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Abstract
This study focused on effects chemical and physico-

chemical pretreatments ofAbies grandis wood on enzymatic
hydrolysis of cellulose into glucose in view of pettial
applications in biofuel production. Wood particles were
treated with phosphoric acid, incubated in a hot weer bath
at 50°C or they were submitted to microwave irradiation.
The highest glucose vyields of up to 100% of convede
cellulose were reached by using 1 g of wood parted in 8 ml
of 80% phosphoric acid irradiated in a microwave fo
20 second and applying a combination of 4 U flcellulase,
4 U mlt xylanase and 4 U mt laccase in 5 ml of 50 mM
sodium acetate buffer, pH 5.0 for cellulose hydrokis for
24 hrs. Evidence for the latter was given in studiesrhere
glucose yields from cellulosic pellets obtained fro physico-
chemical pretreatments were dramatically increasedvhen
laccase was added to the samples prepared for cétlse
hydrolysis: generally, the combination of 4 U mf cellulase,
4 U ml! xylanase and 4 U mt laccase was more effective in
increasing glucose yields than 4 U nflcellulase and 4 U mt
xylanase alone. Likely, laccase has a potential tcedrease
inhibitory effects of phenolic compounds present wad
extractives on enzymatic hydrolysis. Evidence for ik was
further given by experiments where wood extractivesor
specific phenolic compounds as found in wood extrtiges
were added to enzymatic reactions. Water extractive and
p-coumaric acid, vanilic acid and ferulic acid in
concentration-dependent manner all inhibited the attons of
cellulase on carboxymethylcellulose (CMC). Addition of
laccases in most instances could partially or fullyeverse the
inhibitory effects but in the case of ferulic acid. This
compound in presence of laccase or its products aihed by
laccase-mediated oxidation partially blocks cellulse
activity, possibly by chemical interactions (dimerzation of
cysteines, cross-linking of tyrosines) on the cyste and
tyrosines-rich cellulose-binding-motifs (CBMs) preent in
distinct cellulases at the outmost C-terminal endof the
enzymes.

Index Terms—Biofuel, Chemical pretreatment, Physico-
chemical pretreatment, Microwave irradiation, Rate of
production of glucose, Kinetic curve of production of
glucose, influence of wood extractives, influence phenolic
compound

INTRODUCTION

also used as food and fodder (such as sugarcamals;e
soybeans, seed from oil plants, animal fat) and thi
development was induced by the various kinds of the
world’s demand and supply of energy consumption.
However, the first generation biofuel competes aiye
with nourishing humans and animals. Therefore, g¢hes
resources are limited in available amounts. Aceaydd
this problematic [1, 2], the new (second) generatd
biofuels is targeted to use non-food and non-fodder
materials as substrates in enzymatic hydrolysist[3].
Straw and other agricultural residues as well ataite
fast growing grasses (e.§iscanthus) are established
biomaterials for second generation biofuels” préidac
[6]. Much work has now also been carried out omgisi
e.g. hardwood trees from forests and plantationsh sis
on wood of poplars and olive trees, respective|y8[/2].
Less work has been invested into using softwood in
biofuel production [10].

A. grandis wood is especially attractive because
A. grandis is a fast growing coniferous tree with a high
potential for sustainable wood production and also
interesting applications in the wood products indes
[11, 12, 13, 14]. Moreover, as shown by the redeanc
this work, the renewable wood biomass frémgrandis
is also a potential source for enzymatic treatment
technologies to unlock the energy stored in its
lignocellulose for transferring it into biofuelsn Ithis
work, the A. grandis softwood has been explored using
different  pretreatment methods and different
combinations of hydrolytic and oxidizing enzymes
(cellulase, xylanasef-glucosidase, laccase) in wood
hydrolysis. The different pretreatments resultedthe
production of fermentable sugars from the woodutetle
to possibly be used as a bio-base for fermentation
processes of bioethanol with e.g. suitable yedst [86].
In the near future, process integration and optition to
transform the whole wood of trees such as from
A. grandis into value-added and biochemical products,
such as ethanol, but also butanol and other bieebas
chemicals such as lactic acid, succinic acid etwlc
become promising attempts to fulfill the world’seegy
consumption [17, 18].

Nowadays, much research has been performed and The research presented here addresses new erzymati
more and more research concentrates on transformifgchnologies as required if biofuels by environraét

lignocellulose based on enzymatic hydrolysis todpae
bioethanol. Most efforts on the first generatiorbmffuels
have been focused on using biological resourcesattea
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friendly production are to significantly contributi
planetary energy needs and, with it, to the redactf
greenhouse gas emission [19]. Next to other deirgjop
technologies such as creating better yeast stiairsigar
conversion [16, 20], efficient hydrolysis protocdisr
wood have to be established in finally enabling the



commercial viability of lignocellulosic ethanol [, 17]. were determined by injecting mixtures of specific
The purpose for this is on the development of apgintes compounds (2-methoxyphenol, 4-hydroxybenzaldehyde,
and technologies with a significant promise in @dg 1,4-dihydroxybenzene, 3,5-di-tertbut-4-hydroxy-taie,
production cost and in caring for environmentally3-methoxy-4-hydroxybenzaldehyde, 4-hydroxybenzoic
friendly procedures in order to make lignocellubosi acid, 3-methoxy-4-hydroxybenzoic acid, 4-hydroxy
ethanol economically competitive with the first cinnamic acid, and 4-hydroxy-3-methoxy cinnamicdci
generation biofuel production. This knowledge isisth in defined amounts (0.025 pg each, 0.05 pug eathu@.
urgently needed and also knowledge from timelyasde each, 0.25 pug each, 0.5 ug each, 2.5 ug each,.andys

in how to integrate enzymatic hydrolysis of matesiach  each) into the GC-MS and creating for comparison a
as wood into already existing basic fermentatiorstandard curve of abundances for each tested cordpou
processes in order to adjust the available biotolgy
for biofuel production to the specific challengegean
when transforming cellulose from wood e.g. intoagibl
[2, 3, 4].

Chemical and physico-chemical pretreatment
Chemical and physico-chemical pretreatments
followed with modifications the procedure presenbsd
[9]. Wood particles were treated with phosphori¢gdac
(8 ml per 1 g wood in 25 ml glass beaker), thenliated
Wood in a hot water bath at 80 or incubated with microwave
Wood particles of A. grandis were prepared in jrradiation (Intellowave microwave, LG Co., Ltd,
cooperation with the work group of Prof. Kharazipou Germany). For irradiation of 1 g wood particles8irml
from the Division of Molecular Wood Biology and phosphoric acid in a 25 ml glass beaker, a ratiogep
Technology and Technical Mycology, Blsgen-Institute 1000 W, an out power 700 W, and working voltage
Gottingen, Germany, by chipping wood log into wood230 V and 50 Hz was used.
shaving (length about 1 cm, width about 1 cm angdhte
about 2 cm) in a drum chipper (Kléckner Trommelteack
KTH 120 x 400 H2WT, Klockner Wood Technology Chemicalsand enzymes
GmbH, Hirtscheid, Germany), flaking these with afén _
ring flaker (Condux HS 350, Condux Maschinenbau All chemicals were reagent grade and purchased from

GmbH. and. Co. KG, Hanau, Germany) into smaller>igma-Aldrich (St. Louis, MO), unless otherwise etht
particles and then sieving the wood particlesA commercial cellulase enzyme (Cellulase “Onozuka R

(60-40 mesh), following the methods presented i1.[2 10" from Tric_hoderma viride, SERVA Electrophoresis
GmbH, Heidelberg, Germany), xylanase from
Wood extractives Trichoderma vi _ride (Fluka), B-glucosidase frc_>m almonds
_ _ and recombinant laccase fromAspergillus sp.
Wood particles (10 g) was extracted with a Soxhle{Novozyme, EEC No. 420-150-4) and pure laccase V

apparatus in 450 ml boiling water for 6 hrs, follow (as purified by [22]) fromC. cinerea Okayama 7 were
TAPPI| Test Method T 204 om-88 (1988). The waterysed for enzymatic hydrolysis.

extractives were concentrated and evaporated toedsy

using a rotatory evaporator (Heidolph, W105/38, 20,2

a_nd Hz 50) at 6‘(03 Wood ex}ractives were (_jissolved iN Enzymatic cellulose hydrolysis

dimethyl sulfoxide (DMSO) in a concentration of 1 m ] ] ] ]
DMSO per 1 g extracted wood. Wood extractives were All enzymatic hydrolysis experiments were carried
analyzed by GC-MS (Gas Chromatography Mas&ut at 37C in 5 ml of 50 mM sodium acetate buffer, pH
Spectrometry, Agilent technologies, 6890N, netwa® -0 for 100 mg substrate in 50 ml Falcon tubes
system, USA) to define individual extractive congtints (SARSTEDT, Numbrecht, Germany) on a standing
in the solution. The extractives in 0.5 ml DMSO ever Shaker (Uniform, Infors AG, Bottmingen, Switzerland
concentrated to dryness by speed-vacuum-centritugat @PPlying 200 rpm for shaking. 500 pl samples were
(Concentrator 5301, Eppendorf, Wesseling-BerzdorfPeriodically removed and centrifuged with 16,0060g
Germany) at 4%. Dry samples were dissolved in © Min. The produc_t|0n of sugar was determ!ned blygj_s
50 ul pyridine (PIERCE Biotechnology, Rockford, USA & gluco_se detection GAGO-20 assay, Slgma-AIo_Irlch,
and 50 ul bis-N,O-trimethylsilyl trifluoroacetamide Steinheim, Germany through measurements in a
(BSTFA: PIERCE Biotechnology, Rockford, USA) for SPectrophotometer (Spectra max340PC, Molecular
derivatization in order to increase the volatileagh of ~Devices, California, USA). In another set of expents,
compounds and give more thermal stability to thdhe influences of wood extractives and spemﬁcmﬂhe
samples. The extractives were directly dried an@ompounds on cellulose hydrolysis were determingd b
resuspended in 300 pl toluene to be injected it t analyzing a kinetic curve between production ofcgke
GC-MS (capillary column, Agilent 122-5532). and incubation time. The experiment was carriedbyu
Compounds were identified by comparing resultingada USing 5 mg carboxymethylcellulose (CMC) as a sabstr
with standard references in the data program Nisinh @ 50 ml Falcon tube on a standing shaker 200, rpm
(National Institute of Standards and Technology37°C in 5 ml of 50 mM sodium acetate buffer, pH 5.0.

Maryland, USA). Concentration of specific compounds?00 Ml samples were periodically collected after %0
and 120 min of incubation, and boiled for 5 minstop

MATERIAL AND METHOD



the enzymatic reaction, and centrifuged for 16,00@r  combination of only two enzymes reached just al66db

5 min. The production of sugar was measured bygusinglucose yield, similarly to that what was achiewegith

the glucose oxidase/peroxidase method of the GAGO-2the two enzymes in individual digestion (Fig. 1).

assay, Sigma-Aldrich. Interesting to note is that regardless of whether
laccase, laccase with a mediator (HBf-glucosidase or
combinations of these were added, the yield of agdac
was always optimal (Fig. 1). The laccase appliedewe
supplied from Novo, Denmark (Novozyme, laccase EEC
No. 420-150-4). To elucidate possible contamination
0.12 U of the laccase solved in 30 pl of 50 mM sodi
acetate buffer, pH 5.0 were used in final totauveés of

1 ml of 100 mM sodium lactate buffer, pH 5.0 to
determine cellulase activity with 4.0% (w/v) CMCdan
xylanase activity with 1.5% (w/v) with xylan formab
Cgpelts. To determin@-glucosidase activity with 1 mM

Sugar assay

Production of sugar was quantified by using a gbeco
(GO) assay kit, GAGO-20 (Sigma) following the
suppliers directions. An adapted methodology waseth
out using a 96-microplate format. Per individuastte
40 pl of centrifuged, diluted sample was mixed with
80 ul glucose reagent and incubated 4C33h a standing
shaker 200 rpm for 30 min. Reactions were stopp&f-a
60 seconds by adding 80 pl of 12 N sulphuric aci

(H2SQ). Absorbance at 540 nm was measured N gt 144 mM sodium acetate buffer, pH 5.0 were te$ted

hcorbance walubs 1o glucost concontiation, maheu 961N enzymatic activites. In no case, such erate
9 ! ctivities were detected as contaminations in the

va;llg(;s \ll(ver(te mte;polated lu?_lng ar\].gluEOfe callbga;ng;f/e reparations. Accordingly, if these types of enzgraee
which kept a finear relationship between ' ant all present, they should occur in very minor ants in

1.37 pg mf. the solutions of 4 U rll of laccase applied in the
A. grandiswood pretreatments.

-nitro phenol (pNP-Glc), 2 U of laccase solved @5l

Satigtical analysis

Group values for all parameters in the tests wer
compared by analysis of variance (ANOVA) tests gisin
the Fisher's least significant difference (LSD) and
Duncan’s test procedure for multiple comparisongSP
8.0 for Windows; USA). Relations among the valués o
samples were compared for each factor to the dsntro
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cellulosic pellets obtained in an up-scaled prétneat
process in which in 1 hr incubation 5 g Af grandis
wood were incubated in 40 ml of 85% phosphoric acid

] Fig. 1 Conversion of cellulose to glucose in cellulosiellgts of
a 100 ml beaker kept at ®Din a hot water bath.

A. grandis wood particles pretreated prior to enzymatic hiyie with

Each 100 mg of the cellulosic pellet were hydrotiyze
either by a single enzyme or by combinations ofyeres
in 50 mM sodium acetate buffer, pH 5.0 af@7or one
day. In a comparative analysis, single enzyme Hysli®
was followed up, thereby using 4 U lof either
cellulase, xylanase, laccase, laccase+mediatorigtoed
HBT; 1-hydroxybenzotriazole; 1 mM) di-glucosidase,

respectively (Fig. 1). Of these, only cellulase and

xylanase hydrolysis obtained about 60% glucosedgjel
whereas laccase, laccase+HBT arfgtglucosidase
obtained glucose yields lower than 10% (Fig. 1) and
glucose yield was obtained by un-hydrolyzed costrol
Combinations of enzymes (laccase anddagjlucosidase
together with cellulase and xylanase) in contrastewn
all instances more successful in yielding glucosamf
cellulose degradation (up to 100% glucose yield)tha
combination of only cellulase and xylanase (Fig.This

8 ml of 85% phosphoric acid at ®Dfor one hour in a hot water bath,
and washed with water. Each time 100 mg of lefiutmic pellet were
incubated with enzymes in 50 mM sodium acetatedoufiH 5.0 for
24 hrs at 37TC under constant shaking. Per different treatmimee
samples were incubated in parallel and averageesafind standard
deviations were calculated. The different supepgsrion the chart
indicate values of glucose yields that differ siigaintly (p<0.05)
between treatments as based on analysis of var{aN®VA)

Effects of laccase were further tested Angrandis

wood that had undergone phosphoric acid-microwave

pretreatments by five or 20 sec irradiation in &uxee of
8 ml phosphoric acid at the different concentratiarf

80%, 40% and 20% acid, respectively. Each time for

enzymatic hydrolysis, 100 mg of resulting celluosi
pellets were hydrolyzed by a combination of 4 U'ml

cellulase, 4 U mt xylanase and 4 U il laccase in
50 mM sodium acetate buffer, pH 5.0 for 24 hrs. The
glucose vyields after enzymatic hydrolysis obtaineste



highest with about 100% when wood particles weresince the functions of the enzymes might be inbibiby
pretreated with 80% phosphoric acid in 20 sec men@  the wood extractives. Water extractives were subgeto
irradiation, whereas a pretreatment with 80% phogph a GC-MS analysis in order to identify their indival
acid in 5 sec microwave irradiation resulted inlacgse compounds (Fig. 3). The different compounds were
yield of about 60% (Fig. 2). Application of lower presentin the chromatograms of water extractiviés an
phosphoric acid concentrations in the pretreatmententification quality higher than 95%: 4-Hydroxy-3
procedures resulted in lower glucose yields (arobh  methoxy cinnamic acid (ferulic acid), 4-Hydroxy
to 50%) in subsequent enzymatic cellulose conversiocinnamic acid g-coumaric acid) and 3-Methoxy-4-
(Fig.- 2). When applying a scheme of microwavehydroxybenzoic acid (vanillic acid) were obtainaghest
irradiation of 4 rounds of 5 sec irradiation andes of no amount in concentration of 17.82, 16.28 and 14:¢3n
irradiation, when higher concentrations of phosfhor 1 g dry wood, respectively (Fig. 3; filled arrows).

acid were applied (80% and 40%), the resulting agac

yields in the subsequent enzymatic hydrolysis wereAbundance
significantly lower as in microwave experimentsahich 180000
20 sec in a constant incubation was applied (Figlr2 ™
contrast, for the lowest applied phosphoric acic usm
concentration (20%), no differences in the yieldsrav =~
seen regardless of the time of microwaving appliet s
(Fig. 2).
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Fig. 3 GC-MS analysis of compounds in water extractivesmfr
A. grandis wood particles. Filled arrows mark compounds otedi
highest amount in concentratiqugj in 1 g dry wood

This section therefore investigates the influenoés
wood extractives in cellulase hydrolysis carried ou
50 mM sodium acetate buffer, pH 5.0 (Fig. 4). A
commercial carboxymethylcellulose (CMC) preparation
(product No. 21901, Fluka) was used as a substnate
cellulase hydrolysis at a concentration of 5 mgbiml
50 mM sodium acetate buffer pH 5.0 with either
Fig. 2 Enzymatic conversion of cellulose to glucoséofrandis wood 0.008 U mitt cellulase (Cellulase “Onozuka R-10" from
particles pretreated prior to enzymatic hydrolyfeis5 or 20 sec in a » hod irid S | h is Gmb
microwave (Intellowave microwave, LG Co., Ltd, Gamy) at a rating T“F oaerma VIriae, ERVA E eCtro_p oresis mbH,
power of 1000 W, an out power of 700 W, and a wgkvoltage of Heidelberg, Germany) or 0.008 U “hicellulase and
230 V and 50 Hz, with 8 ml of various concentrasiasf phosphoric  0.008 U mit laccase (Novozyme, EEC No. 420-150-4)
acid. Each 100 mg of left cellulosic pellets weretibated with 4 U rl added to the samples for a 2 and a half hour irtmmbat
of cellulase and 4 U mixylanase and 4 U nllaccase in 50 mM - . d imul h
sodium acetate buffer, pH 5.0 for 24 hrs £iG3@nder constant shaking. 3/ C- \Water extractives were used to simulate the
Three different samples per pretreatment and ttwetols with 100 mg  influence  of extractives on enzymatic cellulose
original A. grandis wood particles were treated in parallel and averagqqydro|y3i5_ Moreover, addition of laccase was alsed

values of conversion of cellulose to glucose thepeexnentally to pOSSiny improve cellulase hydrolysis under such
determined amount in the respective samples amiatd deviations circumstances

were calculated. The different superscripts onciart indicate values - ) ]
of glucose yields that differ significantlp<0.05) between treatments as ~ Fig. 4A shows that water extractives negatively

based on analysis of variance (ANOVA). * Incubatfon5 sec, stop for  influenced hydrolysis of 5 mg CMC in 50 mM sodium
5 sec, repeated for 4 cycles; total 20 sec acetate buffer, pH 5.0 by cellulase over the whiohe of
incubation observed, although the kinetic curve of
production of glucose (PG) by CMC hydrolysis thrbug
cellulase increased linearly according to the tiofe
incubation (T), (Fig. 4A). At the end of the expeent,
the glucose vyield was 13 pg mand thus only half as
much as achieved with the enzyme without additibn o
wood extractives (24 pg il Fig. 4A). However, when
aadding in addition laccase to the samples, the tivega
effect by the wood extractives was counteracted and
nearly identical kinetic curve for CMC hydrolysisasv

Conversion of cellulose to glucose [%]

Another interesting result from the experiments
presented in Fig. 2 is, that reasonable yieldsloéase
were obtained both with application of 40% and 0%@
phosphoric acid in the microwave pretreatmentsthait
overall there were no or only marginal differenaeshe
glucose yields. Thus, a combination of very low ante
of phosphoric acid with laccase gives the ecoldgic
favorable situation.

As indicated already from the conclusion from the
results presented in Fig. 2, wood extractives are of
the possible drawbacks of enzymatic hydrolysis @sses



obtained than for CMC+cellulase alone (compare #fg. the samples with no added enzyme and unlike in the
and 4B). samples where just cellulase was added to the CMC
(Fig. 5 till Fig. 7). Additions of the three diffent
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Fig. 5 Influence of addition op-coumaric acid on hydrolysis of 5 mg
Fig. 4 Influence of water extractives in cellulase hyisis A) and ~ CMC by cellulase in presence and absence of lac€a868 U mf
water extractives in cellulase+laccase hydr0|y§$ of 5 mg cellulase (Cellulase “Onozuka R-10" frofmichoderma viride, SERVA
carboxymethylcellulose (CMC) by using 0.008 U 'mtellulase  Electrophoresis GmbH, Heidelberg, Germany) and 0.5mI* of
(cellulase “Onozuka R-10" fromTrichoderma viride, SERVA purified laccase V o€. cinerea Okayama 7 in 5 ml of 50 mM sodium
Electrophoresis GmbH, Heidelberg, Germany) and®100ni* laccase ~ acetate buffer, pH 5.0 were usgeCoumaric acid was dissolved in
(Novozyme, EEC No. 420-150-4) in 5 ml 50 mM sodiacetate buffer, 100 pl DMSO. To all other samples, for reasonsoohgarison, 100 pl
pH 5.0 at an incubation temperature ofG7Water extractives were Of pure DMSO was added. Per treatment, three diitesamples were
added portions of 2.5 ul DMSO containing the amanfnextractives ~ followed up in glucose formation over the time.6&, 90, and 120 min
corresponding to 5 mg @ grandiswood. To all other reactions, 2.5 pl Of incubation, per sample aliquots of 150 pl weieeh and analyzed for
DMSO was added for comparison. Per treatment, taete samples —glucosecontent with the GAGO kit
were analyzed. At 60, 90, 120 and 150 min of intibba 150 pl per

sample were taken from the reactior_l_s and teste_lgltmose content The results in Fig. 5 show thpicoumaric acid at a
;3')”(?gtg‘?o?:;ﬁ'kﬁztiicgfﬁg‘b'e positive correlaties present with  ioh concentration (1 mM) nearly fully blocked the
' enzymatic hydrolysis of CMC whereas production of
According to previous own results [23)-coumaric glucose was to a certain level reduced at the lower
acid (4-hydroxy cinnamic acid), vanillic acid (3-thexy- ~ concentration of 1 uM gg-coumaric acid (Fig. 5). At the
4-hydroxybenzoic acid) and ferulic acig Nigh concentration of-coumaric acid (1 mM), as in
(4-hydroxy-3-methoxy cinnamic acid) are active incontrols_ without added enzymes, a neglectable ohte
inducing a high laccase production frofframetes ~Production — of — glucose — much  below — than
versicolor. These phenolic compounds-¢oumaric acid, 0.03 ug m.ll min™ were obtained in c_%pa_llnson to a rate
vanillic acid and ferulic acid) were also found tne  Of Production of glucose of 0.22 g minin™ at the low
highest amounts within water extractives (Fig. Bjese concentration ofp-coumaric acid. When laccase was
phenolic compounds in pure commercial form werefdded to samples with cellulase and 1 pMoumaric
therefore added in different concentrations (1 mii a acid the hydrolysis activity was fully restoredtiwia
1 uM) to reactions of enzymatic CMC hydrolysis @r highest rate Qlf glucose production of —about
out in 50 mM sodium acetate buffer, pH 5.0 (Fig. 5) 0.28 pg mf min™, respectively even increased when
In this series of tests with 5 mg of commercial cmMctompared to rates of production of Ql'ucose in sampl
preparation, again 0.008 U ntellulase was used and With cellulase alone (0.22 pg r_“ljlmm ). Also, some
0.5 U mi* of purified laccase V fromCoprinopsis activity was restored upon addm_on Ie}ccase to dasnp
cinerea Okayama 7. As expected, the purified laccas@Vith cellulase and 1 mM-coumaric acid, although the
added into samples with just CMC did not lead toProduction rate of glucose was very low with a rafe
recognizable conversion of cellulose into glucdke In ~ 9-03 M9 mi min™ (Fig. 5).



Notable
cellulase + laccase without addition pfcoumaric acid
had also a better rate of glucose production (p.génl*
min?) than cellulase alone (0.22 pghmin™), (Fig. 5).

Addition of vanillic acid (Fig. 6) followed the sam

is further that the combination of thethe rate of production of glucose in samples wilkt |

cellulase alone.

When testing effects of ferulic acid (Fig. 7), la¢ thigh
concentration of 1 mM no CMC hydrolysis by celldas
was achieved but a nearly normal rate of productibn

trend in the production of glucose than previouslyglucose of less than 0.21 pg ‘minin® was observed

observed with samples with addg@coumaric acid
(Fig. 5). A high concentration of vanillic acid ¢hM)
resulted in a rate of production of glucose of l¢smn

when the low concentration of 1 mM of ferulic acids

added to samples. In comparison, upon addition of

laccase to samples with the low concentration oflife

0.12 pg mf min?, whereas in comparison a low acid (1 pM) a rate of production of glucose over

concentration of vanillic acid (1 uM) resulted imade of
production of glucose of 0.20 pg mmin' which was

0.15 ug mf min® was obtained. These results suggest
that by the actions of laccase in combination vigttulic

somewhat reduced as compared to the rate of plioduct acid, negative actions on the hydrolysis of celaldo
of 0.22 ug mf min® of glucose in samples with only glucose via the applied cellulase occur.

cellulase and CMC as substrate.

40
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Fig. 6 Influence of addition of vanillic acid on hydroigsf 5 mg CMC
by cellulase in presence and absence of lacca@3@8 @ mf* cellulase
(Cellulase “Onozuka R-10" fromTrichoderma viride, SERVA
Electrophoresis GmbH, Heidelberg, Germany) and 0.5mI* of
purified laccase V o€. cinerea Okayama 7 in 5 ml of 50 mM sodium
acetate buffer, pH 5.0 were used. Vanillic acid @assolved in 100 pl
DMSO. To all other samples, for reasons of compari400 ul of pure
DMSO was added. Per treatment, three different &swpere followed
up in glucose formation over the time. At 60, 98dal20 min of
incubation, per sample aliquots of 150 pl were ma&ed analyzed for
glucose content with the GAGO kit
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Fig. 7 Influence of addition of ferulic acid on hydrolgsf 5 mg CMC
by cellulase in presence and absence of lacca®®@8 @ mi* cellulase
(Cellulase “Onozuka R-10" fromTrichoderma viride, SERVA
Electrophoresis GmbH, Heidelberg, Germany) and 0.5ml* of
purified laccase V o€. cinerea Okayama 7 in 5 ml of 50 mM sodium
acetate buffer, pH 5.0 were used. Ferulic acid easolved in 100 pl
DMSO. To all other samples, for reasons of compari400 pl of pure
DMSO was added. Per treatment, three different ksmpere followed
up in glucose formation over the time. At 60, 98dal20 min of
incubation, per sample aliquots of 150 pl were nafed analyzed for
glucose content with the GAGO kit. Note that foe tturve calculated
for samples with added cellulase, laccase and 1fendic acid, the R
was only low with 0.82, indicating a low reliabyliof the calculated
value for the rate of production of glucose via #pplied cellulose
occur

highest rate of production of glucose with about
0.34 pg mit min* a same trend was measured and at a Laccases transfer ferulic acids into differenticat

concentration of 1 mM vanillic acid, a reduced rafe

and these may form several different ferulic aditeds

about 0.12 pg il min™. Thus, rates of production of and trimers [24, 25, 26]. Moreover, in presencéeatlic

glucose in presence of laccase in combination witlacid,

cellulase and a low amount of a phenolic compoundysteine and crosslink tyrosine containing peptifss
(1 uM) and in presence of laccase in combinatioth wi 25]. On longer peptides, cross-linking may particiyl

cellulase  without

any added phenolic compoundbften occur when tyrosines are present close toCthe

(0.26 pg mif min™) were obtained that were higher thanterminal end [25]. The Onozuka cellulose R-10 apli

this study is indeed a mixture of various cellutaser

laccase may oligomerize peptides containing



T. viride: six endoglucanases (Endo | to Endo VI), three In summary, however, laccase has a good potdntial
exoglucanases (Exo | to Exo Ill) aniaylucosidase are improve the drawbacks of lignin and lignin-related
present in the enzyme mixture [27]. Of these, Examdi compounds on enzymatic cellulose degradation becaus
Endo | for example have an outmost C-terminal 3Qaccase is efficient in degrading of lignin andpbienolic
amino-acid long CBM domain (cellulose binding mptif compound as present in wood extractives or even
with four cysteine and four tyrosines ([28]; GenBan somewhat of hemicellulose [30]. Thus, use of laedas
accession number ACC59774), offering a good taiaret combination of enzymatic hydrolysis can improve the
ferulic-acid-mediated  cross-linking through laccasehydrolysis process and gain higher glucose yiels,
action, presenting an explanation for then hereesdesl  found in the study by [30] and also in this study.
reduction in cellulase activity on CMC by the pmese of Future own studies for upcoming applications will
laccase plus 1 uM ferulic acid (Fig. 7). In contragher concentrate on the predominant wood industries in
cellulases ofT. viride such as Endo Il (GenBank BAA Thailand, especially in Southern Thailand, thaty rel
36216) and Endo Ill (GenBank AAQ 21383) and twoeconomically mainly on rubberwood and palm tree
other endoglucanases with not yet assigned numbetantations. Knowledge from this work gained by
(GenBank ADJ10627 and ABQ95572) have anstudyingA. grandiswood will be transferred and adapted
N-terminal CBM domain, offering both protection fino to such wood species playing on important role in
ferulic-acid mediated cross-linking by laccase.Thailand. As a result of the Thai wood industribsge
Accordingly, the low hydrolysis activity amounts of wood product residues and wood sawdust
(0.15 pg mit min®) on cellulose in samples with added from the local tree species and fruit bunches thpeees
laccase and 1 pM ferulic acid may be due to suchccumulate. Countries in Southeast Asia including
cellulase being less accessible from inactivation. Thailand are the biggest rubberwood producers @ th
What are the reasons for optimizing the glucosklyie world, making use of the wood for furniture and
from cellulosic pellets in the presence of laccaseparticleboard production. Surprisingly, only 10% toé
Cellulases may bind to lignin and this can hindegirt total wood end up as products, while about 90%hef t
enzymatic actions [29]. In the study here, by addibf  material represent wood residues. From this, @ rati
wood extractives and by addition of specific phanol 54% comes from small branches, and a ratio of 32 %
compounds shown to be present An grandis wood  wastes from wood sawmills and the 4% rest wood some
extractives to CMC and cellulase it was shown tth  from furniture factories. In total, there is an aah
compounds also hinder the cellulolytic enzymaticavailability of rubberwood residues of 1,100,00hsto
activities (Fig. 4). from rubberwood plantations and sawmills for which
Water extractivesp-coumaric acid, vanillic acid and optimal economical and ecological uses have toobad
ferulic acid all influenced the production of glseofrom [31]. Moreover, a palm oil research unit was esshield
cellulose by cellulase hydrolysis, (Fig. 4). Thein 2008 in the province of Surat Thani, where thmde
concentration in water extractives 8f grandis wood of Songkla University (author work’s office) is lated,
applied in the enzymatic test with CMC (waterby implementing the province policy to develop et
extractives from 1 mgA. grandis wood transferred into next few years the Surat Thani province to be dniPa
1 ml buffer; Fig. 4) were 0.123 mM @kcoumaric acid, city” (http://opru.surat.psu.ac.th). Also this demment
0.137 mM vanillic acid and 0.013 mM ferulic aciddan will lead to huge amounts of further waste matertaht
thus in between the two concentrations of 1 mM andghould economically und ecologically be made use of
1 uM used in the test for the purified compoundg.(6  According to the official Thai policy for generagn
to Fig. 7). From the results shown in Fig. 5 tét 75 to be  sustainable biomass products, producing bioethfrnaoi
expected that at the natural concentrations theethr wastes sources of both tree species are highlyesttag
compounds will also provide negative effects tdutese  challenges, for Thailand in the near future’'s redea
activity, in particular when considering in additithat in ~ both for industry and for society.
the wood extractives the negative actions of tHikereint
compounds will likely add up to a stronger effect. CONCLUSION
Therefore, since addition of laccase to the cedkila

overcomes in concentration-dependent manner thgyiose by application of Onozuka R-10 celluldse
negative effects of the phenolic compom_mds, it ban combination or in a mixture with also xylanase ioed
.corllc!uded. that laccase has_ a_potential to decreaﬁ(?e glucose yields by factors of 60 to 100% as ameqh
inhibitors in form of phenolic. compounds in wood 4, g ymatic hydrolysis reactions performed without
extractives blocking cellulases in cellulose hyyse laccase. The conversion of cellulose to glucosehm
up to 100% when using for 1 g &. grandis wood
rTbarticles 8 ml of 85% phosphoric acid for one hour
incubation at 5%C in a hot water bath and in subsequent
enzymatic hydrolysis of 100 mg of left cellulosiellets
each 4 U mt of cellulase, of xylanase and of laccase, or
each 4 U mt of cellulase, of xylanase and of
B-glucosidase, or each 4 U'mbf cellulase, of xylanase,
of B-glucosidase and of laccase, or each 4 U ol

Laccase in combination of enzymatic hydrolysis of

cellulosic pellets, the example of ferulic acid whathat

in certain situations their might be also some tiega
effects by addition of laccase. Ferulic acid pateiyt

blocks upon laccase-activation a subrange of eséuin

their activities.



cellulase, of xylanase and of laccase plus 1 mM HBT
each 4 U mt of cellulase, of xylanase, @fglucosidase

and of laccase plus 1 mM HBT, respectively, in 5@ m

sodium acetate buffer, pH 5.0 for one day inculmatar
alternatively, when using 1 g éf grandiswood particles

in 8 ml of 80% phosphoric acid pretreatment for

incubation with microwave irradiation for 20 secdain

subsequent enzymatic hydrolysis 100 mg of

(12]

(13]

(14]

left

cellulosic pellets each 4 U thiof cellulose, of xylanase [15]

and of laccase in 50 mM sodium acetate buffer, gH 5

for

one day incubation. Water extractivgscoumaric

acid, vanillic acid and ferulic acid in concentoati
dependent manner all inhibited on cellulase hydisly

The negative effects of phenolic compounds overciome
concentration-dependent manner when added lacetise i
cellulose hydrolysis by cellulase. Laccase has adgo

[16]

(17]

potential to decrease inhibitors in form of phenoli [18]

compounds in wood extractives blocking cellulase

activity.
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