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Generation of Chemical Building Blocks from Plant
Biomass by Selective Depolymerization

Background of the invention

The generation of biobased chemical building blocks from renewable resources has

recently attracted increasing attention due to the global limitation of fossil

petrochemical resources. The preferred feedstocks for the generation of such

biobased chemical products are derived from renewable plant biomass (Kamm et al.,

2006).

The current manufacturing processes for biobased products predominantly utilize

substrates from the food and feed market such as oils, sugars, and starches. Most

first generation feedstocks are of well-defined chemical composition and low

structural complexity. Additionally, these substrates can be obtained in relatively high

purity with only minor amounts of accompanying contaminants. While their use is

both technologically and economically appealing, their continuing large-scale supply

is not secure because the use of first generation feedstocks in biobased chemical

processes is in fierce competition with their ever increasing global demand in the

food industry.

Alternative substrates of the aforementioned first generation feedstocks are derived

from low cost forestry by-products and agricultural wastes constituting plant material

that has no application as a food source. Examples of these designated second

generation feedstocks are residual plant material from farming activities such as corn

stover and wheat straw as well as various wood related wastes. This Lignocellulosic

Biomass (LCB) is distinguished from first generation biological feedstocks by its

complex chemical and structural composition. The primary components of LCB are

highly polymeric materials such as cellulose (approx. 35-50% w/w), hemicellulose

(approx. 20-35% w/w), and lignins (approx. 10-25% w/w). Proteins, lipids and other

compounds constitute minor fractions in most LCB raw materials (Saha, 2005) but

can be present in larger quantities in special agricultural wastes such as residues

from oil production. Since LCB is composed of multiple, chemically diverse

components, its downstream processing is technically difficult, which in turn limits the

economic feasibility of current LCB-based bioprocesses.



Technical Problem

In order to produce valuable chemical substances and building blocks via

economically viable bioprocesses based on LCB feedstocks, it is important to both

(i) recover and refine the majority of its diverse chemical constituents and (ii) to

produce them in sufficient purity. In contrast to the diverse and highly polymeric

entities that make up LCB, its favored processing products are of low molecular

weight. Principally, economically attractive products can be generated from all

components of LCB: Glucose generated from cellulose is a versatile starting material

for the generation of high-value chemical intermediates such as sorbitol. Pentose

sugars such as xylose and arabinose deduced from hemicellulose fractions of LCB

are starting materials for high-value low-nutritional and non-calorigenic sweeteners

such as xylitol and arabinitol. Proteins from LCB can be hydrolyzed to yield

enantiopure L-amino acids. Lignins can serve as a source of phenolic compounds

substituting for aromatics produced by petrochemical processes. The current

technological limitation for the use of second generation feedstocks is mainly

associated with their complex chemical composition.

Most current processes that use LCBs concentrate on the cellulose part of the

substrate. When other components are used they are typically hydrolyzed by

unselective process steps such as pretreatment with sulphuric acid hydrolyzing all

hemicelluloses in a single process step. The products of these unselective process

steps are generally of low and in some cases negative commercial value.

The presently operating logen process for the fermentative production of bioethanol

uses dilute acid steam pretreatment at 200-2500C to mobilize the hemicellulose

fraction of LCBs, which contains a mixture of different hexose and pentose sugars. In

a separate enzymatic step the insoluble cellulose fraction is hydrolyzed to hexose

(glucose) sugars. After liquefaction of the hemicellulose and cellulose fractions,

insoluble lignin solids are physically separated from the marsh and burned to

generate energy for downstream processing of the remaining LCB fractions. The

combined cellulose and hemicellulose fractions are fermented together in a single

step to produce bioethanol. The resulting ethanol is subsequently recovered from the

fermentation broth by distillation. Since the majority of commercially available

organisms (i.e. baker's yeast, Saccharomyces cerevisiae) used for the fermentation

process are unable to utilize pentose sugars, these components of LCBs, albeit of



significant commercial value when present in pure form, are discarded in the process

together with remaining waste residue (Lawford and Rousseau, 2003).

Recently, attempts have been made to make the pentose fraction of LCBs available

for the fermentative conversion to bioethanol. In this revised process design, the

liquefied hemicellulose fraction is separated from the remaining components of LCB

after the pretreatment step. While all remaining LCB fractions are processed as

previously described, specially engineered microorganisms (i.e. engineered strains of

Zymomonas mobilis) with the ability to utilize pentose (Lawford and Rousseau, 2003;

Lynd et al., 2005) as well as hexose sugars are employed in a separate fermentation

step to effectively convert the liquefied and conditioned hemicellulose to bioethanol.

The resulting fermentation marsh is subsequently fed into the conventional process

stream to recover the bioethanol. While bioethanol production from complex pentose

mixtures seems to be commercially valuable, the selective processing of hexose,

pentose, and lignin to high-value products and chemical building blocks is an

attractive alternative route for the utilization of LCB components.

One inherent problem of all currently used pretreatment methods is the simultaneous

and non-selective hydrolysis and release of various chemical building blocks that

make up LCB components (Saha, 2005). At present, commercially applied and

economically viable pretreatment methods employ harsh chemical or physical

treatments, which may include a combination of acid or base treatments at elevated

temperatures (Ramos et al., 2005). The resulting LCB hydrolysates contain a variety

of unwanted by-products derived from chemical modification of LCB building blocks.

The presence of these contaminants often precludes downstream enzymatic or

catalytic processing or whole-cell fermentation of the products (Saha, 2005) and

therefore seriously lowers the commercial value of product streams generated from

LCBs by such methods.

Thus, the technical problem underlying the present invention is to provide a method

for the production of chemical building blocks from renewable plant biomass.

Especially, the technical problem is to provide a method for the production of

valuable chemical building blocks from LCB, which avoids the disadvantages and

drawbacks of the prior art.



Summary of the invention

According to a first aspect, the present invention provides a treatment method for the

enzymatic treatment of raw polymeric feedstock comprising the following steps:

(a) treating the raw polymeric feedstock with an enzyme system in order to liberate

defined monomeric or oligomeric building blocks from the raw polymeric feedstock

and (b) separating the defined monomeric or oligomeric building blocks produced in

step a) from the remainder of the raw polymeric feedstock.

According to a preferred aspect, steps a) and b) are performed in a solvent (liquid

medium). Preferably, the (raw) polymeric feedstock is treated in the presence of a

solvent in which it is insoluble, i.e. in which it is not present in dissolved form. Thus

the (raw) polymeric feedstock preferably is an insoluble raw polymeric feedstock. The

solvent is preferably an aqueous solvent. Further preferred, the enzyme step a)

liberates soluble monomeric or oligomeric building blocks from the raw polymeric

feedstock, i.e. monomeric or oligomeric building blocks, which are soluble in the

solvent used and can thus be dissolved therein. According to a further preferred

aspect, the separation of the soluble (dissolved) defined monomeric or oligomeric

building blocks produced in step a) from the remainder of the insoluble (not

dissolved) raw or processed polymeric feedstock (step b) is achieved by solid-liquid

separation. Any conventional method for solid-liquid separation may be used,

including filtration or centrifugation methods.

According to another preferred aspect, the invention comprises either a single

consolidated process consisting of step a) and step b) or a series of sequential

process steps, wherein step a) and step b) are repeated at least once. In each

process step, soluble monomeric or oligomeric products are produced from insoluble

raw or processed polymeric feedstock by successive addition of a specific enzyme

system followed by the separation of the soluble monomeric or oligomeric products

from the insoluble remainder of the polymeric feedstock. Any conventional method

for solid-liquid separation may be used, including filtration or centrifugation methods.

According to a preferred aspect, the defined monomeric or oligomeric building

block(s) liberated from the raw or processed polymeric feedstock in every treatment

step a) is one specific "product" selected from the left column of Table 1 below. In

other words, only one specific monomeric or polymeric building block is liberated

from the raw or processed polymeric feedstock in every treatment step a) using an



enzyme system or a combination of enzyme systems having the same product.

Examples of such combinations of enzymes are listed in Table 1.

According to one preferred aspect of the invention it has been surprisingly found that

the presence of (substantial) amounts of lignin is beneficial in the method of the

invention. Thus, the selectivity and consequently the purity of the product streams

obtained from the enzymatic treatment steps could be unexpectedly increased by the

presence of lignin in the polymeric feedstock. The alteration in enzymatic selectivity

observed may be due to altered surface properties in the presence of lignin,

however, the invention is not limited to this assumption of a theoretical mechanism.

Hence, according to a preferred embodiment, the raw polymeric feedstock comprises

at least 1 wt-% lignin, preferably at least 3 wt-% lignin, more preferably at least 5 wt-

% lignin. Particularly advantageous results are obtained if the raw polymeric

feedstock comprises at least 10 wt-% lignin, preferably at least 20 wt-% lignin. The

amount of lignin present in the feedstock may be determined by methods known to

the skilled person. According to one embodiment, the lignin content may be

calculated in accordance with the method indicated in A. Sluiter et al., "Determination

of Structural Carbohydrates and Lignin in Biomass", LAP, Technical Report

NREL/TP-51 0-4261 8, January 2008. According to another embodiment, the lignin

content may be calculated in accordance with the method indicated in Hsu et al.,

Journal of Animal Science, 1987. 65: pp. 244-255 for acid detergent lignin (ADL).

In line with the above surprising finding, according to a further preferred aspect of the

invention, no ligninolytic enzyme treatment step is performed in the method of the

invention. Also, it is further preferred that the content of lignin in the polymeric

feedstock, calculated as wt-% of the overall composition of the polymeric feedstock,

is not reduced during steps (a) and (b) or their repetition. The lignin content may be

determined as outlined above.

According to a particularly advantageous aspect of the invention, the treatment

method of the invention comprises at least one treatment step ("pretreatment step")

prior to step a) for separating (removing) soluble components from the raw or

processed (insoluble) polymeric feedstock. Thus, this step is performed prior to the

enzymatic treatment of the raw or processed polymeric feedstock. It has been found

that the efficiency of the subsequent enzymatic treatment step(s) can be surprisingly

increased by such pretreatment step(s) for removing soluble components from the



raw or processed polymeric feedstock. The preferred conditions of such pretreatment

step(s) are further discussed below.

According to a preferred embodiment, the same or a similar solvent (liquid medium)

as used for the following enzymatic treatment step a) is used in the pretreatment

step(s). Individual pretreatment step(s) for the removal of solubles are preferably

performed at the same and more preferably at higher temperatures as the following

enzymatic treatment step a) to increase the extraction efficiency. Even more

preferably, soluble extraction by the pretreatment step(s) will be performed at higher

temperatures and pressures (pressure cooker principle) but at a shortened treatment

time compared to the following enzymatic treatment step. Again, the raw or

processed polymeric feedstock is preferably insoluble in the solvent used and the

components to be removed are soluble therein. Separation of the soluble

components from the insoluble raw or processed polymeric feedstock is preferably

performed by conventional solid-liquid separation methods.

According to another embodiment of the invention, the individual pretreatment step(s)

for removing soluble components from the (raw or processed) polymeric feedstock

prior to step a) can be repeated in multiple stepwise cycles of at least two

pretreatment steps. In a preferred embodiment, said cycles are carried out with

varying solvent compositions, temperature and time profiles to increase the efficacy

of soluble extraction.

The pretreatment step(s) can comprise one or more physico-chemical pretreatment

step and/or one or more washing step as defined herein.

In the present invention, it has been found according to one preferred aspect that the

separation of the liberated (soluble) monomeric or oligomeric building block(s) from

the (insoluble) raw or processed polymeric feedstock after a defined treatment with

an enzyme system provides significant advantages regarding the generation of

chemically pure value-added base chemicals and chemical building blocks from

complex natural substrates such as LCB by employing selective catalytic process

steps. These selective catalytic process steps liberate defined chemical monomeric

or oligomeric components from the complex polymeric feedstock with low amounts of

other contaminants in the product generated by the process step. A preferred

technical solution to provide such specificity and selectivity in the hydrolysis of LCB is

the use of selective enzymatic steps. The base chemicals can be used as



substituents for starting material in traditional petrochemical processes as well as

starting materials for novel chemical and biochemical synthesis routes and are

therefore of high commercial value.

Further preferred aspects and embodiments are described in detail below.

Definitions

The term "raw polymeric feedstocks" means complex mixtures of different insoluble

polymeric substrates such as carbohydrates, polymeric lipids, polypeptides,

polynucleotides, and polymeric phenylpropanoids in varying mass ratios that are

usually derived from plant material. In addition to these insoluble polymeric

substrates raw polymeric feedstocks usually contain soluble monomeric or oligomeric

components. Raw polymeric feedstocks include but are not limited to waste products

from the forestry, agricultural and food processing industry as well as municipal

waste. When the main polymers are cellulose and lignin such raw polymeric

feedstocks are termed "raw lignocellulosic feedstocks" or "lignocellulosic biomass" or

"LCB". Raw lignocellulosic feedstocks from agricultural activities comprise but are not

limited to wheat straw, corn stover, rumen animal manure, sugarcane bargass, sugar

beet pulp, and herbaceous material like switch grass, Sericea Lespedeza Serala and

Sorghum sudan grass. Forestry derived waste feedstocks comprise but are not

limited to wood bark, wood chips, and waste timber. Lignocellulosic feedstocks

derived from the food industry encompass but are not limited to fruit pulp, agave

whole residue, coffee residue, and oil mill waste such as rapeseed press cake and

mill effluents. Raw feedstocks derived from the pulp and paper industry include but

are not limited to paper sludge and paper mill effluents. Raw feedstocks derived from

municipal waste encompass but are not limited to waste paper, vegetable residue,

and fruit residue.

The term "processed polymeric feedstock" as used herein shall mean the (remainder

of the) raw polymeric feedstock after at least one enzymatic treatment step (step a).

The term "washing step" shall mean any pretreatment step of the raw or processed

polymeric feedstock using at least one solvent in order to extract soluble components

from the insoluble polymeric feedstock without modifying or changing the structure of

the polymeric feedstock itself.



The term "physico-chemical treatment step" shall mean any pretreatment step of the

raw or processed polymeric feedstock in order to extract soluble components from

the insoluble polymeric feedstock including modifying or changing the structure of the

polymeric feedstock itself.

The term "polymeric substrate" means substances composed of either a specific

monomeric constituent or a limited variety of defined monomeric constituents

covalently linked together in a linear or partially branched molecular structure. The

insoluble fraction of raw lignocellulosic feedstocks contains significant amounts of

such polymeric substrates such as cellulose, xylan, mannan, and galactan.

Additionally, it also contains polymeric substrates such as lignin, arabinoxylan,

glucoronoxylan, glucomannan, and xyloglucan.

The term "enzyme systems" means proteinaceous entities that are able to

catalytically convert polymeric or oligomeric substrates into smaller oligomeric or

monomeric constituents (building blocks). In addition to the use of a single enzyme to

produce monomeric or oligomeric products from a polymeric substrate, the term

enzyme system also comprises mixtures comprising more than one enzyme that

produce a defined monomeric or oligomeric product by synergistic or parallel action

from a polymeric feedstock. Thus, the terms "enzyme system" and "enzyme

mixtures" are used interchangeably herein and both may comprise one or more

enzyme or enzyme activity, respectively.

The term "monomeric or oligomeric building blocks" means monomeric or oligomeric

products, which are liberated from the raw polymeric feedstock using an enzyme

system. "Oligomeric" shall include compounds with two or more monomeric units.

The term "enzymatic activity" of an enzyme refers to the enzyme's catalytic activity

under appropriate conditions under which the enzyme serves as a protein catalyst,

which converts specific polymeric or artificial substrates to specific oligomeric or

monomeric products.

The term "contaminating enzymatic activity" describes enzymatic activities of an

employed enzyme system that lead to oligomeric or monomeric products other than

the desired oligomeric or monomeric product(s), which are produced according to the

intended (main or first) enzymatic activity of the enzyme system.



The term "artificial substrate" means a substance of commonly low molecular weight

that after contacting the artificial substrate with an enzyme system gives a

measurable change in the physico-chemical property of the artificial substrate that

correlates to the activity of a selected enzyme system. Said physico-chemical

properties and artificial substrates to give such changes in physico-chemical

properties after contacting them with an enzyme system are known to those skilled in

the art and comprise but are not limited to changes in spectrophotometrically

measurable absorption or fluorescence emission properties, changes in

chromatographic mobility to be determined by liquid or gas chromatograph and

changes in molecular mass to be determined by mass spectroscopy.

Suitable artificial substrates for enzymes, enzyme systems, and measurable reaction

product are listed in Table 2 below.

The term "liberate" means the conversion of an insoluble polymeric substrate to a

soluble monomeric or oligomeric product by a physical, chemical, or catalytic process

such as hydrolysis, oxidative or reductive depolymerization.

Detailed description of the invention

General

The invention comprises according to a first aspect a single consolidated process or

a series of sequential process steps for the generation of base chemicals or chemical

building blocks from a raw polymeric feedstock. In each process step soluble

monomeric or oligomeric products (building blocks) are produced from insoluble raw

or processed polymeric feedstocks by contacting the raw or processed polymeric

feedstock with a specific enzyme system, which is preferably essentially free of

enzymatic activities producing other than the intended reaction product (monomeric

or polymeric building block), followed by the separation of the soluble monomeric or

oligomeric building block(s) from the insoluble raw or processed polymeric feedstock.

According to a preferred embodiment, the method comprises the separation of

soluble components from (insoluble) polymeric feedstocks such as LCB prior to or in

combination with the single consolidated process or prior to and in combination with

one or more step(s) of a series of sequential (enzymatic) process steps as defined in

the preceding paragraph.



According to another preferred embodiment of the invention, the initial separation of

the soluble components from the (insoluble) raw polymeric feedstock prior to the

enzymatic treatment steps comprises at least one physico-chemical pretreatment

step followed by solid-liquid separation. Said physico-chemical treatment step(s) may

include but are not limited to incubating the raw polymeric feedstock with a solvent

under increased temperature and/or increased pressure and/or contacting the raw

polymeric feedstocks with chemicals. Such chemicals include but are not limited to

dilute or concentrated acids or bases. Preferably, the physico-chemical pretreatment

is performed at a pH of 1- 13 and more preferably a pH of either 2-5 or 8-1 1.

According to a further preferred embodiment, the physico-chemical pretreatment is

combined with one or more washing steps, preferably in order to further reduce

soluble components in the raw polymeric feedstock.

According to a preferred embodiment, the pretreatment step(s) as defined herein are

performed at a temperature in the range from 20 to 2100C, preferably at 50-1750C.

The pressure range for each individual pretreatment step may range from 1 to

300 bar and preferentially will be in the range from 1 to 100 bar. The preferred

duration of the pretreatment step(s) is dependent on the composition of the raw or

processed polymeric feedstock and may range from few seconds to 1 week. Most

preferentially, the treatment time for each individual pretreatment step may not

exceed 1h.

Said washing step(s) prior to the enzymatic treatment step(s) comprise at least one

washing step with at least one solvent, preferably at least one aqueous solvent. Most

preferred are, without limitation water or aqueous buffers. Preferably, the washing

step is followed by a solid-liquid separation. According to one embodiment, the

washing step is performed in the absence of an enzyme or catalyst.

In a preferred embodiment of the invention, the liquid medium used for the individual

pretreatment step(s), in particular washing step(s), contains varying concentrations of

inorganic salts and/or other chemical components that may affect ionic strength, pH

and/or hydrophobicity of the medium to increase extractability of soluble material

preferably before and after each enzymatic treatment step. Preferably, the liquid

medium used for the individual pretreatment steps is characterized by a pH of 1-13.

Preferably the liquid medium used for the individual pretreatment steps contains

inorganic acid, bases and salts such as hydrogen chloride, sulphuric acid, ammonia,

sodium chloride, sodium hydroxide, ammonium sulphate, sodium phosphate, sodium



acetate, sodium citrate, sodium tartrate, sodium sulphate, and/or organic buffer

components, e.g. glycine, glycerol, and/or Triton-X 100 for hydrophobicity

modification. Preferably, the ionic strength of the liquid medium used for the

individual pretreatment steps is in the range of 0.1 -10M equivalents of sodium

sulphate (Ionic strength l~ 1.7-170). In another preferred embodiment, the liquid

medium is free of any organic solvent and/or compound that is not water-miscible.

In yet another preferred embodiment of the invention, individual washing step(s) are

applied repeatedly to the raw or processed polymeric feedstock with varying solvent

compositions using varying time, temperature and pressure profiles to maximize the

extraction of a particular soluble component.

In a preferred embodiment of the invention, at least one physico-chemical

pretreatment step prior to the enzymatic treatment of the raw polymeric feedstock is

designed to (primarily) remove lignin, resin and/or proteinaceous components from

the raw polymeric feedstock. Preferably, a liquid medium with an ionic strength (I) of

more than 1 is used and, in another preferred embodiment, all subsequent

pretreatment step(s), in particular washing step(s), are performed using a liquid

medium with lower ionic strength than in the initial physico-chemical pretreatment

step.

Methods for separation of soluble and insoluble components are known to the person

skilled in the art and comprise process steps such as sedimentation, decantation,

filtration, micro-filtration, ultra-filtration, centrifugation, evaporation of volatile

products, and extraction with organic or inorganic solvents. According to a preferred

embodiment, the pretreatment step(s) comprises a treatment with aqueous solvents,

organic solvents, or any combination or mixtures of these preferably with ethanol or

glycerol.

According to a preferred embodiment of the invention, the enzymatic treatment is

performed in an aqueous medium, the defined monomeric or oligomeric building

blocks liberated from the raw or processed polymeric feedstock are soluble in the

aqueous medium, and the separation according to step b) above is performed by

solid-liquid separation of the soluble building blocks in the aqueous medium from the

insoluble raw or processed polymeric feedstock.



Relevant examples of polymeric substrates, which constitute major components of

polymeric feedstocks, their monomeric or oligomeric degradation products (building

blocks), and enzyme systems useful for generating essentially pure products from

each polymeric substrate contained in a raw or processed polymeric feedstock are

listed in Table 1 below.

In the processing steps of the invention, chemical building blocks of polymeric

substrates like hemicellulose, cellulose, lignins, glucans, proteins, and lipids are

released by contacting the polymeric feedstock with specific enzyme systems. The

enzymatic decomposition of individual feedstock constituents into essentially pure

soluble products is based on the application of substrate-specific enzyme

preparations, which are, according to a preferred embodiment, essentially free of

activities that release other constituents than the intended products in the respective

process step.

Determination of composition of raw polymeric feedstock

The molecular composition of the raw feedstocks to be employed in the herein

described processes can be determined by methods known to those skilled in the art.

For example, the composition of lignocellulosic material may be determined using a

combination of pyrolysis, gas chromatography, and mass spectrometry. A library of

methods describing possible analytical methodologies for the determination of LCB

components is listed under:

http://www1.eere.enerqy.gov/biomass/analvtical procedures. html#samples .

According to one embodiment, standard procedures comprising several physical and

enzymatic reaction steps may be employed to empirically quantify the constituents of

the polymeric feedstock on the basis of the obtained reaction products.

For common feedstocks a database listing the mass ratios for the most common

feedstock classes can be found under:

http://www1 .eere.energy.qov/biomass/feedstock databases.html .

In an illustration to analyze the feedstock components, the raw polymeric feedstock

has first to be partially hydrolyzed before further analysis can be conducted.



Prior to feedstock hydrolysis, the raw feedstock sample (1g) should be placed into a

crucible and dried at 500C until a constant weight is obtained. The dry weight is

recorded to 3 decimal places to obtain the oven dry weight (ODW) of the sample.

For the hydrolysis procedure, 1g of finely milled feedstock (2µm) is placed in a

pressure tube and 3ml of 72% v/v sulphuric acid is added. The pressure tube is set in

a water bath at 300C and incubated for 1h. Using a stirring rod the sample has to be

stirred every 5 to 10 min without removing the sample from the bath. Stirring is

essential to ensure even acid to particle distribution. The acid is diluted to 4% by

adding 84ml double distilled (d.d.) water using a burette and the sample is mixed by

inverting the tubes several times to eliminate phase separation.

In order to determine the acid-insoluble lignin fraction of the feedstock, the

autoclaved hydrolysis solution is vacuum filtered through a previously weighed

filtering crucible.

The filtrate is captured in a filtering flask and an aliquot of 50ml is transferred into a

sample storage bottle. This sample will be used in the following procedure to

determine the lignin and carbohydrate content. The acid-soluble lignin determination

must be performed within six hours of hydrolysis.

For the determination of acid-insoluble lignin, d.d. water is added to quantitatively

transfer all remaining insolubles out of the pressure tube into the filtering crucible.

The insolubles have to be rinsed with a minimum of 50ml d.d. water and

subsequently the crucible and acid-insoluble residues have to be dried at 1050C for

4h or until a constant weight is obtained. After incubation the samples are removed

from the oven and cooled in a dessicator. The weight "w2" of the crucible and dry

residue have to be recorded to the nearest 0.1 mg before the crucible and residue are

placed in a muffle furnace at 575°C for 24h.

The crucible is carefully removed from the furnace and transferred directly into a

dessicator and cooled for a specific amount of time that is equal to the initial cooling

time of the crucible. The crucible and ash are weighed (weight "w3") and placed back

into the furnace until a constant weight is obtained. The weight "w2" corrected for the

remaining ash ("w3") is equal to the weight of acid-insoluble lignin contained in the

raw feedstock.



In contrast to the complex measurements required to obtain the amount of acid-

insoluble lignin, the amount of acid-soluble lignin can be easily determined

spectrophotometrically. First a background measurement is run with aqueous 4% v/v

sulphuric acid on a spectrophotometer of choice. Using the initial hydrolysis liquor,

the absorbance at 320nm and at the maximal absorbance of the filtrate hydrolysate,

which is usually around 198nm, is measured. The sample has to be diluted as

necessary to bring the absorbance range to 0.7-1 .0 A units. The absorbance of the

sample to 3 decimal places is used to calculate the amount of acid-soluble lignin

(ASL) present in the sample according to the calculation below:

% ASL = (UV abs
* Volumefiitrate * dilution factor) / (e * ODW ampie) * 100

ODW = oven dry weight of raw feedstock sample

UV abs = average UV-vis absorbance for the sample at 320nm

Volume filtrate = Volume of the hydrolysis filtrate

E = Extinction coefficient of biomass hydrolysate liquor at maximal

absorbance of sample (numerical values of the extinction coefficients for a

large number of raw polymeric feedstocks can be found in

http://www1 .eere.energy.gov/biomass/analytical procedures.html#samples)

The sample hydrolysate liquor may also be used to determine the structural

carbohydrates contained within the hemicellulose fraction of the feedstock using an

HPLC-based procedure.

This determination first requires a calibration mixture for each D-cellobiose, glucose,

xylose, galactose, arabinose, and mannose. The concentrations prepared for each

sugar standard should range from 0.1-4mg/ml. For each set of calibration standards,

an independent calibration verification standard (CVS) should be prepared that falls

in the middle of the validated range of the calibration curve (i.e. 2.5mg/ml). The CVS

should be analyzed by HPLC after each calibration set and at regular intervals

throughout the analysis sequence, bracketing groups of samples. The CVS is used to

verify the quality and stability of the calibration curves of each run.

20ml of the hydrolysis liquor obtained in the initial steps after sample hydrolysis are

transferred into a 50ml Erlenmeyer flask. Calcium carbonate is added to neutralize

the sample to a pH of 5-6 and after settling of the solution the supernatant can be

decanted. After settling the solution will have approximately neutral pH.



The sugar calibration standards CVS and samples are now ready for HPLC analysis

using a Shodex® sugar SP0810 (Phenomenex) or an Aminex® HPX-87P (BioRad)

column equipped with the appropriate guard column.

The sample injection volume should be between 10 and 50µl dependent on

concentration and detector limits. The samples are eluted with d.d. water at a flow

rate of 0.6ml/min and a column temperature of 80 C. Sample elution can be

monitored best using refractive index detection.

Chromatograms should be integrated prior to analysis and individual sugar contents

should be determined with reference to the appropriate standard curves for each

saccharide component.

Enzyme systems

In the embodiments described herein, the specificities of the applied enzyme

mixtures are custom-tailored to obtain pure monomeric product streams (defined

monomeric or polymeric building block(s)) derived from different polymeric substrate

classes.

In a preferred embodiment of this invention, enzyme systems, applied to a particular

raw or processed polymeric feedstock, may contain not more than 50% other

enzymatic activities that may result in products other than the preferred product from

a designated polymeric feedstock.

In a more preferred embodiment of this invention, enzyme system mixtures, applied

to a raw or processed polymeric feedstock, may contain not more than (or less than)

20%, preferably not more than (or less than) 10%, more preferably not more than (or

less than) 5%, more preferably not more than (or less than) 2%, most preferably not

more than (or less than) 1% other enzymatic activities that may result in products

other than the preferred product from a designated polymeric feedstock.

The percentage of other enzymatic activities may be routinely determined using

standard methods for determination of the respective enzyme activity. Thus, the

"main" enzyme activity present in the enzyme system leading to liberation of the

desired defined monomeric or polymeric building block from the raw or processed

polymeric feedstock should amount to at least 50%, preferably at least 80%, more



preferably at least 90%, more preferably at least 95%, more preferably at least 98%,

more preferably at least 99% of all enzyme activities present in the enzyme system.

The enzyme activities may be determined according to standard methods as known

to the skilled person and as described herein.

According to one preferred embodiment, the above percentages may be simply

determined by treating the raw polymeric feedstock with the enzyme system

according to step a) above and analyzing the liberated soluble monomeric or

oligomeric building blocks after solid-liquid separation from the insoluble raw

polymeric feedstock according to step b). Thus, if the liberated monomeric or

oligomeric building blocks comprise more than 50 mol-% of the specific desired

building block (based on the total solids content), the other enzyme activities present

in the enzyme system are considered to be less than 50%. Similarly, if the liberated

monomeric or oligomeric building blocks comprise more than 80, 90, 95, 98, or

99 mol-% of the specific desired building block, the other enzyme activities present in

the enzyme system are considered to be less than 20, 10, 5 , 2 , or 1 mol-%,

respectively. Correspondingly, the "main" enzyme activity present in the enzyme

system and leading to liberation of the desired defined monomeric or oligomeric

building block from the raw polymeric feedstock is in this case considered to amount

to at least 50%, preferably at least 80%, more preferably at least 90%, more

preferably at least 95%, more preferably at least 98%, more preferably at least 99%,

of all enzyme activities present in the enzyme system. According to a further

embodiment, the "mol-%" is replaced by "wt-%" in the aforementioned determination

of the percentage of enzyme activity (activities).

According to one embodiment, enzyme activities can be determined by measuring

the rate of conversion of a chosen polymeric substrate as defined above. In an

alternative embodiment the enzyme activities present in the enzyme system can be

determined by using artificial substrates. Depending on the ease and reliability of the

detection methods applied one can either measure the conversion of a substrate

itself or alternatively the formation of a specific product resulting from the

enzymatically catalyzed reaction. In special cases, catalytic intermediates of the

enzyme itself (i.e. oxidoreductases) can be detected spectrophotometrically.

The testing of formulated enzyme mixtures for enzymatic activities is known to those

skilled in the art. A library of suitable tests for specific enzyme activities are listed



under:

http://www.sigmaaldrich.com/Area of Interest/Biochemicals/Enzyme Explorer/Key

Resources/Assay Library/Assays by Enzyme Name.html

Examples of specific tests for determining the enzyme activities of particular enzyme

classes are listed below.

In a particular case, both endo- and exo-cellulose activity can be measured in 0.5ml

of a 5OmM MES (pH 6) reaction buffer containing 1OmM CaCI2, 4mM p-nitrophenyl-

beta-D-cellobioside and 200 µl of a dilute enzyme solution. The reaction should then

be incubated at 500C for 30min. Glycine buffer (10OmM, pH 4) is added to stop the

reaction. The enzymatic activity could then be determined by measuring the amount

of liberated p-nitrophenol spectrophotometrically at 430nm. The absorbance values

of p-nitrophenol are translated to micromoles of nitrophenol using a standard graph

relating micromoles of nitrophenol to absorbance. One unit of cellulase activity is the

amount of the enzyme required to release 1µmol of p-nitrophenol/min under the

conditions of the assay (Wood, T.M. and Bhat, K., 1988).

In another particular case, arabinofuranosidase activity can be determined in 1ml of

5OmM sodium phosphate (pH 7) containing 4-100 µM 4-nitrophenyl-alpha-

L-arabinofuranoside (pNP-Araf) and dilute enzyme solution (4nM-8 µM). The reaction

can be incubated at 37°C and the amount of liberated 4-nitrophenol measured at

400nm. Enzyme activity can be calculated using the extinction coefficient

10500M 1cm 1 of 4-nitrophenol at 400nm (Taylor et al., 2006).

In another particular case, xylosidase activity can be determined using an

o-nitrophenol substituted-beta-D-xylopyranoside (ONP-beta-D-xylopyranoside) as a

substrate (Chen et al., 1986). The substrate stock solution (1OmM) is prepared in

10OmM citrate buffer (pH 5). The dilute enzyme solution to be tested is prepared in

d.d. water. The reaction containing equal molar amounts of substrate and enzyme

solution in a 20OmM borate buffer at 25°C and pH 9.8. To determine the enzyme

activity, the liberation of the o-nitrophenol is recorded spectrophotometrically at a

wavelength of 410nm. The enzyme activity in units/mg of enzyme is proportional to

the liberated amount of o-nitrophenol and can be calculated as described for the

activity of cellulase.



In another particular case, laccase activity is determined using the guiacol oxidation

assay. A stock solution of 1OmM guiacol is freshly prepared in 5OmM citrate buffer

(pH 4.3, 400C). The reaction is carried out in 2ml of 5OmM citrate buffer using 10µl of

dilute enzyme stock (1-3nM) and varying amounts of substrate (5-20 µl). The rate of

guiacol oxidation is then measured spectrophotometrically at 465nm. The rate of

guiacol oxidation can be determined using the extinction coefficient of 5200 M 1cm 1

for guiacol oxidation products (Smirnov et al. 2001).

In another particular case, manganese peroxidase (MnP) activity can be measured in

5OmM tartrate buffer (pH 3 , 25°C) by addition of 100µM H2O2 to a reaction mixture

containing 0.5µM/ml MnP and 5-200µM Mn2+ . The formation of Mn3+ is monitored

spectrophotometrically at 238nm (Kmaitisuji et al., 2005).

To determine weather a particular enzyme system (as listed in Table 1) useful for

producing a desired product contains unwanted activities from any other enzyme

system (as listed in Table 1) producing a different unwanted product from the same

or a different polymeric substrate, one can test for this activity using a specific

polymeric substrate or artificial substrate as described above by using any of the

methods as described above.

For example if it is suspected that a particular enzyme system containing cellulases

as listed in Table 1 contains unwanted xylosidase activity (as listed in Table 1), the

primary cellulase activity can be tested first using an artificial cellulose substrate and

determine the amount of glucose liberated after addition of a defined amount of the

enzyme system in a unit time. Once the cellulase activity of the preparation has been

determined, the same enzyme preparation can be tested for xylosidase activity by

contacting the enzyme system with an artificial xylan substrate and subsequently

measuring the amount of xylose liberated by a defined amount of enzyme in unit

time. By measuring the relative conversion rates for a defined time period with both

the cellulase and xylosidase substrates using a defined enzyme amount, the specific

activities for each substrate class can be calculated.

Useful substrates for determination of any enzymatic activity as listed in Table 1 are

listed in Table 2 .

In an alternative embodiment an approach to determine if an enzyme system

contains any independent contaminating enzyme activity is to separate the



components of said preparation by methods such as electrophoresis or

chromatography. The individual components of the preparation can be detected

using specific methods such as colorimetric staining or detection of constituents by

absorbance or other methods known to those skilled in the art. The relative %

distribution of proteinaceous constituents can be determined using quantitative

methods such as densitometry or any other equivalent method known to those skilled

in the art in conjunction with appropriate mathematical calculations.

Determination of Sequence

Prior to individual or serial enzymatic treatment steps required to liberate defined

monomeric or oligomeric products (building blocks) from a raw or processed

polymeric feedstock, soluble components of the raw polymeric feedstock are

preferably separated by one or a number of pretreatment step(s).

In a preferred embodiment of the invention, the pretreatment step(s) to separate the

soluble components of the raw or processed polymeric feedstock prior to enzymatic

treatment is a combination of at least one physico-chemical pretreatment step and

one or more washing step. According to another preferred embodiment of the

invention, the washing step(s) to separate the soluble components from the raw or

processed polymeric feedstock prior to enzymatic treatment is (are) preferentially

performed with hydrophilic solvent(s), preferably aqueous solvent(s) such as water.

As stated above, it has been found that the washing step(s) and physico-chemical

pretreatment step(s) enhance the efficiency of the subsequent enzymatic treatment

step(s).

According to a further preferred embodiment, a physico-chemical pretreatment step

is only employed prior to the first enzymatic treatment step (step a) of the raw

polymeric feedstock. Such physico-chemical pretreatment step may be combined

with at least one washing step prior to the first enzymatic treatment step (step a) of

the raw polymeric feedstock. Further preferred, pretreatment steps of the processed

polymeric feedstock only comprise at least one washing step but no further physico-

chemical pretreatment step.

Physico-chemical pretreatment steps for polymeric feedstocks may include without

limitation hot water extraction, low temperature steam explosion, acid steam

explosion, ammonia steam explosion, and sonication. They can be used to physically



modify raw polymeric substrates in order to increase surface accessibility of plant

fibers and decrease the crystallinity of the cellulose fraction (PuIs et al., 1985; Ramos

et al., 2005; Kinley et al., 2005). Preferentially, the above mentioned pretreatment

steps alter the physical properties of raw polymeric substrate structure in a way that

renders the substrate more accessible to subsequent enzymatic steps but release

either limited amounts or none of its chemical building blocks. In addition, they can

be used to further remove soluble substances contained in the raw polymeric

feedstock, before contacting the raw polymeric feedstock with an enzyme system to

prevent contamination of the products of this enzymatic process step by soluble

substances contained in the feedstock.

When two or more process steps are employed sequentially, the sequence of these

process steps and thereby the sequence of adding enzyme mixtures as described in

Table 1 depends on the specific composition of raw polymeric feedstock used. The

sequence of process steps and enzyme systems is chosen in a way that minimizes

dosage and costs of enzyme catalysts as well as the feedstock contact time leading

to the release of the desired products. Additionally, chosen sequence steps should

optimize purity as well as profitability of the monomeric or oligomeric reaction

products released from the polymeric substrate. The sequence of process steps is

therefore feedstock and product dependent.

According to one preferred embodiment of the invention, the enzyme or enzyme

system used in the first enzymatic treatment step a) is selected from the group of

glucose-liberating enzymes or enzyme systems according to Table 1, and the

defined soluble monomeric or oligomeric building block is glucose, and the enzyme

or enzyme system used in the second enzymatic treatment step a) is selected from

the group of xylose-liberating enzymes or enzyme systems according to Table 1, and

the respective defined soluble monomeric or oligomeric building block is xylose.

According to another preferred embodiment of the invention, the enzyme or enzyme

system used in the first enzymatic treatment step a) is selected from the group of

xylose-liberating enzymes or enzyme systems according to Table 1, and the defined

soluble monomeric or oligomeric building block is xylose, and the enzyme or enzyme

system used in the second enzymatic treatment step a) is selected from the group of

glucose-liberating enzymes or enzyme systems according to Table 1, and the

respective defined soluble monomeric or oligomeric building block is glucose.



According to one preferred embodiment, the specific sequence of enzyme treatments

necessary for the decomposition of a particular feedstock into its unit constituents

can be determined empirically, even if the feedstock composition is unknown.

Therefore, it is possible to digest the raw polymeric feedstock in separate treatment

steps with a number of enzyme mixtures of different products as listed in Table 1. For

each of the treatment steps the purity and composition of the resulting product

stream is measured by using analytical methods known to the person skilled in the

art comprising but not limited to spectroscopic and chromatographic methods as

described previously for the analysis of the feedstock composition and for

determining the enzymatic activity.

Using the results of these measurements, it is then possible to select the kinetically

favorable enzyme mixture resulting in the purest product streams as the primary

feedstock treatment step. After repeated washing of the insoluble remains resulting

from this particular enzyme treatment, the remains are processed again with another

number of enzyme mixtures, except with the enzyme mixture selected for the primary

treatment. For all of these enzyme treatments the resulting product composition is

determined by methods as described previously. The enzyme mixture resulting in the

purest product stream is selected as the secondary treatment step of a particular

feedstock. The remaining insoluble material derived from the second processing is

again thoroughly washed and again tested with all remaining enzyme systems as

described above. This process of analytically determining and selecting the purest

product streams resulting from each of the remaining enzyme mixtures in Table 1 is

preferably repeated until the feedstock is either decomposed completely or the

insoluble feedstock residues remaining after repeated enzyme treatments do not

pose a major economical gain to the operator in comparison to the cost of further

treatment options.

According to one preferred aspect of the invention, the enzyme system giving the

highest purity of the defined soluble monomeric or oligomeric building blocks after

treatment of the raw polymeric feedstock with the enzyme system and separation of

the defined soluble monomeric or oligomeric building blocks from the remainder of

the raw polymeric feedstock (processed polymeric feedstock) is chosen for the first

enzymatic treatment step according to step a).

According to a further preferred aspect of the invention, the second enzyme system

chosen for the second enzymatic treatment step according to step a) is the one



which gives the highest purity of the defined soluble monomeric or oligomeric

building blocks after treatment of the processed polymeric feedstock (obtained as

remainder from the previous enzymatic treatment step) with the enzyme system and

separation of the defined soluble monomeric or oligomeric building blocks from the

raw polymeric feedstock.

According to yet a further preferred aspect of the invention, any subsequent enzyme

treatment steps are performed in the order of decreasing purity of the defined soluble

monomeric or oligomeric building blocks obtained after treatment of the processed

polymeric feedstock (obtained from the previous enzyme treatment step) with the

respective enzyme system and separation of the defined soluble monomeric or

oligomeric building blocks from the processed polymeric feedstock.

In another option the feedstock composition is determined by aforementioned

analytical procedures prior to sequence selection for enzymatic treatment options.

Thus, according to a preferred embodiment of the invention, the enzyme systems to

be employed and their sequence of use are determined by first analyzing the raw

polymeric feedstock.

One such preferred embodiment of the invention is directed to a method, in particular

to determine the enzyme systems to be used and their sequence, wherein, preferably

after separating soluble components from the raw polymeric substrate as described

above, the insoluble raw polymeric feedstock is

(a) first treated in separate enzymatic treatments with each of a plurality of enzyme

systems (mixtures) such as listed in Table 1 (preferably selected from those

liberating soluble monomeric or oligomeric saccharide building blocks from the

polymeric feedstock);

(b) For each enzymatic treatment, the defined monomeric or oligomeric building

blocks liberated from the raw polymeric feedstock are analyzed for purity of the

defined monomeric or oligomeric building blocks, preferably after solid-liquid

separation of the (soluble) defined monomeric or oligomeric building blocks from the

(insoluble) raw polymeric feedstock;

(c) The enzyme system giving the highest purity is chosen for the first enzymatic

treatment step according to step a) of claim 1;



(d) Optionally, the sequence of steps a) to c) is repeated with the remainder of the

raw or processed polymeric feedstock in order to determine the enzyme system to be

used in the subsequent enzymatic treatment step.

In an alternative embodiment, after separating soluble components from the raw or

processed polymeric feedstock as described above, selective enzyme mixtures as

listed in Table 1 are applied to target the feedstock constituent contributing the

largest mass ratio to the feedstock composition. After enzymatic treatment, the purity

of the resulting product stream has to be determined as previously described for the

analytical determination of the feedstock components. It is desired, according to a

preferred embodiment, that the purity is such that more than 75 wt-%, preferably

more than 90 wt-%, more preferably more than 95 wt-%, more preferably more than

99 wt-% of the total solids content (preferably of the soluble fraction) consists of the

defined monomeric or oligomeric building blocks.

If enzymatic decomposition of the largest mass feedstock component results in a

pure product stream (as defined above), this treatment can be applied as the primary

step for the feedstock processing. Washing of the resulting insoluble mash and

subsequent solid-liquid separation of the particulate from the supernatant will prepare

for the next processing steps. The remaining insolubles derived from the primary

feedstock treatment will be treated with specific enzyme systems, such as the

enzyme systems listed in Table 1, that target the feedstock constituents constituting

the second largest mass ratio to the feedstock composition. The resulting product

stream again has to be analyzed by said analytical methods to ascertain product

purity before the selected enzymatic treatment can be deemed as the second

treatment option for feedstock processing. The resulting insoluble residues of the

secondary enzymatic treatment can then be washed and processed as described

previously. Through iterative treatments with specific enzyme systems listed in

Table 1, which always target the polymeric substrate constituting the largest mass

ratio constituent in the remaining insoluble feedstock residue resulting from previous

enzymatic treatment cycles, the feedstock can sequentially be decomposed into its

unit constituents.

A further preferred aspect of the invention is directed to a method, in particular to

determine the enzyme systems to be used and their sequence, wherein, preferably

after separating soluble components from the raw polymeric feedstock as described

above the insoluble raw polymeric feedstock is



(a) first treated in separate enzymatic treatments with each of a plurality of enzyme

systems (mixtures) such as listed in Table 1 (preferably selected from those

liberating soluble monomeric or oligomeric saccharide building blocks from the

polymeric feedstock) to determine the monomeric or oligomeric building blocks

contributing the largest mass ratio in the raw polymeric feedstock;

(b) The defined monomeric or oligomeric building blocks contributing the largest

mass ratio in the raw polymeric feedstock are analyzed for purity, preferably after

separation from the raw polymeric feedstock;

(c) If the purity as determined is such that more than 75 wt-%, preferably more than

90 wt-%, more preferably more than 95 wt-%, more preferably more than 99 wt-% of

the total solids content consists of the defined monomeric or oligomeric building

blocks, the respective enzyme system is chosen for the first enzymatic treatment

step according to step a) of claim 1;

(d) If the purity determined according to step b) is lower than required according to

step c), the defined monomeric or oligomeric building blocks contributing the next

largest mass ratio in the raw polymeric feedstock are analyzed for purity, preferably

after solid-liquid separation from the (insoluble) raw polymeric feedstock accordingly,

until the purity satisfies the requirement according to step c) and the respective

enzyme system is chosen for the first enzymatic treatment step according to step a)

of claim 1;

(e) Optionally, the sequence of steps a) to d) is repeated with the remainder of the

raw or processed polymeric feedstock in order to determine the enzyme system to be

used in the subsequent enzymatic treatment step.

Yet a further preferred aspect of the invention is directed to a method, in particular to

determine the enzyme systems to be used and their sequence, wherein the raw

polymeric feedstock is

(a) first treated in separate enzymatic treatments with each of a plurality of enzyme or

enzyme systems (mixtures) such as listed in Table 1 (preferably selected from those

liberating soluble monomeric or oligomeric saccharide building blocks from the

polymeric feedstock) to determine the enzymatic treatment that leads to the highest

yield of monomeric or oligomeric building blocks contained in the raw polymeric

feedstock;



(b) Those enzymatic treatments are selected that yield a defined monomeric or

oligomeric product with a purity of more than 75 wt-%, preferably more than 90 wt-%,

more preferably more than 95 wt-%, more preferably more than 99 wt-% of the total

solids (preferably after separation from the insoluble raw or processed polymeric

feedstock);

(c) Among the remaining enzymatic treatments, the treatment with the highest yield

of monomeric or oligomeric product is determined;

(d) Optionally the sequence of steps a) to c) is repeated with the remainder of the

raw or processed polymeric feedstock in order to determine the enzyme system to be

used in the subsequent enzymatic treatment step.

According to a further preferred aspect of the invention, the enzyme systems used in

the enzymatic treatment steps are employed in a sequence in accordance with the

sequence obtainable according to the above methods of determining the enzyme

systems to be used.

According to another preferred aspect of the invention, the enzyme systems for

which a determination of the advantageous sequence of application has been

discussed above comprise or consist of enzymes liberating soluble monomeric or

oligomeric saccharide building blocks from the (raw) polymeric feedstock. According

to a further preferred embodiment of the invention, the respective enzymes and

enzyme systems are those having a (main) activity directed to the degradation of

I oligo or polysaccharides and/or liberating soluble monomeric or oligomeric

saccharide building blocks from the raw or processed polymeric feedstock.

According to one embodiment, for the determination of the yield or purity of the

defined soluble monomeric or oligomeric building blocks (product) obtained in a

particular enzyme treatment following separation of the defined soluble monomeric or

oligomeric building blocks from the (remaining insoluble) raw or processed polymeric

feedstock after the enzyme incubation, the hydrolysis suspension (with the enzyme

and the polymeric feedstock) was centrifuged at 10.000g for 15 min. The supernatant

(comprising the defined soluble monomeric or oligomeric building blocks) was

processed as described hereinafter in the Examples and subjected to HPAE-PAD

analysis (Dionex, Ca., USA, 6) to determine its sugar and uronic acid composition.



As stated above, according to a preferred aspect of the invention, the enzyme

systems employed should be low in or essentially void of other or contaminating

enzyme activities that liberate other than the intended monomeric or oligomeric

building blocks from the raw or processed polymeric feedstock.

Thus according to a preferred embodiment, the enzyme system used in a particular

enzymatic treatment step contains not more than 50%, preferably not more than

20%, more preferably not more than 10%, more preferably not more than 5%, more

preferably not more than 2%, more preferably not more than 1% of contaminating

(other) enzymatic activities, which have not been employed in a previous enzymatic

treatment step using a different enzyme system or which can cause liberation of

other defined monomeric or oligomeric building blocks that have not been liberated in

previous enzymatic treatment steps, or, according to one further embodiment, which

can only cause liberation of products from polymeric substrates that are initially

essentially absent from the polymeric feedstock. The percentage of other or

contaminating enzyme activities in the enzyme system may be calculated as set out

above. "Essentially absent from", according to a preferred embodiment, means less

than 20 wt-%, preferably less than 10 wt-%, preferably less than 5 wt-%, preferably

less than 2 wt-%, preferably less than 1 wt-% of the total polymeric feedstock.

However, according to an advantageous and preferred embodiment of the invention,

the enzyme system employed in a particular enzymatic treatment step contains as

contaminating enzymatic activities one or more of such enzymatic activities, which

have been employed in a previous enzymatic treatment step using a different

enzyme system, or, according to a further embodiment, enzyme systems, which can

only cause liberation of other monomeric or oligomeric building blocks from polymeric

substrates that are initially essentially absent in the raw or processed polymeric

feedstock. In other words, it has been found that when a particular monomeric or

oligomeric building block has been previously liberated from the raw or processed

polymeric feedstock in a previous enzymatic treatment step (or was not present in

the raw polymeric feedstock from the beginning), it is not essential that the enzyme

system used in a subsequent step is essentially free of the respective enzyme

activity used as main activity in any of the previous enzymatic treatment step. One

advantage of this embodiment is that less pure and thus less costly enzyme systems

may be used in the second and following enzymatic treatment steps.



In a specific case of such a process the enzymatic conversion of xylan to xylose is

performed in one process step after enzymatic processing of cellulose with

subsequent removal of the product glucose in a previous process step. Hence, the

enzyme mixtures in Table 1 designated for the processing of xylan to xylose may

also contain any contaminating enzymatic activities, which are specific for the

processing of cellulose.

Additionally, according to a further preferred embodiment of the invention, enzyme

systems used for processing of a particular raw or processed polymeric feedstock

constituent may contain contaminating (other) enzyme activities if these act on

specific reaction intermediates resulting from the former enzymatic reactions and if

the final end products are identical. In other words, a further preferred embodiment of

the invention is directed to a method wherein the enzyme system used in a particular

enzymatic treatment step has a main enzymatic activity (as described above) and

contains at least one additional enzymatic activity which leads to the same defined

monomeric or oligomeric building block(s) from the raw or processed polymeric

feedstock as the main enzymatic activity of the enzyme system, in particular from a

different polymeric substrate present in the raw or processed polymeric feedstock.

In a specific case the raw polymeric substrate contains both cellulose and starch

(amylose) and the product of interest in the respective process step is glucose. Then

the contamination of an enzyme mixture designated in Table 1 for the conversion of

cellulose (cellulase activities) with accompanying side activities for the conversion of

starch (amylase activities) as designated in Table 1 can be tolerated. The enzyme

system therefore must not contain other enzyme activities above a certain ratio

except for amylase activities. Here, the educts for the different enzymatic reactions

may differ but the product in each case is glucose.

According to one preferred embodiment, the feedstock is a cellulose-xylan-rich

feedstock and the enzyme or enzyme system used in the first enzymatic treatment

step a) is selected from the group of glucose-liberating enzymes or enzyme systems

according to Table 1, and the defined soluble monomeric or oligomeric building block

is glucose, and the enzyme or enzyme system used in the second enzymatic

treatment step a) is selected from the group of xylose-liberating enzymes or enzyme

systems according to Table 1, and the defined soluble monomeric or oligomeric

building block is xylose. In this embodiment it is further preferred that the enzyme or

enzyme system used in the first step a) is selected from the group: Beta-glucosidase



from A . niger or from T. reesei; Cellobiohydrolase l-ll from T. reseei; Endo-beta-1-4-D

-glucanase I-V from T. reseei, and the enzyme or enzyme system used in the second

step a) is selected from the group: Endoxylanase from A . niger or T. reesei or C.

thermocellum; Xylosidase from A . niger or T. reesei.

According to another preferred embodiment, the feedstock is a cellulose-xylan-rich

feedstock and the enzyme or enzyme system used in the first enzymatic treatment

step a) is selected from the group of xylose-liberating enzymes or enzyme systems

according to Table 1, and the defined soluble monomeric or oligomeric building block

is xylose, and the enzyme or enzyme system used in the second enzymatic

treatment step a) is selected from the group of glucose-liberating enzymes or

enzyme systems according to Table 1, and the defined soluble monomeric or

oligomeric building block is glucose. In this embodiment it is further preferred that the

enzyme or enzyme system used in the first step a) is selected from the group:

Endoxylanase from A. niger or T. reesei or C. thermocellum; Xylosidase from A. niger

or T. reesei, and the enzyme or enzyme system used in the second step a) is

selected from the group: Beta-glucosidase from A . niger or from T. reesei;

Cellobiohydrolase l-ll from T. reseei; Endo-beta-1-4-D -glucanase I-V from T. reseei.

According to another preferred embodiment, the feedstock is an arabinan-pectin-rich

feedstock and the enzyme or enzyme system used in the first enzymatic treatment

step a) is selected from the group of arabinose-liberating enzymes or enzyme

systems according to Table 1, and the defined soluble monomeric or oligomeric

building block is arabinose, and the enzyme or enzyme system used in the second

enzymatic treatment step a) is selected from the group of uronic acid-liberating

enzymes or enzyme systems according to Table 1, and the defined soluble

monomeric or oligomeric building block is uronic acid. In this embodiment it is further

preferred that the enzyme or enzyme system used in the first step a) is selected from

the group: Endoarabinase from A . niger; Arabinofucosidase from A . niger, and the

enzyme or enzyme system used in the second step a) is selected from the group:

Pectinase (pectate lyase, polygalactourenase) from A. aculeatus, A . niger or C.

japonicus.

According to another preferred embodiment, the feedstock is an arabinan-pectin-

cellulose-rich feedstock and the enzyme or enzyme system used in the first

enzymatic treatment step a) is selected from the group of arabinose-liberating

enzymes or enzyme systems according to Table 1, and the defined soluble



monomeric or oligomeric building block is arabinose, the enzyme or enzyme system

used in the second enzymatic treatment step a) is selected from the group of

glucose-liberating enzymes or enzyme systems according to Table 1, and the

defined soluble monomeric or oligomeric building block is glucose, and the enzyme

or enzyme system used in the third enzymatic treatment step a) is selected from the

group of uronic acid-liberating enzymes or enzyme systems according to Table 1,

and the defined soluble monomeric or oligomeric building block is uronic acid. In this

embodiment it is further preferred that the enzyme or enzyme system used in the first

step a) is selected from the group: Endoarabinase from A . niger; Arabinofucosidase

from A . niger, the enzyme or enzyme system used in the second step a) is selected

from the group: Beta-glucosidase from A . niger or from T. reesei; Cellobiohydrolase I-

Il from T. reseei; Endo-beta-1-4-D -glucanase I-V from T. reseei, and the enzyme or

enzyme system used in the third step a) is selected from the group: Pectinase

(pectate lyase, polygalactourenase) from A. aculeatus, A . niger or C. japonicus.

According to another preferred embodiment, the feedstock is an galactan-pectin-rich

feedstock and wherein the enzyme or enzyme system used in the first enzymatic

treatment step a) is selected from the group of galactose-liberating enzymes or

enzyme systems according to Table 1, and the defined soluble monomeric or

oligomeric building block is galactose, and wherein the enzyme or enzyme system

used in the second enzymatic treatment step a) is selected from the group of uronic

acid-liberating enzymes or enzyme systems according to Table 1, and the defined

soluble monomeric or oligomeric building block is uronic acid. In this embodiment it is

further preferred that the enzyme or enzyme system used in the first step a) is

selected from the group: Endogalactonase from A . niger or from C. thermocellum;

beta-Galactosidase from A . niger or K. fragilis, and the enzyme or enzyme system

used in the second step a) is selected from the group: Pectinase (pectate lyase,

polygalactourenase) from A . aculeatus, A . niger or C. japonicus.

According to another preferred embodiment, the feedstock is a mannan-xylan-rich

feedstock and the enzyme or enzyme system used in the first enzymatic treatment

step a) is selected from the group of mannose-liberating enzymes or enzyme

systems according to Table 1, and the defined soluble monomeric or oligomeric

building block is mannose, and the enzyme or enzyme system used in the second

enzymatic treatment step a) is selected from the group of xylose-liberating enzymes

or enzyme systems according to Table 1, and the defined soluble monomeric or

oligomeric building block is xylose. In this embodiment it is further preferred that the



enzyme or enzyme system used in the first step a) is selected from the group: Endo-

Mannanase from A . niger, B. subtilis, T. maritima or from T. reesei; Exo-

Mannosidase from C. fimi, and the enzyme or enzyme system used in the second

step a) is selected from the group: Endoxylanase from A . niger or T. reesei or C.

thermocellum; Xylosidase from A . niger or T. reesei.

According to another preferred embodiment, the feedstock is a mannan-cellulose-rich

feedstock and the enzyme or enzyme system used in the first enzymatic treatment

step a) is selected from the group of mannose-liberating enzymes or enzyme

systems according to Table 1, and the defined soluble monomeric or oligomeric

building block is mannose, and the enzyme or enzyme system used in the second

enzymatic treatment step a) is selected from the group of glucose-liberating enzymes

or enzyme systems according to Table 1, and the defined soluble monomeric or

oligomeric building block is glucose. In this embodiment it is further preferred that the

enzyme or enzyme system used in the first step a) is selected from the group: Endo-

Mannanase from A. niger, B. subtilis, T. maritima or from T. reesei; Exo-

Mannosidase from C. fimi, and the enzyme or enzyme system used in the second

step a) is selected from the group: Beta-glucosidase from A . niger or from T. reesei;

Cellobiohydrolase l-ll from T. reseei; Endo-beta-1-4-D -glucanase I-V from T. reseei.

The following are further preferred embodiments of the invention, indicating a

sequence of enzymatic treatment steps depending on the nature or composition of

the raw polymeric feedstock used.

1. For Xylan/Cellulose rich feedstocks (e.g. straw), i.e. feedstocks with > 10 wt-%

Xylan, >10 wt-% Cellulose and < 15 wt-% Arabinan, the following sequence of

enzymatic treatment steps is preferably employed:

1.) Xylan depolymerisation/degradation

2.) Cellulose depolymerisation/degradation

2 . For Arabinan/ Pectin rich feedstock (e.g. Beet), i.e. feedstocks with >15 wt-%

Arabinan, >10 wt-% Pectin, <10 wt-% Cellulose and <10 wt-% Xylan the following

sequence of enzymatic treatment steps is preferably employed:

1.) Arabinan depolymerisation/degradation

2.) Pectin depolymerisation/degradation



3. For Arabinan/ Pectin/ Cellulose rich feedstocks, i.e. feedstocks with >15wt-%

Arabinan, >10 wt-% Pectin, >10 wt-% Cellulose and <10 wt-% Xylan the following

sequence of enzymatic treatment steps is preferably employed:

1.) Arabinan depolymerisation/degradation

2.) Cellulose depolymerisation/degradation

3.) Pectin depolymerisation/degradation

4 . For Arabinan/ Xylan/Pectin/ Cellulose rich feedstocks, i.e. feedstocks with >15 wt-

% Arabinan, > 10 wt-% Xylan, >10 wt-% Pectin and >10 wt-% Cellulose the following

sequence of enzymatic treatment steps is preferably employed:

1.) Arabinan depolymerisation/degradation

2.) Xylan depolymerisation/degradation

3.) Cellulose depolymerisation/degradation

4.) Pectin depolymerisation/degradation

5 . For Galactan/Pectin rich feedstocks (i.e. Potato Pectic Galactan), i.e. feedstocks

with >10 wt-% Galactan, >10 wt-% Pectin, <15 wt-% Arabinan and <10 wt-% Xylan

the following sequence of enzymatic treatment steps is preferably employed:

1.) Galactan depolymerisation/degradation

2.) Pectin depolymerisation/degradation

6 . For mannan/ xylan rich feedstocks, i.e. feedstocks with > 15 wt-% Mannan, > 10

wt-% Xylan, <15 wt-% Arabinan and <10% Cellulose the following sequence of

enzymatic treatment steps is preferably employed:

1.) Xylan depolymerisation/degradation

2.) Mannan depolymerisation/degradation

7 . For mannan/ xylan/ arabinan rich feedstock (e.g. coffee been hulls), i.e.feedstocks

with > 15 wt-% Mannan, > 10 wt-% Xylan, >15 wt-% Arabinan and <10 wt-%

Cellulose the follow/no; sequence of enzymatic treatment steps is preferably

employed:

1.) Arabinan

2.) Xylan depolymerisation/degradation

3.) Mannan depolymerisation/degradation

8 . For Galactan rich feedstock (e.g. Larchwood Arabinogalactan; Guar

Galactomannan), i.e. feedstocks with >10 wt-% Galactan, <10 wt-% Pectin and <10



wt-% Xylan the following sequence of enzymatic treatment steps is preferably

employed:

1.) Galactan depolymerisation/degradation

2.) Xylan or Arabinan depending on composition of feedstock.

3.) Mannan depolymerisation/degradation

9 . For Mannan/Cellulose rich feedstocks (e.g. Konjak Glucomannan), i.e. feedstocks

with > 15 wt-% Mannan, >10 wt-% Cellulose, <10 wt-% Xylan, <10 wt-% Galactan

and <15 wt-% Arabinan the following sequence of enzymatic treatment steps is

preferably employed:

1.) Mannan depolymerisation/degradation

2.) Cellulose depolymerisation/degradation

In the preferred case the said enzyme mixtures applied have to be essentially free of

specific enzymatic activities that would result in the contamination of the resulting

product stream.

In another specific case where glucose is a product of interest and the raw polymeric

feedstock contains cellulose as a polymeric substrates (e.g. wheat straw), an enzyme

mixture of cellulases is applied. Useful enzyme mixtures are designated in Table 1.

Such cellulase mixtures can be used in conjunction with beta-glycosidases,

glucohydrolases, and alpha- or beta-amylases as listed in Table 1 to convert the

cellulose fraction of the raw polymeric feedstock to monomeric glucose units. In order

to obtain a pure product stream of glucose, the enzyme mixture applied to the

cellulose fraction has to be free of any hemicellulase activities, which encompass but

are not limited to enzyme activities of arabinofuranosidase, arabinase, galactosidase,

mannanase, mannanosidase, xylanase, and xylosidase. In this enzymatic process

the polymeric cellulose will be transformed to soluble glucose units, which can be

physically separated from the insoluble feedstock as described above. The remaining

insoluble material can be processed further to produce various pentose sugars from

the hemicellulose fraction.

In another specific case where arabinose and xylose are products of interest and the

raw polymeric feedstock contains polymeric substrates comprising heterogeneous

hemicellulose polymers such as arabinoxylan, an enzyme mixture designated in

Table 1 for the conversion and mobilization of branched arabinose units is applied



first. Subsequently, the soluble arabinose units are separated from the remaining

insoluble feedstock before a second enzyme mixture designated in Table 1 is applied

to mobilize the xylose units contained in xylan polymers. The soluble xylose units are

then also separated from the remaining insoluble feedstock.

Enzymatic process steps can be combined with one or more pretreatment steps.

Such pretreatment step(s) can be unselective to extract components of low

commercial value that would otherwise contaminate high-value product streams from

the process. Thus, according to one embodiment, one or more of the pretreatment

steps are used to extract or otherwise remove defined components. Alternatively,

selective one or more pretreatment steps can be used that provide a comparable

selectivity to enzymatic process steps in solubilizing individual chemical components

of the raw polymeric substrates. Thus, according to one embodiment, one or more

pretreatment steps are used to increase the selectivity of the subsequent enzymatic

treatment steps. Examples of such process steps would be solubilization of the lignin

fraction of LCB by organic solvents such as ethanol or glycerol (Itoh et al., 2003;

Demirbas, A., 1998). These individual pretreatment steps and conditions are known

to the person skilled in the art. In an additional alternative, said unselective

pretreatment steps are applied to insoluble residues, which have been freed from

contaminants by previous selective process steps. An example of such a process

step is the complete hydrolysis of the protein fraction by acid treatment after selective

solubilization of the hemicellulose, cellulose, and lignin fraction of LCB by aforesaid

selective process steps.

Another specific example for an embodiment of the invention is given in Figure 1.

Thus, Figure 1 shows a process flow for the sequential enzymatic processing of LCB.

In this illustration (see Fig. 1) of processing of a substrate rich in cellulose,

hemicellulose and lignins and with low amounts of proteins and lipids like wheat

straw, corn stover, or softwood, solubilization of the various pentose components

contained in the hemicellulose fraction is achieved by sequential treatment with

xylanase, arabinase, and mannanase enzymes, which specifically liberate xylose,

arabinose, and mannose sugars, respectively. Suitable enzymes and process

conditions for providing optimal process conditions for the enzymes are known to the

person skilled in the art. The soluble fraction is removed after every process step and

the insolubles are contacted with the subsequent enzyme. After processing of the

pentose fraction, a similar process step is added to convert cellulose into glucose



using a mixture of exo- and endocellulases optionally in combination with cellobiase

or beta-glucosidase to liberate glucose and cellobiose from the cellulosic fraction of

the LCB substrate. These soluble reaction products are removed from the reaction

mixture with the supernatant. Similarly, the lignin fraction remaining in the insoluble

phase is converted into its various phenolic building blocks using specific enzyme

systems, such as laccases and lignin peroxidases. These phenolic and oligophenolic

compounds are then extracted from the reaction mixture with the supernatant or by

solvent extraction. Process conditions to perform this process step are known to the

person skilled in the art. Each of the individual products resulting from enzymatic

conversion of hemicellulose, cellulose, lignin, or other LCB constituents could be

isolated after each successive round of enzyme application (see Fig. 1). The

resulting, essentially pure chemical building blocks of phenolics, pentose and hexose

sugars could then be further processed to high-value commercial products (see

Fig. 1). In general, according to one embodiment, the defined monomeric or

oligomeric building blocks liberated from the raw or processed polymeric feedstock

are purified and optionally further processed.

In another illustration, agricultural residues rich in proteins and lipids such as

residues from the production of rape seed, sunflower or olive oils can be contacted

subsequently with aforesaid hemicellulases and cellulases and optionally pectinases

followed by contacting the residues of this process steps with an unspecific protease.

Such unspecific proteases are known to the person skilled in the art and can be

produced in large scale. The protease treatment solubilizes amino acid and peptides

from the polymeric feedstock. These amino acids and peptides can be subsequently

used as a mixture or separated into individual substances by methods known to the

person skilled in the art.

In one case the products of interest are arabinose, xylose, glucose,

oligophenylpropanoids, monolignols, and/or monophenolics and these products are

produced by conversion of the raw polymeric feedstock wheat straw into its

component constituents by a sequential enzymatic conversion.

In the primary step of such a sequential process, finely milled wheat straw (1kg wt,

0.2µm) with an approximate moisture content of 5% w/w is placed in a steel

container. A minimal amount of 2 I water is added and mixed with the feedstock. The

resulting slurry is left to soak for 4h at room temperature. Excess liquid is removed to

leave approximately 200ml of the solution. The container is sealed and heated for 1h



to 121 °C at 10bar pressure in a conventional sterilizing autoclave system (PuIs et al.,

1985; Harms, 1989; Foody et al., 1998). The vessel pressure is rapidly released and

the content is allowed to cool to room temperature. Under these conditions the

polymerization state of the feedstock components is reduced but only a minimal

fraction of its components is released in soluble form. The resulting liquid phase

(containing salts and minor amounts of various soluble components) and the

insoluble phase (containing insoluble polymeric substrates such as cellulose,

hemicellulose, and lignin) are separated by way of filtering, sieving, or centrifugation,

and the insoluble phase is processed further.

In the next step, in order to mobilize arabinose components contained in the

insoluble hemicellulose fraction, a mixture of alpha-L-arabinofuranosidases is

applied. All of the reactions mentioned below are performed at a minimum of 400C for

24h in 5OmM phosphate buffer having a pH of 5-7. 0.08-1 g GH51 alpha-

L-arabinofuranosidase from Clostridium thermocellum I kg of feedstock are added to

hydrolyze the alpha-1 ,2/1 ,3-arabinofuranosyl moieties of arabinan and xylan (Taylor

et al., 2006). Subsequently, 0.08-1 g GH43 alpha-L-arabinofuranosidase from

Humicola insolens I kg of feedstock are added to hydrolyze the alpha-1, 5-

arabinofuranosyl units (Sorensen et al., 2006). Because of the specificity of the

enzyme mixture, the resulting liquid phase contains mainly arabinose. The released

and soluble arabinose units are separated from the insoluble marsh by filtering or

centrifugation. The remaining insoluble fraction is retained for further processing.

In the next step, in order to convert insoluble xylan constituents into soluble xylose

units, a mixture of xylanases and xylosidases is applied. All of the reactions are

performed at a minimum of 400C for 24h in 5OmM phosphate buffer having a pH of

5-7. 0.08-1 g endo-1 ,4-beta-xylanase (GH10 or 11) from Humicola insolens I kg

feedstock and 0.08-1 g beta-xylosidase (GH3) from Trichoderma reesei/ kg of

feedstock are added to release xylo-oligosaccharides and xylanose units,

respectively. Because of the specificity of the enzyme mixture, the resulting liquid

phase contains mainly xylose. The soluble xylose is separated from the insoluble

feedstock remains by filtering or centrifugation.

In the next step, in order to mobilize hexose sugars remaining in hemicellulose and

cellulosic fractions, the respective insolubles are contacted with an optimized enzyme

mixture containing endo- and exocellulases. All reactions are carried out at a

minimum of 500C for 16h in 5OmM sodiumacetate buffer (pH 5-6). Mixtures of each



0.005-1g 1,4-beta-endoglucanases (Cel5A, Cel7B, Cel12A, Cel61A) and 1,4-beta-

cellobiohydrolases (Cel7A, Cel6A) from Jrichoderma reesei I kg insoluble feedstock

are added to mobilize hexose sugars (Irwin et al., 1993, Kim et al., 1998). The

efficacy and kinetics of cellulose conversion to monomeric sugar units is optionally

enhanced by addition of 0 .0005-0. 01g cellobiose dehydrogenase from Phanerocaete

chrysosporium in combination with 0.05-1 g ferrocyanide and 0.0005-0. 1g beta-

glycosidase (10% wt enzyme mix) from Aspergillus nigerl kg feedstock (Igarashi

et al., 1998, Rosgaard et al., 2006). Because of the specificity of the enzyme mixture,

the resulting liquid phase contains mainly hexoses, predominantly consisting of

glucose. These are further separated by way of filtration or centrifugation from the

fine particulate remains of the feedstock.

In the next step, insoluble lignin remaining after previous enzyme treatments is

converted into its constituents by sequential contact with lignin peroxidase and

laccase enzyme systems. Reactions with lignin peroxidase are carried out in a

minimum of 5OmM sodium tartrate (pH 3.5) and at a maximum temperature of 32°C.

Highly polymeric lignin insolubles are oxidatively decomposed by contacting with

each 0.5-1 g of lignin peroxidase (LIP) from Phanerocaete chrysosporium I kg of

feedstock (Ward et al., 2003). To prevent catalytic inactivation of LIP (Compound III

formation, Wariishi and Gold 1990) due to the presence of excess of H2O2 in the

reaction mixture, a soluble enzymatic H2O2-generating system is used to provide a

controlled and continuous environment for H2O2 formation. The H2O2-generating

power of glyoxal oxidase (GLOX), a natural accessory enzyme working in synergy

with lignin peroxidases (Kersten 1990) can be employed. The reaction of GLOX

requires the same pH, ionic strength and temperature profile as described for LIP.

The generation Of H2O2 is induced by addition of 0.05-1 g GLOX and 0.1-1g of the

GLOX substrate methylglyoxal / kg of feedstock. In order to induce and enhance the

oxidative decomposition of polymeric lignin by LIP, the redox mediator veratrylalcohol

(3,4-dimethoxybenzyl alcohol) is added to proceed to completion (Ferapontova et al. ,

2006). A more effective degradation of insoluble lignin can be achieved by adding 2g

veratrylalcohol / kg of feedstock (Barr et al., 1993). The main reaction products of the

LIP-catalyzed oxidative decomposition of insoluble lignin are oligophenylpropanoids,

while monolignols are only minor components of the product mixture.

In order to increase the amount of monophenolics in the product mixture, the LIP

derived product mixture is further reacted with laccase (d'Acunzo et al., 2002). The

reaction is carried out at a minimum of 400C for 6h in 10OmM phosphate buffer



having a pH of 5-6. 0.0004g laccase from Trametes versicolor and 0.0005g 2,2,6,6-

tetramethylpiperidin-1-yloxy (TEMPO) are added as a redox mediator / kg feedstock

(Arias et al., 2003) to oxidize oligophenolics to monophenolic lignin units. Because of

the specificity of the enzyme mixture, the resulting liquid phase contains mainly

monophenolic lignin units. The resulting product mixture is separated from the

remaining marsh by membrane filtration and simple centrifugation.

The following examples show the influence of the sequence of enzymatic treatment

steps with different lignocellulosic feedstocks. The examples herein are intended to

further illustrate the invention, but shall not be constued to limit in any way the scope

of the invention.

Substrate preparation:

Pretreated Wheat Straw: Dry wheat straw was milled to 120µm. Then 2g milled straw

was suspended in 39.6 ml dd. Water and 0.4ml 12N H2SO4 (1% v/v). The suspension

was autoclaved at 135°C for 30min. The mixture was cooled to RT and centrifuged at

10.00Og for 15min. The resulting supernatant was discarded. The remaining pellet

was worked up with three intermediate washing/ centrifugation cycles (10.000g/

15min) using 5OmM sodium acetate buffer (pH 5). After the final centrifugation step

the solid was resuspended in 35ml of 5OmM sodium acetate (pH 5) giving a 5% w/w

(40g total) substrate stock solution.

Untreated wheat straw, sugarbeet pulp, oat spelt xylan, rye arabinoxylan: Dry

samples of wheat straw (local agricultural produce), sugarbeet pulp (animal feed

additive), oat spelt xylan (Sigma, Weilheim, Germany, Cat no: X0627) were milled to

120µm . For the preparation of individual substrate stock solutions 2 g of each milled

material was placed in a Flacon tube. The tube was then filled with 5OmM sodium

acetate buffer (pH 5) up to the 4Og mark giving a final substrate suspension of 5%

(w/w).

Rye Arabinoxylan (Megazymes, Ireland, Cat no: P-RAXY) was supplied as white fine

powder. For the preparation of the substrate stock solution 0,2 g was weight into a

Flacon tube (15ml). The tube was then filled with 5OmM sodium acetate buffer up to

the 4g mark to give a final stock solution of 5% (w/w).

Enzyme preparation:



Arabinase (Ara, Source: A.niger, Cat.: E-EARAB), arabinofucosidase (Arafus,

Source: A.niger, Cat.:E-AFASE), cellobiohydrolase I (CBH I , Source: Trichoderma

sp., Cat.: E-CBHI), endo-IJ-D-glucanase (EGII, Source: Trichoderma sp., Cat.: E-

CELTR), endo- β-Mannanase (Man, Source: A.niger, Cat: E-BMANN), Xylanase (XyI

1, Source: T. viride; Cat. E-XYTRI), polygalacturonase (Poly, Source: A.aculeatus,

Cat.E-PGALUSP) were supplied by Megazymes Inc., Ireland as ammonium sulphate

precipitates (total volume: 1ml). These enzyme preparations were desalted and

concentrated with 45ml sodium acetate buffer (5OmM, pH 5) using 50ml Amicon

centrifugal ultrafiltration devices (1OkDa cut-off; Millipore, Maidstone, UK).

A commercial cellulase mixture (Worth. CeI., Cat: CeI; 108 U/mg DW) containing,

cellobiohydrolase (CBH I and CBH II), endocellulase (EG I, EG II), β-glycosidase

(BGL) and endo-xylanase activities was supplied by Worthington Biochemical Corp.

(NJ., USA) as a dry white powder. Stock solutions of this cellulase preparation

(0.5mg/ml) were made up in 10ml sodium acetate buffer, (5OmM , pH 5).

Pectinase (Pec, Activites: pectate lyase, polygalacturonase; Cat: Pectinex Ultra SP-

L) from A. aculeatus and β-glucosidase from A. niger (BGL, Cat: Novo 188) was

supplied as a concentrated solution ready for use by Novozymes, Denmark.

An additional endo-xylanase activity (XyI 2 , BLAST reference: AAZ56956/

gi:71917054; http://www.ncbi.nlm.nih.gov/sites/entrez) from Thermobifida fusca strain

YX was recombinantly expressed in S.cerevisiae. The enzyme activity was obtained

from clarified and concentrated fermentation broth using Amicon centrifugal

ultracentrifugation devices (Millipore, Maidstone, UK).

Protein concentrations were determined by the Bradford method (Bradford, M.,

1976).

Preparation of hydrolysis liqnin:

Wheat straw (30Og) was pretreated using a conventional steam explosion

methodology (25bar steam/ 5min with sudden pressure release) in the presence of

1% (w/v) 12N H2SO4. The resulting suspension was centrifuged at 10.000g (15min.)

and the supernatant decanted. The remaining solid was washed/ neutralized three

times with 40ml sodium acetate buffer (5OmM, pH 5) before it was dried in-vacuo and

subsequently milled to 120µm giving a fine powder. To prepared a 5% (w/w)



suspension, 2g of the straw powder was mixed with 35ml sodium acetate buffer

(5OmM, pH5) giving a total volume of 40ml. The 40ml straw suspension was mixed

with 4% (w/w Substrate) Worthington cellulase mixture and 0.5% (w/w) β-glycosidase

activity from Aspergillus niger (Novo 188, Novozymes). The resulting mixture was

incubated at 45°C (250rpm) for 48h in an Eppendorf rotary mixer. After the initial

incubation period the suspension was centrifuged at 12.00Og (15min) and the

resulting supernatant was decanted. The remaining solid was washed twice with d.d

water centrifuged (12.000g/15min) and resuspended in sodium acetate buffer

(5OmM, pH5) giving a final volume of 40ml. The suspension was again mixed with

4% (w/w Substrate) Worthington cellulase mixture and 0.5% (w/w) β-glycosidase

from Aspergillus niger (Novo 188, Novozymes) before it was incubated for an

additional 24h period at 45°C. After this secondary incubation period the solid was

separated by centrifugation as described previously. The solid was again washed

twice with d.d water and subsequently centrifuged (10.000g/15min) to separate liquid

and solid phases. The resulting solid was then dried in-vacuo for 24h giving the

hydrolysis lignin fraction (374mg) used for following experimental sets. To ensure

that the lignin obtained by this methodology did not retain any residual sugars, 50mg

of the obtained solid was subjected to total acid catalysed hydrolysis according to

published NREL protocols (5). The presence of possible sugar components was

tested by High-Performance Anion Exchange chromatography combined with Pulsed

Amperometric Detection (HPAE-PAD) analysis (Dionex, Ca., USA, 6). Although this

methodology is more sensitive (-1000 fold) than standard HPLC protocols, no

residual sugars could be detected in the hydrolysis lignin residue obtained here.

Sequential enzymatic hydrolysis experiments:

All reactions were carried out in a total volume of 0,5 ml with a sodium acetate buffer

(5OmM, pH 5) system. Positive controls consisted of a single enzymatic hydrolysis

step for each substrate (2,5 % w/v = 25mg/ml) using the Worthington cellulase

mixture (1% w/w substrate = 0,25mg/ml). The following sequential hydrolysis

reactions of various substrates were carried out in two independent steps.

The initial substrate concentration for primary hydrolysis reactions was 2,5 % (w/v),

while the total enzyme concentration was 1% (w/w substrate) held constant in each

reaction. The mass distribution of sugar components in the individual substrate is

evident from Table 1A. Each enzymatic reaction was incubated at 45°C/ 250rpm for

48h in an Eppendorf rotary mixer. After primary hydrolysis, the suspension was



centrifuged at 10.00Og for 15min. The supernatant was decanted, filtered (0.2µm)

and subjected to HPAE-PAD analysis (Dionex, Ca., USA, 6) to determine its sugar

and uronic acid composition.

The pellet remaining after primary hydrolysis was resuspended in 1ml water and

centrifuged ( 10.000g/ 15min). After centrifugation the water wash was discarded and

the pellet (~100ml volume) used for secondary hydrolysis experiments. The enzyme

concentration added in the secondary hydrolysis set-up was 1% w/w (0,25mg/ml)

with respect to the initial substrate concentration. After enzyme addition, the reaction

volume was made up 0.5ml with sodium acetate buffer. For the secondary hydrolysis

step different enzymatic activities were used then in the primary reaction step.

However, in cases where industrial enzyme mixtures were used, minor enzyme

activity, that were equivalent to the primary reaction step could be tolerated. After the

48h incubation period the hydrolysis suspension was centrifuged at 10.000g for 15

min. The supernatant was processed as previously described and subjected to

HPAE-PAD analysis (Dionex, Ca., USA, 6) to determine its sugar and uronic acid

composition.

The exact combinations of enzymes and substrates used for primary and secondary

hydrolysis step for each substrate are listed in Table 2A.

The following list contains enzyme concentrations/ combinations for individual

reactions:

1.) Arabinase (Ara: 0,2mg/ml) + Arabinofucosidase (Arafus: 0,05mg/ml)
2.) CBH I (0,175mg/ml) + EG Il (0,005) + BGL (0,025mg/ml)
3.) Mannanase (Man: 0,25mg/ml)
4.) Polygalacturonase (Poly: 0.25mg/ml)
5.) Pectinase (Pec: 0,25mg/ml)
6.) Xylanase (XyII or XyI 2: 0,25mg/ml)
7.) Xylanase (XyI 1 or XyI 2 : 0.2mg/ml) + β-glycosidase (BGL: 0,05mg/ml )
8.) Worthington (0,25mg/ml)

For reactions carried out with pretreated straw and beet pulp, the appropriate

xylanase primary or secondary hydrolysis steps were carried out exclusively with XyI

1 derived from a Trichoderma viride.

By contrast all other xylanase hydrolysis steps were carried out with XyI 2 derived

from Thermobifida fusca strain YX.



Table IA: Mass (%) distribution of substrate components determined after quantitative
acid hydrolysis (1-4)



Table 2A: Sequential hydrolysis steps carried out with various substrates

Straw untreated relative distribution o f Analyte (%)

Experimental set Glucose Xylose Arabinose Galactose Iujosacch; Uronic acid

1 1 1 Ara+Arafus 0,766 1,278 93,888 0,000 1 ,066 3,002

1 1 2 CBH I+EG II+BGL 95,031 1 ,589 0.067 1 064 0,294 1 ,954

1 2 1 CBH I+EG II+BGL 74,930 14,601 10,507 0,469 0,047 0,063
1 2 2 Ara+Arafus 8,213 4,710 85,583 0,000 1 ,095 0,399

Positive control 83,855 12,193 0,1 18 1 ,044 1 ,588 1 ,201

Rye Arabinoxylan relative distribution o f Analyte (%)

Experimental set Glucose Xylose Arabinose Galactose lιgosacchar ιd( Uronic acid

2 1 1 Ara+Arafus 0,000 20,476 79,524 0,000 0,000 0,000

2 1 2 XyI 2 0,000 92,973 2,341 0,000 0,403 4,279

2 2 1 XyI 2 1 ,670 70, 141 26,330 0,609 1,189 0,053

2 2 2 Ara+Arafus 0,000 20,476 79,524 0,000 0,000 0,000

Positive control 0,000 54,305 30,022 0,000 0,414 15,259

Beet samples relative distribution o f Analyte (%)

Experimental set Arabinose Galactose Glucose Xylose Mannose Oligosaccharides

3 1 1 Ara+Arafus 76,956 1,000 1 ,044 0,000 0,000 19,660

3 1 2 CBH I+EG II+BGL 1 ,604 1,354 83,458 3,772 8,050 0,51 7

3 2 1 Ara+Arafus 76,956 1,000 1 ,044 0,000 0,000 19,640

3 2 2 Worth CeI Mix 1 ,725 0,967 89,233 3,783 2,977 0,357

3 3 1 CBH I+EG II+BGL 3,886 2,094 6 1,191 32, 108 0,406 0,006

3 3 2 Ara+Arafus 6 1 ,827 0,000 34, 127 1 ,457 0,000 0,1 3 5

Positive control 2,347 0,000 85,252 4,229 0,160 1,310

Pretreated Straw samples rreellaattiivvee dd iιs: sttrriibbuuttiioonn ooff AA nnaallyyttee ((%%))

Experimental set A/ \rraabbiιnnoossee GGaallaaccttoossee GGlluuccoossee XXyylloossee Mannose Oligosaccharides

4 1 1 Xyl1 00 ,,77 33 55 11,,99 00 77 66 ,,8844 22 87,328 0,000 3,120

4 1 2 CBH I+EG II+BGL 0,000 0,364 95,398 3,076 0,439 0,721

4 2 1 Xy1 1 0,735 1 ,907 6,842 87,328 0,000 3,150

4 2 2 Pectinase 0,000 1,700 93,490 1 ,991 2,508 0,310

4 3 1 Xy1 1 0,735 1 ,907 6,842 87,328 0,000 3,110

4 3 2 Ara+Arafus 0,000 0,000 94,849 5,153 0,000 0,000

4 4 1 CBH I+EG II+BGL 0,500 0,435 74,398 16,676 1 ,339 6,042

4 2 1 XyII 0,040 0,364 22,398 73,076 0,439 3,721

Positive control 0,000 0,000 89,136 3,684 0,000 5,452

As positive Control: Worthington (Worth. CeI.) was used.



By comparing the data in Table 2A it is evident that by choosing the right combination

of enzymatic steps, pure sugar product streams in excess of 80% (w/w) can be

obtained from the hydrolysis of lignocellulosic substrates.

It is also evident that the sequence of enzymatic activities applied to a specific

hydrolysis substrate has a profound influence on the composition and purity of the

resulting product streams.

In a further set of experiments the influence of the presence of lignin in the feedstock

on the enzymatic treatment steps was investigated:

Selective enzymatic hydrolysis in the absence/ presence of hydrolysis lignin:

All reactions were carried out in a total volume of 0,5 ml with a sodium acetate buffer

(5OmM, pH 5) system in 1ml Eppendorf tubes. Suspensions containing 2,5% (w/v)

untreated wheat straw (25 mg/ml) or rye arabinoxylan (0,25mg/ml) were hydrolysed

with 1% (w/w substrate= 0,25mg/ml) of either endo-arabinase (Ara), endo-

polygalacturonase (Poly) or endo-xylanase (XyI 2). Each reaction was carried out

either in the absence or presence of 2,5 % (25mg/ml) additional hydrolysis lignin. The

substrate to lignin ratio in the respective reactions was therefore 1:1. All reactions

were incubated for 48h at 45°C (250rpm) in an Eppendorf rotary mixer. After the

incubation period, the samples were centrifuged at 10.000g for 15min. The resulting

supernatant was removed by pipetting to determine its sugar and uronic acid

composition using the HPAE-PAD methodology (6). The results shown in table 3 only

concentrate on changes in hydrolysis patterns of the major monomeric sugar

components.

Table 3: Selective hydrolysis of arabinoxylan and untreated straw in the

absence/presence of additional lignin.

a.) Results obtained for arabinoxylan

Experimental set rel. distribution (%)
Glucose Xylose Arabinose

Xyl 2+ϋ gnin 0,12 95,63 4,27
Xyl 2-Lignin 0,28 78,09 21,65

b.) Results obtained for untreated straw



Experimental set rel. distribution (%)
Glucose Xylose Arabinose

Xyl 2 +Lignin 0,19 97,50 2,16
Xyl 2 -Lignin 4,31 84,50 12,10

We have chosen rye arabinoxylan (Endogenous lignin content< 0.2% w/w) and

untreated wheat straw (Endogenous lignin content ~17% w/w) as hydrolysis

substrates to study the effects of exogenous lignin addition since these substrates

differ significantly in their endogenous lignin content.

In the presence of exogenous lignin the hydrolysis of arabinoxylan and untreated

wheat by endo-xylanase 2 (XyI 2) resulted in a significant product selectivity

increase. For both substrates the endo-arabinase side activity of Xyl2 was reduced in

the presence of lignin.

Citations:

1.) http://www.eere.energy.gov/biomass/progs/search2.cgi74669
2.) Michel, F. et al. (2006), J. of the Science of Food and Agriculture 42 (1),

pp.77-85
3.) http://secure.meg azyme. com/Dynamic. aspx?control=CSViewProduct&catego

rvName=Polvsaccharides&productld=P-RAXY
4.) www.sigma.com
5.) http://www.nrel.gov/biomass/pdfs/42618.pdf
6.) http://www.dionex.com.cn/technic/Afiles/AN92.PDF
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Table 1 Enzyme systems







Table 2



Claims

1. Method for the enzymatic treatment of raw polymeric feedstock comprising

the following steps:

a . treating the insoluble raw polymeric feedstock with an enzyme system

in order to liberate defined soluble monomeric or oligomeric building

blocks from the raw polymeric feedstock;

b. separating the defined soluble monomeric or oligomeric building

blocks produced in step a) from the remainder of the insoluble raw

polymeric feedstock.

2 . The method of claim 1, wherein the raw polymeric feedstock comprises at

least 1 wt-% lignin, preferably at least 3 wt-% lignin, more preferably at least 5

wt-% lignin.

3 . The method of claim 1 or 2 , wherein the raw polymeric feedstock comprises

at least 10 wt-% lignin, preferably at least 20 wt-% lignin.

4 . The method according to any one of the preceding claims, wherein steps a)

and b) are repeated one or more times with different enzyme systems in order

to liberate from the remainder of the raw polymeric feedstock (processed

polymeric feedstock) other defined soluble monomeric or oligomeric building

blocks.

5 . The method of claim 1, wherein no ligninolytic enzyme treatment step is

performed.

6 . The method according to any one of the preceding claims, wherein the

content of lignin in the polymeric feedstock, caculated as wt-% of the overall

composition of the polymeric feedstock is not reduced during steps a) and b)

or their repetition.

7 . The method of claim 1, wherein prior to step a) soluble components are

separated from the raw polymeric feedstock.



8 . The method of claim 7 , wherein the separation of soluble components from

the raw polymeric feedstock is performed using one or more washing step(s)

and/or one or more physico-chemical treatment step(s).

9. The method according to any one of the preceding claims, wherein the

enzyme system used in step a) contains not more than 50%, preferably not

more than 20%, more preferably not more than 10%, more preferably not

more than 5%, more preferably not more than 2%, more preferably not more

than 1% of other enzyme activities apart from the enzyme activity resulting in

liberation of said defined soluble monomeric or oligomeric building blocks

from the insoluble raw polymeric feedstock according to step a).

10. The method according to claim 4 , wherein prior to repetition of step a) the

separation of soluble components from the processed polymeric feedstock is

performed using one or more pretreatment step, preferably one or more

washing step.

11. The method according to any one of the preceding claims, wherein the

enzymatic treatment is performed in an aqueous medium, said defined

monomeric or oligomeric building blocks liberated from the raw or processed

polymeric feedstock are soluble in the aqueous medium and the separation

according to step b) is performed by liquid/solid separation of the soluble

building blocks in the aqueous medium from the remainder of the insoluble

raw or processed polymeric feedstock.

12. The method according to any one of the preceding claims, wherein the

defined monomeric or oligomeric building blocks according to step a) are

chosen from one of the group consisting of glucose, xylose, arabinose,

galactose, mannose, amino acids or phenolic compounds or other products

listed in Table 1.

13. The method according to any one of the preceding claims, wherein the

feedstock is a cellulose-xylan-rich feedstock and wherein the enzyme or

enzyme system used in the first enzymatic treatment step a) is selected from

the group of glucose-liberating enzymes or enzyme systems according to

Table 1, and the defined soluble monomeric or oligomeric building block is

glucose, and wherein the enzyme or enzyme system used in the second



enzymatic treatment step a) is selected from the group of xylose-liberating

enzymes or enzyme systems according to Table 1, and the defined soluble

monomeric or oligomeric building block is xylose.

14. The method according to claim 13 wherein the enzyme or enzyme system

used in the first step a) is selected from the group: Beta-glucosidase from A .

niger or from T. reesei; Cellobiohydrolase l-ll from T. reseei; Endo-beta-1-4-D

-glucanase I-V from T. reseei, and wherein the enzyme or enzyme system

used in the second step a) is selected from the group: Endoxylanase from A.

niger or T. reesei or C. thermocellum; Xylosidase from A . niger or T. reesei.

15. The method according to any one of the preceding claims, wherein the

feedstock is a cellulose-xylan-rich feedstock and wherein the enzyme or

enzyme system used in the first enzymatic treatment step a) is selected from

the group of xylose-liberating enzymes or enzyme systems according to

Table 1, and the defined soluble monomeric or oligomeric building block is

xylose, and wherein the enzyme or enzyme system used in the second

enzymatic treatment step a) is selected from the group of glucose-liberating

enzymes or enzyme systems according to Table 1, and the defined soluble

monomeric or oligomeric building block is glucose.

16 . The method according to claim 15 wherein the enzyme or enzyme system

used in the first step a) is selected from the group: Endoxylanase from A .

niger or T. reesei or C. thermocellum; Xylosidase from A . niger or T. reesei,

and wherein the enzyme or enzyme system used in the second step a) is

selected from the group: Beta-glucosidase from A . niger or from T. reesei;

Cellobiohydrolase l-ll from T. reseei; Endo-beta-1-4-D -glucanase I-V from T.

reseei.

17. The method according to any one of the preceding claims, wherein the

feedstock is an arabinan-pectin-rich feedstock and wherein the enzyme or

enzyme system used in the first enzymatic treatment step a) is selected from

the group of arabinose-liberating enzymes or enzyme systems according to

Table 1, and the defined soluble monomeric or oligomeric building block is

arabinose, and wherein the enzyme or enzyme system used in the second

enzymatic treatment step a) is selected from the group of uronic acid-



liberating enzymes or enzyme systems according to Table 1, and the defined

soluble monomeric or oligomeric building block is uronic acid.

18. The method according to claim 17 wherein the enzyme or enzyme system

used in the first step a) is selected from the group: Endoarabinase from A.

niger; Arabinofucosidase from A. niger, and wherein the enzyme or enzyme

system used in the second step a) is selected from the group: Pectinase

(pectate lyase, polygalactourenase) from A. aculeatus, A. niger or C.

japonicus.

19. The method according to any one of the preceding claims, wherein the

feedstock is an arabinan-pectin-cellulose-rich feedstock and wherein the

enzyme or enzyme system used in the first enzymatic treatment step a) is

selected from the group of arabinose-liberating enzymes or enzyme systems

according to Table 1, and the defined soluble monomeric or oligomeric

building block is arabinose, wherein the enzyme or enzyme system used in

the second enzymatic treatment step a) is selected from the group of glucose-

liberating enzymes or enzyme systems according to Table 1, and the defined

soluble monomeric or oligomeric building block is glucose, and wherein the

enzyme or enzyme system used in the third enzymatic treatment step a) is

selected from the group of uronic acid-liberating enzymes or enzyme systems

according to Table 1, and the defined soluble monomeric or oligomeric

building block is uronic acid.

20. The method according to claim 19 wherein the enzyme or enzyme system

used in the first step a) is selected from the group: Endoarabinase from A.

niger; Arabinofucosidase from A. niger, wherein the enzyme or enzyme

system used in the second step a) is selected from the group: Beta-

glucosidase from A. niger or from T. reesei; Cellobiohydrolase l-ll from T.

reseei; Endo-beta-1-4-D -glucanase I-V from T. reseei, and wherein the

enzyme or enzyme system used in the third step a) is selected from the

group: Pectinase (pectate lyase, polygalacturonase) from A. aculeatus, A.

niger or C. japonicus.

2 1. The method according to any one of the preceding claims, wherein the

feedstock is an galactan-pectin-rich feedstock and wherein the enzyme or

enzyme system used in the first enzymatic treatment step a) is selected from



the group of galactose-liberating enzymes or enzyme systems according to

Table 1 , and the defined soluble monomeric or oligomeric building block is

galactose, and wherein the enzyme or enzyme system used in the second

enzymatic treatment step a) is selected from the group of uronic acid-

liberating enzymes or enzyme systems according to Table 1, and the defined

soluble monomeric or oligomeric building block is uronic acid.

22. The method according to claim 2 1 wherein the enzyme or enzyme system

used in the first step a) is selected from the group: Endogalactonase from A .

niger or from C. thermocellum; beta-Galactosidase from A . niger or K. fragilis,

and wherein the enzyme or enzyme system used in the second step a) is

selected from the group: Pectinase (pectate lyase, polygalactourenase) from

A . aculeatus, A . niger or C. japonicus.

23. The method according to any one of the preceding claims, wherein the

feedstock is a mannan-xylan-rich feedstock and wherein the enzyme or

enzyme system used in the first enzymatic treatment step a) is selected from

the group of mannose-liberating enzymes or enzyme systems according to

Table 1, and the defined soluble monomeric or oligomeric building block is

mannose, and wherein the enzyme or enzyme system used in the second

enzymatic treatment step a) is selected from the group of xylose-liberating

enzymes or enzyme systems according to Table 1, and the defined soluble

monomeric or oligomeric building block is xylose.

24. The method according to claim 23 wherein the enzyme or enzyme system

used in the first step a) is selected from the group: Endo-Mannanase from A .

niger, B. subtilis, T. maritima or from T. reesei; Exo-Mannosidase from C. fimi,

and wherein the enzyme or enzyme system used in the second step a) is

selected from the group: Endoxylanase from A . niger or T. reesei or C.

thermocellum; Xylosidase from A. niger or T. reesei.

25. The method according to any one of the preceding claims, wherein the

feedstock is a mannan-cellulose-rich feedstock and wherein the enzyme or

enzyme system used in the first enzymatic treatment step a) is selected from

the group of mannose-liberating enzymes or enzyme systems according to

Table 1, and the defined soluble monomeric or oligomeric building block is

mannose, and wherein the enzyme or enzyme system used in the second



enzymatic treatment step a) is selected from the group of glucose-liberating

enzymes or enzyme systems according to Table 1, and the defined soluble

monomeric or oligomeric building block is glucose.

26. The method according to claim 25 wherein the enzyme or enzyme system

used in the first step a) is selected from the group: Endo-Mannanase from A .

niger, B. subtilis, T. maritima or from T. reesei; Exo-Mannosidase from C. fimi,

and wherein the enzyme or enzyme system used in the second step a) is

selected from the group: Beta-glucosidase from A . niger or from T. reesei;

Cellobiohydrolase l-ll from T. reseei; Endo-beta-1-4-D -glucanase I-V from T.

reseei.

27. The method according to any one of the preceding claims, wherein the

enzyme system used in a particular enzymatic treatment step contains not

more than 50%, preferably not more than 20%, more preferably not more

than 10%, more preferably not more than 5%, more preferably not more than

2%, more preferably not more than 1% of contaminating enzymatic activities,

which have not been employed in a previous enzymatic treatment step using

a different enzyme system or which can cause liberation of other defined

monomeric or oligomeric building blocks, which have not been liberated in

previous enzymatic treatment steps, or which can only cause liberation of

products from polymeric substrates that are initially essentially absent from

the polymeric feedstock.

28. The method according to any one of the preceding claims, wherein the raw

polymeric feedstock comprises cellulose and hemicellulose as polymeric

substrates and the enzyme system used in a particular enzymatic treatment

step has cellulase activity, and optionally beta-glycosidase, glucohydrolase

and/or alpha- or beta-amylase activity, but is essentially free of hemicellulase

activity.

29. The method according to any one of the preceding claims, wherein the

enzyme system used in a particular enzymatic treatment step contains as

contaminating enzymatic activities one or more of such enzymatic activities,

which have been employed in a previous enzymatic treatment step using a

different enzyme system or which can only cause liberation of other



monomeric or oligomeric building blocks from polymeric substrates that are

initially essentially absent in the raw polymeric feedstock.

30. The method according to any one of the preceding claims, wherein the

enzyme system used in a particular enzymatic treatment step has a first

enzymatic activity and contains at least one additional enzymatic activity,

which leads to the same defined monomeric or oligomeric building block(s)

from the raw or processed polymeric feedstock as the first enzymatic activity

of the enzyme system, in particular from a different polymeric substrate

present in the raw polymeric feedstock.

3 1. The method according to any one of the preceding claims, wherein the

insoluble raw or processed polymeric feedstock is subjected to a selective or

unselective physico-chemical treatment step prior to step a) or prior to

repetition of step a) according to claim 4 .

32. The method according to claim 31, wherein the physico-chemical treatment

step comprises a treatment with aqueous solvents, organic solvents, or any

combination or mixtures of these preferably with ethanol or glycerol.

33. The method according to any of the preceding claims, wherein the enzyme

system giving the highest purity of the defined monomeric or oligomeric

building blocks after treatment of the raw polymeric feedstock with the

enzyme system and separation of the defined monomeric or oligomeric

building blocks from the remainder of the raw polymeric feedstock (processed

polymeric feedstock) is chosen for the first enzymatic treatment step

according to step a) of claim 1.

34. The method according to claim 33, wherein the second enzyme system

chosen for the second enzymatic treatment step according to step a) of

claim 1 is the one which gives the highest purity of the defined monomeric or

oligomeric building blocks after treatment of the processed polymeric

feedstock obtained according to claim 3 1 with the enzyme system and

separation of the defined monomeric or oligomeric building blocks from the

raw polymeric feedstock.



35. The method according to claim 33 or 34, wherein any subsequent enzyme

treatment steps are performed in the order of decreasing purity of the defined

monomeric or oligomeric building blocks obtained after treatment of the

processed polymeric feedstock obtained from the previous enzyme treatment

step with the respective enzyme system and separation of the defined

monomeric or oligomeric building blocks from the processed polymeric

feedstock.

36. The method according to any of the preceding claims, wherein the enzyme

systems to be employed and their sequence of use is determined by first

analyzing the raw polymeric feedstock.

37. The method according to claim 36, wherein, in order to determine the enzyme

systems to be used and their sequence, the insoluble raw polymeric

feedstock is

a . first treated in separate enzymatic treatments with each of a plurality

of enzyme systems (mixtures) such as listed in Table 1;

b. for each enzymatic treatment the defined monomeric or oligomeric

building blocks liberated from the raw polymeric feedstock are

analyzed for purity of the defined monomeric or oligomeric building

blocks after separation of the defined monomeric or oligomeric

building blocks from the raw polymeric feedstock;

c . the enzyme system giving the highest purity is chosen for the first

enzymatic treatment step according to step a) of claim 1;

d . optionally the sequence of steps a) to c) is repeated with the

remainder of the raw or processed polymeric feedstock in order to

determine the enzyme system to be used in the subsequent enzymatic

treatment step.

38. The method according to claim 36, wherein, in order to determine the enzyme

systems to be used and their sequence, the insoluble raw polymeric

feedstock is

a . first treated in separate enzymatic treatments with each of a plurality

of enzyme systems (mixtures) such as listed in Table 1 to determine



the monomeric or oligomeric building blocks contributing the largest

mass ratio in the raw polymeric feedstock;

b. the defined monomeric or oligomeric building blocks contributing the

largest mass ratio in the raw polymeric feedstock are analyzed for

purity after separation from the raw polymeric feedstock;

c. If the purity as determined is such that more than 75 wt.-%, preferably

more than 90 wt.-%, more preferably more than 95 wt.-%, more

preferably more than 99 wt.-% of the total solids content consists of

the defined monomeric or oligomeric building blocks, the respective

enzyme system is chosen for the first enzymatic treatment step

according to step a) of claim 1;

d . If the purity determined according to step b) is lower than required

according to step c), the defined monomeric or oligomeric building

blocks contributing the next largest mass ratio in the raw polymeric

feedstock are analyzed for purity after separation from the raw

polymeric feedstock accordingly, until a purity satisfies the

requirement according to step c) and the respective enzyme system is

chosen for the first enzymatic treatment step according to step a) of

claim 1;

e. optionally the sequence of steps a) to d) is repeated with the

remainder of the raw or processed polymeric feedstock in order to

determine the enzyme system to be used in the subsequent enzymatic

treatment step.

39. The method according to claim 36, wherein, in order to determine the enzyme

systems to be used and their sequence, the raw polymeric feedstock is

a. first treated in separate enzymatic treatments with each of a plurality

of enzyme systems (mixtures) such as listed in Table 1 to determine

the enzymatic treatment that leads to the highest yield of monomeric

or oligomeric building blocks contained in the raw polymeric feedstock;

b. select those enzymatic treatments that yield a defined monomeric or

oligomeric product wit a purity of more than 75 wt.-%, preferably more

than 90 wt.-%, more preferably more than 95 wt.-%, more preferably

more than 99 wt.-% of the total solids;



c . determine among the remaining enzymatic treatments the treatment

with the highest yield of monomeric or oligomeric product;

d . optionally the sequence of steps a) to c) is repeated with the

remainder of the raw or processed polymeric feedstock in order to

determine the enzyme system to be used in the subsequent enzymatic

treatment step.

40. The method according to any of claims 1 to 32, wherein the enzyme systems

used in the enzymatic treatment steps are employed in a sequence in

accordance with the sequence obtainable according to any one of claims 36

to 39.

4 1. The method according to any one of claims 36 to 40 wherein the enzyme

systems comprise or consist of enzymes liberating soluble monomeric or

oligomeric saccharide building blocks from the (raw) polymeric feedstock.
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