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. SUMMARY

Aim of the work is the synthesis of azido derivaswof D-glucose and cellobiose by combined
enzyme-catalyzed and organic-chemical methods. tahget compounds envisioned are of
interest as monomers for enzyme-catalyzed polymeoiz to afford azido-cellulose derivatives
and as intermediates for perlon-type polymerizatibnarbohydrate-derived amino acids to give
polyamide hydrogels. Furthermore, novel derivatiseglucosamine can be produced from the

azido carbohydrates and are considered candidatelobprotective agents.

Syntheses were performed using the phosphorolytmdes of the enzyme cellobiose
phosphorylase (EC 2.4.1.20) fraBiostridium thermocellumOrganic-chemical syntheses of 6-
azido-6-deoxy-D-glucose, 6-azido-6-deoxy-cellobjos&-azido-6"-deoxy-cellobiose and 2-
azido-2-deoxy-cellobiose have been described iarattssertations or are known in the literature
[Saber, 2009; Gabra 2009]. Cellobiose phosphorylaae initially prepared from fermented
biomass ofClostridium thermocellumA crude enzyme preparation from this organism wsesl
for most substrate specificity studies. Purificatiof cellobiose phosphorylase from the crude
extract was achieved via ultrafiltration, DEAE-c#dise and Sephacryl chromatographies. While
enrichment of the appropriate band at 93 kDa cdidddemonstrated, the native enzyme is
relatively unstable and contains an accompanyingvigc of cellodextrin phosphorylase.
Therefore, a clone expressing cellobiose phospaseylas developed Escherichia coliusing
the appropriate cDNA frorClostridium thermocellumFor this purpose, the plain vector pET-
26(+) was employed. Expression of cellobiose phospase including a 6xHis tag is effected
under promotion by the T7 promoter. Using nativeloned enzyme, the following conversions
have been demonstrated: enzyme-catalyzed phosptioralleavage of 6-azido-6-deoxy-
cellobiose to afforda-D-glucose 1-phosphate and 6-azido-6-deoxy-D-glec@nd enzyme-
catalyzed synthesis of 6-azido-6-deoxy-cellobiosenfa-D-glucose 1-phosphate and 6-azido-6-
deoxy-D-glucose. Phosphorolytic cleavage of 2-aZidteoxy-cellobiose has resulted in 2-
azido-2-deoxy-D-glucose andD-glucose 1-phosphate. This protocol permits ttoelpction of
2-azido-2-deoxy-D-glucose by a combined organiaydbal and enzymatic reaction sequence
without the need for chromatographic separatiorthef correspondingnanneisomer. Failure
attended attempts to phosphorolytically cleave zde&6"-deoxy-cellobiose. In the case of 6°-

azido-6"-deoxy-cellobiose, it is assumed that #ection proceeds to a small extent, whereupon



the small amount of D-glucose formed would suftizeénhibit binding of the weak substrate 6°-
azido-6"-deoxy-cellobiose and to block further gkege. This interpretation is supported by the
finding of a small amount of cellobiose, presumafdymed from 2 molecules of D-glucose
bound in both the-D-glucose 1-phosphate and D-glucose binding sites.

Future activities suggested by the results of thresgnt dissertation include enzyme
immobilization to stabilize cellobiose phosphorg@aand application of mutarotase to shift the
anomeric configuration of D-glucose toward franomer. Such studies are expected to enable
the scale up of enzyme-catalyzed conversions, d¢iitéde the synthesis of 2-azido-2-deoxy-
cellobiose froma-D-glucose 1-phosphate and 2-azido-2-deoxy-D-glecasd to enable the
oxidative removal of D-glucose during phosphoralytieavage of 6 -azido-6"-deoxy-cellobiose.
If successfully implemented, this latter conversoauld produce 6-azido-6-deoxyb-glucose
1-phosphate, a highly interesting intermediate tloe synthesis of numerous carbohydrate
mimetics.



II. ZUSAMMENFASSUNG

Ziel dieser Arbeit ist die Synthese von Azidodetgrader D-Glukose bzw. Cellobiose mittels
enzymkatalysierter und organisch-chemischer MethobBée erwarteten Syntheseprodukte sind
von Interesse, da sie sowohl als Monomere fir dieymkatalysierte Polymerisation von
Azidocellulose Derivaten wie auch als Zwischenptadutr perlonartige Polymerisation von
aus Kohlenhydraten hergeleiteten Aminosauren, zerstdllung von Polyamid-Hydrogelen,
eingesetzt werden konnen. Darliber hinaus, konnere r@ukosaminderivate aus Azido-
Kohlenhydraten hergestellt werden, die als Kaneiaflir chondroprotektive Mittel von
Interesse sind.

Zur Durchfihrung der enzymakatalysierten Synthesgarde das Enzym Cellobiose
Phosphorylase aus dem Bakterit®ostridium thermocellunverwendet, welches allgemein
phosphorolytische und synthetische Reaktionen et Substraten Cellobiose bzw. D-Glukose
katalysiert.

Organisch-chemische  Synthesen von 6-Azido-6-desbgjukose, 6-Azido-6-desoxy-
cellobiose, 6°-Azido-6"-desoxy-cellobiose und 2-d#2-desoxy-cellobiose wurden in friheren
Dissertationen beschrieben bzw. sind auch in Literdaekannt [Saber, 2009; Gabra 2009]. Das
Enzym Cellobiose Phosphorylase wurde urspringlicls dermentierter Biomasse des
Bakteriums Clostridium thermocellum isoliert. Fir die meisten substratspezifischen
Untersuchungen wurde der Rohextrakt aus diesemn@@rgas verwendet. Die Aufreinigung
von Cellobiose Phosphorylase aus dem Rohextraktgéef Gber Ultrafiltration wie auch mit
Hilfe von chromatographischen Methoden, DEAE-Cel@ und Sephacryl. Im Zuge der
Anreicherung dieses Enzyms konnte eine entspreeh&aohde bei 93 kDa gezeigt werden,
wobei das Enzym relativ instabil ist und eine Zmahtivitdt des Enzyms Cellodextrin
Phosphorylase aufweist. Daher wurden Klone vonoBalse Phosphorylase t.coli Zellen
exprimiert, wobei die dazu entsprechende cDNA @lostridium thermocellunmsoliert wurde.
Zu diesem Zweck, wurde der Expressionsvektor pEF2gerwendet. Die Uberexpression von
Cellobiose Phosphorylase, welche einen Hexahisedin(6xHis tag) aufweist, wurde unter
Einfluss von aktiviertem T7 Promotor induziert. Sbw mit nativem als auch mit
rekombinantem Enzym wurden folgende Reaktionen hgjefiihrt: enzymkatalysierte
phosphorolytische Spaltung von 6-Azido-6-desoxyetébse ina-D-Glukose-1-phosphat und 6-

Azido-6-desoxy-D-glukose sowie enzymkatalysiertetSgse von 6-Azido-6-desoxy-cellobiose



auso-D-Glukose-1-phosphat und 6-Azido-6-desoxy-D-glikd@hosphorolytische Spaltung von
2-Azido-2-desoxy-cellobiose fiihrt zur Synthese V@#\zido-2-desoxy-D-glukose und-D-
Glukose-1-phosphat. Diese Methode ermdglicht digstdbung von 2-Azido-2-desoxy-D-
glukose im Zuge einer kombinierten organisch-chends und enzymatischen
Reaktionsabfolge, ohne Einsatz von chromatograpbeiscVerfahren zur Isolierung bzw.
Abtrennung der entsprechendenannelsomeren. Bisher, ist es uns nicht gelungen die
phosphorolytische Spaltung von 6"-Azido-6"-desoglfebiose erfolgreich durchzufihren.

Im Falle von 6°-Azido-6"-desoxy-cellobiose wird wartet, dass deren Spaltung zu einem
geringen Anteil stattfindet, wobei eine geringe geran entstehender D-Glukose ausreichen
wurde, die Bindung des ohnehin schwach bindendést&is 6" -Azido-6"-desoxy-cellobiose zu
hemmen; somit wiirde eine weitere Spaltung untdybiei Diese Hypothese wird durch den
Fund geringerer Menge an Cellobiose gestitzt, eiemutlich aus 2 Glukosemolekilen in den
D-Glukose-1-phosphat- und D-Glukose-Bindungssteiielildet wurde.

Aufgrund der vorliegenden Resultate sind bestimroddinftige Aktivitaten naheliegend, wie z.
B. die Enzymimmobilisierung zur Stabilisierung vBellobiose Phosphorylase und Anwendung
von Mutarotase um die Anomerenkonfiguration von Dk8se in Richtung auf dgsAnomer

zu verlagern. Im Rahmen solcher Untersuchungen anwhrtet, den entsprechenden Scale-up
enzymkatalysierter Synthesen durchfihren zu konwem, Synthese von 2-Azido-2-desoxy-
cellobiose aus-D-Glukose-1-phosphat und 2-Azido-2-desoxy-D-glukas ermdéglichen, sowie
den oxidativen Abbau von D-Glukose wahrend der phosolytischen Spaltung von 6”-Azido-
6 -desoxy-cellobiose zu erleichtern. Wenn erfolgneumgesetzt, konnte die durchgefihrte
Spaltung von 6°-Azido-6"-desoxy-cellobiose zur Bitg von 6-Azido-6-desoxy-D-glukose-1-
phosphat fihren, welches ein hdchst interessant@scenprodukt fir die Synthese von
zahlreichen kohlenhydratmimetischen Produkten dbirst



1. INTRODUCTION

The long-range goal of studies on azido cellobidsavatives is the synthesis of artificial
aminopolysaccharides for use as novel excipienteh Sstudies are motivated by the many
interesting features of chitosan as a model amilyspocharide excipient [Schwaret al.,
2003]. It is assumed that modified structures maysimilarly useful, such as those containing
amino functionality in positions other than C-2gtdicose, or those containing amino substitution
in alternating glucose units. In the present dissien, routes are being developed toward azido
cellobiose analogs which might serve as monomeeszyme-catalyzed polymerizations.

1. Principles of pharmaceutical excipients

Excipients perform important functions of guarairigehe dosage, bioavailability and stability
of the active principle in a pharmaceutical prepara They ensure that a medicinal product has
the weight, constituency and volume which are regsfor the correct administration of the
active principle to the patient [Pifferi and Rest@&903].

In 1957, excipients were defined as “the substaiseel as a medium for giving a medicament”,
referring to the functions of an inert support bé tactive principle [Faber and Faber, 1957].
Again, in 1974 they have been described as “anyenuorless inert substance added to a
prescription in order to confer a suitable consisyeor form to the drug: a vehicle” [Saunders,
1974].

Nowadays, an excipient plays multiple roles in alera pharmaceutical dosage form, suitable to
be administered enterally, parenterally or topicallodern pharmaceutical technology enables
the stability, precision and accuracy of the dakes improving patient compliance; but it also
requires verification of the physical state of tmecipient, with the object of improving the
bioavailability and consequently the efficacy amdetability of the medicinal drugpifferi,
1996].

1.1 Origins and sources of excipients
Excipients, which may account for most of the weigha medicinal product, can be of various
origins such as animal (e. g. lactose, gelatirgrateacid), plant/bacteria (e. g. starches, sugars,

cellulose, alginates), mineral (e. g. calcium plnage, silica) and synthesis (e. g. PEGs,



polysorbates). Concerning this matter, they beltmgessential functional components of a
modern pharmaceutical formulation, having alsortle@n thermodynamic activity which can
contribute to reactions leading to degradation @rirtteractions between the drug and the
excipient Table 1) [Crowley and Martini, 2001]. Different materialare used in the
pharmaceutical industry to fulfill various funct®rsuch as diluents, disintegrants, colouring
agents, sweeteners, etc. They belong to a chegnicaterogeneous group obmpounds “that

go from simple molecules to complex mixtures olunalt semisynthetic or synthetic substances
[Pifferi and Restani, 2003].

Table 1
Chemical classification and roles of pharmaceugsaipientdCrowley and Martini, 2001]
Chemical classification Roles to enhance
Water, alcohols Compliance
Esters, ethers, carboxylic acids Dose precisionaaedracy
Glycerides and waxes Stability
Carbohydrates (mono-, di- and polysaccharides) Neantwrability
Hydrocarbons and halogen derivatives Tolerability
Polymers (natural and synthetic) Desaggregation
Minerals Dissolution
Protein Controlled release
Various: preservatives, dyes, sweeteners Absorption

1.2 Physical-chemical requirements of excipienetaf

Fundamental requirements of active principles all ag of excipients are quality and safety.
The requirement of a drug’s therapeutic efficiereysubstituted by that of functionality for
excipients, defined as “the physical, physicocham#&nd biopharmaceutical properties” of the
same [Pifferi and Restani, 2003].

Nevertheless, when dealing with pharmaceutical glrtige most important requirement is safety,
which comprises three important issues [Pifferi Raedtani, 2003]:

Production, distribution and use

Toxicity

Pharmaceutical-excipient interactions



Principally, excipients should be subjected to shene toxicity studies as those requested for
active principles. Adverse effects of any excipseoan be generated by administration of them
in a sufficiently high dose. Additionally, they aldave to be free of immunotoxicity and
allergenicity. Generally, such adverse effectsiafiequent and mild, due to the fact that most
excipients have been empirically selected becafighenxr low toxicity. [Pifferi and Restani,
2003]

1.3 Excipients as stabilizers

Factors, that can cause the molecular transformatfodrug substances, are used in order to
determine the potential of excipients to preventetard the degradation, thus act as stabilizers.
These include stresses during conversion to thag#o$orm (size reduction, compaction or
sterilizing processes), environmental componentatdwvapour or sunlight) and interactions
between adjacent molecules of a drug. [Crowley9199

For the formulation of medicinal products, the dajiky to stabilize labile materials is required.
In this context, stabilization using appropriateipients for materials which were derived from
biotechnological sources can be used in order noerd these materials into viable products.
Categorization of excipients acting as stabilizerxdudes several examples which show the

capability of enhancing product stability. These growley, 1999]:

= Use of suspending agents for the prevention ohsedliation

=>» Addition of a preservative for the prevention ofcrobial spoilage

1.4. Special interest of the aminopolysaccharid@peent, chitosan
Chitosan is a polysaccharide excipient that haemaered significant interest for a variety of
experimental applications in recent years. Belowlesacription is provided of some aspects of

chitosan as contained in the recent literature [Kuehal, 2004].



2. Pharmaceutical-technological uses of chitosan

Chitosan [(P>4)-2-amino-2-deoxyB-D-glucose), an aminopolysaccharide [Kempet al,
2007], has been obtained from chitin by deacetyafMadhumathiet al, 2009]. Chitin is one
of the most abundant natural polymers in the warld structurally resembles celluloségure
1).
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Figure 1 Conversion of cellulose into chitosan

(Source:;_http://www.entec-emden.de/bilder/Cellu@isiginChitosan.jpy

Chitin-deacetylase catalyzes the conversion ofrcimto chitosan Figure 2). Considering that
not all the N-acetyl groups are removed during dgdation, chitosan has also been defined as a

copolymer of glucosamine amttacetylglucosamine connected b é1-4) linkage.
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Figure 2 Role of chitin deacetylase

(Source:http://upload.wikimedia.org/wikipedia/commsthumb/b/bb/Chitosan_Synthese.svg/400px-ChitdSamthese.svg.png)

It is so far the most frequently applied cationiorhimetic polymer [Madhumathet al, 2009],
with experimental applications ranging from bionuadii food, drug and cosmetics. This natural
biopolymer, derived from shells of crustaceandiragods and some fungladhumathiet al,
2009], has many favorable characteristics. It isitoxic, biocompatible, and hydrophilic.
Chitosan also has antibacterial properties andranable affinity for many substances, thus
making it interesting for use as an excipient faffedent research purposes, such as the

formulation of controlled drug delivery systems.

2.1 General industrial use of chitosan

In view of the high molecular weight of chitosar0D{800kDa), its film forming ability and
gelatin characteristics, this material has beerresively used in the industry, as a chelating
agent for harmful metals, for the detoxification ldizardous waste, for the clarification of

beverages and as a constituent of many food preduct



Further advantages such as good oxygen permealsildw enzymatic degradation and high
water absorptivity make chitosan efficient in pramg@ wound healing, e.g. resulting in the
inhibition of fibroplasia with enhanced tissue reggtion.

Lately, this amino-polysaccharide has also beemwdiced as a weight loss aid and cholesterol
lowering agent. In this context, it has been sutggkthat the positively charged chitosan can

bind to free fatty acids and bile salt components @isrupt lipid absorption. [He, 1998]

2.2 The use of chitosan in the pharmaceutical itrgtus

Due to its potential in the development of contdltelease drug delivery systems, chitosan has
been extensively investigated in the pharmaceuiiwadlistry Table 2 [He, 1998]. This is
particularly due to its unique polymeric charaaead its gel and film forming properties. Such
systems allow the control of the rate of drug adstiation, enabling the targeting of the drug to
specific sites and prolonging the duration of tpetdic effects. In this context, it has been
reported that chitosan has excellent propertiearagxcipient for direct tablets compression,
where the addition of 50% chitosan resulted indafisintegration [Sawayanagt al, 1982].
When chitosan was added to tablets in a concemtr&iigher than 5%, it was superior to corn
starch and microcrystalline cellulose as a disiraieq The efficiency was dependent on chitosan
crystallinity, molecular weight, particle size atielgree of deacetylation.

Chitosan and chitosan derivatives were used, inbauation with other excipients, for the
production of tablets with controlled release prtips. The release rate of drug from these
tablets was found to be directly related to theetgpd amount of chitosan used. Chitosan is not
only able to promote the transmucosal absorptiosntdll polar molecules, peptide and protein
drugs, it is also able to enhance the immunologiesponse to vaccines due to its absorption

promoting abilities [lllumet al, 1994].



Table 2
Various applications of chitosan as an excipierghiarmaceutical products [He, 1998]

Conventional formulation Direct compression tablets
Controlled release matrix tablets
Wet granulation

Gels

Films

Emulsions

Wetting agents

Coating agents

Microspheres and microcapsules Use as controlled release implant systems for esfivof
hormones over extended periods of time

Novel applications Bioadhesion
Transmucosal drug transport (for nasal and oravelsl of

polar drugs to include peptides and proteins amdvéacine

delivery)

Chitosan is commercially produced by treatment aiitali of crustacean shells and subsequent
purification steps; it is so far the only aminopgdgcharide that is accessible in useful amounts
from natural sources. Therefore, any artificialstural analogs would need to be synthesized,
presumably using the capabilities of carbohydratated biotechnology. In the following, a
number of examples are given of conversions thatbeaeffected by methods of carbohydrate-
related biotechnology.

2.3 Production and isolation of microbial polysaacides

Sources of high molecular weight polysaccharideth whickener properties were originally
plants, seeds and seaweeds. Later, the manufaaftuleese molecules from microorganisms
became an important advance, resulting in polymétts constant properties [Garcia-Ocheta
al., 1999]. One of these biopolymers is xanthan gumst)y commercialized in the 1960s [Kang
and Pettitt, 1993]. Xanthan gum, which plays anartgmt role in industrial gum applications, is
a polysaccharide synthesized Byanthomonas spBacteria of Xanthomonasgenus, which
produce extracellular polysaccharides as bacterdgdsules [Bradbury, 1984], have to be
maintained in a viable form to be grown in a compiedium in order to build up an inoculum

enabling the gum production by fermentation. Xanth@lecular structurd={gure 3) including



acetyl and pyruvyl constituents shows very highenolar weight of several millions of Daltons
[Kennedy and Bradshaw, 1984]. Due to xanthan sgst@s, such as solubility in water, its high
stability and thickener behavior, including the glitity of its industrial manufacture make this
polysaccharide a gum, which is frequently usedwater rheological behavior modification in
industries such as food, pharmaceuticals and cossrj€&arcia-Ochoat al, 1999].
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Figure 3 Xanthan molecule structure [Garcia-Ocledal, 1999]

Another group of polysaccharides are alginateschvbccur as structural components or as
capsular materials in the cell walls of the browaweeds and soil bacteria [Brivonese and
Sutherland, 1989]. This polysaccharide represethitear unbranched polymer containipgl
4)-linked D-mannuronic acid (M) and(1 4)-linked L-guluronic acid (G) residuesigure 4).



Figure 4 Alginate molecule structure

(Source: http://openwetware.org/wiki/IGEM:IMPERIA009/Encapsulation/Phase2/Alginate_Properties)

Due to the fact, that only few species of browmaeal@re limited in abundance of commercial
alginate production, there is recent interest m lthcterial production of alginate-like polymers
[Kennedy et al, 1992; Sutherland, 1994] which can be prepared).efrom Azotobacter
vinelandii[Parenteet al, 1998]. Regarding its applications, it is knowmt ~30 000 metric tons
of sodium alginates per year are currently usethenfood, pharmaceutical, textile and paper
industries as thickening, jellifying and stabiliginagents [Smidsregd and Draget, 1996].

Many fungi, like Schizophyllum commun&TCC 38548 [Kikumotoet al., 1970], Sclerotium
rolfsii [Pilz et al, 1991],Sclerotium glucanicurfRau et al, 1992] show the ability to secrete a
neutral homoglucan, Schizophyllakigure 5). It consists of a backbone chain of B;B-
glucopyranose units with single 1,6-bondgd-glucopyranoses at about every third glucose
molecule in the basic chain. The production of ghédysaccharide is strongly coupled with
growth and secretion under nitrogen starvatiors # mucilage either loosely associated with the
outer cell wall or released into a medium. Sheegsst which is caused by the agitator used
during bioreactor cultivation as well as oxygen@ypcan enhance the release of Schizophyllan
gum from the cell wall [Rau, 1999]. Recent studiase shown that Schizophyllan can be used
to form films almost impermeable to oxygen [Retwal, 1992] in food protection. Stimulation of
the immune system by degraded glucans [Rawal, 1995] is a further application of this
polysaccharide, and especially in Japan, it is uaedcancer immunotherapeutic drug in

combination with other chemotherapeutic compoukashjdaet al, 1992].
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Figure 5Primary molecule structure of Schizophyllan [Ra294]

Enzyme-catalyzed conversions can take place afiendtion of the polysaccharides, e.g.
epimerization reactions. This type of postpolymetian can be found in uronic acid containing
polysaccharides from eukaryotes as well as fromeb@ac So far, it has been shown that the
treatment of alginate with the enzyme mannurongm-€pimerase, will create guluronic acid
residues in the chain and alter both the flexipilnd the gel-forming and immunogenic
properties of this polymer. To obtain epimerizedjirate, it is necesarry to express the
appropriate epimerization enzymes recombinantly podfied, as these enzymes are not

available commercially. [Ertesvag and Skjak-Bra€9d]

2.4 Production of oligosaccharides

Oligosaccharides currently produced for commerciadarket include maltodextrins,
cyclomaltodextris, fructooligosaccharides, galabtmsaccharides as well as soy
oligosaccharides.

Enzymatic processes are involved in productionllodgriculturally important oligosaccharides.
In the case of production of certain fructooligaswrides, microbial or plant transglycosylases
may be responsible for this process. Also reversieactions of glycosidases and their
genetically engineered derivatives, glycosynthasesy be also used in oligosaccharide
synthesis. [Eggleston and Cote, 2003]

One of the most important commercial enzyme prasedsr industries is the hydrolysis of

starch to low molecular weight products wamylase catalysis [Marchal, 1999]. The degree of



hydrolysis is expressed as dextrose equivalent,(dgjch is the percentage of reducing sugar
calculated as dextrose on a dry-weight basis.ithdbntext, starch hydrolysates with a DE above
20 are classified as glucose syrups. Maltodextnenge a DE between 3 to 20. Generally, the
higher the DE value, the shorter the glucose chams$ the higher the sweetness and the
solubility. Hydrolyzed starches are commerciallyaigable at relatively low prices from major
starch producers. These hydrolyzed products fingliggions in the food, paper and textile
industries [Nigam and Singh, 1995].

Many oligosaccharides, such as fructo-, isomakoybean- and galacto-oligosaccharides have
wide use in bioindustries as so called functiomaéeteners low in calories, preventing dental
caries and having bifidogenic functionalities [Kabtimet al, 1992; Wadat al, 1992; Kohmoto

et al, 1991; Tomomatsu, 1994; Yun, 1996]. Especiallictooligosaccharides (FOS) produced
from sucrose have been used widely, due to thktively easy mass production, their taste and
physicochemical properties, which are similar tostéh of sucrose [Yun and Song, 1999].
Production yield of FOS by plant originated enzynfiesn asparagus, onion and Jerusalem
artichoke [Allen and Bacon, 1956; Darbyshire andnije 1978; Satyanarayana, 1976;
Chandorkar and Collins, 1974] is very low and nmassluction of enzyme is limited by seasonal
conditions. Thus, industrial production of FOS usegeral microbial fructosyltransferas@s-
fructofuranosidases), produced Agpergillus[Hirayamaet al, 1989; Hidakeet al, 1987] and
Aureobasidium sp[Hayashiet al, 1989; Yunet al, 1992; Junget al, 1987]. Other beneficial
health promoting properties of FOS are preventidncanstipation, liver function, serum
cholesterol and blood pressure, as well as itstysafe diabetics [Yun and Song, 1999].
Fructooligosaccharideslso possess property as functional food and piiebioThese can be
derived from inulin or synthesized from sucroseusg of fungal fructosyltransferases. Other
linkages of fructooligosaccharides, such [&$2->6), can be produced from sucrose by
thermolysis or via action of levansucrase. Alsoeotimdigestible oligosaccharides have been
investigated as potential prebiotics, includinggosaccharides of D-galactose, D-glucose, D-
xylose,N-acetyl-D-glucosamine and combinations thereofg]&sfon and Cété, 2003]

In spite all these physiological functionalitiespsh presently available oligosaccharide syrups
have an important limitation, which is their totaintent of at most 60% in total dry weight [Yun
et al, 1994; Junget al, 1989]. Therefore, investigators have focusegrtess development of

“high-content” commercial products [Yuet al, 1994]. In this context, the use of dual enzyme



systems of fructosyltransferase and glucose oxitiasegreat potential in processing of high-
content FOS syrup. Second mentioned enzyme, gluoxisiase is used for glucose removal,
which accounts for 30% in total sugar and thus asta competitive inhibitor during enzymatic
reaction in FOS production. In this regard, alsalim can be a promising source for
oligosaccharide production as mentioned aboveobliglosaccharides from inulin have similar
chemical structure to fructooligosaccharides frarorgse. They are regarded as a soluble dietary
fiber [Farnworth, 1993].

An alternative way for synthesis of a wide rangeligosaccharides is the use of glycosidases,
which catalyze the condensation of underivatizegassi This approach is preferred as both
enzymes and substrates are inexpensive and reagiliable. This method has led to high yields
of products by allowing the reactions to reach igum. [Buckeet al, 1999]

Optimization of oligosaccharide synthesis from agibse by use of dextransucrase from
Leuconostoc mesenteroidBs512FMCM [Kim and Day, 2007] enables the productaseries

of cellobio-oligosaccharides. This dextransucraselgesizes a dextran containing 959¢1—>6)
linear and 5%u-(1->3) branched linkages, thus being capable to trargdtecosyl units from
sucrose onto the acceptor to produce oligosacdawsrid the study of Kim and Day [Kim and
Day, 2007], the determination of optimal reactiamditions was performed, whereas reaction
digests were prepared with various sucrose (100r800 cellobiose (50-300mM) and crude
dextransucrase (13-67 U) concentrations in 20mMusoditrate buffer (pH 3.2-6.0) at 20-50°C
for 24h. An optimal production of cellobio-oligosd@rides synthesized bleuconostoc
mesenteroideB-512FMCM dextransucrase was obtained at pH 5.2reds the rate of cellobio-
oligosaccharide production in dependence of tentpexasharply decreased above 30°C and at
40°C was only 46% of the maximum production avaddabThe effects of differing
dextransucrase and sucrose as well as cellobiasesgtration have shown, that the optimal
conditions for the cellobio-oligosaccharide synibewere as follows: sucrose = 289mM,
cellobiose = 250mM, dextransucrase = 54 U, at ptb.@f and a temperature of 30°C, thus

predicting a theoretical cellobio-oligosaccharided/of 98.74%.

2.5 Bioavailability of cellobiose in humans
The indigestibility of oligosaccharides makes thgood prebiotics due to the fact that they can

be fermented by intestinal microbes. Enzymes capatbreaking down cellobiose are absent in



the human small intestine [Kim and Day, 2007]. Néwaess, it was confirmed that orally
ingested cellobiose was well fermented in humagelantestine, and hence, reaches the colon
undigested. In order to test cellobiose bioavdlilgbicellobiose tolerance tests and breath
hydrogen excretion test were performed. [Nakanaetial, 2004]

In conclusion of this study, it was shown, thaeaftral ingestion of 25 g of cellobiose, neither
serum glucose nor insulin levels increased, whetg@ath hydrogen gas excretion was
remarkable. In contrast, after the same amounlugbge was ingested, almost all of this glucose
was spontaneously absorbed in the small intestidesacretion of breath hydrogen gas was not

detectable. These results demonstrate two facist abtlobiose metabolism in human:

» almost all orally ingested cellobiose has reacheddrge intestine with little digestion by

enzymes

» cellobiose is not hydrolyzed by intestinal disacales and is readily fermented by

intestinal microbes

These results support that cellobiose has a pyppera prebiotics. [Nakamued al, 2004]

2.6 Novel sugars and sugar derivatives

There is a demand for ingredients that provide lamié the correct texture to food having lower
degree of sweetness than sucrose. One of thesehisales is isomaltulose, which is about one
third as sweet as sucrose but has similar sweeprefite to that of sucrose. It shows a lower
rate of release of monosaccharides into the bloesliliting in diminished release of insulin
compared to other sugars, creating consequentlyaisibility of applications in diabetic and
sports foods as well as in drinks. [Cheetham anck8u1999]

D-Mannitol, a sugar alcohol with many applicationan also be produced by bacteria such as
heterofermentative lactic acid bacteria, d.gctobacillus brevisand Lactobacillus buchneri
respectively Mannitol is about half as sweet as sucrose aniahdsfits largest application as a
food additive (E421). It reduces the crystallizattendency of sugars and increases the shelf life
of foodstuffs. As it is used widely in chewing guthjs sugar is used in the pharmaceutical

formulation of chewable tablets ampfanulated powders. It does not interact with theéva



components, and due to its sweet cool taste masksrpleasant taste of many drugs. [Soetaert
etal, 1999]

Another approach for the production of useful comps seems to be enzymatic glycosylation
of sugars, vitamins and sugar alcohols, which pitsse very effective biotransformation method
[Suzuki and Uchida, 1999] by using glycosyltrana$ers (cyclomaltodextrin glucanotransferase
[CGTase] and dextransucrase). CGTase can be iddiaim Bacillus maceransand Bacillus
megaterium[Kitahata et al, 1992], whereaBacillus stearothermophilu€GTase has much
wider acceptor specificity than that previously ogpd [Kitahataet al, 1978]. Enzymatic
glycosylation enables the preparation of pharmagoddly significant compounds with high
stability against ultraviolet light, heating and akidation; these derivatives are nontoxic, are
less bitter and have a stimulative tongue pickasie and water solubility [Suzuki, 1998; Suzuki
and Uchida, 1991; Suzukt al, 1996].

In this context, an unusual and interesting clak®ligosaccharides is those in which the
glycosidic chain closes back upon itself, thus educing end is existing. The best known of
these are the cyclomaltodextrins, also known asodgxtrins or cycloamyloses, which are
produced from starch or maltodextins by the actibayclomaltodextrin glucanotransferase. The
presence of a hollow cavity in the middle of thecmayclic ring is their most useful
characteristic. The interior part of the cavity sisits of a relatively hydrophobic surface, thus
hydrophobic molecules can enter the space and $bafvie inclusion complexes. This helps to
form water-soluble complexes of hydrophobic molesuparticularly drugs, as well as oil-based

flavors and fragrances. [Eggleston and C6te, 2003]

2.7 Oligosaccharides from breakdown of polysacatesi

Polysaccharides can break downvivo by exogenous digestive enzymes, particularly thadse
microbial origin. Generally, the enzyme-catalyzeagmhdation of polysaccharides to
monosaccharides occurs through oligosaccharidemetdiates. For instance, cellulolytic and
amylolytic enzymes are capable to hydrolyze cedleloand starch, vyielding series of
glucooligosaccharides as the first step in theiveosion to D-glucose. Nevertheless, the two
most common enzymes involved are endohydrolaseshviineaks down a long polysaccharide
chain into short oligosaccharides, and exohydrslasehich enable hydrolysis of the

oligosaccharide to monosaccharide. [Eggleston &td,2003]



2.8 Enzyme-catalyzed polymerization of cellobiostsdo form cellulose

Also cellulose, a homopolysaccharide of glucosdsuoonnected through (1->4) glycosidic
linkages, has became of great interest in manyicgtjgn fields as polymeric drugs and new
biomaterials [Mark, 1980]. In the last several geantensive attention has been given to this
polysaccharide due to its application in the fieigpolymer science [Kobayaskt al, 1995]. By
addition of acetonitrile to an aqueous incubatiortune, a cellulase catalyst can promote the
reverse reaction of the hydrolytic decompositiommereby different degrees of polymerization
lead to production of water insoluble syntheticldebe. Also produced are water soluble
cellooligomers [Kobayaslhet al, 1999]. The first successful in vitro synthedigellulose via a
nonbiosynthetic pathway has been performed byzindi cellulase as catalyst, where the
enzymatic synthesis of cellulose can be achievadyulycondensation d¢f-cellobiosyl fluoride
monomer [Kobayashet al., 1991; Leeet al.,, 1994]. Additionally, highly pure samples of
cellulose and its derivatives have been manufadtiioe use as functional macromolecules,

specimens for basic crystallographic research #isasdor enzyme substrates.

2.9 Polymerization of modified cellobiose units

The potential of enzyme-catalyzed polymerizatiorefobiose monomers has been extended by
Kobayashi and his associates to include the noghbhiose derivatives, 6-O-methyl, 6’-O-
methyl, and 6,6’-di-O-methyp-cellobiosyl fluorides. In a solvent mixture of &weitrile and
acetate buffer, 6-O-methylcellobiosyl fluoride wadymerized under catalysis by cellulase from
Trichoderma reesetio afford an alternatingly 6-O-methylated cell@agerivative. The authors
explained the stereoselective formation of ik, 4-glycosidic bond by a mechanism involving
formation of a glycosyl-enzyme intermediate withversion at the anomeric center; this
intermediate is then attacked by the 4-hydroxylugre@f a bound glucose residue, again with
inversion, to produce thg-1,4-glycosidic linkage. The 6’-O-methyl cellobiofieoride was
found less suitable for polymerization; incubatiohthis substrate under the polymerization
conditions afforded a mixture of oligosaccharidesrf which a tetrasaccharide was isolated that
contains the 6-O-methyl substitution on alternatijhgcose units. Synthesis of the methylated
cellobiose derivatives was achieved by organic-ecbainmethods [Okamotet al, 1997]. In
previous work in our laboratory, the 6-azido-6-dgoxand 6’-azido-6’-deoxy-cellobiose

derivatives have also been synthesized using argdm@mical methodology [Saber, 2009]. In



the present work, syntheses of azidocellobiosevatves have been developed that combine

organic-chemical methods with enzyme-catalyzedgsses.

2.10. Enzyme-catalyzed modification of synthetigmers

Recently, the first example of an enzyme-catalynedification of a synthetic polymer has been
described. This process involves the introductidreoxide (oxiran) groups into polymers
containing olefinic double bonds [Jangeal, 1999].

3. Enzymatic syntheses vs. chemical syntheses

Chemical synthesis of even the simplest oligosatdfsis complex and expensive, and requires
the use of hazardous substances [Bucke, 1999; @se&tsal, 2000]. On the contrary, enzymatic
synthesis might provide a much more practical, galyeinexpensive and environmentally
benign approach for the development of new polyrfieuske, 1999].

In the last decade, significant progress has bestenn different research areas such as catalysis
necessary to enable the design of safer chemindlgm@vironmentally benign solvents [Anastas
and Kirchhoff, 2002]. Catalytic reactions can regluenergy requirements [Manzer, 1994;
Dijksam et al, 2001; Mubofuet al, 2001; Adamset al, 1999; Diaset al, 2001; Hoelderich,
2000; Murahashet al, 2000] and permit the use of less toxic reagestsgue. g. hydrogen
peroxide in the case of oxidation instead of tiaddl heavy metal catalysts [Colliret al,
1998]. The manifestation of catalysts as a fundaaheool in pollution prevention has been
finally recognized as a crucial factor for accorsping a wide range of so called green chemistry
goals [Anastas and Kirchhoff, 2002].

Green chemistry demonstrates a paradigm for actgesmvironmental and economic prosperity
for a sustainable world. It consists of a set oihgples {Table 3 [Collins, 1997] the
implementation of which can reduce and eliminateube as well as the generation of hazardous

substances in the design, manufacture and applicatichemical products.



Table 3
The 12 principles of green chemistry [Collins, 1p97

1. Prevention
It is better to prevent waste than tottoraclean up waste after it has been created.
2. Atom Economy
Synthetic methods should be designed tdrmae the incorporation of all materials usedhe process into
the final product.
3. Less Hazardous Chemical Syntheses
Wherever practicable, synthetic methodsighbe designed to use and generate substancgsodsass little
or no toxicity to human health and the environment
4. Designing Safer Chemicals
Chemical products should be designedfezatheir desired function while minimizing thédxicity.
5. Safer Solvents and Auxiliaries
The use of auxiliary substances (e.gvestb, separation agents, etc.) should be madeessery wherever possible and
innocuous when used.

6. Design for Energy Efficiency

Energy requirements of chemical procesbkesld be recognized for their environmental arehemic impacts and should
be minimized. If possible, synthetic methods stdad conducted at ambient temperature and pressure.

7. Use of Renewable Feedstocks

A raw material or feedstock should be vesigle rather than depleting whenever technicalty @onomically practicable.
8. Reduce Derivatives

Unnecessary derivatization (use of bloglgnoups, protection/ deprotection, temporary nicdifon of physical/chemical
processes) should be minimized or avoided if pbssbecause such steps require additional reagadtsan generate
waste.

9. Catalysis

Catalytic reagents (as selective as peysiive superior to stoichiometric reagents.

10. Design for Degradation

Chemical products should be designed apatthe end of their function they break doww iimnocuous degradation
products and do not persist in the environment.
11. Real-time analysis for Pollution Prevention

Analytical methodologies need to be furttheveloped to allow for real-time, in-process naring and control prior to the
formation of hazardous substances.
12. Inherently Safer Chemistry for Accident Prevenion

Substances and the form of a substanakinsechemical process should be chosen to mieithig potential for chemical

accidents, including releases, explosions, aeg fir




3.1 Enzymes for chemical syntheses

New enzyme-catalyzed synthetic methods in orgamemistry have been recognized as
practical alternatives to traditional, non-biolagiorganic syntheses. These methods are in great
demand by the pharmaceutical and chemical indsstige they are able to satisfy stringent
environmental constraints. [Koeller and Wong, 2001]

Most enzymes can be used as the sole catalysteaction, in combination with other enzymes,
or with non-biological reagents. Due to the chinglture of enzymes a stereo- and regio-
chemically defined reaction product can be obtaiveth remarkable rate acceleration.
Oligosaccharides with complex structure are diffito obtain by strictly chemical synthesis, but
due to their great potential as carbohydrate dyzigesf and Roth, 1996], enzymatic syntheses are
the most appropriate means of producing these. Yeéigfard to their construction, biocatalytic
methods have aided evaluation of the biologicahifigance of carbohydrates [Koeller and
Wong, 2001].

In addition, not only the fact that enzymes caneptainnatural substances, they also can be
genetically engineered and subsequently used & #ieir stability, broaden their substrate
specificity and increase their specific activitysikg recombinant DNA technologies both natural
and engineered enzymes can be produced on a leafge is convenient host organisms. The
application of enzyme-catalyzed syntheses representremarkable opportunity for the

development of industrial chemical and pharmacealpoocesses.

3.2 Practical parameters in enzymatic syntheses

Practically, they are several parameters affea@mgnzymatic reactiorfrigure 6).
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Figure 6 Practical parameters to be considered in enzyragtithesis [Koeller and Wong, 2001]

The specific activity (quantified by, specificity (determined by the ratkg./k) and stability

of the enzyme are of particular importance. Alse degree of inhibition by substrate or product
(determined by their affinity to the enzyme) iswenportant for the outcome of a reaction. In an
optimal case, the enzyme used for the reaction dvbhale high specific activity and stability,
and at the same time minimal substrate and pradtdition. Much as the degree of substrate
specificity provides a general synthetic utilitis@the stereospecificity can be considered to be a
most important parameter under consideration. Degpe fact that many enzymes have great
synthetic use, became commercially available amvspotential with regard to substrate
specificity and steroselectivity, they may be uwmjtable with unnatural substrates. [Koeller
and Wong, 2001]

Nevertheless, current researches in enzymatic sgistrare manifold Taable 4 [Koeller and
Wong, 2001].



Table 4
Current research activities in enzymatic synthggieller and Wong, 2001]

¢ Development of new enzymatic reactions using designubstrates

¢ Use with organic solvents and co-solvents; one-tanodphase systems

«  Overcoming substrate and product inhibition

¢ Modification of enzyme activity and semisynthetizgmes

¢ Enzyme immobilization and stabilization

¢ Use of recombinant DNA for large-scale productibremzymes

« Mutagenesis and directed evolution for changesaymatic properties

¢ Exploration of new enzymes and enzymes from newispdor synthetic use
¢ Scale-up in fine chemical and pharmaceutical sysishe

¢ Multienzyme systems for synthegisvitro andin vivo

«  Antibody catalysis

In summary, a strategic approach for the developroém®nzymatic catalysts for reactions of

interest requires an appropriate selection of theyme for a given reaction. In the case of a
known enzyme, it will be necessary to optimize ris@ction conditions and improve the catalyst
through directed protein engineering. If for thesided reaction no known enzyme exists, then
non-biological methodology may be the method oficlgKoeller and Wong, 2001]

Certain individual steps cannot be performed bylgmical means, such as the regiospecific
introduction of the nitrogen function in the forni the azido group. Such steps need to be

performed by conventional organic-chemical methfidseller and Wong, 2001]



4. Carbohydrate processing phosphorolytic enzymes
Enzymes which are involved in the formation ancesge of glycosyl linkages are categorized
into three main classeBi@ure 7) [Kitaoka and Hayashi, 2002]:

Hydrolytic enzymes
Phosphorolytic enzymes

Synthetic enzymes (glycosyl-nucleotide glycosylsfenases)

1. Hydrolytic enzymes

HO, =
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HO + HO HO
HO + HOR
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2. Phosphorolytic enzymes
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Figure 7 Three categories of enzymes [Kitaoka and Haya€i2]

The most studied of the three classes of enzynmeesairolytic enzymes which are frequently
employed in the hydrolysis of polysaccharides areytare also very important industrially in
the utilization of starch. Due to the existencanfabundance of water molecules in the reaction
mixture of hydrolytic enzymes, these reactions appe be substantially irreversible.

The synthase enzymes are biologically important tdugheir role of synthesizing carbohydrate
chainsin vivo. As most of the synthases are membrane-assoqiabeeins and are relatively
unstable, they do not find use in a practical sem$kein vitro synthesis of carbohydrate chains.
Their reactions are irreversible in the synthetreation due to the requirement for cleavage of

the high-energy bond of the glycosyl-nucleotidpltasphate diester linkage).



Phosphorolytic enzymes have properties which lisvben those of the hydrolytic enzymes and
the synthases. As the bond energy of the substraigcosyl-phosphate, is not as high as that of
a glycosyl-nucleotide, their reactions are revaesibherefore, these enzymes can be involved in
the practical synthesis of sugar chains, exploitiregr reverse reactions. [Kitaoka and Hayashi,
2002]

4.1 Classification of phosphorolytic enzymes

These enzymes are named using a combination of fiame of the substrate” and
“phosphorylase”. One of the most important featuw&she phosphorolytic enzymes are their
regiospecificities, which are very strict and canused in the synthesis of oligosaccharides with
specific glycosyl linkages vigheir reverse reactions. Classification of theseysmes can be
performed either by anomeric forms of the glycogtiesphorolyzed or by the anomeric forms
of the glycosyl-1-phosphate produced. They also lwardescribed in terms of the anomeric
retention or inversion process they undergo inrdection Table 5. [Kitaoka and Hayashi,
2002]

Table 5
The phosphorolytic enzymes [Kitaoka and HayasH)220

EC name mechanism substrate product d.p. substrate family
24.1.1 (glycogen) phosphorylase retention Glc-a1,4-Gle o-Glc-1P >=5or4 GT35
24.1.7 sucrose phosphorylase retention Glc-al,_2-Fru o-Glc-1P 2 only GH13
24.1.8 maltose phosphorylase inversion Glc-a1,4-Gle B-Gle-1P 2 only GH65
2.4.1.20 cellobiose phosphorylase inversion Glc-p1,4-Gle o-Gle-1P 2 only GT36
2.4.1.30 laminaridextrin phosphorylase inversion Glc-B1,3-Gle a-Gle-1P >=2 not cloned
2.4.131 laminaribiose phosphorylase inversion Glc-p1,3-Gle a-Glc-1P >=2 not cloned
2.4.1.49 cellodextrin phosphorylase inversion Glc-p1,4-Gle a-Gle-1P >=3 GT36
2.4.1.64 trehalose phosphorylase inversion Glc-al,01-Gle B-Glc-1P 2 only not identified
2.4.1.97 B1,3glucan phosphorylase inversion Gle-B1,3-Gle o-Gle-1P polymer not cloned
24.1.2 trehalose phosphorylase retention Glc-al,01-Gle 0-Glc-1P 2 only not identified
24.1.2 kojibiose phosphorylase inversion Glc-al1,2-Gle B-Glc-1P >=2 not identified
24.1.7 B 1,3Gal-GlyNAc phosphorylase inversion Gal-B1,3-GlyNAc o-Gal-1P 2 only not cloned
24.1.2 chitobiose phosphorylase inversion GlcNAc-B1,4-GleNAc a-GlcNAc-1P 2 only GT36

4.2 Phosphorolytic enzymes
Phosphorylases catalyze the reversible phosphasobfsglucans [Graves and Wang, 1972].
They are grouped into several families of glycosigdrolase (GH; families 13, 65, 94 and 112)



and glycosyl transferase (families 4 and 35). Amthregn, GH112 is a family of phosphorylases
that react with 3-galactosides, whereas most ofother families utilize glucosides as their
substrates. [Nakajimet al, 2010]

The GH112 family includes the enzyme D-galactdiyb 3-N-acetyl-D-hexosamine
phosphorylase (GalHexNAcP), which can be foundBifidobacterium bifidum Clostridium
perfringens or Bifidobacterium longum The GalHexNAcP enzymes such as gal@¢to-
biose/lactoN-biose | phosphorylase, galadibbiose phosphorylase and ladtebiose |
phosphorylase seem to be involved in metabolizirgtional sugars derived from humans as
GH112 proteins are distributed in pathogenic b&c@rhumans. [Nakajimat al, 2010]

The enzyme D-galactost->4-L-rhamnose phosphorylase (GalRhaP) is the seeongme of
the GH112 family, which was found in forest soitt&ium, Clostridium phytofermentan3his
enzyme is capable to produce-®4-disaccharides from L-rhamnose derivatives as majo
acceptors. In contrast, #13-disaccharides from D-glucose derivatives represamor acceptors
in the reverse reaction. [Nakajireial, 2010]

Another bacteriumQpitutus terraePB90-1, which is a major anaerobic bacterium indyasbil
ecosystems, consists of a gene encoding GH112impr@er 1377 protein). In the study of
Nakajimaet al. [Nakajima et al, 2010] this protein showed phosphorolytic activig D-
galactosylR1->4-L-rhamnose phosphorylase and a weak phospharofgdtivity on D-Gal-
31->3-D-Glc, thus indicating identical specificity tdat of D-galactosyls1->4-L-rhamnose
phosphorylase fromClostridium phytofermentansSubstrate specificity studies of various
acceptors such as L-Rha, derivatives of L-Rha, thnde of D-Glu, D-Xyl or D-Gal for this
enzyme have shown its tendency to exhibit higheviacon L-rhamnose derivatives than on D-
glucose derivatives, which is the same as thatb#ed by D-galactosyl->4-L-rhamnose
phosphorylase fronClostridium phytofermentansg’his enzyme reveals an optimal activity at
neutral pH (pH 6.0 — 7.0), which is also similar tee same enzyme fror€lostridium
phytofermentansin conclusion, it was identified that the Oter7I3protein acts as a D-
galactosylR1l->4-L-rhamnose phosphorylase. It represents the de&pgalactosyl-3H4-L-
rhamnose phosphorylase, next to one felgstridium phytofermentans

In another study of Nakajimet al. [Nakajimaet al, 2009] three D-galactosyl-B43-N-acetyl-
D-hexosamine phosphorylase homologs (Cphy0577, 83#/and Cphy3030) from an anerobic

cellulolytic bacteriumClostridium phytofermentansere characterized. In contrast to Cphy0577



and Cphy3030, which exhibit similar activity on getioN-biose and lactiN-biose |, thus acting

as D-galactosylz1-> 3-N-acetyl-D-hexosamine phosphorylases, Cphy1920 iprote
phosphorolyzes neither galadibbiose nor lactdN-biose I. It shows the highest activity with L-
rhamnose as the acceptor substrate in the reveastan using:-D-galactose 1-phosphate as the
donor. In conclusion, the reaction product was xgasyl{31->4-L-rhamnose, proposing D-
galactosylR1->4-L-rhamnose phosphorylase as the name for Cphyp8#6in.

As follows below, several of the known phosphorgiasre briefly discussed according to the
substrates whose cleavage they catalyze. All optusphorylases reported to date are classified

based on their amino acid sequendgtp(//afmb.cnrs-mrs.fr/~cazy/CAZY/index.htmnl

Sucrose phosphorylase(EC 2.4.1.7) is found in bacterial cells and is dived in the
metabolism of extracellular sucrose. It catalyZesreversible phosphorolysis of sucrose mmto
D-glucose 1-phosphate and fructose [Doudoroff, 1.9%8e phosphorolysis proceeds @aing
pong bi bi mechanism and the enzyme transtegducoside in the absence of phosphate
[Silversteinet al, 1967]. With regard to reaction mechanism, sucnolsesphorylase can be
considered to act as-glucosyl transferase enabling the transfer of egbe to phosphate —

quite different from the other phosphorolytic enagn

Maltose phosphorylasgEC 2.4.1.8) is involved in the metabolism of eg&llular maltose and
can be found in bacterial cells. In a reversiblact®n, this enzyme is able to phosphorylate
maltose intg-D-glucose 1-phosphate and D-glucose [Fitting anddoroff, 1952].

The B-D-glucose 1-phosphate is subsequently convertedgincose-6-phosphate by the action
of ap-specific phosphoglucomutase in order to faciliextéry into the glycolytic pathway [Ben-
Zvi and Schramm, 1961]. The reaction mechanisno¥l a sequential bi bi mechanism; the
enzyme recognizes theanomeric hydroxyl group at the reducing end oftosd, therefore

catalyzing phosphorolysis only of theanomer of the disaccharide [Tsumurayal, 1990].

Cellodextrin phosphorylase (EC 2.4.1.49), only found in the cells dflostridia and
accompanying cellobiose phosphorylase [Reichenbezthal, 1997], catalyzes phosphorolysis
of cellooligosaccharides larger than cellotriosthvgeneration oéi-D-glucose 1-phosphate. The

regiospecificity of this enzyme is identical withat of cellobiose phosphorylase whereas the



specificity with regard to the degree of polymeti@a of the acceptor is quite different [Kitaoka
and Hayashi, 2002]. In the reverse reaction, celttith phosphorylase does not use D-glucose
as the acceptor but recognizes various pyglucosides an@-glucosyl disaccharidgSheth and
Alexander, 1969] as well as oth@D-glucosides such as cellobiose, 4-thiocellobiasethyl-
and phenyl-3-cellobioside [Samagh al, 1995]. In the study of Shintatd al. [Shintateet al,
2003] it was possible to show, that use of foureptar substrates (cellobiose, RGlu4)-Xyl,
RXyl-(1->4)-Glu and xylobiose) and two donor substraie3-glucose 1-phosphate andD-
xylose 1-phosphate demonstrated that cellodexthinsphorylase can be employed in the
synthesis of six possible hetero-trisaccharides wedl as of fourteen possible hetero-
tetrasaccharides consisting of (3X4)-linked D-glucose and D-xylose residues.

Trehalose phosphorylase(inversion type: EC 2.4.1.64) was first discoveradthe cells of
Euglena gracilisand has been implicated in the metabolism of celtalar trehalose, a storage
disaccharide. The enzyme catalyzes the reversibtsghorolysis of trehalose to forfaD-
glucose 1l-phosphate and D-glucose [Marechal andcBpltow, 1972]. The retention type of
trehalose phosphorylase reversibly catalyzes tlosgitorolysis of trehalose inteD-glucose 1-
phosphate and D-glucose [Kitamabal, 1988]. This type of enzyme was isolated from masi
fungi. Its reaction mechanism was described asgbaisequential bi bi process, different from
that of sucrose phosphorylase [Etsal, 2001].

Cellobiose phosphorylas€dEC 2.4.1.20) is present as an intracellular enzimigacterial cells
that utilize cellulose [Yernoogt al, 2000]. It is involved in the catabolism of extHalar
cellobiose p-D-Glcp-(1->4)-D-Glc] [Nidetzkyet al, 2000] in the cytoplasm [Loat al, 1996];
cellobiose is formed by the action of cellulasell@gose phosphorylase catalyzes the reversible
phosphorolysis of cellobiose inte-D-glucose 1-phosphate and D-glucose [Sih and McBee
1955]. In cellobiose synthesis activity;D-glucose 1-phosphate is used as the sugar dowbr a
D-glucose as the sugar acceptor of cellobiose plwglase [Hidakaet al, 2006]. The enzyme
recognizes thg-anomeric hydroxyl group at the reducing end of teobiose moiety. The
reaction mechanism for this enzyme is reportedet@i ordered bi bi process [Kitaoktal,

1992]. With regard to acceptor specificity in tleverse reaction it was found that the enzyme



has a strict recognition of the hydroxyl groupshe D-glucose molecule at positiofs, 3 and

4, but not of the hydroxyls at positions 2 and @d&kaet al, 1992].

Concerning the anomeric form of glycosidic linkagese phosphorolyzed, sucrose, trehalose
and maltose phosphorylases actosglycosides and cellobiose phosphorylase @rgéycoside.
Regarding the anomeric form @fD-glucose 1-phosphate produced, dh@nomer is obtained by
the action of sucrose and cellobiose phosphorylasésthep-anomer under catalysis by the
maltose and trehalose phosphorylases. While opgréty a phosphorolytic mechanism, only
sucrose phosphorylase action results in retenticiheoanomeric configuratioru(to o), while

the action of the other enzymes results in inversinaltose phosphorylase (o ), cellobiose
phosphorylase(to a) and trehalose phosphorylaset@ p) [Kitaokaet al, 1992].

4.3 Choice of cellulose-related enzymology
Chitosan and its hypothetical analogues are altgirally related to cellulose. Indeed, they may
be considered cellulose derivatives containing amgnoups in place of specific hydroxyl

functions (such as substitution of OH-2 in the aafsehitosan).

5. Fundamentals of cellulolytic microorganisms

5.1 Structure and composition of cellulosic biomass

Plant biomass represents the only foreseeableisaiska source of materials available to
humanity [Lyndet al, 1999]. As a major component of plant biomasdulmde represents the
world’s most abundant biopolymer [Lyrd al, 2002; Kim and Day, 2010]. One of the central
technological strategies involves the use of celjtic enzymes for hydrolysis of biomass and
fermentation of resulting sugars to desired proglucta single process step via cellulolytic
microorganisms [Lyndet al, 2002]. This strategy offers very large cost rémus if an
appropriate microorganism can be developed andtabse combination of substrate utilization
and product formation can be arranged [Lytal, 1996].

Cellulose in its natural form and also as wastersfigreat potential as a source of energy and
chemicals [Halliwellet al, 1994]. The recognition that cellulosic wastes rbayconverted to
glucose raised the commercial potential of celkilaszymes tremendously, which consequently

led to a remarkable progress in the past fifty yéBhat and Bhat, 1997]:



() Isolation of microorganisms producing cellulaseifbigen, 1957; Hungate, 1950;
Orpin, 1975]

() Improving the yield of cellulase by mutation, arrdtpplast fusion [Browret al,
1986; Durancet al, 1988]

(1 Purification and characterization of the cellulasenponents [Bhagt al, 1993;
Bhatet al, 1989]

(IV)  Understanding the mechanism of cellulose degradfioksson, 1978; Eriksson
and Wood, 1985]

(V)  Cloning and expression of cellulase genes [BeganthAubert, 1993; Beguiat
al., 1985]

(VI)  Determining the 3-D structures of cellulase compisiAlzariet al, 1996]

(VII) Understanding structure-function relationshipsetiutases [Davies and
Henrissat, 1995]

(VIII) Demonstrating the industrial potential of cellue§&oughlan, 1985; Mandels,
1985]

CeIIquse

Cellobuose unit

Figure 8 Cellulose

(Source: http://sci.waikato.ac.nz/farm/images/deia%20structure%20RF.jpg)

The basic molecular structure of the cellulose isa#ural and linear homopolysaccharide,

consisting of up to Z0D-glucose moieties which are arranged in fibfilse fibrils are organized



into a “paracrystalline” state, therefore addingtie structural rigidity of cellulose. These

glucose units are connected fi§l > 4) glycosidic linkagesHigure 8).
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Figure 9 Cellulose in plants

(Source: http://academic.brooklyn.cuny.edu/biolbgy4fv/page/struct-carbohydrates.html)

Cellulose is found in nature in plant cell wallsigure 9) and can also be produced by some
animals (e. g. tunicates) and few bacteria [Lghdl, 2002]. Bacterial cellulose, which is mainly
a protective coating, belongs to specific prodeétsrimary metabolism, whereas plant cellulose
plays a structural rol@ielecki et al, 2005].

Cellulose | and cellulose Il are two major allomwmspCellulose |, the dominant form in nature
[Nakamuraet al, 2004], consists of a microfibrillar crystallineray of linearp-1, 4-glucan
chains. They all are oriented parallel to one amothith the same polariffsanzet al, 2005].
The extended chain formation of cellulose | enaliles formation of microfibrils having
extraordinary mechanical strength. Formation ofutee Il occurs from cellulose | through
chemical treatment that alters the crystal strectjireeet al, 1994]

Commercially available cellulose possesses, depgnain its origin, a variation between 3000
and 10 00@ (1 - 4) glycosidically connected glucose units, withesmeral structural formula of
(CsH100s)n. Also the molecular masses vary between 500 0d01a®00 000 Da [Bauest al,

2002]. Cellulose is to a large extent inert analimisle in most organic solvents.



Although cellulose forms a distinct crystallineustiure, cellulose fibers in nature are not purely
crystalline [Marchessault and Howsom, 1957]. Initolidl to the crystalline and amorphous
regions, cellulose fibers contain irregularitiescls as kinks or twists of the microfibrils, large
pits and capillaries [Cowling, 1975; Marchessautid aSundararajan, 1983]. The variable
structural complexity of pure cellulose and thdfidifity of working with insoluble substrates
have led to the wide use of the highly solubleuteie ether, carboxymethylcellulose (CMC).
Thus, many organisms which cannot degrade cellulase the ability to hydrolyze CMC via
mixedp-glucan enzymes [Fields al, 1998].

5.2 Taxonomy, diversity and occurrence of cellidase

Notable thermophilic cellulolytic microorganismstiwicellulase system afEhermomonospora
fuscg Thermoascus aurantiacus Sporotrichum thermophije Humicola insolens and
Chaetomium thermophilas well as other anaerobic bacteria sucA@ivibrio cellulolyticus
Bacteroides succinogenesRuminococcus albusand Ruminococcus flavefaciensThese
microorganisms show the capability of fermentingide range of substrates with minimal risk
of contamination by pathogens. In addition, celiio thermophilic bacteria are of particular
interest, due to their ability to produce thermbktacellulases showing a general stability under
a variety of conditions including also somewhat en@cidic and alkaline pH as well as
temperature up to 90°C. [Lamed and Bayer, 1988]

The distribution of cellulolytic capability amongganisms differing in oxygen sensitivity,
temperature and salt tolerance is an acknowledgtodhie wide availability of cellulose across
natural habitats. [Lynét al, 2002]

In this context, a distinct difference in cellulotystrategy exists between aerobic and anaerobic
bacteria. Microorganisms which show the ability psbducing complexed cellulase systems
(cellulosomes) are mostly found in anaerobic emwitents. They exist in consortia with other
microorganisms, both cellulolytic and noncellulatyi_ynd et al, 2002].

Utilization of cellulose by anaerobic bacteria i€lallenging proposition from a bioenergetic
perspective, due to the fact that the modest amofuATP available from anaerobic catabolism
needs to support microbial growth as well as cadlel productiofKirby, 1997]. In general,
anaerobic cellulolytic species suchG@sstridiumgrow preferably on cellulose and its hydrolytic

products, but not on other polysaccharides or macwsrides and oligosaccharides derived



from them. The fact thaZlostridium thermocellundoes not easily grow on glucose suggests the
bacterial use of cellobiose in preference to glacaten both substrates are present [Ng and
Zeikus, 1982].

Catabolism of cellulose involves enzymatic depolgizaion of insoluble cellulose as well as
cellular utilization of the hydrolytic products. Aarobes degrade cellulose primarily via a highly
potent, thermostable and complexed cellulase syssdnth is also shown by the well
characterized polycellulosome organelles of the rntiophilic bacterium Clostridium
thermocellumSchwarz, 2001]. Thus, anaerobic bacteria shoanddncy to adhere to cellulose
(Figure 10) [Lynd et al, 2002].
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Figure 10 General strategy of cellulose hydrolysis and zdtiion by anaerobic bacteria [Lyed al, 2002]

Cellobiose, which has been used in this work, ®moglucan disaccharide obtained by partial
hydrolysis of cellulose, consisting of two D-glugoanoses joined by a 1, f4glycoside bond
[Kim and Day, 2010]. 2D- and 3D-structures of tHisaccharide are shown belowigure 11
andFigure 12).
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Figure 112D chemical structure of cellobiose

(Source: http://pubchem.ncbi.nlm.nih.gov/summanyfswary.cgi?cid=10712)

Figure 123D chemical structure of cellobiose
(Source: http://pubchem.ncbi.nlm.nih.gov/summanyfswary.cgi?cid=10712)

Cellobiose offers significant potential as a sowteenewable products for the cosmetics, food
and pharmaceutical industries. It shows a highebiptic index (PI) than the currently favored
prebiotic fructooligosaccharides [Sagizal, 2005]. Reduction of neutral fat in the liver aothl
cholesterol can be achieved by oral administratiocellobiose, indicating its potential drug use
for prevention and treatment of life style-relathseases. Also, certain cellobio-oligosaccharides

show potential as anti-fungal and anti-cancer ajinn, 2008].



5.3 Cellulose utilization by Clostridium thermocesh

The gram-positive thermophilic anaerdBstridium thermocellurfBeguinet al, 1985], which
was first obtained in stable pure culture over 5arg ago[McBee, 1954], secretes a
thermostable cellulase complex, with the ability hgdrolyze cellulose and ferment the
hydrolytic products cellobiose and D-glucose taeatil, acetate and lactate [Ducegtgal, 1983].

5.4 Different metabolism of D-glucose and cellobibg Clostridium thermocellum

In most cellulolytic microorganisms examined, ckitise has been cleaved into D-glucose via
cellobiasgHalliwell, 1979]. However, cellulolytic bacteriaush asClostridium thermocellum
which ferments cellulose by extracellular cellulfidg et al, 1981]can convert cellobiose into
D-glucose (Glc) anda-D-glucose 1-phosphate (G-1-P) under catalysis efloliose
phosphorylase.

Generally, cellulolytic anaerobes possess sucladaliular enzymes, catalyzing a Pi-mediated
(ATP-independent) phosphorolysis reacfiommed and Bayer, 1986]:

C + Pie Glc + G-1-P

The latter mechanism causes the bacterium to pgedevth on cellobiose (versus glucose) as an
energy source, probably due to conservation okttergy contained in the glycosidic linkage of
cellobiosglLamed and Bayer, 1986]. Therefore, this bactersinows ability to produce glucose
during the growth period in medium with a high centation of cellobios@Ng and Zeikus,
1982].

In strictly anaerobic, cellulolytic bacteria, G-1-produced by the action of cellobiose
phosphorylase is metabolized to glucose-6-phosptiageentry point to the Embden-Meyerhoff
pathway of sugar metabolisfRercival Zhang and Lynd, 2005]. The presence thaellular
cellobiose phosphorylase @lostridium thermocellunsuggests that cellobiose metabolism can
occur by several processes:

» Extracytoplasmatic hydrolysis with subsequent uptakd catabolism
» Direct uptake of followed by intracellular phospblytic cleavage and catabolism

» Direct uptake of followed by intracellular hydralytleavage and catabolism



5.5 Reactions of cellobiose phosphorylase (CeP)

The enzyme, cellobiose phosphorylase (cellobiodephosphater-D-glucosyltransferase) is
widely distributed in cellobiose utilizing bacterinoth anaerobic and aerobic [Wanee¢tal,
1998]. In anaerobic bacteria, this enzyme has [fiegndescribed irClostridium thermocellum
[Sih and McBee, 1955], but it was also foundRaminococcus flavefacierjdyers, 1958],
Cellvibrio gilvus[Hulcher and King, 1958]Clostridium stercorariuniReichenbecheget al,
1997],Cellulomonas udgNidetzky et al, 2000], Thermotoga neapolitan&’ernool et al,, 2000]
andThermotoga maritim@Rajashekharat al, 2002].

Purified cellobiose phosphorylase fro@ellvibrio gilvus [Kitaoka et al, 1992] has been
investigated and it was found that the order of shestrate binding and the release of the
products in the phosphorolytic reaction are aowdl: initially cellobiose binds to the enzyme
followed by phosphate, then D-glucose is releaset] &nally, a-D-glucose 1-phosphate was

released to complete the reactiéigre 13).

cellobiose  phosphate Glc G-1-P

v v :

Figure 13 Ordered bi bi mechanism in the phosphorolysis ga¢al by cellobiose phosphorylase
[Kitaoka and Hayashi, 2002]

In this context, a conformational itinerary of thgdrolytic reaction pathway of cellobiose
phosphorylase was described by use of computatemallsis including docking studies when
different conformers of D-glucose and cellobioseemgsed. It was concluded, that this reaction
proceeds from'S; as a phosphorolytic transition state conformerp(e-TS conformer) for
cellobiose viaE; as a transition state conformer (= TS) for D-glega$us leading to G-1-P
product which is in 4C; conformation [Fushinobat al, 2008]. Therefore, it can be confirmed,
that in phosphorolytic reaction of cellobiose pHumpylase, the sequence of product release

follows at first D-glucose and thenD-glucose 1-phosphate.



5.6 The azido group as a precursor to amino fumetidy in saccharides

The small size of the azido group §Nsuggests its use as a precursor to the aminggrou
certain enzymatic conversions that naturally precesbstrates containing only hydroxyl
substituents. A number of examples for the sulestoehavior of azido carbohydrate derivatives
in relation to their physiological counterparts green in Chapte6 (p. 50). Thus, azido glucose
derivatives can be expected to function in analtmyglucose derivatives, azido cellobiose
derivatives in analogy to cellobiose. Hypothetigalizido cellulose derivatives may be formed
according to a protocol that normally leads to fation of cellulose by polymerization of
cellobiose monomers such as fluorides. Consideratiocellulose-related enzymology shows
that enzymes are known and available which cataygmopriate conversions with cellobiose

and D-glucose, as well as the polymerization dbbabse units to form cellulose.

5.7 Acceptor specificity of cellobiose phosphorglas

In a number of cases, the acceptor D-glucose caefaced by C2 and C6 derivatives of D-
glucose such as 2-deoxyglucose, 2-amino-2-deoxyubege, 6-deoxyglucose, D-mannose and
D-xylose [Alexander, 1961; Alexander 1968], thus #nzyme can catalyze the formation of
corresponding disaccharide analogs to cellobiokbpwgh less effectively than D-glucose.
Weak acceptor activity was also demonstrated fardébinose, L-fucose, L-galactose and D-
altrose [Alexander, 1968]. This also indicates tinat hydroxyl groups at C2 and C6 of the D-
glucose molecule play more of a role in bindingDeglucose to the active site of the enzyme
than in catalysis [Kitaokat al, 1992].

Derivatives at C1 such as methyl-D-glucosides casanve as acceptors; neither can epimers at
C3 (D-allose), C4 (D-galactose) and C5 (L-idosd)ede results indicate that the D-glucose
configuration at C3, C4 and C5 is strictly requir@dgure 14) [Kitaoka and Hayashi, 2002;
Kitaokaet al, 1992].
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Figure 14 Summary of the acceptor specificity of cellobipb@sphorylase [Kitaoka and Hayashi, 2002]

Also, other experiments such as with the bacter@@eiulomonas ud@Nidetzky et al, 2000]
have been conducted in order to investigate thdifgnof various fluorinated analogs efD-
glucose 1-phosphate or D-glucose to cellobiose gilmylase. It has been shown thaD-
glucopyranosyl fluoride can function as a donorsstate in the synthetic mode of the cellobiose
phosphorylase catalyqiNidetzky et al, 2004]. As the enzyme is unable to convert thetiea
products (fluoride ion and cellobiose) back intdostuates, the reverse reaction witkD-
glucopyranosyl fluoride was considered as “glycdlsgse” type reaction, where the altered
substrate triggers an increase in product yields.

In the reverse direction, it was shown that thectiea usingp-glucose as the acceptor was
significantly faster than that with-glucose. In order to confirm this recognition patt two
pseudo-glucoses, with the structure of a glucopsarwere examined as acceptors [Kitaeka
al., 1993]. It was shown, that cellobiose phosphogylaas able to recognize only the psefeo-
glucopyranose and not the pseudglucopyranose, indicating that this enzyme recogmithe
B-anomeric hydroxyl group of the acceptor molecHigre 15) [Kitaoka and Hayashi, 2002].
However, it is not clear whether the cellobiose ggimrylase also utilizes-D-glucose or not,

because of the occurrence of mutarotation.
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Figure 15 Structures of the pseudo-glucoses [Kitaoka ancabktay 2002]

In the reverse reaction, substrate inhibition wasngned by the use of D-glucose, D-
glucosamine and 6-deoxyglucose as the acceptaits, DaMjlucose displaying the strongest level
of inhibition. The D-glucose substrate inhibitsloblose phosphorylase activity i@ellvibrio
gilvus, Clostridium thermocellumand Thermotoga maritimg/Sallam et al, 2006] This
phenomenon was probably caused by the competitiibition of the substrate D-glucose

towardsa-D-glucose 1-phosphat€igure 16) [Kitaoka and Hayashi, 2002].

e eliegs.

Enzyme G-1-P Glc Pi Cellobiose

_I/‘I/FI:@ W @lW @W
Step 1 Step 2 Step 3 Step 4
e[

Step i-1 Step i-2

Figure 16 Mechanism of competitive substrate inhibition



As indicated in Figure 16, the synthetic reactisacpeds through the following four steps: in
step 1,a-D-glucose 1-phosphate (G-1-P) binds to the enzgtsite 1, and in step 2, D-glucose
binds (Glc) to the enzyme-G-1-P complex at sitén2step 3, Pis released from the enzyme-
substrates complex, while in step 4, cellobioselsased from the enzyme-cellobiose complex.
The inhibition involves the following two steps: tine step i-1, D-glucose binds at site 1 instead
of G-1-P. In step i-2, another D-glucose molecutelb to the enzyme-glucose complex at site 2

to form a dead end complex [Kitaoktal, 1992].

5.8 Synthesis of oligosaccharides using cellobpigesphorylase from Cellvibrio gilvus
Cellobiose phosphorylase fro@ellvibrio gilvusis the most studied enzyme, consisting of 822
amino acid residues. In order to better understifuedfunction of this enzyme in practical
oligosaccharide synthesis, the determination ofthi®e-dimensional structure is important.
Therefore, X-ray crystallography experiments fog three-dimensional structure of two sugar-
anion complexes (glucose-sulphate and glucose-platsp of Cellvibrio gilvus cellobiose
phosphorylase have been conducted. It was podsildbtain two protein-sugar-anion complex
structures, with SQand PQ located at the anion binding site, and a glucosety located at
subsite +1, taking a chair conformation. The bigdaffinity of subsite -1 for D-glucose is much
weaker. Subsites -1 and +1 in the phosphorolytactien of cellobiose phosphorylase act as
sugar-donor and sugar-acceptor sites in the syattegtction, respectively. It is also known that

glycerol occasionally occupies sugar-binding s@ssfEigure 17 A/B). [Hidakaet al, 2006]

The sugar ring at subsite -1 may form a reactidarmediate with an oxocarbonium ion-like
conformation during phosphorolyqididaka et al, 2004], the shift of the C-4, C-5 and C-6
positions are likely to be relatively small andgtibe structure of the complex with glycerol does

not conflict with the reaction mechanism.



- o [ )
,\/‘»-;; 8 %‘; B / L
W4.8§f{: : fﬁtf Iuc?sﬁoiheFinoafomer) . c?e?f’lemm?oihe}qr;ogr_?omer)
' : RJ%T ~ éQG?
7 \ _/

Figure 17 A/BModel of CBP-SQand CBP-PQ[Hidakaet al, 2006]

Among the highly conserved residues involved iroamiecognition are Afg*, His®®®, Thr'3?,
Gly"? and Thf*2 The orientations of the bound $&hd PQare different, in that one P-O bond
points to Hi§%® whereas one S-O bond points in the opposite titre¢Figure 18) [Hidaka et
al., 2006].

Glycerol Glycerol

a J
Figure 18 Stereo view of the anion binding site of CBP;8@d CBP-P@Q[Hidakaet al., 2006]

In PO, recognition, three hydrogen bonds, those with itie-shain hydroxyl group of THt, the
main-chain NH group of GIy and the KH group of Arg>", bind to two of the four oxygen
atoms of PQ (indicated by arrowheads in Figure 18). The otiagr oxygen atoms, positioned
differently from those of SQform two additional hydrogen bonds, one with th&aibom of



His®®® and the other, which is held v@in"*? and glycerol, therefore appearing to be suitabfe f
the direct attack on the C-1 atom of D-glucoseudisge -1. Using the structure of the cellobiose
phosphorylase-POcomplex, it can bepostulated that the reaction mechanism of inverting
phosphorylase begins with direct nucleophilic &tdy phosphate on the anomeric center
[Hidakaet al, 2004].

As already mentioned, the enzyme cellobiose phogtdse is absolutely specific for the
cleavage and synthesisf{fL>4) glucosidic bonds and it also exhibits a relagpecificity with
respect to the reducing sugar that has a funcsoa glucosyl acceptor in the synthetic reaction
[Kitaoka et al, 1992]. Using this relaxed substrate specifigtyyumber of novep-1,4-glycosyl
products can be synthesized as described below.

In this context, it was shown that disaccharidegirttpa structure comprising of a “glucose
bound by another saccharide at the position 6” c@drve as the acceptor due to the loose
specificity at position 6. Therefore, disaccharidash as isomaltose (GIt-6GlIc), gentiobiose
(Glcp1-6Glc) and melibiose (Gal-6Glc) from Cellvibrio gilvuswere examined as acceptors.
Cellobiose phosphorylase was able to transfd-ghucosyl residue at the reducing end to
position 4 of the glucose moiety of the respectiieaccharides to form the corresponding
branched trisaccharides as expected. Thus, medibigentiobiose, isomaltose and also the
monosaccharide glucuronamide were found to redtt edgllobiose phosphorylase and glucose-
1-phosphate givings-D-Glcp-(1-2>4)-[a-D-Galp-(1-2>6)]-D-Glcp, p-D-Glcp-(1-2>4)-[p-D-Glcp-
(1->6)]-D-Glcp, p-D-Glcp-(12>4)-[a-D-Glcp-(1-2>6)]-D-Glcp, S-D-Glcp-(1>4)-D-GIcUNp
(Figure 19). [Percyet al, 1998]



OH
OH

HO.
oH
oH oH
NH,

0 9 o 0

o . \ 0 HO
HO
HO. HO
HO. OH OH
OH
OH = OH

B-D-Glcp-(1=4)-D-GIcUNp B-D—Glcp(1+4)-[oc—D-Gal;r(1*6)]-D-Glcp
ou HO

HQ

B-D-Glcp-(1-4)-[B—D-Glcp-(1>6)]-D-Glcp B-D-Glcp-(1=4)-[a—D-Glcp-(1-6)]-D-Glcp

Figure 19 Synthesis of branched trisaccharides using celtabpghosphorylase [Pereyal, 1998]

In the presence of cellobiose phosphorylase f@wmitvibrio gilvus it was also possible to obtain
other disaccharides, namely G45-D-glucopyranosyl-D-glucosamine and G44-D-
glucopyranosyl-2-deoxy-D-glucose, which were susfidly synthesized from equimolar
amounts of D-glucosamine amdD-glucose 1l-phosphate, 2-deoxyglucose afid-glucose 1-

phosphate respectively [Targ al, 1995].

5.9 Reverse reaction of cellobiose phosphorylase thyee-enzyme system

In the reverse reaction of cellobiose phosphorylastobiose is synthesized fromD-glucose
1-phosphate and D-glucose. As a practical pro¢hssyeaction has limitations due to the fact
thata-D-glucose 1-phosphate is prohibitively expensive.lower costs, sucrose phosphorylase
has been used to generat®-glucose 1l-phosphate. This enzyme catalyzes tiosghorolytic
cleavage of sucrose, a cheap substrate, into feaods-D-glucose 1-phosphate, the anomeric
configuration of which is identicalof with the analogous substrate/product of cellabios
phosphorylase. Therefore, using sucrose and D-g&uas raw materials with a catalytic amount
of phosphate, a process can be developed for durigtion of cellobiose and fructose, catalyzed

by the combined action of sucrose phosphorylasecalhobiose phosphorylase.



This reaction has still two problems: 1. the fonmatof the equimolar amount of fructose as a
byproduct and 2. the competitive inhibition by Dixgbse towardi-D-glucose 1-phosphate for
both enzymes, causing a considerable decrease iactivities of the two enzymes. In order to
solve this problem, xylose isomerase was adde&nagme used industrially to produce high
fructose corn syrup by the isomerization of glucast® fructose. In the reaction mixture,
containing sucrose and the three enzymes (sucrbsspborylase, xylose isomerase and
cellobiose phosphorylase), the following sequende reaction takes place: the initial
phosphorolysis of sucrose inteD-glucose 1-phosphate and fructose is catalyzeduryose
phosphorylase. The fructose formed is convertealglucose by xylose isomerase and finally,
cellobiose and phosphate are generated from-Deglucose 1-phosphate and the D-glucose by
cellobiose phosphorylase. Since the phosphate i§Piecycled in the reaction of sucrose
phosphorylase, it was predicted that sucrose wbealdonverted into cellobiose in one step. As
the system was investigated, it was found thatobalse was formed from sucrose in the
presence of a catalytic amount of phosphate asigeed The yield of cellobiose was 76%,
higher than the equilibrium yield usingD-glucose 1-phosphate as the starting materi&o(64
This higher yield was attributed to the high enes§thep-fructofuranosyl linkage in the sucrose
molecule. The three-enzyme system is applicabléhé industrial production of cellobiose
because of the high yield and the inexpensive raateral, sucrose. [Kitaoka and Hayashi,
2002]

Also starch seems to be an attractive alternativehfe production of cellobiose due to its easy
availability with low costs. This type of cellob®groduction includes at first-D-glucose 1-
phosphate synthesis from starch by glucan phosfasaryAs the presence of Pi is not beneficial
for the following cellobiose synthesis due to theplecation of cellobiose phosphorylase,
selective removal of Pi is required which can bleiaed via electrodialysis and by precipitation
of it as magnesium ammonium phosphate by additibraramonia water under alkaline
conditions (pH = 8). Cellobiose synthesis takes@llay incubation of separateeD-glucose 1-
phosphate and D-glucose using recombinant cellelpb®sphorylase fro@ellvibrio gilvus In
comparison to above mentioned three-enzyme sydteamyield from starch of 23.7% is low
compared to cellobiose from sucrose (76%). Nevirsise if the sugar which was obtained by

glucan phosphorylase reaction, so called phospaseylimit dextrin (PLD), with roughly 60%



yield, is converted to D-glucose and this one isduis cellobiose phosphorylase reaction, than
the cellobiose yield from starch can be more thaubte. [Suzuki egl., 2009]

5.10 Synthesis of' Zeoxycellobiose by use of cellobiose phosphorylageD-glucal

In the study of Kitaoka edl. [Kitaoka etal. 2006] application of cellobiose phosphorylaseriro
Cellvibrio gilvushas revealed, that in the reverse reaction, thigrea catalyzes the production
of heterodisaccharides such as 2-deoxy-&&bino-hexopyranosyl-(®4)-D-glucose (= %
deoxycellobiose) from various acceptor sugars (@te, D-xylose, D-mannose and 2-deoxy-
D-arabino-hexose) when D-glucal is used as a donor substlateas confirmed, that the
acceptor specificity for the D-glucal reaction waentical to that of thex-D-glucose 1-
phosphate reaction, whereas the activity of D-dlwaes approximately 500 times less than that
of a-D-glucose 1-phosphate, using 10mM substratesddlitian, Cellulomonas udaellobiose

phosphorylase was found not to react with D-glatalll [Nidetzky etal., 2000].

6. Applications of azido sugars

Due to the fact that little is known about azidoriggives of D-arabinose [Shen, 1970;
Hollenberg etal., 1977; Buchanan and Clark, 1977] it appeared ssacg to synthesize azido
derivatives of D-arabinose. In this context, repedfic syntheses of azidodeoxy and
diazidodideoxy derivatives of methytD-arabinofuranoside have been conducted with time a
to find inhibitors of Gram-negative bacterial lipypsaccharide biosynthesis [Lekal, 1979].
Further studies have been conducted with adenatg@rasside analogs, such as 2"-azido- and 2’-
amino-2"-deoxy- B-D-arabinofuranosyladenine [Leet al, 1979]. In this context, $-D-
Arabinofuranosyladenine (araA) is described as rnpunucleoside with activity against DNA
viruses [Keeney and Buchanan, 1975] and experirheeiaplasms [York and LePage, 1966;
Koshiura and LePage, 1968]. This compound was ialgestigated for its ability to serve as a
cancer chemotherapeutical agent in man [LePageal, 1973]. However, due to rapid
deamination of araA by adenosine deaminaseffd3arabinofuranosylhypoxanthine, which has
no anticancer activity, araA shows limited effiasgnas antitumor agent [York and LePage,
1966; Brink and LePage, 1964]. The development ofeqtial inhibitors for adenosine

deaminase by structural modification of araA, tiuevent or minimize deamination, should



provide attempts to solve the problem of rapid fivation [Montgomery and Hewson, 1957;
Brockmanet al, 1977].

In another study [Leet al, 1979], it was possible to describe an approachhi® modification

of 1--D-arabinofuranosylcytosine to 2 -azido- and 2" 1awA2 " -deoxyB-D-
arabinofuranosylcytosine which resulted in agenth antineoplastic activity and resistance to
inactivation by deamination by cytidine deaminase.

In this context, arazide and aramine have been amedpwith araA as substrates for adenosine
deaminase of cultured L1210 leukemia cells andas whown, that both of these agents were
inferior to araA. However, araA was 2.9 times breth@n arazide as a substrate for the enzyme
from L1210 cells. Aramine was also less efficieataasubstrate for adenosine deaminase than
araA, but superior to arazide.

Similar studies were conducted comparing antinetiglfficiency of arazide with that of araA
against the P388 leukemia by use or absence ofatlmosine deaminase inhibitor, 2°-
deoxycoformycin [Leest al, 1981].

It was possible to show, that the antineoplastitviég of arazide in combination with adenosine
deaminase inhibitor, 2°-deoxycoformycin is remat&auperior to that of araA and 2’-
deoxycoformycin when administrated once daily for days. This finding corresponds to
relatively long lasting inhibition of DNA synthesis P388 leukemia cells by the combination of
arazide and 2"-deoxycoformycin.

Also studies on enzymatic synthesis of 9-azido-Oxglederivatives of N-acetylneuraminic acid
(5-acetoamido-9-azido-3, 5, 9-trideoxy-D-glycerolgBlacto-2-nonulosonic acid) have been
conducted [Brossmeat al, 1980].

The enzyme N-acetylneuraminate synthase from N&sseeningitidis 60E was used to catalyze
the conversion of phosphoenolpyruvate and 2-acdta®iazido-2, 6-dideoxy-D-mannose into
5-acetamido-9-azido-3, 5, 9-tri-deoxy-D-glycerolg@lacto-2-nonulosonic acid. In this context,
it was possible to use the commercially availabi€][phosphoenolpyruvate as a cofactor to 5-
acetoamido-9-azido-3, 5, 9-trideoxy-D-glycerol-Diagaio-2-nonulosonic acid (NeuAc 9-azide),
which is a substrate of the reaction catalyzed Bl?:CMP-N-acetylneuramine cytidyltransferase
(CMP-NeuAc synthetase). Therefore, the enzymeyagdl conversion of 2-acetamido-6-azido-
2,6-dideoxy-D-mannose (ManNAc 6-azide) to NeuAxzfila can be used for the preparation of

[**C]- NeuAc 9-azide, which can be applied for studieglycoconjugate biosynthesis.



IV. AIM OF THE WORK

The ultimate goal of the present work is to devedapipients alternative to chitosan, the only
available and frequently applied cationic biomiroepolymer. Chitosan possesses several
disadvantages such as the low solubility in wates,difficulty of its purification as well as the
existence of traces of allergens. In order to aweke these disadvantages, it became of interest
to develop alternative cationic polysaccharidedwaitbroad spectrum of scientific applications.
Among the methods available for the synthesis tfi@al cellulose derivatives, the enzyme-
catalyzed polymerization of cellobiose analogsnstractive alternative. Therefore, the present
dissertation aims at syntheses of cellobiose asddegring protected nitrogen functionality. The
azido function can be considered as precursor tanaino group, and while amino groups are
strongly basic and incompatible with enzyme-catadyprocesses, the azido function behaves
similar to a hydroxyl group in many systems. Theref the present dissertation describes
approaches to cellobiose analogs containing azidotibns in positions 6, 6’ and 2. Primarily,
methods of combined organic-chemical and enzymalyzad chemistry have been studied.
However, a primary goal of the present dissertati@s the use of green chemistry methods.
Hence there is a strong emphasis of enzyme-cathlygethesis, for which a special source of
the cloned enzyme cellobiose phosphorylase has teesloped. The obtained products will
have potential applications in pharmacy and medieis pharmaceutical excipients and prebiotic
dietary supplements. The cellobiose precursorsdcalsb serve as intermediates for syntheses of
anti-inflammatory agents. Thus, these enzyme baggmoaches should open up innovative
synthetic strategies, including improvements aralesap of the syntheses of cellobiose analogs
with azido substituents in the non-reducing glucossety (C-6") as well as in the reducing
glucose moiety (C-2 and C-6). For preliminary watkyde as well as genetically recombinant
cellobiose phosphorylase fro@lostridium thermocellunstrain NCIMB 10682 has been applied
in this study.

In summary, the present work shows strategies lier greparation of precursors to azido
cellulose derivatives. If successfully developedttechnical scale, such azido polysaccharides
will be of value for biotechnological applicatioaboth academic and industrial interest.



V. EQUIPMENTS

AnaeroGen" Oxoid ANOO25A, Oxoid Limited, U.K.

Analytical balance, MC210P, 210 g max., Sartoriestmany
Centrifugal Filter, Amicon Ultra, Ultracel-50K, URD5008, Millipore, Ireland
Dialysis tubing cellulose membrane, D9402, Sigmarish, Germany
Disposable Cuvettes, 222S, Sterilin, U.K.

Econo Column Pack A, 737-6601, BioRad, Germany
Electrophoresis chamber, PegLab, Germany

Electrophoresis Power Supply-EPS 600, Pharmacige&ip Germany
Fraction Collector, LKB FRAC-100, Pharmacia, German

Glass chamber for TLC, DESAGA Heidelberg, Germany

Glass Pasteur Pipettes, 747720, Brand, Germany

GSA Rotor, Sorvall Instruments, Germany,

Heating oven, Heraeus Instruments, Germany

Hermle Z 323K, table centrifuge, Germany

Heto Power Dry, Freeze Dryer LL3000, Thermo ScfentU.S.A.
Incubator, Memmert, Typ500, Germany

Laminar flow work bench, Waldner Electronics, FAZgrmany
Lightweight film processor, CP1000, AGFA

Micro Bio-Spin® Chromatography Columns, 732-620#&hfad, Germany
Micropipettes 10 pl, 708709, Blau Brand, Germany
Microprocessor pH Meter, pH211, Hanna Instrume@ermany
MyCycler™ Thermal Cycler, 170-9703, BioRad, Germany
Parafilm “M”, Laboratory Film, Chicago U.S.A.

Pipetman P10, F144802, Gilson, U.S.A

Pipetman P1000, F123602, Gilson, U.S.A

Plastic tubes 5 ml and 50 ml, Sterilin, U.K.

RC5C centrifuge, Sorvall Instruments, Germany

Safe Lock Tubes 1.5 ml, Eppendorf, Germany

Scotsman AF 100, ice machine



SS34 Rotor, Sorvall Instruments, Germany

Starsonic 60, degassing equipment, Liarre, Italy

TE 77 ECL Semi-Dry Transfer Unit, Amersham, U.K.

TLC Silica Gel 60 Ess, Aluminium sheets 10x20 cm, 1.05570.0001, MerdkstAa

U-1100 Spectrophotomer, Hitachi, Japan

Ultraturrax high performance disperser (Homogenjz&_LH-795 220V, OMNI International,
U.S.A.

VARIOKLAV Typ 400, Germany

Vivaspin ultrafiltration spin columns 20 ml, Saites, Germany

Vortex, Heidolph, REAX top



VI. MATERIALS

1. Chemicals
Chemicals were prevalently purchased from BioRadlyc@, Fermentas, Fluka, Merck,

Metabion, Oxoid, Sigma Aldrich and Qiagen.

2. Bacterial strain
The Gram-positive strain @lostridium thermocellunwith accession number 10682, which has
been used throughout this study, was purchasedXGivIB Ltd., Aberdeen, Scotland.

3. Mono- and Disaccharides

The following sugars have been used in this study:

2-Deoxy-D-glucose (D8375, Sigma Aldrich, Germany)

6-Deoxy-D-glucose (D9761, Sigma Aldrich, Germany)

D-(+) Xylose (X-3877, Sigma Aldrich, Germany)

D-(+)-Glucose (G7528, Sigma Aldrich, Germany)

Cellobiose (S96030, Glycon, Germany)

All azido sugars have been synthesized either ataiyior enzymatically throughout this study.

4. Column chromatography materials

Column materials used in purification steps hawenaurchased:

Microgranular DEAE cellulose for anion exchange ochatography (4057050, DE52
Diethylaminoethyl cellulose, Whatman, U.K.)

Sephacryl® 200HR as suspension for gel filtratiSRQOHR, Sigma Aldrich, Germany), which
was stored at 4°C in 20% EtOH

Silica gel 60 (0.063-0.200 mm) (1.07734.2500, Merokstria)

5. Buffers for column chromatography

Chemicals for buffers used in DEAE and Sephacryifigation step, were the following:
Trizma® base (T1503, Sigma Aldrich, Germany)

Sodium chloride extra pure (1.06400.1000, MerckstAa)



6. Column material and buffer for Ni-NTA chromatography
Ni-NTA Agarose (30210, Qiagen, Austria)

Resuspension buffer pH 7.5:
2.3 g 50mM NaHPO*2H,0, 0.055 g 1.4mM-mercapthoethanol, 8.76 g 300mM NacCl, 0.68 g
20mM imidazole in 500 ml distilled

Elution buffer pH 7.5:
2.3 g 50mM NakHPOs*2H,0, 0.055 g 1.4mM-mercapthoethanol, 8.76 g 300mM NaCl, 5.1 g
150mM imidazole in 500 ml distilled J@

7. Column material and buffer for Bio Gel
Bio Gel® P-2 Gel Fine (150-4114, BioRad, Germany)

8. Kits

Kits were preferably used in cloning steps.

InstaGene Matrix (732-6030, BioRad, Austria)

PCR Master Mix (2x) (KO171, Fermentas, Austria)

Gel Extraction Kit (28704, Qiagen, Austria)

High Fidelity PCR enzyme Mix (K0191, Fermentas, fiad

GeneJét” Plasmid MiniPrep Kit (K0502, Fermentas, Austria)

Plasmid Midi Kit (12143, Qiagen, Austria), includibuffers:

Buffer P1 (resuspension buffer) 50mM Tris pH 8, MBEDTA, 100pg/ml RNase A
Buffer P2 (lysis buffer) 200mM NaOH, 1% SDS (w/v)

Buffer P3 (neutralization buffer) 3M potassium atetpH 5.5

Buffer QBT (equilibration buffer) 750mM NaCl, 50mMOPS pH 7, 15% isopropanol (v/v),
0.15% Triton® X-100 (v/v)

Buffer QC (wash buffer) 1M NaCl, 50mM MOPS pH 7% %sopropanol (v/v)
Buffer QF (elution buffer) 1.25M NaCl, 50mM Tris @845, 15% isopropanol (v/v)
QIlAexpress® Anti-His HRP Conjugate Kits (34698, @#a, Austria)

Immun-Star Chemiluminescent Kits (170-5070, BioRadrmany)



9. Culture medium for Clostridium thermocellumNCIMB 10682 cells

All ingredients have been purchased form Merckgpkcellobiose (S96030, Glycon, Germany),
microcrystalline cellulose, AVICEL Cellulose (Phatrans Sanaq, Germamgmnd yeast extract
(LP0021, Oxoid, U.K.)

Cellobiose 2d
AVICEL Cellulose 10 g
Yeast extract g2
(NH4)SO, 1.3g
KH.POy 159
KoHPO,* 3 HO 299
MgCl * 6 H,O 1lg
CaCb 0.15¢
Distilled water 1000 ml

The pH of the prepared culture medium was adjusted.8 with NaOH and the medium
autoclaved at 121°C. Finally, freshly prepared dilter sterilized reductants solution
(5ml/100ml culture medium), containing 0.5 g of ¥stein and 5 g of NaHC{In 50 ml distilled
water was added to the cool culture medium.

For the protection of cellobiose phosphorylaserdusonication, PMSF (phenylmethylsulfonyl
fluoride) has been used, which inhibits serine gasés such as trypsin and chymotrypsin
(P7626, Sigma Aldrich, Germany).

10. Culture medium for BL21 (DE3)E. coli cells
The BL21 (DE3) competent cells were grown usingflllB medium pH 7.5:

Bacteriological peptone 19
NaCl a0
Yeast extract 549

All ingredients were purchased as mentioned prelyouexcept bacteriological peptone
(097045/121, Lab M Limited, U.K.).



For the induction of expression of thec operon inEscherichia coliBL21 (DE3) cells, IPTG
(Isopropylp-D-thiogalactoside) was used (15502, Sigma Aldri@ermany).

The antibiotic used in this study was kanamycinfagel from Streptomyces kanamyceticus
(K1377, Sigma Aldrich, Germany).

11. Buffers and solutions for SDS polyacrylamide dgelectrophoresis (SDS PAGE)
Laemmli buffer:
0.3 g Tris, 0.8 g SDS, 2.35 g 20% glycerol, 0.0&F@mnophenol blue in 10 ml distilled,B

4x separating buffer pH 8.8:
18 g Tris, 0.4 g SDS in 100 ml distilled®

4x stacking buffer pH 6.8:
6 g Tris, 0.4 g SDS in 100 ml distilled,@

Anode buffer:
3 g Tris, 1 g SDS in 1000 ml distillec,&

Cathode buffer:
3 g Tris, 1 g SDS, 14.41 g glycine in 1000 ml dlesti H,O

Staining buffer:
PhastGel® Blue R (17-0518-01, Pharmacia Biotecled&n)

Destaining buffer:
75 ml acetic acid (99.8%), 208.3 ml ethanol (96&6)®00 ml distilled HO

TEMED (N, N, N", N"-tetramethylethylenediamine) €85, Serva, Austria)
APS (Ammonium peroxodisulphate) (1201.0100, Mefakstria)
Dithiothreitol (43819, Fluka, Germany)

Precision Plus Proteih standard, unstained (161-0363, BioRad, Germany)



12. Solutions for Lowry test

Reagent ADc Protein Assay (500-0113, BioRad, Germany)
Reagent BD¢c Protein Assay (500-0114, BioRad, Germany)
Chicken egg white albumin (A5503, Sigma Aldrich r@any)

13. Solution for D-glucose test
The D-glucose test kit was purchased (10 716 29, @diopharm/Boehringer Mannheim,

Germany).

14. Buffers and solutions for western blot
Blotting buffer:
200 ml 20% methanol, 100 ml cathode buffer in 160@istilled H,O

TBST buffer:
87.7 g 1xTBS-buffer, 0.3% Tween20 in 1000 ml distilHO

15. Plasmid vector and bacterial strains for clonig
pPET-26b(+)plain vector and bacterial strains (cheomapetent DH& E.coli and BL21 (DE3E.
coli cells) for cloning were kindly provided by the Depaent of Pathophysiology of the

Medical University of Vienna.

16. Primers

All primers were designed using the software “Ve®d|” and were purchased from Metabion,
Germany.

5-CCATGG AGTTCG GTT TTT TTG ATG AT-3'GeP ATCC fwd)
5-ATATCC CAC TCG AGC TTC AAC TTG TGA GTC T-3'QeP ATCC rev)
5-GGA TTT GTA CAC CAG ATA CCC GCA AGA GCA-3'@eP mut rem fwd)
5-AGA CGC AAA ACG CCA CGG AGA AGC TA-3 CeP ATCC Nco rem fwd
5-TAG CTT CTC CGT GGC GTT TTG CGT CT-3C€éP ATCC Nco rem rey
5-CGC CAA TCC TGA TAT AGT TCC TCC TTT CAG -3T{ seq fwd

5-GAT GCG TCC GGC GTA GAG GAT CGA -3T{ seq rey

5-GGC TCG GTT ATC TAT CAC AAG ACA GAG -3'GeP ATCC seq rey



17. Restriction digest

FastDigest®Ncol (FD0573, Fermentas, Austria)
FastDigest®Xhol (FD0694, Fermentas, Austria)
FastDigest®Bsp14071 (ER0931, Fermentas, Austria)

18. Ligation
T4 ligase (EL0014, Fermentas, Germany)
Ligation buffer (K1422, Fermentas, Germany)

19. Other media
TBE buffer (5x):
53 g Tris, 27.5 g boric acid, 20 ml 0.5M EDTA pHn81L000 ml distilled HO

SOC buffer:
20 g bacterial tryptophan, 5 g yeast extract, 0a€l, 0.186 g KCI, 2.408 g MgSQ3 g D-
glucose in 1000 ml distilled 1D

a-D-Glucose 1-phosphate disodium salt tetrahyde®230, Fluka, Germany)
Nuclease free water (R0581, Fermentas, Germany)
DNA ladder for agarose gel (SM1331, Fermentas, @agn



VII. METHODS

1. Preparation of Clostridium thermocellumNCIMB 10682 glycerol stock

For the preparation of the glycerol stock, 5 mGbdstridium thermocellunNCIMB 10682 cells
(NCIMB Ltd.) were added to 10 ml sterile culture dnen under sterile conditions. The cells
were grown for 2 days under anaerobic conditionisguanaeroGefi Kits (Oxoid) at 60°C and
subsequently centrifuged at 4°C and 8500rpm in A @for (Sorvall Instruments) for 10 min.
The obtained precipitate was mixed with 5 ml of 2@Bgcerol solution and 5 ml of the sterile

culture medium. The suspension was aliquoted inh dryo tubes and long term stored at -80°C.

2. Fermentation and harvest ofClostridium thermocellumNCIMB 10682 cells
2.1 Inoculation of the culture medium
2 ml glycerol stock ofClostridium thermocellunNCIMB 10682 cells were thawed at room

temperature, vortexed and inoculated in 5 | ofuselimedium.

2.2 Incubation

The inoculated culture medium was incubated undaewmbic conditions at 60°C for 4 days in
an anaerobic vessel, using an AneroGéit in order to exclude oxygen from the culture
medium.

After the 4" day, the bacteria were harvested by centrifugato’C and 10 000rpm in a GSA

rotor. Subsequently, the precipitate was colleetadl stored at -20°C for further applications.

3. Extraction of native cellobiose phosphorylase bgonication

3.1 Enzyme extraction

10 g of the precipitate was mixed with 40 ml oftidlsd water and 200 pl of 100mM PMSF
(Sigma Aldrich) and sonicated by an ultraturrax hhigerformance disperser (OMNI
International) at 4°C for 6x10 min with 2 min bresak-between the sonication phases. The
purpose of the sonication is to break down theroelinbranes and release protein complexes.
After the sonication step, the suspension was ifegéd at 4°C and 10 000rpm in a GSA rotor
for 45 min in order to remove cell debris. Subsedlyethe enzyme cellobiose phosphorylase is



found in the supernatant @lostridium thermocellunNCIMB 10682, which was named the

“enzyme crude extract”.

3.2 Ultrafiltration of the crude extract

The crude extract was ultrafiltered at 4°C and 3p00in a SS34-rotor (Sorvall Instruments) by
the use of an AmicShUltra-15 centrifugal filter (Milipore) Eigure 20). This device enables fast
ultrafiltration with the capability for high conctation factors and easy concentrate recovery

from diluted and complex samples.

Cap

Filter unit

Centrifuge tube

Figure 20Amicon Ultra 15

Used Nominal Molecular Weight Limit (NMWL) is 50,00NMWL. The concentrate is collected
from the filter device sample reservoir using aeptigr, while the ultrafiltrate is collected in the
provided centrifuge tube. Subsequently, the preatpiwas collected and stored at -20°C for

further applications.

4. Purification of native cellobiose phosphorylasby column chromatography techniques

The development of chromatography techniques agid aivailability with different selectivities
provide a powerful combination for the purificatiohbiomolecules. Most purification protocols
require more than one step to achieve the desinesl bf product purity, whereas each step in
this process will cause some loss of product. Thezeit is desirable to reach the purity and
yield of the target protein with the minimum numieérsteps, and the simplest possible design.

Consequently, it is not always efficient to add etep to another until purity requirements are



fulfilled. Occasionally, purity of a target protecan be also achieved efficiently by simply
adding or repeating chromatographic steps. [Prdranification Handbook, 1999]

4.1 lon exchange chromatography (IEC)

IEC, a binding technique independent of samplemeluoffers different selectivities using

either anion or cation exchangers. This purifiaatiechnique is based on the reversible
interaction between the charged protein and thesifgly charged chromatographic medium.

In anion exchange chromatography, negatively clthrgelecules are attracted to a positively
charged solid support. Thus, the pH of the semaratian be modified to alter the charge
characteristics of the sample. [Protein Purificatitandbook, 1999]

By increasing the salt concentration, the molecw#h the weakest ionic interactions will be
eluted earlier in the salt gradient, while thosdenoles that have a very strong ionic interaction
require a higher salt concentration and they wiltee later in the gradient. In this study, the
chosen pH of the mobile phase buffer was higher tha isoelectric point (pl) of the cellobiose
phosphorylase (pl = 5.63). The protein was bounthéoanion exchanger, and formed a strong
ionic interaction with the positively charged sofidpport. Thus, a high salt concentration was
required for the elution of the protein.

4.2 Optimization of conditions for the purificatiofhcellobiose phosphorylase

For the purification procedure for cellobiose pHusylase from crude extracts Glostridium
thermocellumNCIMB 10682, implementation was attempted of simifeethods and techniques
as described in literature: particular protectamse used for maintaining enzyme activity, e.g.,
saturated protamine and ammonium sulfate solu#dexpnder, 1968; Tanakat al, 1995] or
dithiothreitol and 2-mercapthoethanol [Sasakial, 1983] respectively. As these preliminary
attempts completely failed due to great loss oft@noactivity, it became crucial to set up
suitable conditions for the purification of the inatcellobiose phosphorylase by determination
of optimal concentrations for Tris buffer and Naf&spectively, without any addition of above
mentioned protectants.



4.2.1 Optimization of mobile phase buffer

In these preliminary experiments, minor sample nwa were applied and instead of a
convenient column, 15 ml plastic tubes (Sterilinerev used to perform anion exchange
chromatography. Total amounts of DE52 DEAE-Cellalg¥vhatman) were 1.5 g and 3 g
respectively. Both were compared in order to examinthe amount of column material
employed influences the purification proceduretidfly, 20, 50 and 100mM of mobile phase
buffer (= starting buffer) with a pH range betwe&nand 7.5 were prepared. In order to
equilibrate the column material, 10 ml of each bufivere added to defined amount of DE52
DEAE-Cellulose in a conical glass and stirred f@ @in at 4°C and 250rpm. After this
equilibration step, DEAE-Cellulose was then trargf@ into a 15 ml plastic tube and washed 10
times with 10 ml of each starting buffer, usingahlé centrifuge (Hermle) for 2 min, at 4°C and
3000rpm. The supernatant of each sample was destaagtoiding losses of the column material.
After the washing step, 1.5 ml of the crude exta&dClostridium thermocellunNCIMB 10682
cells, which was sonicated and prepared as descpieviously, were added to equilibrated and
washed DEAE-Cellulose. The suspension was vortexedcentrifuged for 20 min at 4°C and
1000rpm, using the table centrifuge. Subsequethtéypbtained supernatant was transferred with
a Pipetman P1000 (Gilson) into an Eppendorf tultecamtrifuged for additional 15 min, at 4°C
and 12 000rpm in order to remove traces of columaterral. 1 ml of each clear supernatant was
incubated with 1.2 ml of cellobiose (0.1M) and tBof phosphate buffer pH 7 (0.1M) for 12 h
at 37°C in order to assay for the formation of Degise. Enzyme crude extract without any
buffer treatment, only dissolved in distilled waters similarly incubated and served as positive
control. All samples were analyzed by Lowry testof@ad) as well as by D-glucose test (r-
biopharm) according to the working protocols ddssmli in chapter$ (p.67) and7 (p.68)
respectively.

4.2.2 Optimization of elution buffer

In order to elute cellobiose phosphorylase fromDEAE-Cellulose, elution buffers with a salt

concentration between 0.05 and 1200mM have be¢edtekitially, 1.5 ml of each prepared

elution buffer was applied onto previously treatBEAE-Cellulose, then vortexed and

centrifuged for 15 min, at 4°C and 12 000rpm ineorib precipitate traces of column material. 1

ml of each clear supernatant was incubated withml.2Df cellobiose (0.1M) and 0.8 ml of



phosphate buffer pH 7 (0.1M) for 12 h at 37°C idesrto determine the amount of D-glucose,
which should be formed during the phosphorolytiact®n. Enzyme crude extract without any
buffer treatment, only dissolved in distilled wateras analogously incubated and served as
positive control. All results have been analyzed_bwry test (BioRad) as well as by D-glucose

test (r-biopharm) considering the working protoasldescribed in chaptér(p.67)and chapter
(p.68).

4.3 Sample and IEC column preparation

All solvents were degassed by use of Starsoniar@g)and all purification steps were conducted
at 4°C in a cold room.

30 g ofClostridium thermocellutNCIMB 10682 cells (from 5 | of culture medium assdebed
previously) were mixed with 120 ml of distilled,® and 600 pl of 100mM PMSF. After the
enzyme was extracted and concentrated by use a¥dHeng protocol as described previously,
the concentrated crude extract (= 6 ml) was lyapddl at -54°C (Thermo Scientific).

For the first purification step, DE52 DEAE-Celluébbsvas used as column material. For this
purpose, 1| of starting buffer 50mM TRIS pH 7 & ml of elution buffer 600mM NaCl were
prepared.

26 g of DE52 DEAE-Cellulose were suspended in 5@fthe starting buffer and were applied
to a column (27.5 cm x 1.7 cm, BioRad). Subsequyetite column was equilibrated with the
same buffer in a total volume of 200 ml. The lydizlkeid sample was dissolved in a minimum
volume of 2 ml starting buffer and then appliedhe equilibrated column with a Pasteur pipette
(Brand).

Firstly, 300 ml of 200mM NaCl and 300 ml of 50mMidpH 7 were used to produce a linear
gradient in order to remove unspecific proteinsnfradhe column. Finally, cellobiose
phosphorylase was eluted with a gradient produaad 800 ml of 600mM NaCl and 300 ml of
50mM TRIS pH 7, collecting 60 fractions in a tow@lume of 1 ml, using a fraction collector
(Pharmacia).

For the determination of the specific activity, 40i00f each fraction were incubated with 320 pl
of phosphate buffer pH 7 (0.1M) and 480 ul of dalbse (0.1M) for 12 h at 37°C in a heating

oven (Memmert).



Subsequently, the phosphorolytic reaction of eaempte was assayed by thin layer
chromatography (= TLC) which was visualized by gprg with an anisaldehydei SO,
solution and heating at 100°C in a heating overnrgeies Instruments). Active fractions were
pooled together, dialyzed against 3.5 | of 50mM3RH 7 and lyophilized at -54°C.

4.4 Sample and gel filtration (GF) column prepaoati

Also in this purification step, all solvents weregassed and all purification steps were
performed at 4°C in a cold room.

A Sephacryl column (50 cm x 1.7 cm, BioRad) wakdilwith Sephacryl S-200HR (Sigma
Aldrich) previously stored in 20% ethanol. In orderremove ethanol, the column was washed
with 150 ml distilled HO and then equilibrated with 150 ml of 50mM TRIS pH The
lyophilized sample was dissolved in a minimum voduf 1.6 ml starting buffer and then
applied to the equilibrated column with a Pastdpefbe. The enzyme was eluted with 50mM
TRIS pH 7, collecting 95 fractions in a total volermf 850 pl.

For the determination of the specific activity, 20i00f each fraction were incubated with 160 pl
of phosphate buffer pH 7 (0.1M) and 240 ul of daelbse (0.1M) for 12 h at 37°C.

After the TLC analysis, active fractions were pabtegether, dialyzed against 3.5 | of 50mM
TRIS pH 7 and finally lyophilized at -54°C. The gigd enzyme was stored at -20°C.

The specific activity of cellobiose phosphorylasaswdetermined by Lowry test and D-glucose

test after each purification step.

5. Dialysis

In order to remove salt molecules or change th&bof the target protein, dialysis, a timely but

easy and inexpensive method, can be used. Dialysisg is a semi-permeable membrane with a
specific range of pore sizes. In this study, dialyabing cellulose membrane (Sigma Aldrich)

with cut off>12 000MW was used.

The appropriate length of the tubing accordingh® volume of the crude extract was cut and
boiled in distilled water for 15 min. Subsequentlye tubing was rinsed with cold water. One
end of the tubing was pinched with a dialysis claamgl the protein solution was filled inside

using a glass funnel. All air bubbles were removstore the open end of the tubing was tied.



The membrane tubing was placed in a large bealed fivith dialysis buffer, at least 10 times

the volume of the protein solution, and stirredravight at 4°C in a cold room.

6. Lowry test

6.1 Principle of the Lowry test

The Lowry test is a protein assay, which is basedhe reaction of a protein with an alkaline
copper tartrate solution (reagent A, BioRad) and Holin reagent (reagent B, BioRad) to
determine protein concentration. Under alkaline ditbons, copper complexes with protein.
When the Folin reagent (sodium 1, 2-naphthoquinbseifonate) is added, it binds to the
protein. Bound reagent is slowly reduced and chaucgéor from yellow to blue.

Following the standard assay protocol, 100 ul efgiotein solution was used. 500 pl of reagent
A were added, the whole vortexed and subsequentiy 4f reagent B were mixed with the
solution. The reaction reaches 90% of its maximofow development within 15 min.

After the incubation time of 15 min at room tempere, the absorbance was read at 750 nm,

using 1 ml of the sample in semi-micro disposableettes (Sterilin).

6.2 Preparation of a standard curve

Typical protein assays are used to determine pratencentration by comparing the assay
response of a sample to that of a standard whaseentration is known. Protein samples and
protein standards are processed in the same magnerixing them with assay reagents and

using a spectrophotometer to measure the absorhance

For the protein standard curve, a stock solutioohatken egg white albumin (Sigma Aldrich)
was prepared (15 mg/10 ml) and the following ddos were used:



Volume of distilled water | Volume of stock albumin Final concentration
solution
- 1ml 1.5 mg/ml
0.2 ml 0.8 ml 1.2 mg/ml
0.4 ml 0.6 ml 0.9 mg/mi
0.667 ml 0.330 ml 0.5 mg/mi
0.867 ml 0.133 ml 0.2 mg/mi

Following the standard protocol as described abtheeabsorbance was read at 750 nm after 15

min of incubation, using 1 ml of the sample in senicro disposable cuvettes.

7. D-Glucose test

7.1 Determination of the enzyme activity for natimel recombinant cellobiose phosphorylase
The D-glucose quantification test is used to deiteenthe enzyme activity. Enzyme activity (in
units U) describes the amount of enzyme (= celediohosphorylase) that catalyzes the reaction
of 1umol of substrate (= cellobiose) per minute.

Specific activity defines the number of enzyme singer ml (= D-glucose test) by the

concentration of protein in mg/ml (= Lowry test).

7.2 Principle of the D-glucose test

The test combination set contains two solutions:

e Solution 1, with approximately 7.2 g powder mixtumnsisting of triethanolamine
buffer pH approx. 7.6; NADP, approx. 110 mg; ATRagx. 260 mg and magnesium

sulfate, which is dissolved in 45 ml redistilledtema

» Solution 2, with approximately 1.1 ml suspensicongisting of hexokinase, approx. 320

U; glucose-6-phosphate dehydrogenase, approx. 160 U



D-Glucose is phosphorylated to D-glucose-6-phospk@t6-P) in the presence of the enzyme
hexokinase (HK) and adenosine-5"-triphosphate (AWRh the simultaneous formation of

adenosine-5"-diphosphate (ADP):

HK: D-Glucose + ATP> G-6-P + ADP

In the presence of the enzyme glucose-6-phospleditgddogenase (G6P-DH), G-6-P is oxidized
by nicotinamide-adenine dinucleotide phosphate (IRAEb D-gluconate-6-phosphate with the

formation of reduced nicotinamide-adenine dinustEophosphate (NADPH):

G6P-DH G-6-P + NADP - D-gluconate-6-phosphate + NADPH + H

The amount of NADPH formed in this reaction is shadmetric to the amount of D-glucose.
The increase in NADPH is calculated from the abasoce at 340 nm.

7.3 Instructions for performance of the D-glucosst t
Generally, in order to determine the specific agtiof cellobiose phosphorylase, enzyme crude
extract or purified enzyme, was incubated with atglbse as substrate for the phosphorolytic

reaction in order to measure the amount of theaselé D-glucose.

For the incubation, which took place at 37°C forhl2he following components were used.

1.2 ml cellobiose (0.1M)
0.8 ml phosphate buffer pH 7 (0.1M)
1ml enzyme crude extract (0.62 U/20 mg) or

1ml purified enzyme (3 U/0.1 mg)



After 30 min, 50 pl of the incubated sample (*) wasd to perform the D-glucose test by the
following procedure:

Pipette into cuvettes Blank Sample
solution 1 500 pl 500 pl
sample solution* - 50 pl
redistilled water 1000 pl 950 ul

The prepared solution was mixed and the absorb@hgeat 340 nm was read after 3 min. In

order to start the reaction, the following compdsemere added.

solution 2 10 pl 10 pl

The prepared solutions were mixed and after 15th@rabsorbance at 340 nm was reag).(A

Finally, the absorbance differences,{A;) were determined between blank and sample by

subtraction the absorbance difference of the bfeork the absorbance difference of the sample:

AA = (AZ'Al)sampIe' (A2-A1)blank

The measured absorbance differences should be,rag,aat least 0.100 absorbance units to

achieve sufficiently precise results.

7.4 Calculation of the D-glucose test

The final concentration [c] was calculated by teeeral equation:

[c] = V*MW s« paqgn
e*d*v*1000



V = final volume [ml]

v = sample volume [ml]

MW = molecular weight of the substance to be assfyknol]
d = light path [cm]

¢ = extinction coefficient of NADPH at 340 nm = §13 mmol™ * cm™]
Therefore, it follows for D-glucose:

[c] = M—G * AA D-glucose = m * AA D-glucose [g D-glucose/l sample solution]
6.3*1* 0.050 * 1000 315

8. Thin layer chromatography (TLC)

The term chromatography is derived from the Greekdwehromagrapheinchroma= colour,
graphein= write. [Kruiswijk, 2005]

There are several techniques to separate substafitasf the techniques depend upon the
difference in distribution of the various compoundghe applied mixture between the mobile
phase and the stationary phase. [Kruiswijk, 2005]

8.1 The stationary phase

Many different materials are capable of retainingghbsolvents and solutes. The two most
commonly used as stationary phase (adsorbentjlame gel (SiQ) and alumina (AO3). In the
adsorption processes on silica gel and aluminapnlyt electrostatic interactions are important
but also hydrogen bonding plays an important f&deuiswijk, 2005]

Silica gel, also used in this study, has a gooealinrcapacity and hardly any catalytic character
that can lead to the decomposition of samplesadtanlarge specific surface area (300-86@)m
and a large pore volume (> 0.7 ml/g). Vicinal amanginal hydroxyl groups are responsible for
the adsorption procesBiQure 21). [Kruiswijk, 2005]
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Figure 21 Vicinal and germinal hydroxyl groups [Kruiswijkp@5]

On the surface of aluminium oxide acidic {Aland basic (&) groups are present, therefore
acidic compounds will be strongly adsorbed. Thec#jesurface is smaller than for silica gel
(100-200 ri/g) and the pore volume is also smaller (0.2-0.By)nlAlumina can catalytically
decompose acidic compounds. Like silica gel, alammay be regarded as a typical polar
sorbent and the order of separation of compounssekin alumina and silica gel is generally
similar. [Kruiswijk, 2005]

8.2 Elution solvents and speed coefficient

In most cases, the structure of the componentristaat. This means that the composition of the
elution solvent is the most important factor in @psion chromatography. The elution solvent
interacts with the component and with the adsorlasntvell. Small changes in the composition
of the elution solvent can have major effects mgbparation. [Kruiswijk, 2005]

For TLC the speed at which the elution solventusning is very important. The speed the
elution solvent is running at is not constant ardecreases with the height of the solvent. In this

study, 1-propanol-water solution was used in aratil7:3.

8.3 Development and visualization of the TLC plate

After the TLC plate is spotted, it was transferietb a development tank, made of glass. This
tank holds the solvent system. The baseline i@lhmived to sink in the solvent system otherwise
the compound will diffuse in the solvent. The saliv&ont should rise in a straight horizontal

line until it reaches the top of the plate approadiety 1 cm from the end. [Kruiswijk, 2005]

There are numerous reagents available to visudlize plates. Even when the material being
analyzed is coloured, it is necessary to treafTih@ plate to visualize any non-coloured spots
that might be present in the sample. The TLC ptate be dipped into a stock solution of an
appropriate reagent or the plate can be sprayddandiffuser. [Kruiswijk, 2005]



In this study, anisaldehyde-sulphuric acid sprays@dehyde-pS0O, solution) was used, which

consists of following substances:

90 ml absolute ethanol
5 ml 4-Methoxybenzaldehyde 98%
5 ml sulfuric acid

1 ml acetic acid 100%

9. Monitoring conversions of azido sugars by the esof TLC and the anisaldehydesulfuric
acid spray reagent

Anisaldehyde-sulphuric acid spray, which was usedhis study, is a highly sensitive spray
reagent used in thin layer chromatography. It exsmlthe detection of carbohydrate derivatives
and other natural products, producing differentorations depending on the types of sugar
involved. This staining method greatly facilitat@®nitoring of reactions involving azido sugar
derivatives [Schwarz, 2003].

In this study, chemically synthesized azido su@aazido-2-deoxy-D-glucose, 2-azido-2-deoxy-
cellobiose and 3-azido-3-deoxy-D-glucose were nooed by TLC with the anisaldehyde$,

spray reagent.



Svynthesis of 2-azido-2-deoxy-D-glucose:
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Synthesis of 2-azido-2-deoxy-cellobiose:
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The chemical synthesis of 2-azido-2-deoxy-D-glucesel 2-azido-2-deoxy-cellobiose were

performed within the framework of a diploma thg€abra, 2009].



Svynthesis of 3-azido-3-deoxy-D-glucose:
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3-azido-3-deoxy-D-glucose

The chemical synthesis of 3-azido-3-deoxy-D-gluoceas performed within the framework of a
diploma thesis [Trinkl, 2005].



10. Preparation of the cellobiose phosphorylase gemic DNA for PCR
All cloning experiments have been performed unterdupervision of Dr. Philipp Starkl at the

Department of Pathophysiology of the Medical Unsigrof Vienna.

10.1 InstaGen&” Matrix

In order to allow fast and easy preparation of R@iplifiable DNA, InstaGene matrix (BioRad)
has been used in this study, without use of intenghenol/chloroform extraction steps. The
protocol as described below was used for the patipar of the genomic DNA from the
bacterium.

1 ml of the grownClostridium thermocellunNCIMB10682 cells was resuspended in 1 ml of
autoclaved, distilled water in a microfuge tubeeBolution was centrifuged for 1 min at 10 000-
12 000rpm. As the supernatant was removed, 200 lnstaGene matrix was added to the pellet
and incubated at 56°C for 30 min. After the incidrgtthe suspension was vortexed and placed
in a 100°C heat block. Finally, the sample wasesat at 12 000rpm for 10 sec and spun at 12
000rpm for 3 min. 5 ul of the resulting supernaaet 25 pl PCR reaction was used, while 10 pl

of the same supernatant was used for the deteiipminait DNA concentration.

10.2 UV spectrophotometric measurement of DNA adretson

The most reliable way to evaluate DNA concentratisnto use UV spectrophotometric
measurements. DNA has absorbances in the regiotoZ®0 nm, allowing measurement of the
DNA concentration in this region. As DNA absorbghli most strongly at 260 nm, the
absorbance value at this wavelength (callegh)Avas used in this study to estimate the DNA
concentration of the genomic DNA 6Glostridium thermocellurhCIMB 10682.

Generally, the measured absorbance should haveDarbedveen 0.05 and 0.3. A negative
control or blank cuvette was filled with distilledater. As the tube has no DNA, the
spectrophotomer was set the reference of zero.s@hwle with genomic DNA oflostridium
thermocellumwas diluted hundredfold in distilled water (10qflthe sample in 990 pl distilled
water). 1 ml was placed in a semi-micro disposablestte and the OD was read at 260 nm.
The measured OD at)fywas then multiplied by the dilution factor (100%ing the relationship
that an Ago of 1.0 corresponds to 50 pg/ml pure DNA, thusrgiihe DNA concentration of the

sample: Concentration (ug/ml) = Aggo reading x dilution factor x 50 pg/mi



11. Amplification of the cellobiose phosphorylaseegniomic DNA

For the amplification step, the genomic DNA @lostridium thermocellunNCIMB10682 was
utilized as template DNA, using PCR Master Mix (Rentas). This PCR Master Mix comprises
a mixture of Tag DNA polymerase, PCR buffer, Mg€hnd dNTPs. A pair of primers was
designed based on the DNA sequenc€lofstridium thermocellurATCC27405. All solutions

were thawed on ice, gently vortexed and brieflyteiged.

For 25 pl of reaction volume the following protoegds used:
10 pl PCR Master Mix (2x)
5 ul genomic DNA
1ul5-CCATGG AGTTCG GTT TTT TTG ATG AT-3" 5w (CeP YM4 ATCC fwd)
1 ul 5-ATA TCC CAC TCG AGC TTC AAC TTG TGA GTC-3' 5 pM (CeP ATCC reV)
8 ul nuclease free @

PCR, 40 cycles, was performed under these conditi@s°C, 1 min for denaturation, (enzyme
activation), 95°C, 30 sec for double strand melt®2°C, 30 sec for primer annealing, 72°C, 3
and 5 min for elongation. PCR was performed inertal cycler (BioRad). After completing
the PCR, the amplified DNA was stored at 4°C wlale agarose gel was prepared. 1% of
agarose (10 g) was added to 60 ml TBE buffer armdeldeuntil boiling in microwave. After the
solution was cooled down to 40-50°C, 5 pl of etindibromide (1:1000) was added and the gel
was finally poured in a gel chamber with 8 lane bem

After the polymerization, end walls as well as cemere removed from gel chamber and the
gel was placed into the electrophoresis chambeglL@® filled with TBE buffer. 1/6 volume of
loading dye was added to PCR samples. The wholenmlvas applied onto the gel with a DNA
ladder (Fermentas) and the gel was run for 60 mir2@ V. Finally, the gel was analyzed under

UV and the band was cut out.

11.1 PCR product extraction
For the extraction of the amplified DNA, a Gel Edtion Kit (Qiagen) was used, which
provides an efficient and rapid extraction of DNidrh agarose gels as well as from reaction

mixtures. After the DNA fragment was excised frdme tagarose gel, this gel slice was weighed



in a colorless tube (~ 140 pg) and 420 pl of bufd& have been added. The gel was incubated
at 50°C for 10 min until the gel slice had completdissolved and became yellow. 140 pl of
isopropranol were added to the sample and mixadugyrting the tube several times. In order to
bind DNA, the sample was applied to a MinElute ocmuand centrifuged for 1 min. The flow
through was discarded each time. The washing stespdene by adding 750 pl of buffer PE to
the MinElute column, which then was centrifuged fomin. The flow through was discarded
each time. The MinElute column was placed intoearl1.5 ml microcentrifuge tube and the
DNA was eluted by adding 10 ul of buffer EB, whislas centrifuged for 1 min. The eluted
DNA was stored at -20°C.

11.2 High Fidelity PCR

The High Fidelity PCR was used due to its advargayer conventional PCR such as increased
efficiency and range, high accuracy and greateldyieThe High Fidelity PCR enzyme mix
(Fermentas) contains a blend ofag DNA polymerase an&fu DNA polymerase that exhibits a
3’>5"exonuclease activity. This blend increases thgtleand yield of amplification products
with high DNA synthesis fidelity.

Due to the presence of the interiNald restriction site, the genomic DNA was amplifiesing

two different forward primers as well as two ditfat reverse primers, thus generating two

fragments by removing the internal restriction gNed).

20 pl of reaction volume for each PCR was prepassulg the following protocol:
1. PCR
0.1 pl High Fidelity PCR Enzyme Mix
1 pl genomic DNA
1ul5-CCATGG AGT TCG GTTTTT TTG ATG AT-3" jaM (CeP YM4 ATCC fwd)
1 ul5-TAG CTT CTC CGT GGC GTT TTG CGT CT-3pM (CeP ATCC Nco rem rey
2 pl dNTPs (dATP, dCTP, dGTP, dTTP) 2mM
2 pl High Fidelity PCR buffer with Mgg(10x)

13 pl nuclease free @



2. PCR
0.1 pl High Fidelity PCR Enzyme Mix

1 pl genomic DNA

1 ul 5°-AGA CGC AAA ACG CCA CGG AGA AGC TA-3" pM (CeP ATCC Nco rem fwd
1ul5-ATATCC CAC TCG AGC TTC AAC TTG TGA GTT-3" 5 pM CeP ATCC rev)
2 pl dNTPs (dATP, dCTP, dGTP, dTTP) 2mM

2 pl High Fidelity PCR buffer with Mgg(10x)

13 pl nuclease free @

PCR cycles were performed as described previoustier PCR, the amplified DNA was
extracted by Gel Extraction Kit (Qiagen) as desatibbove. 20 pl of DNA was eluted, whereas
5 pl of each fragment was used for the overlapnsite PCR.

11.3 Overlap extension PCR

The two fragments obtained, were amplified in @08dcPCR, an overlap extension PCR (OE-
PCR).

The overlap extension PCR is a variant of PCR whah produce polynucleotides from smaller
fragments. Therefore, it preferentially amplifiesecstrand of the target DNA. The reaction mix

is identical to previous PCR attempts, but withvieg out the primers.

20 pl of reaction volume for each OE-PCR was preghasing the following protocol:
0.1 pl High Fidelity PCR Enzyme Mix

5 ul fragment 1GeP PCR ATCC rem Nco frag )

5 ul fragment 2GeP PCR ATCC rem Nco frag 2)

2 ul dNTPs 2mM

2 pl High Fidelity PCR buffer with Mg&(10x)

5.9 pl nuclease free @

The OE-PCR was performed using fragment 1 and 2rmaplates with the short overlapping
sequence of one fragment functioning as primetterother fragment. The first 10 cycles were

performed under following conditions: 95°C, 1 mar tlenaturation (enzyme activation), 95°C,



30 sec for double strand melting, 52°C, 30 secpiomer annealing and 72°C, 2 min for
elongation. After 10 cycles, primers binding at thgposing ends of the full fragment were
added (1 pl forward primer CeP YM4 ATCC fwahd 1 pl reverse primer CeP ATCC rev
respectively) to the reaction mixtures. The PCRitbentinued under the same conditions as the
High Fidelity PCR (40 cycles) as described above.

The obtained full coding sequence fragment of baiee phosphorylase, now without internal
Ncd site, was cloned into the pET-26(+) plain vectBcheme )L In contrast to the original
pET-26(+) vector, the plain variant does not canttie N-terminal pelB signal peptide for
periplasmatic localization.

T7term

6xHIS

Xhol (159)

Notl (167)

HindIII (174)

f1 origin Sall (180)

— Sacl(191)

EcoRI (193)

BamHI (199)

kan Neol (221)
T7 Promoter
ClaI/Bsu15 I (4043) . Xbal (261)
pET26 plain
Bglll (327)
5294 bp

lacl

ori

Scheme PET-26Db(+) vector



12. Preparation of pET26 vector and insert for theransformation into DH5 a E.coli

12.1 Restriction digest

The vector should be linearized by digesting witle @r more unique restriction enzymes to
completion. Uncut vector in the prep will lead tdhigh background oE. coli transformants
having no inserts in the vector. In this work, thector was digested with two different
restriction enzymes that have nearly adjacent m@tiog sites in the cloning region. This
produces non-compatible sticky ends, thus reduthiegbackground of vector recircularization

without insert.

Using restriction enzyme sites, FastDigest®Ncol &adtDigest®Xhol (both Fermentas) for
pPET-26b(+) plain vector (Novagen) and cellobios@gghorylase amplified gene without the
internal Ncd site (= CeP) respectively, a restriction digedd (11) was conducted under the

following conditions:

2 pl FastDigest buffer (10x)

1 pl FastDigest®Ncol 1 U

1 pl FastDigest®Xhol 1 U

5 pl pET26b plain vector (2 pg)

5 pul CeP without interndlcd site (0.2 pg)

11 pl nuclease free @

The samples were mixed and incubated at 37°C iaad block for 15 min. Subsequently, 1%

agarose gel was prepared as described previousgyrdstriction fragments were separated 1 h
at 120 V and were subsequently extracted by use®é&l Extraction Kit (Qiagen) as described

previously.

12.2 Ligation
Through ligation by T4 ligase (Fermentas) of thgedied cellobiose phosphorylase gene with
the same sites of pET-26b(+) plain vector, a redonanti cellobiose phosphorylase protein

harboring the 6xHis-tag at the C-terminus has texypgessed ik.coli.



20 pl of reaction volume for the ligation was pregzhusing the following protocol:
8.5 pl Ncol/Xhol digested fragment of CeP
8.5 ul Ncol/Xhol digested pET-26b(+) vector (2 ug)

2 pl ligation buffer (5x)

1 plligase T4

The sample was incubated at room temperature agiet. n

13 Transformation of the pET-26b(+) plain-CeP constict into chemocompetent DHw.
E.coli

For the purpose of transformation, the RH&rain ofE.coli was used. This bacterial strain was
made chemo-competent for transformation and wasviged by the Department of
Pathophysiology of the Medical University of Vienna

A mixture of 7 pul ligation product and 50 pl of checompetent DHo® E.coli cells was
incubated for 30 min on ice, and then exposed &b $ieock at 42°C for 90 sec. The mixture was
again incubated for 2 min on ice. 1 ml of SOC medivas added and the mixture was incubated
at 37°C and 250rpm for 1 h. Subsequently, the celise grown over night on kanamycin

containing LB agar plates at 37°C.

13.1 PCR screening of the colonies and their mepgration

In order to verify which chemocompetent Didk.coli cells contain the full pET-26b(+) plain-
CeP constru¢PCR screening was conducted. Firstly, single adtiraes were picked out with a
sterile tip, transferred into an Eppendorf tubetaomng 50 pl of distilled water, and briefly
vortexed.

The same tip was then used to inoculate 2 ml ofni@lium containing antibiotics in 15 ml
falcon tubes overnight at 37°C and 250rpm for taeegation of glycerol stocks. The Eppendorf
tube containing the water-bacteria suspension wagbated 5 min at 95°C, and subsequently

spun down for 5 min at 12 000rpm. 5 pl of the soptant were used for PCR as the template.



20 pl of reaction volume for the PCR was prepargdgifollowing protocol:

10 pl PCR Master Mix (2x)

5 ul bacterial lysate supernatant

1 ul 5°-CGC CAA TCC TGA TAT AGT TCC TCC TTT CAG -% pM (T7 seq fwd

1 ul5°-TAG CTT CTC CGT GGC GTT TTG CGT CT-3" 5 peP ATCC Nco rem rey)

8 ul nuclease free @

This primer combination was used to select for efortontaining the successfully ligated
construct as the forward primer (T7 seq fwd) bimsthe pET26b plain sequence and the
reverse primer (CeP ATCC Nco rem rev) binds witthe cellobiose phosphorylase coding
region.

PCR cycles were performed as described previousldytiae obtained product was analyzed by
agarose gel electrophoresis as described previolibly bacterial clones (# 1, 2 and 6) which
were tested positive by this PCR for successfulstiamation of pET26b plain CeP were
inoculated for plasmid DNA isolation.

For this isolation of the plasmid DNA from recomim E.coli cultures, a rapid, small-scale
minipreparation was conducted. The extracted pldDNA is itself often called “miniprep”.
Minipreps are used in the process of moleculariolpto analyze bacterial clones.

For the miniprep, the frozen glycerol stocks of ifpes tested clones were scratched with a
sterile tip. The tip was subsequently released attb ml tube containing 5 ml LB medium
containing antibiotics and incubated over niglt3&tC and 200rpm.

For the miniprep, a quick protocol from Ferment&erfeJET" Plasmid Miniprep Kit) was

performed as shown below:



QuickProtocol™ isopsey
GeneJET™ Plasmid Miniprep Kit

Note. All steps should be carried out at room temperature.
All centrifugations should be carried out in a microcentrifuge at > 12000 x g (~1100@gpm)

1 Resuspend Gells, Lyse and Neutralize
Add 1o the pelleted cells:
250yl of Resuspension Solution (with RNase A) and vortex.
250p! of Lysis Solution and invert the tube 4-6 times.

350! of Neutralization Selution and invert the tube 4-6 times.
Centrifuge Smin.

2

=, Bind DNA

Load the supematant to GeneJET™ spin column.
Centrifuge 1min.

1

|

Discard the flow-through.

3 Wash the column
Add 500pI of Wash Solution and centrifuge for 30—605.} Repeat twice
Centrifuge empty column for 1min.

Centrifuge 2min.
Collect the flow-through.

4 s= Elute purified DNA
g Add 501 of Elution Buffer to the column and incubate 2min.

Source: http://www.cosmobio.co.jp/product/produEtSR_20060307/GeneJETplasmidMiniprepKitl.pdf

Finally, a double restriction digest withcd and Xhd of eluted purified pET-26b(+)-CeP
construct (clone 1, 2 and 6) was performed to confthe presence of the cellobiose
phosphorylase insert.

According to the results, DNA sequencing of clo@eand 6 was conducted by the company
Microsynth fittp://www.microsynth.ch For sequencing, 3 pul of each DNA template (=053,

4 ul of primer and 3 ul of distilled @ were mixed in 1.5 ml tubes (Sarstedt).

As the cellobiose phosphorylase gene (~ 2500bpthgng too big to be sequenced in a single
run (Microsynth standard sequencing runs may semuen900bp at once), several sequencing

steps resulting in overlapping sequenced fragmsate conducted. The following primers were

used:

5-CGC CAA TCC TGA TAT AGT TCC TCC TTT CAG -3° 5 pKT7 seq fwd
5-TAG CTT CTC CGT GGC GTT TTG CGT CT-3' 5 pM@¢P ATCC Nco rem rey)
5-GAT GCG TCC GGC GTA GAG GAT CGA -3° 5 pMT seq rey

5-GGC TCG GTT ATC TAT CAC AAG ACA GAG -3' 5 pMdeP ATCC seq rey



14. Detection of a point mutation; removal of the mtation by PCR
Upon sequencing, it was found that &8 point mutation existed within the insert at pusit
1461 of the vectorJcheme 2 This single nucleotide mutation would resultan alanine to

glutamic acid missense mutation. In order to remtve mutation, a PCR technique was

applied.
T7 term
T7 seq fwd (96.7%) 6xHIS
f1 origin :j o Xhol (159)
kan . Ndel (732)
Clal/Bsuis I (6404}

/Cellobiose Phosphorylase

#*._ CeP mul rem rev (96.7%)

mut. C—>A

BsrGI {1474)

PET26 plain CeP ATCC incl. mut

o 7655 bp
' Neol (2582)
T7 Promoter
> Xbal (2622)
i
ol o =
Cv"/ Bglll (2688)

lacl

Schem@BT-26b(+)-CeP construct containing mutation

For this PCR, a new primer was designed spannmgnitated region with the correct sequence.
Importantly, this primer also spans the BsrGl ietm site which is in close proximity 5 of the
mutation. The resulting PCR fragment of the celbgbi phosphorylase 3 region can therefore be
subsequently used for the replacement of the naitagetor version by directional cloning using

Xhol and BsrGl restriction enzymes.



For 20 pl of reaction volume the following protoegds used:

10 pl PCR Master Mix (2x)

5 ul genomic DNA

1 ul5-GGA TTT GTA CAC CAG ATA CCC GCA AGA GCA-3 pM (CeP mut rem fwd)
1 ul5-ATATCC CACTCG AGC TTC AAC TTG TGA GTC B- 5 pM (CeP ATCC rev)

3 ul nuclease free @

PCR cycles were performed as described previousltlze obtained product was extracted with

the aid of a Gel Extraction Kit (Qiagen), also asaibed previously.

14.1 Restriction digest and ligation of CeP withootitation and pET-26b(+)-CeP construct
with mutation

For the restriction digest of the amplified cellmd® phosphorylase gene without mutation as
well as for the PpET-26b(+)-CeP construct with miom@t restriction enzymes,
FastDigest®Bsp14071 (= isoschizomer of BsrGl) ardtBigest®Xhol (both Fermentas) were
used.

The restriction digest was conducted in a totattiea volume of 20 pl under the following
conditions:

2 pl FastDigest buffer (10x)

1 pl FastDigest®Bsp14071 1 U

1 pl FastDigest®Xhol 1 U

5 ul amplified cellobiose phosphorylase gene withoutation (0.2 pug)

11 pl nuclease free @

2 pl FastDigest buffer (10x)

1 pl FastDigest®Bsp14071 1 U

1 pl FastDigest®Xhol 1 U

5 ul pET-26b(+)-CeP construct with mutation

11 pl nuclease free @



The sample was mixed and incubated at 37°C inmanthdlock for 15 min. The enzymes were
inactivated by heating for 5 min at 80°C. Subsetlyeri% agarose gel was prepared as
described previously. The products were separatealyzed under UV and extracted with the
aid of a Gel Extraction Kit (Qiagen) as describegvpusly.

Through ligation with T4 ligase (Fermentas), thetaed part of the cellobiose phosphorylase in

pPET-26b was replaced with the correct fragment.

A total of 20 ul of reaction volume for the ligatiovas prepared using the following protocol:
8.5 ul of the Bsp14071/Xhol digested fragment oPG@thout mutation
8.5 pul of the Bsp14071/Xhol digested pET-26b(+)-@eRstruct

2 pl ligation buffer (5x)

1 plligase T4

The ligation mixture was incubated at room tempeebver night. Thereby, the mutation was
replaced by insertion of the intact cellobiose mphosylase gene. Subsequently, a restriction
digest was performed as described above.

After the transformation of the pET-26b(+)-CeP d¢ond into chemocompetent DHZE.coli
and subsequent miniprep, the correct sequencesaellobiose phosphorylase gene was verified

by DNA sequencing.

15. Midipreparation of the pET26b-CeP construct

After the bacterial cell growth, a bacterial peletis prepared as described previously. 4 ml of
the pellet were used for the midiprep preparatioipwing the Plasmid Midi Kit protocol
(Qiagen):

4 ml each of buffer P1 and P2 were added to 4 nthefbacterial pellet and mixed gently by
inverting 4-6 times. The mixture was incubatedcatnn temperature for 5 min. 4 ml of chilled
buffer P3 were added and incubated again at roompdeature for 5 min. As the lysate became
less viscous, it was centrifuged at 4°C and 12 @@0for 30 min. Meanwhile, Qiagen tip 100
was equilibrated by applying 4 ml of buffer QBT.t&f the centrifugation step, the supernatant



was applied to the Qiagen tip. After a washing stéh 2x10 ml buffer QC, DNA was eluted
with 5 ml of buffer QF.

DNA was precipitated by adding 3.5 ml of isopromiaat room temperature and then
centrifuging at 4°C for 30 min. The supernatant wWasanted and the DNA pellet was washed
with 2 ml of 70% ethanol at room temperature arehtbentrifuged for 10 min. After another
batch of ethanol had been added and decantedelle¢ was air dried for 5 to 10 min. The DNA
was then dissolved in buffer TE and stored at -80°C

16. Transformation of the pET26b-CeP construct intdBL21 (DE3)E. coli cells

The BL21 (DE3) competent cells, which were providsdthe Department of Pathophysiology
of the Medical University of Vienna, are genomigathodified for highly efficient recombinant
protein production. Following a standard transfaiaraprotocol, frozen chemo-competent cells
were thawn on ice. 100 pl of them were transfeirgd a chilled culture tube and 1 pl of
purified pET26 plain-CeP plasmid DNA was added. Wieture was immediately placed on ice
for 10 min. The cells were then exposed to heatlstar 45 sec in a 42°C water bath and then
again placed on ice for 2 min. 900 ul of cold SO@diam was added and the cells were
incubated for 60 min at 37°C with shaking at 200rd®0 pl cells were then spread onto pre-
warmed, kanamycin containing plates under stemliedtions and were grown over night at
37°C. Four clones (clone 1, 2, 3 and 4) were piakediomly and inoculated in LB medium

containing antibiotics. Recombinant protein prodativas tested next.



17. Overexpression of the recombinant cellobiose pbphorylase gene in BL21 (DE3. coli
The BL21 (DE3) competent cells belong to an allgmse strain for high level protein expression
and easy induction viaopropyl-1-thiop-D-galactopyranoside (IPTG).
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Figure 22 Expression of recombinant proteins in BL21 (DE3)

This strain, having the designation (DE3), is lymaig for ak prophage and contains an IPTG
inducible T7 RNA polymerase. Prior to IPTG additiathe transcription of the T7 RNA
polymerase and the gene of interest are inhibitethé Lac repressor. After IPTG addition, the
inducer will bind specifically to the T7 promotenjtiating the transcription and translation of
the T7 RNA polymerase and of the gene of inteffégfufe 22).



To test the expression of cellobiose phosphoryl&se of LB medium containing 34 pg/ml

kanamycin (Sigma Aldrich) was inoculated with fqucked clones of BL21 (DE3) containing

pPET26b plain-CeP construct. The cells were growB7&C with shaking at 200rpm until the

ODsoonmreached a value between 0.6-1. Subsequently, Wasltransferred into a fresh tube to
be stimulated with 1mM IPTG over night. The followgi day, glycerol stocks were prepared
from 3 ml of the unstimulated bacteria. 500 ul eathunstimulated and stimulated bacterial
suspension were transferred into Eppendorf tubdscantrifuged for 1 min at 12 000rpm. The
supernatant was removed and the pellet was subsgresuspended with 50 pl of SDS-sample
buffer containing 3-mercaptoethanol. The lysate eeted for 5 min at 95°C, then cooled and
homogenized using a syringe with a 0.19x40 neeNext, the homogenized lysate was

processed by SDS-PAGE for further analysis.

For the large scale production of recombinant bétilee phosphorylase, 1 | of LB medium was
prepared and autoclaved at 121°C. After coolinghef medium, 10 ml containing kanamycin

were inoculated of the clone that had shown théadsglevel of protein production in the test.
The cells were grown over night at 37°C and 250rpiext day, 1 ml of the overnight culture

was separated as a glycerol stock. The remainimd)\Were added to the rest of the LB medium
(=990 ml) containing kanamycin and incubated atC3d&fAd 250rpm, to an Q&ynmbetween 0.6-

1. In order to induce the expression, 1 ml of IPl@&M) was added to the cells which were
grown for a further 12 h. Cells without IPTG indioct were grown as well to serve as negative

control for the western blot.

After 12 h, the cells were centrifuged at 4°C al@®d@pm for 15 min. The supernatant was
discarded and the pellet of cells was snap froaeiguid nitrogen and stored at -80°C for further

experiments such as SDS polyacrylamide gel elebtn@gsisand western blot.

18. SDS polyacrylamide gel electrophoresis (SDS PAp

The standard electrophoretic technique used fosdparation of proteins based on their size is
polyacrylamide-gel electrophoresis (PAGE). Aftetypeerization of monomeric acrylamide into
polyacrylamide chains the polyacrylamide gels amentd. This process of polymerization is

initiated by the addition of ammonium persulfateP&), which in solution dissociates into



sulfate radicals, and tetramethylenediamine (TEMERh)ich catalyzes the formation of free
radicals. Cross linking of polyacrylamide chains My N-methylenebisacrylamide leads to a
network of polyacrylamide chains that contain paheeugh which the proteins migrate. Sizes of
proteins separated by SDS PAGE are dependent oradhgamide concentration and the

proportion of bisacrylamide in the total mixtureufura, 2003].

Acrylamide concentration % Linear range of separaton (kDa)
15 12-43
10 16-68
7.5 36-94
5 57-212

18.1 Separation of proteins by SDS-PAGE

In order to separate proteins in a polyacrylami@éé the most widely used method is the
denaturing, discontinuous system with a separa@igand a stacking gel. The stacking gel has
large pores and is prepared with a slightly admitfer (pH 6.8), whereas the separating gel has
smaller pores to facilitate protein separation laasl a higher pH (8.8).

For the preparation of both gels, the followingusioins were used:
Separating Gel (10 ml, 12.5%)  Stacking Gel @@l, 4%)

4.1 ml 0.65 ml 30.8% Acrylamifisock Solution
2.5 ml Separatgey buffer pH 8.8
1.25 ml Stacking paffer pH 6.8
46.9 ul 50 pl 10% APS
6.25 pl 5 ul TEMED
3.4 ml 3 ml distilled veat



Protein samples were prepared as follows. 10 ptatein sample was heated for 10 min at 95°C
in the presence of 10 pl Laemmli buffer, which eamé SDS and a reducing agent (DTT). SDS
binds to the polypeptide chains giving a constliarge to mass ratid-igure 23).
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Figure 23 Preparation of the sample for SDS PAGEurce: http://en.wikipedia.org/wiki/Western_blot)

Protein samples were loaded into wells in the staciel, an electric field is applied at constant
current (125 V), and anions (chloride, SDS-coatedgins and glycine) begin to migrate toward
the anodeRigure 24).
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Figure 24 Procedure of SDS PAGEource: http:/en.wikipedia.org/wiki/SDS-PAGE)

As the glycine ions have reached the stackingtbelr mobility is retarded as their net charge
changes with the pH shift. Chloride ions and praeremain mobile, thus continuing the

movement toward the anode. As the retarded glyinge and the faster-moving chloride ions



have created a zone of lower conductivity in treeclshg gel between themselves, the voltage
gradient increases, that allows proteins to migiadeer until they reach the zone of leading ions,
where they concentrate, forming a tight band. Wihenproteins have reached the separating gel
with much more smaller pores, their movement isveth Glycine ions regain their charge and
pass the proteins, while the electric field becomeastant in the complete gel, allowing
separation of proteins in the separating gel.

Due to the fact that proteins migrate in SDS PAGE dunction of their size, it is possible to
determine their molecular weight by comparing tmeability with that of reference proteins. In
this study, Precision Plus Prot8thstandard (BioRad) was used, designed to providdder of
convenient, consistent sizdadure 25).
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Figure 25Unstained Precision Plus Protein standard

18.2 Coomassie blue staining

Coomassie dyes are a family of dyes commonly usestiain proteins in sodium dodecyl sulfate
and blue native polyacrylamide gel electrophorgeis. The gels are soaked in dye and excess
stain is then eluted with a solvent ("destaininghis treatment allows the visualization of
protein bands. The gel usually contains a set ofecutar weight markers (proteins of pre-
determined weight) so that the molecular weigha girotein can be estimated in an unknown
solution. [Lubura, 2003]

In this study, PhastGel Blue R (Pharmacia Biotesfas used. The stain stock solution is
prepared using 1 tablet dissolved in 80 ml of Westiwater. The solution was stirred for 10 min
and 120 ml of methanol were added. The mixture stiaed until all of the dye had dissolved.

The stock solution (0.2%) was stable for one tee¢hweeks at 4°C.



After electrophoresis, the gels were removed fro;m$DS PAGE chamber and stained for 20
min in the stock stain solution by shaking at rammperature at 150rpm. Destaining of the gels
was effected during 3x10 min by shaking at roomperature, in a stock destaining solution,
consisting 99.8% of acetic acid (99.8 %) and 96%tbénol, both dissolved in distilled.®.

19. Western blot

19.1 Transfer

In order to enable the antibody detection, the ginst separated on SDS PAGE were blotted
from the gel onto nitrocellulose or polyvinyliderdgifluoride (PVDF) membranes. PVDF
membranes were first soaked in methanol and theregl on the top of the gel, and a stack of
filter papers, soaked in TOWB buffer solution, wptaced on top of the membrane.
Electroblotting (protein transfer) uses an eleatticrent in order to transfer the proteins from the
SDS PAGE gel onto the PVDF membrane in a semi+dinster (Amersham). Thus, the proteins
move from within the gel onto the membrane whiléntaning the organization they had within
the gel (50 minutes, at 80mA). As a result, prcteivere exposed on a thin surface layer for
detection Figure 26). Protein binding is based upon hydrophobic irdoas and charge

interactions between the membrane and the protein.
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Figure 26 Western blot transfeésource: http://en.wikipedia.org/wiki/SDS-PAGE)



19.2 Blocking

Due to the fact that the PVDF membrane is capaftbénding protein, and both antibody and the
target are proteins, it is important to preventeiattions between the membrane and the
antibodies used for the detection of the recomhieaayme cellobiose phosphorylase. In order
to block non-specific binding, the membrane wasgdiain 5% of dry milk dissolved in 1XTBST
buffer and incubated over night at 4°C. As a resh# milk proteins attached to the membrane

in all places where the target protein, cellobiplsesphorylase was not attached.

19.3 Detection

For specific detection, it is necessary to choasagpropriate antibody. In the present study, an
anti-His antibody was used. This antibody is linkeda reporter enzyme, which catalyzes the
conversion of a colorless substrate into coloredipcts.

After blocking of the PVDF membrane over nightwas washed 3 times for 10 min with TBST
buffer by shaking. Subsequently, the PVDF membrarses incubated for 1 h at room
temperature with shaking with a solution prepargddissolving 2% of dry milk in 10 ml
1XTBST buffer and adding 5 pl of Penta-His antib@dyl000, Qiagen). After 1 h the milk
solution containing the antibody was removed fréwe tnembrane and the membrane washed 3
times for 10 min with 1xTBST buffer at room tempera with shaking. Finally, TBST buffer
with 0.3% of Tween20 was added and the membrane im@agated by shaking at room
temperature for 15 min.

Blot development was performed with a chemilumieesaletection method (CP1000, AGFA),
using a chemiluminescent agent, which producesnestence in proportion to the amount of
protein. By placing a sensitive sheet of photogi@afihm against the membrane, and due to the

exposure to the light from the reaction, an imalgéghe antibody bound on the blot is created.

20. Nickel-nitroltriacetic acid (Ni-NTA) metal ion affinity chromatography

The expression and purification of recombinant girt facilitate production and detailed
characterization of virtually any protein. Classiparification procedures can be employed, but
in most cases recombinant DNA techniques permitctmstruction of fusion proteins in which

specific affinity tags simplify the purification ahe recombinant fusion proteins by employing



affinity chromatography methods. One of the methadiso used in this study, is based on Ni-
NTA metal ion affinity chromatography matrices folomolecules which were tagged with 6
consecutive histidine residues (6xHis tag). Theaathge of the 6xHis tag is that, due to the
immobilization of the protein on the metal-chelgtsurfaces, it simplifies many types of protein
interaction studies. In addition, anti-his tag batlies can be used for detection. [The
QIlAexpressionist, QIAGEN, 2003]

20.1 Preparation of cell lysate under native coiwais

The harvestedlostridium thermocellunNCIMB 10682 cells were suspended in 10 ml of the
resuspension buffer and sonicated on ice with tldeo& an ultraturrax high performance
disperser at 4°C for 6x10 min with 2 min breakse Tysate was centrifuged at 8000rpm for 1 h

to pellet the cellular debris and the supernata# thansferred to a fresh tube.

20.2 Preparation of the Ni-NTA column and purifioatprocedure under native conditions

The decision to purify 6xHis-tagged proteins undative or denaturing conditions depends on
the solubility of the protein and the need to rmetdgiological activity for downstream
applications. In this study, native conditions ased, due to the fact that the enzyme cellobiose
phosphorylase is soluble (in the supernatant dftes) and the protein activity has to be
preserved.

For the preparation of the column, the Ni-NTA agar@Qiagen) was resuspended in its bottle by
inverting and gently tapping the bottle repeated§0 pl of the resin was pipetted into a 1 ml
micro Bio-Spin chromatography column (BioRad) asttled completely by gravity after 5 min.
The resin was equilibrated (in total 5 times) byliad the resuspension buffer to the column, and
removing the buffer each time by centrifugation Tanin at 2000rpm and 4°C.

7 ml of the cell lysate, prepared under native dooas, were mixed with the Ni-NTA agarose in
a 50 ml Falcon tube and incubated at room temperdtar 3 h with shaking at 250rpm. The
suspension was pipetted with a Pipetman P1000doak (each time 1 ml) to a 1 ml micro Bio-
Spin chromatography column with the flow-througlmigecollected.

Subsequently, the column was washed with 400 pispEnsion buffer 10 times collecting the
flow through. The protein was eluted by use of p0@Iution buffer for 10 times. Imidazole is
used to elute tagged proteins bound to Ni ionscla¢d to the surface of beads in the



chromatography column. An excess of imidazole sspd through the column, which displaces
the His-tag from the nickel co-ordination complexiseing the His-tagged proteins. For each
elution sample, a 1 ml Eppendorf tube was used tifi@r collection of the protein by
centrifugation at 2000rpm for 1 min. [The QlAexmiesist, QIAGEN, 2003]

The collected elution samples were analyzed by yamd D-glucose test and by western blot as

described previously.

21. Growth of non competent BL21 (DE3E. colicells

In order to examine the possible existence of tiayme phosphatase within BL21 (DHE3)coli
cells, which may influence the phosphorolytic reactof cellobiose, these cells were grown at
37°C, than sonicated and the supernatants anabyzbedwry test and by D-glucose test.

For the growth of these cells, 1 | of LB medium waed. At first, 500 pl of BL21 (DEJ. coli
stock solution was added to 10 ml LB medium withpd&anamycin (34 mg/ml) and incubated
over night at 37°C and 250rpm. The overnight celtwas transferred to the remainder of the LB
medium (1:100), with 1 ml kanamycin (1:1000) ancuibated at 37°C and 200rpm. Growth was
monitored spectrophotometrically by measuringsgih periodically. The optimum OD was 0.6.
1 ml of IPTG (1mM) was added to the cells which evgrown for a further 12 h. After 12 h, the
cells were centrifuged at 4°C and 8000rpm for 1&.rmdubsequently, the pellet was sonicated
using an ultraturrax high performance dispersedescribed previously, the lysate ultrafiltered

and the supernatant (= 1 ml) used for incubatisrshewn below.

Substance Concentration
cellobiose 1.2 ml 0.1M
phosphate buffer pH 7 0.8 ml 0.1M
BL21 (DE3)E. coli 1ml

1 ml of the ultrafiltered crude extract fro@lostridium thermocellunNCIMB 10682 was
incubated with cellobiose as substrate; the D-glaqaroduced was used as positive control for

the intracellular phosphorolysis.



Substance Concentration

cellobiose 1.2 ml 0.1M
phosphate buffer pH 7 0.8 ml 0.1M
ultrafiltered crude extract 1 ml1U/0.8 mg

Both samples were incubated at 37°C, and analygellL& method as described in Chap8&r
(p- 72) according to a set timetable (0, 2, 4,20 24 h). The analysis of the positive control was
performed according to the Lowry and D-glucosestest

22. Substrate specificity studies ofClostridium thermocellum NCIMB 10682 purified
cellobiose  phosphorylase towards selected monosaaddes and cellobiose
azidosaccharides

22.1 Synthetic reaction of native cellobiose phosyplase towards monosaccharides
Monosaccharides D-xylose, D-glucose, 2-deoxygluemsk6-deoxyglucose were incubated with
purified cellobiose phosphorylase @lostridium thermocellumtNCIMB 10682 in the presence of
a-D-glucose 1-phosphate at 37°C for 24 h.

Substance Concentration

D-xylose 0.4 ml 0.1M

D-glucose 0.4 ml 0.1M

2-deoxyglucose 0.4 ml 0.1M

6-deoxyglucose 0.4 ml 0.1M

TRIS buffer pH 7 2ml 0.1M

a-D-glucose 1-phosphate 0.6 ml 0.076M
purified cellobiose phosphorylase 1 ml 3U/0.1 mg

1 ml of the purified cellobiose phosphorylase wasubated with cellobiose as substrate. The

extent of reaction was used as positive controttferphosphorolysis.



Substance Concentration

cellobiose 1.2 ml 0.1M
phosphate buffer pH 7 0.8 ml 0.1M
purified cellobiose phosphorylase 1 ml 3U/0.1 mg

All samples were incubated at 37°C, and analyzed@ldy method as described in Chapdgip.
72) according to the set timetable (0, 2, 4, 20 24dh). The analysis of the positive control was

performed according to the Lowry and D-glucosestest

22.2 Phosphorolytic reaction catalyzed by nativellobégose phosphorylase towards
azidocellobiose derivatives

6-azido-6-deoxy-cellobiose, 6 -azido-6"-deoxy-deitse and 2-azido-2-deoxy-cellobiose were
incubated with purified cellobiose phosphorylas€tastridium thermocellulNCIMB 10682 at
37°C for 12 h.

Substance Concentration
6-azido-6-deoxy-cellobiose 1.2 ml 0.1M
6 -azido-6"-deoxy-cellobiose 1.2 ml 0.1M
2-azido-2-deoxy-cellobiose 1.2 ml 0.1M
cellobiose 1.2 ml 0.1M
phosphate buffer pH 7 0.8 ml 0.1M
purified cellobiose phosphorylase 1 ml 3 U/0.1 mg

1 ml of the purified cellobiose phosphorylase wias ancubated with cellobiose as substrate; the
extent of reaction was used as positive controthierphosphorolysis under the same conditions
as for azidocellobiose derivatives.

All samples were incubated at 37°C and analyze@llfy method as described in Chap@efp.

72) according to the set timetable (1, 3, 6, 8athfl 12 h); the analysis of the positive control

was performed according to the Lowry and D-gludests.
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22.3 Synthetic reaction catalyzed by native cetlsbiphosphorylase towards 6-azido-6-deoxy-
D-glucose

6-azido-6-deoxy-D-glucose was incubated with pedfcellobiose phosphorylase@lostridium
thermocellunNCIMB 10682 in the presence @fD-glucose 1-phosphate at 37°C for 12 h.

Substance Concentration
6-azido-6-deoxy-D-glucose 0.8 ml 0.1M
TRIS buffer pH 7 4 ml 1M
a-D-glucose 1-phosphate 1.2 ml 0.076M
purified cellobiose phosphorylase 2ml 3 U/0.1 mg

1 ml of the recombinant cellobiose phosphorylase iweubated with cellobiose as substrate; the

extent of reaction was used as positive controttferphosphorolysis.

Substance Concentration

cellobiose 1.2ml0.1 M

phosphate buffer pH 7 0.8ml0.1 M
purified cellobiose phosphorylase 1 ml 3 U/0.1mg

Both samples were incubated at 37°C and were agdlyy TLC method as described in Chapter
8 (p. 72) according to the set timetable (1, 3, 61® and 12 h); the analysis of the positive

control was performed according to the Lowry andlDcose tests.

22.4 Phosphorolytic reaction of recombinant celtst@ phosphorylase towards 2-azido-2-deoxy-
cellobiose

2-azido-2-deoxy-cellobiose was also incubated we&bombinant cellobiose phosphorylase at
37°C for 24 h. Previously, the enzyme was purifted use of Ni-NTA metal ion affinity
chromatography as described in Chag@p. 97)
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Substance Concentration

2-azido-2-deoxy-cellobiose 1.2ml0.1 M
phosphate buffer pH 7 0.8ml0.1M
recombinant cellobiose phosphorylase 2ml 7.4 U/mg

1 ml of the recombinant cellobiose phosphorylass meubated with cellobiose as substrate; the

extent of reaction was used as positive controttferphosphorolysis.

Substance Concentration

cellobiose 1.2ml0.1 M

phosphate buffer pH 7 0.8ml0.1 M
recombinant cellobiose phosphorylase 1 ml 7.4 U/mg

Both samples were incubated at 37°C and were asdlyy TLC method as described in Chapter
8 (p. 72) according to the set timetable (1, 3,Bafhd 24 h); the analysis of the positive control
was performed according to the Lowry and D-gludests.

23. Lyophilization
In order to preserve perishable materials a deligpdraprocess, so called freeze-drying

(Iyophilization) is usedHttp://en.wikipedia.org/wiki/Lyophilization

Lyophilization is a very mild method to avoid desttion of the physical structure of substances
such as pharmaceuticals. It involves freezing aofenms, reducing of surrounding the pressure
and the application of heat in order to allow frozeater to sublime. The freeze-drying process
includes three stages: freezing, primary drying sadondary drying. As showed in the phase
diagram belowKigure 27), the boundary between gas and liquid runs frogrtiiiple point to the

critical point. Freeze-drying, indicated with blagow, brings the system around the triple point,
therefore avoiding the direct liquid-gas transitias seen in ordinary drying, indicated by the

green arrow.

102



Figure 27 Phase diagram of freeze-drying processirce: http://en.wikipedia.org/wiki/Lyophilizatip

23.1 Applications of freeze-drying

By removing the water molecules from the materibk shelf life of the material can be
prolonged and storage facilitated. In the pharm@écaundustry, products are often freeze-dried
in order to make them more stable and easier &oldis in water or a buffer for subsequent use
as it was done while the purification procedurenafive cellobiose phosphorylase. This method
is also capable of concentrating substances withntmlecular weights that are too small to be
removed by a filtration membrane. The freeze-dryimgthod has a long process time, because
the exposure to too much heat can lead to meltngtauctural deformations of sensitive
materials. Due to this fact, freeze-drying is us@dmaterials which are heat sensitive, such as
proteins, enzymes and microorganisms.

In this study, also azido sugars, synthesized lzyreatic catalysis of native and recombinant

cellobiose phosphorylase were lyophilized in otdgprolong their shelf life.

24. Bio-Gef’ P Polyacrylamide Gel

The Bio-GeP P Polyacrylamide Gel [Bio Gel® P-2 Gel Fine Instion Manual, 2000],
provides an efficient, gentle gel filtration of s#éive compounds. The beads are extremely
hydrophilic and consist of porous polyacrylamidead® prepared by copolymerization of
acrylamide and N, N’-methylene-bis-acrylamide.High resolution is assured by consistently
narrow distribution of bead diameters and excellamdlecular weight discrimination. Gel
filtration is largely independent of sample concetibn, whereas the volume of the sample

relative to the bed volume is far more importardr Bnalytical purposes the sample does not
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have to be larger than 1-5% of the bed volume. S2reple should be also clear and completely

dissolved in running buffer, without solid contaieumts.

24.1 Preparation of the gel

The Bio-GeP P Polyacrylamide Gel was used for the purificatimnthe final product of
appropriate azido sugars, which previously wereaiolked under catalysis of the enzyme,
cellobiose phosphorylase. For this purpose theopabtprovided by BioRad [Bio Gel® P-2 Gel
Fine Instruction Manual, 2000] was used for theggeparationKigure 28[= 1-6)):

l. Dry Bio-Gel P-2 Gel (fine) was added to distillechter in a beaker, the
required amount of the gel being estimated fromubkeime of the column
used (1.7 cm x 35 cm, BioRalgigure 1)

Il. The Gel was hydrated at room temperature; stiigngt necessary{gure 2)

Il When the hydration was complete, half of the sugamt was decanted
(Figure 3). The solution was transferred to a filter flaskdadegassed by

application of vacuum for 5-10 mifrigure 4)

=
EEE

Fig. 1. Fig. 2.

Fig. 3. Fig. 4.

IV.  The used column was fixe#&i@ure 5) and the even slurry was poured into the
column in a single, smooth movement, avoiding abilides. When 2-5 cm bed
was formed, the column outlet was opened until ¢beimn was packed
(Figure 6)
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Fig. 5. Fig. 6.

Lyophilized samples of azido sugars were dissoimgle minimum amount of
distilled water (200-300 pl for ca. 5-10 mg) an@ded onto the upper bed
surface with the aid of a Pasteur pipette. 500radtions were collected and

TLC was performed in order to visualize the azidgass in eluted fractions.
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VIIl. RESULTS

1. Optimization of conditions for the purification of native cellobiose phosphorylase

1.1 Optimization of the mobile phase buffer for E=%llulose chromatography

In order to obtain cellobiose phosphorylase fronzyeme crude extract with high purity,
conditions had to be set up which have enablednalsiand effective purification procedure.
Mobile phase buffer (= starting buffer) with contrations of 20 (= phosphate buffer), 50 (= Tris
buffer) and 100mM (= Tris buffer) of pH 5-7.5 wassted. The optimal starting buffer should
provide high binding capacity of cellobiose phosptase to the positively charged solid support
(DE52 DEAE-Cellulose). For this purpose, the enzyauotivity eluted during sample application
should be minimized. In Table &e total yield of D-glucose which was obtainedingrthe
phosphorolytic reaction, catalyzed by cellobiosegghorylase, is shown. Samples were eluted
during sample application from DEAE cellulose wheatarting buffer with different
concentrations was used (percentages indicateavp€eltis indicates that pH = 7.5 and 50mM

buffer constitute optimal conditions for bindingtbe enzyme to DEAE cellulose.

20mM buffer 50mM buffer 100mM buffer

% D-glucose % D-glucose % D-glucose

pH S 20.8 85.5 46.8
pH 5.5 21.4 33 29
pH 6 21.4 22 19
pH 6.5 20
pH 7 20.4
pH 7.5 204

crude extract 100

Table 6D-glucose yield in %

50 and 100mM Tris buffer of pH 7 and 7.5 enablergirbinding to DEAE cellulose so that a
residual (breakthrough) enzyme activity remainsclwhianges between 2.4 to 4.2% per 3 ml
incubation volume. By contrast, the breakthrougtivag was fivefold greater when 20mM
phosphate buffer of pH 7 and 7.5 was used (20.4%).
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Table 7shows the total yield of D-glucose obtained dutimg phosphorolytic reaction of DEAE
breakthrough samples when starting buffer witheddht concentrations and at different pH

values was used; yields are indicated in pg peti@cubation volume.

20mM buffer 50mM buffer 100mM buffer

Kg D-glucose Kg D-glucose Ug D-glucose

pPHS 113 635 1160
pH 5.5 116 180 157
pH 6 116 103
pH 6.5 103 115
OH 7 111
pH 7.5 111
crude extract 543

Table 7D-glucose yield in pg

Amount of D-glicose in tig/3ml

1200 I—

1000 - I
]
S 800 4 = 20mM
% 400 - 100mM
—

200 A

0
R 5.5 7 7.5 crude extract
vHvralue

Figure 29 Diagram of D-glucose yield in pg

Both, Table 7 and Figure 29 show that the highgstrne of breakthrough was observed with
100mM buffer within a pH range of 5, 5.5, 6 and.68y comparison, there is almost no

breakthrough activity for those samples at pH * 7.6 at 50 or 200mM buffer concentration.
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These results were also expected, consideringrhetion exchange chromatography, lowering
the pH of the starting buffer proportional to theoelectric point (= pl) of cellobiose
phosphorylase (pl = 5.63) causes the molecule ¢orhe more protonated and hence positively
charged; therefore, the enzyme protein will notdbio an anion exchanger. The protein no
longer has the capability to form a strong ioniteraction with the positively charged solid
support and is eluted earlier from the chromatogyagwlumn.

With 50 and 100mM Tris buffer at pH 7 and 7.5, sgdinding of cellobiose phosphorylase to
the column material occurs; this is due to the that at pH values above the pl of cellobiose
phosphorylase, the protein molecule has a net megaharge and thus binds to (positively
charged) anion exchanger. This was also confirmyethé determination of a very low residual
enzyme activity (D-glucose yield in a range betw#&8ro 23 pug per 3 ml incubation volume).

As clearly indicated by present results, the loweegent of breakthrough (residual yield of D-
glucose) was observed with samples dissolved ifoll@ving buffers

a) 50mM Tris pH 7
b) 50mM Tris pH 7.5
c) 100mM Tris pH 7

d) 100mM Tris pH 7.5

All of the above mentioned Tris buffers can be ade&red as starting buffers for the purification
of the native cellobiose phosphorylase.

The standard DEAE chromatography procedure useguigfication of cellobiose phosphorylase

demands a greater amount of column material thad imspreliminary experiments. Considering
this fact, it was necessary to test the bindingacayp of cellobiose phosphorylase with greater
amounts of DEAE-Cellulose. For this, double amoaimtVhatman DE52 DEAE-Cellulose was

used than previously. The initial findings were whao be reproducible as indicated in Table 8
when 1 g of Whatman DE52 DEAE-Cellulose was useatliariTable 9 when 3 g of Whatman

DE52 DEAE-Cellulose was used.
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50mM buffer 100mM buffer 50mM buffer 100mM buffer

pg D-glucose Kg D-glucose % D-glucose % D-glucose
pH 7 50 54
pH 7.5 58 54
crude extract 436 436

Table 8D-glucose yield in 1 g Whatman DE52 DEAE-Cellulose

50mM buffer 100mM buffer 50mM buffer 100mM buffer

pg D-glucose pg D-glucose % D-glucose % D-glucose
pH 7 53 51
pH 7.5 50 51
crude extract 436 436

Table 9D-glucose yield in 3 g Whatman DE52 DEAE-Cellulose

Amount of D-glucose using 50mM and 100mM Tris buffer pH 7 and 7.5
in g/ 3ml
S00 -
400 -
3 H7
| | /
S 300 - P
T mpH7.5
)
N 200 - B crude extract
"'-:E.'.
100 +~
0 T T T T
1.5gin S0mM 3gin S0mM 1.5g¢in 100mM  3gin 100mM
PHvalue

Figure 30 Diagram of D-glucose yield in 1 g and 3 g Whatmd&bP DEAE-Cellulose

All incubated samples are shown in Figure 30 ancevedso examined viaLC as shown in

Figure 31. During these experiments, formation tfisaccharide (orange arrow) was observed
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whose appearance could be explained by an accommgangctivity of cellodextrin
phosphorylase. Conceivably, one glucose unit cdudd transferred froma-D-glucose 1-
phosphate to cellobiose so as to form cellotridses unlikely that cellotriose formation is
catalyzed by cellobiose phosphorylase, as the dle@mzyme did not show this activity in our
hands.

D-glucose

50mM 100mM

¥
cellobiose

s b
4

a-D-glucose 1-P

£3
Figure 31 TLC with standards anitdicubated samples washed with 20mM, 50mM and 100mMpH 7.
Breakthrough activity is observed only with 20mMsTibuffer.

To choose a starting buffer with the lowest salcemtration yet giving the optimum protein
binding capacity, 50mM Tris buffer pH 7 was chosanthe starting buffer rather than 100mM
Tris pH 7.

1.2 Optimization of elution buffer

In order to optimize the salt concentration of #éhation buffer, NaCl concentrations in a range
of 0.05 and 1200mM were tested.

As shown in Figure 32, low salt concentration does lead to an early elution of cellobiose
phosphorylase, when using a salt gradient of thgedetween 0.05 and 100mM, indicated by a
low yield of D-glucose during the phosphorolytiacdon, which ranges between 13 pg per 3 ml
incubation volume when applying 0.05mM NaCl andi@)per 3 ml incubation volume when
applying 100mM NacCl.
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These results were also expected, considering dblidbiose phosphorylase shows a high
binding capacity to the positively charged soligygort as proven in the previous experiments
for the determination of the optimized startingfbufDue to its strong ionic interaction, a higher
salt concentration is required for the elution ellabiose phosphorylase.

In this context, when NaCl with higher concentrat{@50-1200mM) was applied, a significant
difference in yield of D-glucose was observed.amges between 119 pg per 3 ml incubation
volume when 150mM NaCl were used and 410 pg pet Benbation volume when 600mM
NaCl were used.

Amount of D-olucose using NaCl 0.05mM-1200mM in 50mM Tris pH 7

(=)

(=3

=]
1

[ug] D-glicose

0 -

P I IO I DD
Y Q! NN NN

¥ TSNV

mMNaCl

Figure 32 Diagram of D-glucose yield in 0.05mM-1200mM NacCl

In comparison to enzyme crude extract with a D-ghecyield of 568 g per 3 ml incubation
volume, 72% of D-glucose was detected during thesphorolytic reaction when 600mM NaCl
in the elution buffer was applied to the column.

By contrast, only 2.3% of D-glucose was detectednduthe phosphorolytic reaction when
0.05mM NacCl as elution buffer was applied, bothveinan Tables 10 and 11.
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0.05mM NacCl 0.15mM NacCl 0.35mM NaCl 50 mM NacCl 100 mM NaCl

% D-glucose

Table 10Yield of D-glucose in 0.05-100mM NacCl (%)

150 mM NaCl 400 mM NacCl 600 mM NaCl 800 mM NacCl 1200 mM NaCl

% D-glucose

Table 11Yield of D-glucose in 200-1200mM NaCl (%)

(73

<«¢— |a-D-glucose 1-P

150mM

Figure 33 TLC with standards anidcubated samples eluted with 100mM-600mM NacCl

D-glucose

|
-«

a-D-glucose 1-P

<¢— | a-D-glucose 1-P
700mM 800mM 900mM 1000mM 1200mM _

Figure 34 TLC with standards anisicubated samples eluted with 700mM-1200mM NacCl
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All incubated samples were also analyzed via TLCshswn in Figures 33 and 34. The
chromatograms indicate the first evidence of D-ghecformation when 150mM NaCl was used,
reaching the peak of the protein activity when ¢h&ion buffer containing 600mM NaCl was
applied. Thus, the specific activity of cellobigseosphorylase was proven by formation of D-
glucose (red arrow) as well aswD-glucose 1-phosphate (green arrow). These regeitiy the
conclusion of the above interpreted findings.

Considering these results, the elution buffer B@mMM NaCl concentration was chosen for the
elution of native cellobiose phosphorylase frGhostridium thermocellurstrain NCIMB 10682.

2. Purification of cellobiose phosphorylase undergiimized conditions for IEC

The purification step by anion exchange chromafagyaising Whatman DE52 DEAE cellulose
as column material was followed via.C. Figure 35 shows a chromatogram of the fornmatib
D-glucose andi-D-glucose 1-phosphate under catalysis by enzyawtidns eluted from DEAE

cellulose.

D-glucost

a-D glucose 1-P

Figure 35 TLC with standards anfilactions with enzyme activity

All fractions, even those showing the weakest pnogetivity were pooled together (fractions
22-35), dialyzed against 3.5 | 50mM Tris buffer ptand lyophilized.
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3. Gel filtration chromatography for cellobiose phsphorylase purification
The purification step by gel filtration chromatoghy (= Sephacryl S-200HR) was followed via

TLC, which reveals a clear elution of cellobios@gbhorylase as indicated in Figures 36 and 37.

D-glucose
—>
cellobiose

a-D-glucose 1-P

a-D-glucose 1-P| ——p {
40 41

42 43 | 44 45 46 a7 48 49 50 51 52 53

i

36 37 38 39

Figure 36 TLC with standards anfilactions with enzyme activity

D-glucose

<— [(Dalucose] .r

. cellobiose

a-D-glucose 1-P
oy — a-D glucose 1-P
70 § 71 .

{5455 Fise Mis7 ese | so 60,r s MieAd (Wa] (e e Bee Mia7 Ges 5o
e v ' v . e i f

Figure 37 TLC with standards anfilactions with enzyme activity

Both TLC’s show the peak of activity within thedtians 50-59.
Fractions 44-65 were pooled together, dialyzed resgaB.5 | 50mM Tris buffer pH 7 and
lyophilized.
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Table 12 summarizes the outcome of all purificatisteps conducted for cellobiose
phosphorylase.

19.86

123  0.62

6 0.157 0.83 0.8 1 1.6 6.5
1.6 0.237 0.13 0.316 243 4 2.6
1.2 0.245 0.09 0.245 3 5 2

Table 12Purification of cellobiose phosphorylase from cradéract ofClostridium thermocellum

These three-step chromatography procedures revefefold greater enrichment of the
cellobiose phosphorylase after the last purificastep, the gel filtration chromatography using
Sephacryl S-200HR as column material.

The rise of the cellobiose activity was also detécemiquantitativ by TLC, shown in Figure 38.

Figure 38 TLC with standards anisicubated samples after three-step chromatograpogdures

TheTLC indicates the formation of D-glucose (red ary@s well as ofi-D-glucose 1-phosphate
(green arrow) in all purification steps, revealingreasing activity of cellobiose phosphorylase.
Also, a trisaccharide formation (orange arrow) whserved in samples after the anion exchange
purification (Whatman DE52) step and gel filtraticiromatography (Sephacryl S-200HR). This
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indicates that the accompanying cellodextrin phosghse activity is not separated under the
purification conditions employed.

On SDS PAGE analysis, the subsequent chromatograsteps resulted in the distinct
appearance of the presumed band of cellobiose hbogdpse. An apparent molecular mass of
~93 kDa was determined for the purified cellobiogbosphorylase after gel filtration

chromatography as indicated in Figure 39.

Figure 39 SDS PAGE of native cellobiose phosphorylase
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4. Monitoring conversions of azido sugars by TLC ath anisaldehyde-sulfuric acid spray
reagent

4.1 Monitoring of the formation of 2-azido-2-dedglucose

In synthetic studies of 2-azido-2-deoxy-D-glucoske treaction was monitored with
TLC/anisaldehyde-k80,, as shown in Figure 40.

The TLC indicates the consumption of the dark gig@ming starting material (lane 1) with
formation of dark blue (lane 2) and yellow (lanes&ining products respectively, followed by
formation of light green products (line 4 and Xiséng as pairs of anomers.

The dark green-staining product was formed in 10@étd from glucose acetate, and was
identified by NMR in previous studies [Gabra, 20@8] the expectedromide (= 1-bromo-1-
deoxy-2, 3, 4, 6-tetra-O-acetyl-D-glucopyranosd)e Hark blue-staining product ofR.41 in
4:1 acetic acid ethyl ester-hexane was identifigd\IMR asglucal (=3, 4, 6-tri-O-acetyl-D-
glucal). The following product, yellow-staining,rfoed in 100% yield as shown in previous
studies [Gabra, 2009], was identified r@igro azide (=3, 4, 6-tri-O-acetyl-2-azido-2-deoxy-1-
nitro-D-gluco- and D-mannopyranose). The two paifsproducts staining light green were
identified as the mixture oézido acetateg= 1, 3, 4, 6-tetra-O-acetyl-2-azido-2-deoxy-D-
glucopyranosg The first productdluco-azido acetajewas formed in 44% yield and the second

product (nanno-azido acetatén 45% yield respectively.

1 &5 4 5

Figure 40 TLC of 2-azido-2-deoxy-D-glucose
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1 1-Bromo-1-deoxy-2, 3, 4, 6-tetra-O-acetyl-D-glucgmose

3, 4, 6-Tri-O-acetyl-D-glucal
3 3, 4, 6-Tri-O-acetyl-2-azido-2-deoxy-1-nitro-D-ghi@and D-mannopyranoses
4and5 D-gluco and D-manno-isomers bf 3, 4, 6-tetra-O-acetyl-2-azido-2-deoxy-D-

hexopyranose

4.2 Monitoring of the formation of 2-azido-2-deasjtobiose

In synthetic studies of 2-azido-2-deoxy-cellobiosthe reaction was monitored with
TLC/anisaldehyde-k80,, as shown in Figure 41.

The TLC indicates the consumption of the dark gig@ming cellobiose bromide (lane 1) with
formation of dark gray cellobial (lane 2) and twairg of products staining light green (lane 3),
followed by formation of second light green produdine 4), all of them existing as pair of
anomers.

The dark green-staining product was formed frontob@ése peracetate in 51% yield, and was
identified by NMR in previous studies [Gabra, 20@8]the expectedromide (= a-cellobiosyl-
bromide-hepta-acetate). The dark gray-staining ymbaf R- 0.54 in 3:2 ethyl acetic acid-
toluene was identified by NMR allobial (= hexa-acetyl-D-cellobial). The crystalline, light
green-staining product, formed in 40.8% yield asvanin previous studies [Gabra, 2009], was
identified as the anomer mixtures oitro azide (=2-azido-2-deoxy-1-nitro-cellobiosyl-hexa-
acetate). The last two pairs of products stainigbtlgreen were identified as the anomer
mixtures ofazido acetat€=2-azido-2-deoxy-cellobiosyl-hepta-acedatEhe product was formed
in 57% yield.
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1 3 4

Figure 41 TLC of 2-azido-2-deoxy-cellobiose

1 a-Cellobiosyl-bromide-hepta-acetate
Hexa-acetyl-D-cellobial
3 2-Azido-2-deoxy-1-nitro-cellobiosyl-hexa-acetate

4 2-Azido-2-deoxy-cellobiosyl-hepta-acetate

4.3 Monitoring of the formation of 3-azido-3-dedglucose

In synthetic studies of 3-azido-3-deoxy-D-glucosee treactions were monitored with
TLC/anisaldehyde-k80O,, as shown in the Figure 42a.

The TLC indicates the consumption of the gray staiproduct (lane 1) with formation of gray
green (lane 2) and dark blue-staining products(Brrespectively.

The gray staining product 1,2:5,6-di-O-isopropytide-D-glucofuranose was purchased from
GLYCON. The gray green-staining product of ®61 in 3:2 ethyl acetic acid-toluene [Trinkl,
2005] was identified a4,2:5,6-di-O-isopropylidene-D-ribo-hexofuranos-3-ulose. The bright
blue staining product, formed in 84% vyield [Trink005] was identified a4,2:5,6-di-O-
isopropylidenez-D-allofuranose
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Figure 42aTLC of 3-azido-3-deoxy-D-glucose precursors

11,2:5,6-di-O-isopropylidene-D-glucofuranose
1,2:5,6-di-O-isopropylidene-D-ribo-hexofuranos-3-ulose

31,2:5,6-di-O-isopropylidene-D-allofuranose

1,2;5,6-di-O-isopropylidene-D-allofuranose was O-mesylated (methylsulfonyl ocide in
pyridine) to afford 1,2;5,6-di-O-isopropylidene-3+@ethylsulfonyle-D-allofuranose. Treatment
with sodium azide in dimethyl formamide at 170°@eéhe desired 3-azido-3-deoxy-1,2;5,6-di-
O-isopropylidenex-D-glucofuranose [Brimacombet al.,1967] , from which 3-azido-3-deoxy-
D-glucose (Figure 42b) was obtained by acid-catyaydrolysis of the isopropylidene groups
[Trinkl, 2005].
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Figure 42bTLC of 3-azido-3-deoxy-D-glucose

1 3-Azido-3-deoxy-D-glucose

D-Glucose

4.4 Monitoring of the formation of 6-azido-6-demygars

In synthetic studies of 6-azido-6-deoxy-sugars, theactions were monitored with
TLC/anisaldehyde-k80,, as shown in Figure 43.

Azido sugar derivatives of glucose produce yellowotange colorations with the anisaldehyde-
H.SO, spray reagent6(N; Glucosg. With 6-azido-6-deoxy-cellobiose and 6’-azidoeeoxy-
cellobiose, yellow staining azido sugar residuesl @meen staining glucose residues are
combined in one molecule. The staining therefosellts in the appearance of mixed colorations
of yellowish green. The yellow contribution is mgmnounced when the azide substitution is in
the reducing moiety6(N; Cellobiosg and somewhat weaker when the azido group isén th

nonreducing moietyd(-N3 Cellobiosé.
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Figure 43 TLC of 6-azido-6-deoxy-sugars

4.5 Summary of azido sugars derivatives of celedimonitored by TLC
In synthetic studies of azido sugars the reactias monitored with TLC/anisaldehyde$0,,

as shown in Figure 44.

Figure 44 TLC of azido sugars

In conclusion, common hexose sugars and their etstgr as well as acetal derivatives and alkyl
glycosides stain in various grades of green colatile deoxy sugars in bluish-gray. As distinct
from other sugar types, azido sugars derivativeglatose produce yellow to orange staining
products and azido derivatives of cellobiose preduarious shades of light green with the

anisaldehyde-k8Oy spray reagent.
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5. Preparation of the cellobiose phosphorylase gemic DNA for PCR
Cellobiose phosphorylase gene sequence of the fflaCC 1D27405 was used as template for

the design of primers needed for the polymerasmabkactions as indicated in Scheme 4.

Ndel (z142)
CeP ATCC Nco rem rev (96.2%
]CeP ATCC Nco rem fwd (96.2%
F Ned (2415)
CeP YM4 ATCC fwd (83.9%) CeP | /CeP ATCC rev (80.6%

3 | )

Scheme 4Cellobiose phosphorylase Gfostridium thermocellurATCC 1D27405

Genomic DNA was isolated from crude extractGddstridium thermocellunNCIMB 10682 in a

concentration of 156 pg/ml as measured by UV spphtitometry.

5.1 PCR procedures

5.1.1 Conventional PCR

Conventional PCR, conducted with a mixtureTafj DNA polymerase, PCR buffer, MgCand
dNTPs reveals the presence of genomic DNA (288Gispindicated in Figure 45 (black arrow).

Sssss@enomic DNA

3000

2000
1500

1000

700

500
400
300
200

70

Figure 45PCR of genomic DNA fron€lostridium thermocellutNCIMB 10682
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5.1.2 High fidelity PCR
High fidelity PCR reveals formation of two fragmentlue to the removal of the internal

restriction site llcd). Fragment 1 (2144bp) and fragment 2 (324bp) vgereerated as shown in
Scheme 5-7 and in Figure 46, both fragments indlicatith black arrows.

CeP PCR frag 1 removed Nco

|

AfAT {16094)
Bbd (1810)
Ndel (1855)
Apd (1915)
Agel (1299) |I Aar] {zo5q)
| Mbd (1343) | CeP ATCC Neo rem rev {100.0%
Agel (516) Ximal (76:2) Chal (1347) ' J;“ICeP ATCC Nco rem fwd {100.08
i \ l 4
— H—t
Scheme Xellobiose phosphorylase fragment 1
CeP PCR frag 2 Nco removed
CeP ATCC Nco rem fwd (100.0%) Chal (126) ChP ATCC rev (100.0%
CeP ATCC Nco rem rev {1 ODOJ}B) Agd (42, Bbd (122) ;; Xhol (312)
:’1 {
!‘ I
Scheme &Cellobiose phosphorylase fragment 2
AfH1 (1694)
Bbd (1810)
Ndel (1859)
Apol (1915)
| Acrd (2059)
‘ CeP ATCC Nco rem rev (100.0%)
‘ "%:eP ATCC Neo rem fwd {100.0%)
Bsiltl {120) ‘ Mbd (2240)
Apol (1011 CeP rem Neo rJChnI (2244)
Ned () Mbd (134 I CbP ATCC rev (100.0%)
CeP YM4 ATCC fwd (1(1).0')@ Xmal (762)\ Chal (1347) ‘ ":'I F.’I Xhol (2430)
5 | !
l

Scheme Tomplete cellobiose phosphorylase sequence withternalNcd
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3000 ragment 1
2000
1500 e
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Fragment 2
700 Y

500
300
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70

Figure 46 PCR of fragment 1 and 2

5.1.3 Overlap extension PCR
Overlap extension PCR reveals formation of the hetigth cellobiose phosphorylase gene of

2442bp as indicated in Figure 47 and in Scheme 8.

3000

2000
1500

<4— Fragment 1 and .

1000
700

500
400

300
200

70

Figure 47 Full length sequence of CeP

Dedl (7) CeP ATCC CbP ATCC rev (100.0%)
CeP YM4 ATCC fwd {100.0%) BsrG1 (u.li Nidel (1850) Xhol (2430)
|
]

Scheme &-ull length sequence of cellobiose phosphorylasieout internal restriction siteNgal)
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6. Preparation of pET26b-CeP construct

6.1 Restriction digest of pET-26b(+) vector andafgibse phosphorylase gene

Figure 48 shows a restriction digest of pET-26bptain vector (5294bp) and cellobiose
phosphorylase gene (2442bp) respectively. Afteditision, the construct was transferred into

chemocompetent DHSE. coli.

<+— pET-26b(+) vecta

7000
5000
4000
8000 <— Cellobiose phosphoryla:
2000

1500

1000

700
500
400

300
200

70

Figure 48 Restriction digest of pET-26b(+) vector and CeP

7. Transformation of the pET26b-CeP construct intochemocompetent DHg. E.coli

7.1 PCR screening of the colonies and their mirgpration

In order to verify which chemocompetent DdH%.coli cells consist of pET-26b(+)-CeP
construct PCR screening of a short cellobiose phosphorylase ¢ragment (~ 470bp) harboring
the 6xHis tag of the vector was conducted. Coldoye 1 (red arrow), 2 (green arrow) and 6

(yellow arrow) were successfully screened as iridatan Figure 49.

gliire 49PCR screen of short CeP fragment
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After minipreparation of the plasmid DNA, a doubstriction digest of the pET-26b(+)-CeP
construct was performed, revealing both fragmemtddne 2 and 6, as indicated in Figure 50.
7000

5000
3000

<— pET-26(+) vector (5294bp)
<“— Cellobiose phosphorylase (2468bp)

1500
700

300

70

Figure 50 Double restriction digest of pET-26(+) vector &belP

Due to the mutation within the pET26b-CeP constrdetected during the DNA sequencing,
another step was needed to remove this mutatidd@®. The final product of this operation is

shown in Schemes 9 and 10.

Aar (946)
CeP mut rem frag |Hl'nd]]1 (971)
Chal (239? Bbd (702) Agd (1052)
Mbd (235) AfII (586) Ndel (751) fMM (1132) CeP ATCC rev {100.0%
CeP mut rem fwd (100.0%) Agd (191) \I\\:‘ll Hind 111 (479) Apd (807, | | Chea (1136) /-"f Xhol (1322)
y = i
il 1 I — I8
[ |
f 4

Scheme Lellobiose phosphorylase gene without mutatio34b®)
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T7 term

f1 origin 6xHIS
Pwul (6725) — Xhol (159)
\\
kan . NcoI(469)
Xmal (6597) o Aarl (547)
Ndel (744)
\
) \AﬂH (907)
CeP
pET 26 CeP | .
) Xmal (1839)
- — 7667 bp |
ori
/ Bst BI (2483)
A D
Acel (5293) ~ Ndel(2596)
T7 promoter
Xbal (2634)

BgllI (2700)

BclI(3436)

lacl
Apal(3633)

SchemedHr-26b(+)-CeP construct without mutation

Subsequently, the cellobiose phosphorylase geneowitmutation and the pET-26b(+)-CeP
construct containing the mutation were digestedation of both products proceeded over night.
Subsequently, the final product was transferred aitemocompetent DHSE.coli as described

previously. Subsequent sequencing has revealed 2fE(+)-CeP construct without mutation.

8. Western blot of recombinant cellobiose phospholgse transformed in BL21 (DE3)E.
coli cells

After transformation of the pET-26b(+)-CeP construnto BL21 (DE3)E. coli cells, the cells
were grown without and with IPTG induction respeely. Four clones were picked at random
and western blot was performed. Figure 51 revéaskpression of the gene in all clones (1-4)

induced by IPTG,; the strongest signal was obsewiddclone 3 (red arrow).
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IPTG IPTG IPTG IPTG
250kDa

130kDa

100kDa

70kDa

55kDa

35kDa

28kDa
Clone 1 Clone2 Clonesg=

Figure 51 Western blot of 4 clones

9. Western blot of recombinant cellobiose phospholgse after Ni-NTA metal ion affinity

chromatography

Expression of the recombinant 6xHis tag cellobiplsesphorylase (= clone 3) induced by IPTG
was followed by its purification villi-NTA metal ion affinity chromatography in order dbtain
pure recombinant cellobiose phosphorylase. Fig@radicates its detection vieDS PAGE.

From 10 eluates collected, eluate 3, 4, 5 and & lshown the most homogenous enzyme

preparation. Figure 53 indicates their detecti@wastern blot.
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Figure 52 SDS PAGE of recombinant cellobiose phosphoryléise Bi-NTA

Figure 3Bestern blot of recombinant CeP after Ni-NTA

The specific activity of the recombinant cellobiopaosphorylase was determined in the
enzymatic synthesis with 2-azido-2-deoxy-cellobiasesubstrate, as revealed in Chap@6
(p.138).

In conclusion, the cellobiose phosphorylase gen€loétridium thermocellunNCIMB 10682
was successfully cloned and the final result indisa homogenous enzyme preparation with an
apparent molecular mass of ~93kDa. This correlatdbwith the data described in the literature
[Yernoolet al, 2000].
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10. Enzymatic syntheses by catalysis of cellobiogkosphorylase

10.1 Synthetic reaction of monosaccharides catdlygenative cellobiose phosphorylase

Figure 54 reveals the specificity of cellobiose gptworylase when cellobiose is used as substrate
for the phosphorolytic cleavage (forward) reactiangd whenu-D-glucose 1-phosphate and D-

glucose are used as substrates for the synthetier§e) reaction.

Figure 54 Catalytic reaction of cellobiose phosphorylase

As illustrated above, this enzyme catalyzes theverion, by phosphorolytic cleavage, of
cellobiose intax-D-glucose 1-phosphate (green arrow) and D-glu¢askarrow). In the reverse
reaction, cellobiose phosphorylase catalyzes thehegis of cellobiose (orange arrow), by
transfer of a glucose residue frenD-glucose 1-phosphate to the acceptor D-glucose.

The acceptor D-glucose may be replaced by analogievatives of D-glucose such as 2-

deoxyglucose, 6-deoxyglucose or D-xylose.

Figure 55 Synthetic reaction with D-xylose
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Figu56 Synthetic reaction with 2-deoxyglucose

~_ cellobiose
e
SRS

3 a-D-glucose 1-P

St

Figure 57 Synthetic reaction with 6-deoxyglucose

As indicated above, the replacement of D-glucosea@septor by D-xylose (Figure 55), 2-

deoxyglucose (Figure 56) or 6-deoxyglucose (Figbm results in the formation of the

corresponding disaccharide analogs of cellobiosen[&t al, 2002; Percyet al, 1998]. These

analogs are indicated by purple, yellow and blueves respectively in the corresponding

figures. In all samples, the strongest signal aimiation was achieved after 18 and 24 h

respectively.

10.2 Phosphorolytic reaction of native cellobioskogphorylase towards 6-azido-6-deoxy-

cellobiose

The phosphorolytic reaction of purified cellobig#®sphorylase was performed with 6-azido-6-

deoxy-cellobiose.
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Figure 58 Phosphorolytic reaction by 6-azido-6-deoxy-cell@go

Figure 58 clearly reveals the formation of 6-az&ideoxy-D-glucose (brown arrow) aneD-
glucose 1-phosphate (green arrow). Therefore,ntla stated that 6-azido-6-deoxy-cellobiose
acts as an effective substrate for phosphorolyttma catalyzed by cellobiose phosphorylase.
The D-glucose and cellobiose formed in this reacttan be explained by-D-glucose 1-
phosphate being hydrolyzed under the reaction tiongdi The D-glucose formed may react with

the remainingi-D-glucose 1-phosphate to form cellobiose.

10.3 Synthetic reaction of 6-azido-6-deoxy-D-glecosatalyzed by native cellobiose
phosphorylase

The synthetic reaction of purified cellobiose pHumylase was performed with 6-azido-6-
deoxy-D-glucose. Figure 59 reveals the specifiatycellobiose phosphorylase whenD-
glucose 1-phosphate and 6-azido-6-deoxy-D-gluceskeicts) are used as substrates for the
synthetic (reverse) reaction to form 6-azido-6-deoallobiose (red arrow). Additionally, also a
trisaccharide formation (green arrow) was observadsumably due to the presence of
cellodextrin phosphorylase [Reichenbecéieal., 1997; Krishnareddgt al.,2002].

Therefore, it can be stated that 6-azido-6-deoxghizose acts as an effective substrate for the

synthetic reaction catalyzed by cellobiose phosylbee.
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Figure 59 Synthetic reaction by 6-azido-6-deoxy-D-glucose

10.4 Phosphorolytic reaction of native cellobiose phasptase towards 6 -azido-6"-deoxy-

cellobiose

For the preparation of precursors to azido cellgbiderivatives, catalytic reactions of cellobiose
phosphorylase were performed with azido substisieémtthe non-reducing glucose moiety,

namely 6" -azido-6"-deoxy-cellobiose.

6’-azido-6’-deoxy-cellobiose is not cleaved into mosaccharide derivatives by the action of
cellobiose phosphorylase. Cleavage of 6’-azidoé»d/-cellobiose under catalysis by

cellobiose phosphorylase should afford 6-azido-6xgleD-glucose 1-phosphate and D-glucose.

It is assumed that the reaction proceeds to a smwédht, whereupon the small amount of D-
glucose formed would suffice to inhibit binding tie weak substrate 6 -azido-6"-deoxy-
cellobiose and to block further cleavage. This ripitetation is supported by the finding of a
small amount of cellobiose, presumably formed fidmmolecules of glucose bound in both the

a-D-glucose 1-phosphate and D-glucose binding sites.

10.5 Phosphorolytic reaction of native cellobioskogphorylase towards 2-azido-2-deoxy-
cellobiose

Another conversion of cellobiose analogs with azdbstituents in the reducing glucose moiety
was performed in the form of the phosophorolytieaslage reaction with 2-azido-2-deoxy-

cellobiose catalyzed by cellobiose phosphorylase.
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For this purpose 2-azido-2-deoxy-cellobiose wastt®gized by organic-chemical methods
[Gabra, 2009]. To remove impurities, the productswehromatographed on Bio-GelP

Polyacrylamide Gel. 70 fractions of 500 ul werelexted. Complete purification of the eluates
was not accomplished. Figure 60 indicates fractE®$3 with the highest purification grade as

shown on TLC. The final yield of the product was®2@1g (19%).

Figure 60 2-azido-2-deoxy-cellobiose after Bio Gel

Figure 61 indicates the phosphorolytic reactionceliobiose phosphorylase with the pool of

fraction 59-63 containing 2-azido-2-deoxy-cellokE@s substrate.

Figure 61 Cleavage reaction with 2-azido-2-deoxy-cellobiose
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It clearly reveals the formation of 2-azido-2-deddyglucose (orange arrow) aaeD-glucose 1-
phosphate (green arrow). Therefore, it can be cstidiat 2-azido-2-deoxy-cellobiose acts as an
effective substrate for phosphorolytic action catatl by cellobiose phosphorylase.

Noticeable in this TLC is also formation of D-glsey which yield was estimated by D-glucose
test, revealing a D-glucose amount of 4159 ul per 8rcubation volume after 24 h. In order to
remove D-glucose from the desired product, actighobiose phosphorylase was denatured.

Figure 62 shows the denatured sample containirgdd-&-deoxy-D-glucose and D-glucose.

Z-azido—z‘-deg.)gy;p—glucme (product)

D-glucose

. B - .......... “ cellobiose

Figure 622-azido-2-deoxy-glucose sample after denaturation

After the sample was lyophilized, a purificatioropedure with silica gel 60 in 17:3 1-propanol-
water solvent agent was performed. 60 fractionsewetlected; the highest grade of purification

was indicated in fractions 36-43, as shown in FedgiB.

Figure 63 2-azido-2-deoxy-D-glucose after silica gel purifioa
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The fractions 36-43 were lyophilized and stored2@°C. The final yield of purified 2-azido-2-
deoxy-D-glucose was 4.58 mg.

10.6 Phosphorolytic reaction of recombinant celtst@ phosphorylase towards 2-azido-2-deoxy-
cellobiose

Phosphorolytic cleavage of 2-azido-2-deoxy-cellsbiowvas conducted by use of purified,

recombinant cellobiose phosphorylase, as showigune 64.

Figure 64 Phosphorolytic reaction of 2-azido-2-deoxy-celtst# via recombinant CeP

In phosphorolytic reaction of recombinant celloleigghosphorylase the formation of 2-azido-2-
deoxy-D-glucose (yellow arrow) andD-glucose 1-phosphate (green arrow) respectivedyew
observed. Therefore, it can definitely be stateat ®razido-2-deoxy-cellobiose can act as a
substrate.

2-azido-2-deoxy-D-glucose was purified by use b€aigel 60 in 17:3 1-propanol-water. A thin

layer chromatogram of the pure product is showrigure 65.
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Figure 65 Purified 2-azido-2-deoxy-D-glucose

Non competent BL21 (DE3. coli cells have not shown formation of any secondarypcts
when using cellobiose as substrate. Thereforanthe stated, that these cells do not possess the
enzyme phosphatase which might inhibit the functioh the recombinant cellobiose
phosphorylase.

By analogy to the incubation with 2-azido-2-deoxgl@biose, recombinant cellobiose
phosphorylase from crude extract of BL21 (DHB) coli harboring the expression vector
PET26(+)-CeP was incubated with cellobiose as satast

In this context, a specific cellobiose phosphorglastivity of 3.5 U/mg in a total protein volume
of 7 ml was measured. The specific activity of ped recombinant cellobiose phosphorylase
increased up to 7.4 U/mg in a total protein volumheé00 pul, resulting in twofold purification
after theNi-NTA metal ion affinity chromatography.

For the same protein it was possible to show thatbation with cellobiose as substrate for the
phosphorolytic reaction did not lead to formatidrany trisaccharide as shown in Figure 66.

The most reasonable explanation for the formatioa wisaccharide during the incubation with
native cellobiose phosphorylase might be catalggisccompanying quantities of cellodextrin
phosphorylase [Reichenbeclatral, 1997; Krishnareddgt al.,2002] as seen in Figure 67.
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- [ no trisaccharide formatiow]

Figure 66 Phosphorolytic reaction of recombinant CeP

trisaccharide >

Figure 67 Phosphorolytic reaction of native CeP
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IX. DISCUSSION

1. Biotechnological use of carbohydrates

Naturally occurring combinations of monosaccharides form of glycans such as
oligosaccharides and polysaccharides provide anreng variety of structures and associated
functions. For example, a monosaccharide such gkiése may function as glycosyl donor in
four different ways d-pyranose,-pyranose,a-furanose andp-furanose) and as glycosyl
acceptor at four different positions (2, 3, 4, 6tfee pyranose form and 2, 3, 5, 6 for the furanose
form). Thus, a huge number of molecules are thealst conceivable, based on only one
monosaccharide. Considering the availability of lahst a dozen commonly occurring
monosaccharide constituents such as pentoses,ds)deoxy sugars and uronic acids, possible
combinations become practically unlimited regardignbers and biological functions. With the
advent of techniques of molecular biology, toolyéehdecome available to construct not only
modified polysaccharides, but also polysaccharmfesew, artificial structures. Particularly in
the field of aminopolysaccharides, there are fewunah representatives; yet this field offers
tempting opportunities of application. Thereforeere is considerable interest in developing new

aminopolysaccharides by the combined techniquesgainic chemistry and molecular biology.

2. Occurrence and biological significance of cellobse phosphorylase

Cellobiose phosphorylase is a widely occurring emzyamong thermophilic cellulolytic bacteria
such as Thermomonospora fuscaAcetivibrio cellulolyticus Bacteroides succinogenes
Ruminococcus albusand Ruminococcus flavefacierfbamed and Bayer, 1988[The same
enzyme was also detected in some mesophilic, fioos fungi, such agrichoderma reesei
[Mandels and Reese, 1960] ahdchoderma viridefReese and Maguire, 19713porotrichum
thermophile, Humicola insolermdChaetomium thermophileusis and Becker, 1973].

The objective of this study is focused on conversiwith azido cellooligosaccharides catalyzed
by cellobiose phosphorylase from the thermophiliellubolytic bacterium, Clostridium
thermocellumNCIMB 10682. In this context, intracellular phospblysis, catalyzed by this
enzyme, seems to be a genetically advantageousss,o@hich constitutes the primary route of
cellooligosaccharide utilization in anaerobic eomiments and thus initiates the Embden-
Meyerhoff-Parnas pathway [Sallaghal., 2006]. The bacterium exhibits a high therntab#ity
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and possesses a thermostable cellulase systemisTdiginct from fungal cellulases. Cellulase
from Clostridium thermocellunNCIMB 10682 is highly active on crystalline cellslg thus
being able to completely solubilize crystalline s of cellulose [Schafer and King, 1965].
Due to this fact, this bacterium was chosen asiecemf cellobiose phosphorylase. It was grown
under anaerobic conditions on a complex medium awoimy microcrystalline cellulose
(AVICEL) as the only energy source and harvesteghirly stationary phase, which was reached
after a growth period of 96 h. In contrast to othoecteria such a€ellvibrio gilvus or
Ruminococcus flavefacienghich grow on glucose, this bacterium seems toheednly one
using cellobiose in the culture medium, thus reaghhe maximum growth rate [Swishetral,
1964]. This is attributed to a higher yield of ememper molecule of cellobiose utilized as
compared with two free glucose molecules [Heale@uogta, 1971].

Resulting cellobiose phosphorylase protein from 5ofl crude extract ofClostridium
thermocellunNCIMB 10682 was 20 mg with a specific activity o60J/mg before and 0.83 mg
with a specific activity of 1 U/mg after the ultil&iation step. In comparison with other studies,
cellobiose phosphorylase fro@ellvibrio gilvus[Sasakiet al, 1983] has been reported to have
similar specific activity (determined after a twieys purification protocol, protamine sulfate and
hydroxyapatite procedure) ranging between 0.1-1//3dJ Both measurements were based on
determination ofi-D-glucose 1-phosphate (G-1-P). Specific activitgellobiose phosphorylase
from crude extracts d€lostridium stercorariunfReichenbecheet al, 1997] was 0.03-1 U/mg

after Q-sepharose and phenyl-Sepharose.

3. Purification of native cellobiose phosphorylase

Treatment of crude extract with saturated protaraimé ammonium sulfate solution [Alexander,
1968; Tanakaet al, 1995] respectively, has failed in our hands tabeppropriate method for
the purification of cellobiose phosphorylase fr@tostridium thermocellunNCIMB 10682,
leading to high grade precipitation of enzyme proteHowever, also in anion exchange
chromatography, the use of dithiothreitol or 2-nagtboethanol [Sasakt al, 1983] in addition

to 50mM Tris pH 7.5 during purification, has ledlémge losses in protein activity. Due to these
findings, it became necessary to optimize condgtifor the purification of native cellobiose

phosphorylase. In the end, it was pointed out @ahlaigh enrichment of cellobiose phosphorylase
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from crude extract was achieved when 50mM Tris peh@ DEAE cellulose chromatography
with a linear gradient of NaCl from 100 to 600mMrer@pplied. These findings correspond well
to one described previously [Sasaéd al, 1983], in which Tris buffer with the same
concentration but of different pH (= 7.5) and aeln gradient of NaCl from 100mM up to
500mM were applied. In the present study, the almastioned protectants were omitted as they
were found to impair enzymatic activity.

However, cellobiose phosphorylase was sufficieatlsiched in a series of three-step purification
procedures. As demonstrated by SDS PAGE analyss stibsequent chromatographic steps
resulted in electrophoretic near-nomogeneity of ¢ekobiose phosphorylase preparation after
the last purification step. An apparent moleculaass of ~93 kDa was determined for the
purified cellobiose phosphorylase. These findingsraspond well with the molecular mass
estimated using computation of the protein knowddxdge from UniProtKB, which was carried
out on the complete sequence of 811 amino acidthefcellobiose phosphorylase gene of
Clostridium thermocellunstrain ATCC 27405, indicating a molecular weight 9%.8 kDa.
Cellobiose phosphorylase Gkllvibrio gilvus[Sasakiet al, 1983] has a molecular weight of 72
kDa, estimated after a three-step purification pduce. More closely similar results were
reported by use of a two-step purification protdoolcellobiose phosphorylase Gellulomonas
uda [Nidetzky et al, 2004], showing an estimate of 92 kDa for the mwol@ mass of this
protein.

The enzyme cellobiose phosphorylase fr@ostridium thermocellumNCIMB 10682 was
purified 5-fold with a recovery of 2% and a spexiictivity of 3 U/mg. In comparison to these
findings, cellobiose phosphorylase Gfostridium stercorariumReichenbecheet al, 1997]
with an estimated molecular weight of 92.7 kDa,eads in a six-step purification procedure

certain similarities, indicating a recovery of 5#daa specific activity of 4.7 U/mg respectively.

4. Cloning and expression of the recombinant cellafsse phosphorylase gene

Cellobiose phosphorylase gene ©fostridium thermocellunNCIMB 10682 was cloned in
Escherichia coli This gene encodes a protein with 811 amino asatlues. The 811bp fragment
was cloned in the pET-26b(+) plasmid, previouslgedied with restriction enzymes of

FastDigest®Ncol and FastDigest®Xhol, respectivdlie resulting construct (= pET-26b(+)-
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CeP) was transformed into chemocompetent @B®oli and expressed in BL21 (DEB) coli
cells in order to yield the active recombinant engycontaining a N-terminal metal affinity
fusion peptide (6xHis tag), whose primary structstares significant residue identity with
different members of glycosyltransferase family 36.

In this context, five cellobiose phosphorylase gehave been cloned [Reichenbeckeral,
1997; Liuet al, 1998; Yernoolet al, 2000; Kimet al, 2002; Nidetzkyet al, 2004] so far.
Comparison of the amino acid sequence of cellobipeesphorylase fromClostridium
thermocellumNCIMB 10682 with those fronClostridium stercorarium(Accession number:
Q59316),Cellvibrio gilvus (Accession number: O66264)hermotoga neapolitangAccession
number: 052504),Clostridium thermocellumYM4 (Accession number: DINLD9) and
Cellulomonas udé&Accession number: Q7WTRG6) reveals similaritiea®high as 71, 63, 73, 92
and 61%, respectively.

The cellobiose phosphorylase gene @flostridium stercorarium was cloned using
oligonucleotide probes [Reichenbechetr al, 1997], but so far these data have not been
published.

According to other studies, cloning of cellobiodegphorylase o€ellvibrio gilvus[Liu et al,
1998] was conducted in a pUC18 plasmid and transdrintoE.coli JM 109. The puC18
plasmid was genetically engineered to include aden antibiotic resistance to ampicillin. In
contrast, the pET-26b(+) plasmid used in this studhich is also suitable for bacterial
expression, contains a gene coding for kanamyatead of ampicillin resistance. Additionally,
the pET-26b(+) plasmid provides a great advantageontrast to pUC18 plasmid due to the
presence of a N-terminal (Hisjag. Polyhistidine-tagging constitutes an effextand practical
approach for the purification of 6xHis-tagged retimant cellobiose phosphorylase as
performed in the present study. For the efficieradpction of cellobiose phosphorylase of
Cellvibrio gilvus an overexpression system is under investigatiandt al, 1998], while in the
present study, BL21 (DE3. coli competent cells were used as the expression sy&tem

cellobiose phosphorylase Gfostridium thermocellumCIMB 10682.
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5. Characterization of the recombinant cellobiose Iposphorylase

The characterization of the recombinant cellobiophosphorylase from Clostridium
thermocellumNCIMB 10682 showed the same catalytic featuresafido analogs of cellobiose
as the native enzyme. By contrast to the nativeyrapz the recombinant enzyme is not
accompanied by a cellodextrin phosphorylase agtititerefore, oligosaccharide side products
are not found during conversions with the recomtirgamzyme. The enzyme has been purified 2-
fold, using only a one-step purification protodble Ni-NTA metal ion affinity chromatography.
The specific activity of the purified recombinamizgme was 7.4 U/mg towards cellobiose.

In this context, purification of the recombinantllaBiose phosphorylase o€lostridium
thermocellumNCIMB 10682 resulted in a 2.5-fold greater increasspecific activity than the
one shown for the native cellobiose phosphorylaséh® same strain, which had a specific
activity of 3 U/mg towards cellobiose after a thetep purification procedure. A possible
explanation for this modestly increased specifitvag of the recombinant cellobiose might be
due to the application of imidazole (150mM) as ielutbuffer in Ni-NTA metal ion affinity
chromatography, which can cause destabilizatiothefprotein. So far, another report in the
literature describing sensitivity of cellobiose gphorylase towards imidazole was provided for
the isolation of the recombinant enzymeG#llulomonas uddNidetzky et al, 2004] from an
E.coli cell extract, which included a two-step purificatiprotocol. The elution of the enzyme
with 120mM of imidazole resulted in 2-fold purifttan, which corresponds to above described
findings of recombinant cellobiose phosphorylasemfrClostridium thermocellumNCIMB
10682.

In comparison to these findings, recombinant cédled phosphorylase fronthermotoga
neapolitana which enzyme elution included a linear gradieht1l6-300mM imidazole, was
enriched 17-fold [Yernoadt al, 2000]. The specific activity of the purified reabinant enzyme
was estimated to be 11.8 U/mg. SDS PAGE analysisthef recombinant cellobiose
phosphorylase ofhermotoga neapolitanahowed a homogenous enzyme preparation with an
estimated molecular weight of 93 kDa which well responds to the one determined for
Clostridium thermocellum NCIMB 10682. Recombinant cellobiose phosphorylase o
Clostridium thermocellunyM4 [Kim et al, 2002], whose purification was carried out by ére

chromatographic methods, has also been reporteavi® a similar molecular mass of 92 kDa. A

144



similar estimate of 92 kDa was reported for the eoolar mass of the recombinant cellobiose

phosphorylase dCellulomonas ud@Nidetzky et al, 2004].

6. Synthesis of azidodeoxy derivatives of cellobesatalyzed by native and recombinant
cellobiose phosphorylase

In order to explore the feasibility of additionattificial basic cellulose derivatives as novel
biomimetic polymers [Schwaret al, 2003], chemo-enzymatic syntheses of azidocelkzbio
analogs with native as well as with recombinantiobebse phosphorylase dTlostridium
thermocellumNCIMB 10682 were performed in this study. So fast much was reported on
azidodeoxy derivatives of cellobiose. However, tiemo-enzymatic method has shown to
possess obvious advantages and the present iratestgghave proven that this methodology has
much to offer in terms of enhanced regioselectigitgr strictly chemical methods.
6-azido-6-deoxy-cellobiose and 6" -azido-6"-deoxeb@se were synthesized from previously
known cellobiose derivatives [Chernyadt al, 1985; Saber, 2009]. For the preparation of
precursors to azido cellobiose derivatives basednaymatic synthesis, phosphorolytic reaction
with purified cellobiose phosphorylase was perfatnvath 6-azido-6-deoxy-cellobiose. This
reaction has afforded 6-azido-6-deoxy-D-glucose @fztglucose 1-phosphate. In the reverse
(synthetic) mode of phosphorylase catalysis, 6eapHtleoxy-cellobiose was formed frosD-
glucose 1-phosphate and 6-azido-6-deoxy-D-glucd&abdr, Luburaet al, manuscript in
preparation].

Catalytic reaction of purified cellobiose phospHasg was performed with azido substituents in
the non-reducing glucose moiety as well, namelp#do-6"-deoxy-cellobiose. Cleavage of 6'-
azido-6’-deoxy-cellobiose under catalysis by callgb phosphorylase fror@. thermocellum
was expected to afford 6-azido-6-deoxy-D-glucogiha@sphate and D-glucose [Saber, Lubetra
al., manuscript in preparation]. Presumably, the satest 6’-azido-6’-deoxy-cellobiose is
initially cleaved, by phosphorolytic action, to mal extent with formation of D-glucose. The
formed D-glucose may effectively compete with 6ieaz6’-deoxy-cellobiose for binding to the
active site of the enzyme, as D-glucose binds giyomo catalytic center of the enzyme
cellobiose phosphorylase. Due to these circumstar&eazido-6’-deoxy-cellobiose is at best a

poor substrate of cellobiose phosphorylase f@uostridium thermocelluCIMB 10682.
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Another synthesis of cellobiose analogs with azdbstituents in the reducing glucose moiety
was performed with 2-azido-2-deoxy-cellobiose dsstate for cellobiose phosphorylase. Both,
native purified and recombinant purified cellobigg®sphorylase, catalyzed the phosphorolytic
cleavage of 2-azido-2-deoxy-cellobiose, thus affggd2-azido-2-deoxy-D-glucose angD-
glucose 1-phosphate. This finding offers the oppuoty to develop a simple synthesis of pure 2-
azido-2-deoxy-D-glucose, as 2-azido-2-deoxy-cetiebican be prepared from cellobial acetate
in stereochemically homogeneous form, without fdramaof themannoisomer.

Hydrolysis ofa-D-glucose 1-phosphate to afford D-glucose has lobserved as a side reaction
during conversions with azido analogues of cellsbiAs binding of the azido analogues would
be considerably weaker than binding of cellobias®-glucose 1-phosphate would effectively
compete for the binding site, with hydrolysis be@mbtpgical side reaction. The D-glucose formed
could react with the remaining-D-glucose 1-phosphate to form cellobiose, whichaliso
observed in trace amounts.

7. Broad spectrum substrate specificity of native rad recombinant cellobiose phosphorylase
In this study, the experiments with native and nelsmant cellobiose phosphorylase of
Clostridium thermocellunNCIMB 10682 have shown their capability to cleaedlabiose into
a-D-glucose 1-phosphate and D-glucose by phosphicolgaction. These investigations
correspond well with the findings of data publisied cellobiose phosphorylase Gkllvibrio
gilvus [Kitaoka et al, 1992] andClostridium thermocellumYM4 [Kim et al, 2002]. The
reaction of cellobiose phosphorylase follows a satjal bi bi mechanism, in which Pi binds to
the enzyme before cellobiose and theld-glucose 1-phosphate is released after D-gluchss.
mechanism was also described for cellobiose phoglase ofCellulomonas ud4gNidetzky et
al., 2000]. Cellobiose phosphorylase @lostridium stercorariunfReichenbecheet al, 1997]
also exhibits in phosphorolytic reaction a strietawage of cellobiose and has showed no activity
with cellotriose, cellotetraose, cellopentaose egltbhexaose respectively.

In the reverse reaction, native and recombinantolzielse phosphorylase oflostridium
thermocellumNCIMB 10682 catalyzes the synthesis of cellobiogetdansfer of a glucose
residue froma-D-glucose 1-phosphate to the acceptor D-glucosecdmparison to these

findings, an extensive kinetic study of the synithezaction of the same enzyme fr&@uellvibrio
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gilvus [Kitaoka et al, 1992] was reported, revealing that the synthegarction follows four
steps, in whichu-D-glucose 1-phosphate binds to the enzyme befegtuBose. Consequently,
this enzyme-substrate complex can release Pi dsgvekllobiose.

In present study, it was also reported, that cedkdphosphorylase @lostridium thermocellum
NCIMB 10682 is active on different derivatives dfigpse acceptors, such as 2-deoxyglucose, 6-
deoxyglucose and D-xylose as well, revealing thpabdity of the enzyme to catalyze the
formation of corresponding disaccharide analogsatiobiose in synthetic reaction. The same
substrate specificity was also reported for cetiebiphosphorylase @lostridium thermocellum
YM4 [Kim et al, 2002] andCellvibrio gilvus[Percyet al, 1998].

An explanation for the formation of trisaccharitesome experiments under catalysis by native
cellobiose phosphorylase could be provided by tiesgnce of cellodextrin phosphorylase. The
finding of no trisaccharide formation during thecuation of recombinant cellobiose
phosphorylase with cellobiose as the substratekisnt to indicate that cellobiose phosphorylase

does not catalyze trisaccharide formation durirggghosphorolytic reaction.
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X. OUTLOOK

Artificial polysaccharides and biomimetic polymers

Polymers based on carbohydrates have emerged atractive area of polymer science and
technology, due to a worldwide focus on sustainafdéerials. The enzyme-mediated syntheses
of azidocellobiose analogs described in the prebesis represent a “green chemistry” approach
in order to investigate potential uses of thesel@=zllobiose derivatives. In this context, the
advantages associated with enzymatic catalyzedtiorac as proved in this study, are
attributable to the avoidance of multi-step prdatecteprotection procedures of the sugars. A
more preferable and practical approach will beube of recombinant cellobiose phosphorylase
of Clostridium thermocellumNCIMB 10682 for the large scale production, possili

immobilized form.

Applications of immobilized enzymes

Biocatalytic process economics can be enhancednkynge reuse and the improvement in
enzyme stability afforded by immobilization [Bradyd Jordaan, 2009; Bradst al, 2008].
Enzyme immobilization with the aim of facilitatintheir use involves the reduction of
production costs by enabling their efficient reaygl[Cao, 2005] and it includes also their role
as stable and reusable devices for analytical aedical applications or as selective adsorbents
for purification of proteins and enzymes as welleffective devices for controlled release of
protein drugs Figure 68). Moreover, improved enzyme performance, suchnasasing the
activity, decreasing inhibitions, modulating stépiland selectivity or improving the enzyme
behavior in synthetic processes can often be aetliby enzyme immobilization [Matest al.,
2007]. Additional advantages involve the stabilmatagainst harsh reaction conditions, due to

the fact that they are deleterious to soluble erzgneparations [Tischer and Kasche, 1999].

e

Applications of Immobilized Enzymes J
.
| [
Y .
Heterogenerous Selective Controlled Analytlcal Solid phase
biocatalysts adsorbents released device protein
JY protein drugs chemistry

Figure 68 Range of application of immobilized enzymes [C2@05]
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An immobilized enzyme is defined as a compositesistimg of two essential components: the
non-catalytic structural component (carrier), destjto aid separation and reuse of the catalyst
and therefore facilitate control of the procesg] #re catalytic functional component (enzyme),
designed to convert the substrates of interesttirgalesired products. [Cabal, 2003]
Non-catalytic parameters are linked to the chermaaal physical nature of the non-catalytic part,
particularly the geometric parameters such as siiekness, shape and length, whereas the
catalytic parameters are related to the catalytioctions, such as activity, stability and
selectivity, pH and temperature profil@sple 13 [Caoet al, 2003].

In practice, catalytic functions aim to maintainvfside reactions, high tolerance of structural
variation of the substrates and high durabilityreff catalyst. On the other hand, main objectives
of non-catalytic functions are mainly to achievesyeaeparation of the immobilized enzymes
from the reaction mixtures, flexibility of reactolesign, and broad applicability in different

reaction media and reaction systems [Cao, 2005].

Table 13

Criteria for robust immobilized enzymes [Caibal, 2003]

Parameter

Non-catalytic function

Catalytic function

Immobilized enzyme

Requirement

Suitable particle size ahdpe

Easy fabrication
High mechanical stability
High chemical stability

High volume activity/g)
High selectivity

Broad substrate specificity
Stability in organic solvents
Thermostability

Operation stability
Conformational stability

Recyclability
Broad applicability
Reproducibility
Easy and quick design

Benefits

Aids separation, easyrol of the reaction
Flexibility of reactor design
No significant change of the intdistaucture
No decomposition of the solid &atts, non-contamination

High productiviand space-time yield
Fewer side reactions, ead@vnstream processing and
separation of pradutess pollution
Tolerance of structural variatiortioé substrates
Shift of reaction equilibrium withe organic solvents use
Reduce reaction time by incirgggéemperature
Cost-effective and lower costtibution for the product

Modulation of enzyme properties

Low-cosintribution of catalyst

Tolerance for process variation

Guarantees product quality

Early insight into process develemtrand avoidance
of learning process
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Economical and ecological

considerations Lower volume Lemcost for the solid handling
Easy disposal Less environmental concern
Rational design Avoidance of laborious sciiegn
Safety for use Meeting the safety regulati
Intellectual property right Innovative Protection of iléetual property rights
Attractive Licensing
Competitive Strengthening marketing poait

Numerous methods of immobilization on different emetls have been developed, whereas main
efforts have been put into the cross-linking of yenes using either protein cross-linking or

addition of inert materials approach [Silman andckalski, 1966]. Preferred method appears to
be the binding to prefabricated carrier materibaig, recently cross-linking enzyme crystals have

become an interesting alternative.
Generally, the production of carrier-free immolglizenzymes includes directly different cross-

linking enzyme approaches such as:

a) Dissolved enzymes (Formation of cross-linked imripéd enzymes, CLES)
b) Crystalline enzymes (Formation of cross-linked ene\crystals, CLECSs)
c) Physically aggregated enzymes (Formation of criok®d enzyme aggregates, CLEAS)

d) Spray-dried enzymes (Formation of cross-linked spirged enzymes, CSDES)

Enzymes in carbohydrate synthesis

The ability of the recombinant cellobiose phosplesg to perform only the synthetic reaction

will be of practical importance, enabling synthesésntirely new azido sugars. Overall, the

enzyme catalyzed reactions constitute initial steps comprehensive concept to utilize the
combined potentials of cellobiose analogs with azdbstituents synthesis and biotechnology
for preparations of alternative biomimetic mateyiah a large scale with a broad spectrum of

scientific applications within academic and indiatresearch.
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Characterization of azido polysaccharides

Characteristics of azido polysaccharides, whichelasen synthesized via organic-chemical and
enzyme-catalyzed chemistry have not been thoroughiiymined and need more in-depth
investigations regarding their structure-prope#iationships. The extensive analyses of these
artificial cellobiose derivatives could provide nfaid insights into use of new matrix
components with potential pharmacological and piggical applications. In a different type of
application, these cellobiose derivatives in monacrferm could also serve as intermediates for
syntheses of anti-inflammatory agents. They alsghinénhance or trigger desirable biological

responses such as those applicable in cancer inthrerapy.

6-azido-6-deoxy-D-glucose 1-phosphate

Continuation of the present approach to providésfemgarding formation of 6-azido-6-deoxy-D-
glucose 1-phosphate, which was not detected inpti@sphorolytic reaction of cellobiose
phosphorylase towards 6°-azido-6"-deoxy-cellobios#, include application of the enzyme
mutarotase (Aldose 1-epimerase). This enzyme pessélse ability to convesi-D-glucose into
B-D-glucose, a substrate of glucose oxidase (EC3.4).Oxidation of D-glucose would be
expected to remove-D-glucose, which strongly inhibits the action @llobiose phosphorylase
and effectively competes with 6’-azido-6’-deoxylobiose, thus presumably inhibiting the

formation of 6-azido-6-deoxy-D-glucose 1-phosphate

Azido oligosaccharides formed under catalysis Bypdextrin phosphorylase

Another interesting aspect should include the aslgf azido trisaccharides, which formation
was detected in native cellobiose phosphorylasesgitarolytic syntheses. The formation of
these materials is probably catalyzed by cellodextnosphorylase, and so far their amounts are

too small for efficient separation and structurecelation.
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