydrolysis reaction®paed without
laccase, and in subsequent enzymatic hydrolysis06f mg of left cellulosic pellets each 4 U thbf cellulase, of
xylanase and of laccase, or each 4 U'rok cellulase, of xylanase and piylucosidase, or each 4 U miof cellulase,
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of xylanase, of-glucosidase and of laccase, or each 4 U'micellulase, of xylanase and of laccase plus 1 HBT,
or each 4 U mt® of cellulase, of xylanase, @fglucosidase and of laccase plus 1 mM HBT, respelgtiin 50 mM
sodium acetate buffer, pH 5.0 for one day inculmatidVater extractivesp-coumaric acid and vanillic acid in
concentration-dependent manner all inhibited onulzede hydrolysis. The negative effects of phenalicnpounds
overcome in concentration-dependent manner wheadal#atcase into cellulose hydrolysis by celluldsecase has a
good potential to decrease inhibitors in form oépblic compounds in wood extractives blocking dalles activity.
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