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Abstract

The biological degradation of lignocellulose into fermentable sugars for the production of
liquid transportation fuels is feasible and sustainable, but requires a variety of enzymes
working in synergy as lignocellulose is a complex and recalcitrant substrate. The
cellulosome is a multi-enzyme complex (MEC) with a variety of cellulolytic and hemi-
cellulolytic enzymes that appears to facilitate an enhanced synergy and efficiency, as
compared to free enzymes, for the degradation of recalcitrant substrates such as

lignocellulose and plant cell walls.

Most of the studies on cellulosomes have focused on a few organisms; C. thermocellum, C.
cellulovorans and C. celulolyticum, and there is only limited knowledge available on similar
complexes in other organisms. Some MECs have been identified in aerobic bacteria such as
Bacillus circulans and Paenibacillus curdlanolyticus, but the nature of these MECs have not
been fully elucidated.

This study investigated the cellulolytic and hemi-cellulolytic system of Bacillus licheniformis
SVD1 with specific reference to the presence of a MEC, which has never been reported in the
literature for B. licheniformis. A MEC of approximately 2,000 kDa in size, based on size
excluson chromatography using Sepharose 4B, was purified from a culture of B.
licheniformis. When investigating the presence of enzyme activity in the total crude fraction
as well as the MEC of a birchwood xylan culture, B. licheniformis was found to display a
variety of enzyme activities on a range of substrates, although xylanases were by far the
predominant enzyme activity present in both the crude and MEC fractions. Based on
zymogram analysis there were three CM Cases, seven xylanases, three mannanases and two
pectinases in the crude fraction, while the MEC had two CMCases, seven xylanases, two
mannanases and one pectinase. The pectinases in the crude could be identified as a pectin
methyl esterase and a lyase, while the methyl esterase was absent in the MEC. Seventeen
protein species could be detected in the MEC but only nine of these displayed activity on the
substrates tested. The possible presence of a 3-xylosidase in the crude fraction was deduced
from thin layer chromatography (TLC) which demonstrated the production of xylose by the



crude fraction. It was furthermore established that B. licheniformis SVYD1 was able to

regulate levels of enzyme expression based on the substrate the organism was cultured on.

It was found that complexed xylanase activity had a pH optimum of between pH 6.0 and 7.0
and a temperature optimum of 55°C. Complexed xylanase activity was found to be slightly
inhibited by CaCl, and inhibited to a greater extent by EDTA. Complexed xylanase activity
was further shown to be activated in the presence of xylose and xylobiose, both compounds
which are products of enzymatic degradation. Ethanol was found to inhibit complexed
xylanase activity. The kinetic parameters for complexed xylanase activity were measured
and the K, value was calculated as 2.84 mg/ml while the maximal velocity (Vi) Was
calculated as 0.146 U (umol/min/ml).

Binding studies, transmission electron microscopy (TEM) and a bioinformatic analysis was
conducted to investigate whether the MEC in B. licheniformis SVD1 was a putative
cellulosome. The MEC was found to be unable to bind to Avicel, but was able to bind to
insoluble birchwood xylan, indicating the absence of a CBM3a doman common to
cellulosomal scaffoldin proteins. TEM micrographs revealed the presence of cell surface
structures on cells of B. licheniformis SVD1 cultured on cellobiose and birchwood xylan.
However, it could not be established whether these cell surface structures could be ascribed
to the presence of the MECs on the cell surface. Bioinformatic analysis was conducted on
the available genome sequence of a different strain of B. licheniformis, namely DSM 13 and
ATCC 14580. No sequence homology was found with cohesin and dockerin sequences from
various cellulosomal species, indicating that these strains most likely do not encode for a

cellulosome.

This study described and characterised a MEC that was a functional enzyme complex and did
not appear to be a mere aggregation of proteins. It displayed a variety of hemi-cellulolytic
activities and the available evidence suggests that it is not a cellulosome, but should rather be
termed a xylanosome. Further investigation should be carried out to determine the structural
basis of thisMEC.
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CHAPTER 1 — GENERAL INTRODUCTION

1.1 Biofuel Production

1.1.1 Introduction

For decades the world has relied on fossil fuetstlie production of transportation fuels.

However, the oil crisis in 1975 and again in 19%Aijch saw dramatic increases in the crude
oil price, sparked initiatives by governments farge scale research and production of
alternative liquid transportation fuels (United Mat, 2008). This was mainly driven by the

high price of oil and the burden it placed on ecom®s to import oil. Governments were

driven to reduce their reliance on external oil @igs under circumstances of fluctuating

prices and supply. One of the countries that aystmadvanced in terms of biofuel production
is Brazil where 40% of the country’s petroleum regments are supplied by bioethanol from
sugarcane (Goldemberg, 2008).

The second driving force behind government poliée@srenewable energy is the impact of
fossil fuel usage on the global climate (Lyetdal., 1991). It is recognized that bioenergy as
a renewable energy source could have a potentiphdnon greenhouse gas emissions
(Champagne, 2007; Goldemberg, 2008; United Nati2Dag).

At present, the US Department of Energy Officehaf Biomass Program has set a target for
biofuel production in the US to supply 60 billioallpns per year by 2030. This amounts to
30% of liquid fuel consumption for vehicles (at 20vels) (Himmelet al., 2007). The
European Union has also set a target for biofuedlypetion by 2030 which amounts to 25%
of transportation fuel requirements (Himneehl., 2007).

1.1.2 Liquid transportation fuel alternatives

While fossil fuels supply energy for heat, eledtyicand liquid transportation fuels, this

review only focuses on biofuel as a replacementidpid transportation fuels. About 97%
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of current world requirements for liquid transptida fuel are derived from petroleum
(Mielenz, 2001). The main biofuels with the potahto replace petroleum are biodiesel,
bioethanol or biobutanol. Biodiesel is the prodwuciof fuel diesel from plant oils and this is
done via a chemical transesterification procedsmaljh some enzymatic processes are also
used (Antczalet al., 2009; Bashat al., 2009; Sharma & Singh, 2009). Bioethanol refers t
the bioconversion of sugars from plant sources ttarel via fermentation processes.
Biobutanol has been put forward as an alternatbvieidethanol and has several advantages
over bioethanol (Ezejet al., 2007; Wackett, 2008). It can be fermented byunadity
occurring solventogenic clostridia such@sacetobutylicum andC. beijerinckii (Montoyaet

al., 2000; Qureshét al., 2006).

1.1.3 First generation biofuel, food security andrevironmental concerns

First generation biofuels refer to the productidromfuel from crops that are also used as
food, e.g. sugar cane, sugar beet, maize, palnoitsieeds (United Nations, 2008). For
bioethanol, the sugar is extracted and directlynéeted into ethanol, or the starch in
maize/corn is converted into sugars and then fetedeinto ethanol. The technology for this
process, as well as for biodiesel production, idl-established and successful on a large
scale. However, the use of food crops for thigppse has become an issue of great concern

as it threatens food security worldwide.

In the USA the use of corn on a large scale inth&®ol production has had a significant
impact on the price of corn and thus the priceoofif(Gomezt al., 2008). According to the
United Nations, food prices are currently the hgilsince the 1970’s (United Nations, 2008).
Although many factors influence prices, one of direct causes is recognised as the use of

food crops for biofuel production (United Natio2608).

Demands for the utilisation of maize for biofueb@uction have also been a hotly debated
issue in the South African context (http://www.eregringnews.co.za/article/maize-
exclusion-039defies-logic039-rethink-possible-2@1818, date of access 31/08/2009, see
Appendix 6b). Although the South African governmapproved a biofuel strategy for the
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country at the end of 2007, maize was excluded fitoerfirst phase (2008-2013) (Statement
by Minister of Agriculture on World Food Day, 16 t©ber 2008).

Apart from food security issues, it is also questid whether producing bioethanol from
maize would in fact reduce carbon emissions asscsopgh as maize require a high input of
fertilizers derived from fossil fuels (Gometal., 2008). In fact, it is becoming clear that the
production of biofuel per se does not necessagsylt in an environmental benefit (Cockerill
& Martin, 2008). For example, if forest areas aleared to grow palm oil as happens in
Malaysia, any benefit derived from greenhouse gatngs may be offset by the increased

emissions due to the change in land use (Unitetbhgt2008).

Thus it is clear that first generation biofuel teclogies can be problematic and is likely to be
unsustainable for large scale production of biofaglworld population grows and food
demands increase. In this respect there is animgpgiebate regarding the benefits of first

generation versus second generation technologmskgtill & Martin, 2008; Moore, 2008).

1.1.4 Second generation biofuels

Second generation biofuels refer to the produatibbioethanol from plant biomass and can
provide a solution to many of the problems curserfhcing first generation biofuel
technologies.

Since lignocellulose contains about 75% polysagdhasugars it can be a valuable feedstock
for production of bioethanol (Gomezal., 2008; Lyndet al., 1991). Lignocellulose in plant
biomass can be obtained from various sources, asicdygricultural waste, wood, grass and
even dedicated crops such as miscanthus or swash@gChampagne, 2007; Duff & Murray,
1996; Gome=t al., 2008; Jasinskaat al., 2008; United Nations, 2008). These are not food
crops and thus will not threaten food security wlat the same time dedicated crops such as
switchgrass can be cultured on marginal soils Vimtiited fertilizer. As lignocellulose is the
most abundant biological material on earth, it cemease the volume of available feedstock
for biofuel production. According to Schwarz (200det biomass production worldwide is

estimated to be 60 x $txons per year in terrestrial and 53 x*4fbns per year in marine
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ecosystems. Thus Bayeral. (2007), states that “biomass is the only domestistainable
and renewable primary energy resource that canigediquid transportation fuels”. It is
estimated that the United States could potentltduce 1.4 billion tons of biomass waste
per annum (Bayeet al., 2007). Biomass could also be obtained at aifraaif the cost of

existing crops such as maize for biofuel produc{idemainet al., 2005).

Although production of biofuel from cellulosic bi@ss has not been achieved on a
commercially sustainable basis, research in thgarceis ongoing. The main bottleneck in
the use of plant biomass for biofuel remains theclsarification step. Lignocellulose is
highly recalcitrant to microbial degradation (Himineeal., 2007). This relates to the natural
defences of the plant against attack, but at a catde level is based on the crystallinity and
insolubility of cellulose which are in turn sheadha hemicellulose and covalently linked to
lignin (Himmel et al., 2007). This structural complexity necessitatesoasortium of

enzymes required to hydrolyse all the various bondkse structure.

Himmel et al. (2007) identified the slow enzyme kinetics in tgdrolysis of cellulose to
sugars, low yields of sugars from other polysaddearand removal of lignin as three main
areas requiring improvement. If these obstaclesldcdbe overcome through research,
biomass is able to provide the solution for prasiof an alternative source of liquid
transportation fuel. The enzymatic hydrolysis @nbass is the focus of this work and will
be addressed in further detail. Removal of ligeigenerally achieved through pretreatment
of biomass via mechanical or chemical means suchcak hydrolysis, steam treatment or
alkaline treatment which renders the biomass maseeptible to enzymatic degradation
(Galbe & Zacchi, 2007; Himmekt al., 2007; Lynd et al., 2002; Mielenz, 2001).
Delignification can also be achieved by using enggrsuch as lignin peroxidase, manganese
peroxidase and laccase which can be derived framwi.fuPretreatment may also be done to
increase the specific surface area and pore voltims, improving the accessibility of the
material for enzymes (Walker & Wilson, 1991).

A further aspect is the utilisation of all sugarsth hexose and pentose, in fermentation as
the main organism utilised for ethanol productiagcharomyces cerevisiag(bakers yeast), is
only able to utilise glucose for fermentation (Himnet al., 2007). While the main

component of plant biomass is cellulose, consistinglucose monomers, a large component



Chapter 1 - Introduction

is hemicellulose with a variety of pentose sugarshsas xylose and arabinose, and hexose
sugars such as mannose and galactose. The &bilitifize all these sugars for fermentation
would greatly enhance the productivity and efficygiof the conversion process. One line of
research has been genetic modificationsSoterevisiae strains to express and degrade
cellulose and hemicellulose and subsequent utdisabf the products for fermentation
(Becker & Boles, 2003; Het al., 1999; Jeffries, 2006; Katahiga al., 2004, Kuyperet al.,
2005). An alternative approach is the utilisatioh Gram-negative bacteria such as
Escherichia coli, Klebsiella oxytoca and Zymomonas mobilis (Dien et al., 2003; Fortmaret

al., 2008). E. coli andK. oxytoca are able to use a variety of sugars and reseasifolsused
on engineering these organisms to produce etha@n. the other handZ. mobilis can
produce ethanol, but only from glucose or fructos&kesearch has thus focused on
engineering this organism to utilise arabinose xaridse as well (See reviews in Dienal.,
2003; Fortmaret al., 2008).

A noteworthy observation in biofuel production,timt depolymerisation of cellulose is not
the only rate limiting step, as downstream metaipolof soluble sugars by microorganisms
into bioethanol has also been found to become igaliion under certain conditions (Desvaux,
2006).

1.2 The structure of lignocellulosic biomass andhe enzymes required

for its degradation

1.2.1 Introduction

In order to overcome the obstacles in degradatfolignocellulosic biomass, the chemical
structure of lignocellulose has to be understoatitare reasons for the difficulty experienced

in achieving the hydrolysis thereof.

Plant cell walls consist mainly of polysacchariaath cellulose microfibrils embedded in a
matrix of hemicellulose and pectin (Raveral., 1999). The principal framework of the cell

is cellulose, consisting of chains of glucose ircnafibrils. Hemicellulose is more varied in
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structure and composition than cellulose and iresuxlylan, mannan, galactan and arabinan
polymers (Beget al., 2001). The specific classification of hemicedlss is dependent on the
sugar moieties present within a hemicellulose ioactsuch asp-xylose, o-mannose,p-
galactose and-arabinose (Begt al., 2001).

Pectin, a hydrophilic polysaccharide, forms parttioé intracellular network and imparts
pliability to the cell through its association witvater (Raveret al., 1999). Older and more
woody plants also contain high levels of lignin dsiped in cell walls to give rigidity and
strength, and makes cell walls waterproof and gewieffective protection against pathogens
(Ravenet al., 1999). Our interest is focused on the polysatdbacomponent of plant cell
walls and the extent to which they can be utilifmdsaccharification and fermentation into
bioethanol. The importance of other structural ponents such as lignin lies in the degree to
which they prevent access to enzymes and therefegradation of plant cell wall

polysaccharides.

As second generation biofuels rely on obtainingassigrom complex biomass substrates or
waste, it is important to understand the compasitb some of these substrates. Table 1.1
below gives the composition of some lignocellulasaterials that are considered for

saccharification.
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Table 1.1. Approximate composition (as a percentayjef various biomass materials or agricultural was¢

products that could potentially be used for sacchafication for biofuel production.

Biomass Cellulose % Hemicellulose % | Lignin % | Reference

Bermuda grass 47.8 13.3 19.4 eLal., 2009a

Reed 39.5 29.8 24 let al., 2009a
Rapeseed stover 27.6 20.2 18.3 etlal., 2009a

Willow 49.3 14.1 20 Bridgemaet al., 2008
Wheat straw 41.3 30.8 7.7 Bridgensiral., 2008
Reed canary straw, 42.6 29.7 7.6 Bridgeretzad., 2008
Corn cobs 35-39 38-42 4.5-6.6 Okeke and Obi, 1994
Rice hulls 24-29 12-14 11-13 Okeke and Obi, 1994
Melon shells 35 19 30 Okeke and Obi, 1994
Corn stover 39 19.1 15.1 Lee, 1997

Wheat straw 36.6 24.8 14.5 Lee, 1997

Rice straw 41 21.5 9.9 Lee, 1997

Rice hulls 36.1 19.7 19.4 Lee, 1997

Bagasse 38.1 26.9 18.4 Lee, 1997
Newsprint 64.4 21.7 21 Lee, 1997

Populus tristis 40 23 20 Lee, 1997

Douglas fir 50 17.8 28.3 Lee, 1997

The percentage composition of a substrate may dapgnding on the exact plant species
used and the time of harvest. Furthermore, thénenighe lignin content, the more
pretreatment will most likely be required in order make the material accessible to
bioconversion. As the lignin itself cannot be usedsaccharification, high lignin content

also lowers the saccharification potential of thetenial.

1.2.2 The composition of cellulose

Cellulose has a simple chemical composition andgistg ofo-glucose residues linked Iy
1,4-glycosidic bonds to form linear polymer chaf@arpita, 1996; Raveet al., 1999; Teeri,
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1997). The structural subunit of cellulose is @eibse, formed by two adjacent glucose
residues as shown in figure 1.1 below (Schwarz1pO@ue to the glucose residues being in
a chair conformation, hydroxyl groups are forcetbimadial orientation while aliphatic

hydrogen atoms are found in axial positions, causitnong hydrogen bonding to take place
between adjacent cellulose chains (Himreelal., 2007). Further, weaker, hydrophobic

interactions take place between cellulose sheetsr{idl et al., 2007).

! Glucose unit Reducing end

Cellobioseunit 1034~~~

Figure 1.1 Chains of cellulose demonstrating theubunits and the potential hydrogen bonding as welhs
Van der Waals forces that connect adjacent chaingrom Hilden & Johansen, 2004)

In flowering plants, about 36 cellulose chains miaed together to form microfibrils that
coil around cells. Chains consist of several thodsglucose residues but may have endings
at various places within a microfibril and micrafle themselves overlap within the larger
structure (Carpita, 1996). Thus, although cheryid@mogenous, the structure of cellulose
is not uniform. The structure of these chainsaaagally highly crystalline, but also form
amorphous or paracrystalline regions and chaindagvéo form chain ends in any part of the
crystalline region. Chains may also be twisted @disdrdered, presenting as imperfections in
the crystalline structure (Teeri, 1997). Cellulasgstal structure itself is described as having
two distinct allomorphs,,land  phases, where, represents the less dense region that is
more reactive to chemical or enzymatic degradaaioth | the more dense region (Bayer

al., 1998a, Boissetdt al., 1999). Every source of crystalline cellulosel wdntain a distinct
ratio of |, and } phases which will affect its susceptibility to dadation (Boissett al.,
1999).
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To study cellulose hydrolysis, commercial cellulaseoften used, for example Avicel, a
crystalline cellulose, or carboxymethyl cellulos&MC), a low viscosity soluble cellulose.
Zhanget al. (2006) provided an an overview of different comamty available preparations

that can be used for detection of cellulase agti\Bee also Teeri, 1997).

1.2.3 Enzymes required to degrade cellulose

The enzymes required to degrade cellulose are gneézrmed cellulases. It has generally
been considered that three enzymes are requiretlydoolyse cellulose into glucose
monomers, namely exo-glucanases (also termed adtipdirolyases, exo-1,8-glucanases,
EC 3.2.1.91), endo-glucanases (also termed endp-@ldcanases, EC 3.2.1.4) and
cellobiases (also termgHdglucosidases, EC 3.2.1.21). However, this mosi@lerhaps over-
simplified as it assumes that all exo-glucanaseseaalo-glucanases are identical. This is not
the case and organisms that degrade cellulosetieéfigc actually produce several exo-
glucanases and endo-glucanases with differentfspees that are required to act in synergy
before degradation is achieved (Schwarz, 2001).drélysis of crystalline substrates also
requires the presence of specialised carbohydrating modules (CBM) for significant
enzyme activity (Schwarz, 2001). And not all origars with cellulolytic capability will
possess all three of these enzymes. The cellgigstem is thus far more complex than
originally proposed.

Synergy between enzymes is important and the maims of synergy that has been
identified in cellulase systems have been betwetareht exo-glucanases, between endo
and exo-glucanases, between exo-glucanasespayhdcosidases and lastly, the synergy
observed internally between the CBM and the catasyte (Lyndet al., 2002).

Cellulases are all classified as glycosyl hydraesecording to the classification of Henrissat
(Henrissat, 1991; Henrissat & Bairoch, 1993). Texhanism by which glycosyl hydrolases
function is a general acid catalysis mechanismhickv“two amino acid residues participate
in a single-displacement or double-displacemertti@aresulting in inversion or retention of

configuration at the anomeric carbon atom of thdrblysed glycoside” (Henrissat, 1991,
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Davies & Henrissat, 1995). Apart from the IUB em®ynomenclature (EC classification),

cellulases are therefore also grouped into famgiesording to their amino acid sequence
similarity which can be accessed on the Carbohgdfattive Enzyme database (CAZY)

(http://www.cazy.org/fam/acc_GH.html).

1.2.3.1 Exo-1,4-p-glucanases (EC 3.2.1.91)

Exo-glucanases have generally been considered ¢lyeckmponent in degradation of
crystalline cellulose and are said to be the onlzymes that are able to effectively degrade
crystalline cellulose (Klyosov, 1990; Schulein, D0 Exo-glucanases act in a processive
manner to attack the cellulose chain from the exidsach chain, produce cellobiose as main
product and decrease the DP of the substrate ‘ewlys(Teeri, 1997). Because these
enzymes are able to attack cellulose chains froenetids, they are not hampered by the
crystallinity of the substrate. However, the exaetchanism by which crystalline cellulose is
degraded is not completely elucidated (Rabinowchl., 2002). In general, cellulases with
high activity on crystalline cellulose have beeasslified as exo-glucanases. However, the
classification may not always be that simple asesendo-glucanases may display activity on

crystalline cellulose.

Two different types of exo-glucanases or cellobarolases are found that appear to have
specificity for opposite ends of the cellulose chaie. reducing and non-reducing ends.
These can work in synergy to achieve overall degjrad of crystalline cellulose (Teeri,
1997). Figure 1.2 illustrates the action of cealbblydrolase | and IlI, together with endo-

glucanases as a proposed model of degradation.

10
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Figure 1.2. Representation of crystalline cellules demonstrating the mode of attack by endo- and exo
glucanases. CBHI and CBHII represent the exo-glucanases whierEpresents the endo-glucanases. CBHI
attacks from the reducing end(R) while CBHII at&dkom the non-reducing end (NR). Reducing ends ar
denoted as (¢) while non-reducing ends are deradey. The crystalline region (C) is preferentiallyaatked

by the exo-glucanases while the endo-glucanasekatthe amorphous region (Figure taken from Td&9;7).

Cellobiohydrolases have been isolated from manyebacand fungi, such aiichoderma
reesei and Cellulomonas fimi. T. reesel produce both types of cellobiohydrolase, witle

fimi only produces one type (Teeri, 1997).

The active sites of cellobiohydrolases that attdwk chain ends of cellulose, have been
shown to form a tunnel shape enclosed by two or foops (Teeri, 1997). This shape is
different from the endo-glucanases that have a rapen active site, allowing it to bind to
the middle of cellulose chains (Teeri, 1997). Tamrdicates that it is thought that the
cellobiohydrolase binds to a cellulose chain withte ten binding sites within the tunnel.
The one type of cellobiohydrolase has a shortevesite tunnel than the other. Cellobiose
is cleaved off and released but the cellulose chamains within the active site and is
processively cleaved and shortened (Teeri, 199rough retaining the cellulose chain
within the active site tunnel, hydrogen bondinghwthe remaining crystal structure is
disrupted and the cellulose chain is prevented freadhering to the crystalline cellulose.
Cellobiohydrolases with a shorter tunnel may exh@ido-glucanase activity. Some endo-

glucanases may also display a processive modeaakd{Teeri, 1997).

11
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1.2.3.2 Endo-1,4-f-glucanases (3.2.1.4)

Endo-glucanases hydrolyse tfel,4-glycosidic bonds in cellulose chains throudgmaeing
bonds along the length of the chain, thereby deargahe degree of polymerisation (DP) of
the substrate. In soluble cellulose preparatitms,will also lead to a decrease in viscosity
(Teeri, 1997). In crystalline cellulose, the cklke chains can remain associated with the
rest of the crystalline cellulose after cleavage #merefore few soluble products may be
observed (Teeri, 1997). Endo-glucanase activitgfisn measured as CMCase activity as
CMC is a soluble, amorphous cellulose. Endo-glasaa do not specifically form cellobiose
as a product. They cooperate with exo-glucanasesystalline cellulose degradation as they
are thought to cleave cellulose chains at randoftgnoin amorphous regions, thereby

creating new chain ends for the action of exo-ghasas (Teeri, 1997).

1.2.3.3 p-glucosidases (EC 3.2.1.21)

B-glucosidases are significant enzymes in a cekuksgstem as they hydrolyse the short
cellooligosaccharides and cellobiose into glucosenamers to achieve the complete
saccharification of cellulose (Wood & Bhat, 1988)hese enzymes have been found in a
variety of sources such as human tissue, plantgji fand bacteria (Li & Lee, 1999). They
are generally divided into two families, 1 and (issat, 1991; Henrissat & Bairoch, 1993),
based on amino acid sequence comparigaglucosidases also have transferase activity and
can form dimers, trimers and higher oligosaccharilem glucose (Hakulineat al., 2000;
Wood & Bhat, 1988). They play an important rolgtevent inhibition of other cellulases by
cellobiose (Wood & Bhat, 1988). While it is gerlgraonsidered thap-glucosidases do not
have activity on cellulose, Gundlapatit al. (2007) demonstrated that the joining of a
cellulose binding domain to &glucosidase increased its activity on crystaliamel soluble
cellulose. B-glucosidases may have activity on a wide rangaubstrates, such as cellobiose,
4-nitrophenol-beta-glucopyranoside, 4-nitrophenol-betgucoside, 4-nitrophenyl-beta-
galactoside (Dionet al., 1999), cellotriose, cellotetraose, gentiobiosecQlary &
Harrington, 1988), lactose (Pagkal., 2005), laminarin and lichenan (Yasigal., 2008).

12
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1.2.4 The composition of xylan

The most abundant hemicellulose in nature is xytamtaining mainly-p-xylopyranosyl
residues linked by 1,4-glycosidic bonds (B#@l. 2001; Koukiekoloet al. 2005). In plants,
the xylan forms an overlying layer through hydrogemnding with the cellulose, while
covalently linked with lignin which forms an outsidheath to protect the plant (Beigal.
2001). Xylan forms an important part of plant aedlls, forming 30-35% of total dry weight,
although the exact abundance of the xylan may rdifltween plants (Begt al. 2001).
Homoxylans, comprised solely from xylose residus®, not common in nature and have
only been isolated from a few plants. The mostndant form is heteroxylan, which is
comprised of xylose residues in the backbone wihtyd, arabinosyl and glucuronosyl

residues as substituents (Sunna & Antranikian, 1997

In hardwood plants, the xylan differs from thasoftwood plants and occurs @&sicetyl-40-
methylglucuronoxylan and is highly acetylated (Sau@nAntranikian, 1997). They have at
least 70 xylopyranosyl residues with an averageesegf polymerisation (DP) of 150 to 200
(Sunna & Antranikian, 1997). The acetyl groupsrasponsible for xylan solubility in water,
but are removed through alkali extraction (Betgal., 2001). Softwood xylans are not
acetylated and contain-L-arabinofuranose linked bwg-1,3-glycosidic bonds at the C-3
position (Sunna & Antranikian, 1997). Softwood atylchains are shorter than hardwood
chains with an average DP of 70 to 130 and are lals® branched (Sunna & Antranikian,
1997). Xylan does not only occur in woody plarist also in annuals such as maize and

sugar cane where it can constitute up to 30% (P d885).

Based on an analysis of the carbohydrate composgfadifferent commercially available
xylans it is apparent that the term “xylan” does meder to a homogeneous substrate etlal.
(2000) reported that birchwood xylan, for instancentained 94.1% xylose residues, while
oat spelt xylan only contained 52.5% xylose ressdugth 22.3% arabinose and 15.7%
glucose. Larchwood xylan, on the other hand, acnaeth47.5% xylose, 26.5% glucose and
26% mannose residues (@ial., 2000). They were able to show that different Rglses had
different activities against the commercial xylabased on the chain length and the degree of

substitution (Liet al., 2000). The substituent groups can be a limitagidr in achieving

13
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complete and efficient hydrolysis of a substratetlasse groups often present a steric
hindrance which affects the access of enzymesetvahe sites (Sunna & Antranikian, 1997).
However, if enzymes capable of removing these gubsts are present, the synergy between
the enzymes can result in effective degradatiah@fsubstrate (De Vries al., 2000).

1.2.5 Enzymes required to degrade xylan

Due to the complexity of xylan, several enzymesratgiired to work in synergy in order to
degrade this carbohydrate into monomeric sugaiguré 1.3 illustrates the various chemical
bonds that require specialised enzymes to hydrapsethe main enzymes that are involved.
However, degradation of these substrates may be emnplex than this model suggests.
For example, some endo-xylanases can possess #mraddomain for cleaving acetyl
groups from the main backbone (Fernanetes., 1999).

Xylan
o g Y
= '.'j\ O . Xylobiose
MeO' o i) 4 _p-glucuronidase =
L OH E \_.(‘_.;:
2 terase -)0 OH
L ,A‘?‘_:tylx%lan esR Ho N Q Jo /,/’v o
- \ 3 , i ~0" \._Oc 7
\/\\‘ AO c.)‘,o, - % AO HO ok LG
'b-1 (z 1~ arahmofuranomdasc ]
" _-'\—/ >~ OH Endo-xylanase B-xylosidase
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esterase

Figure 1.3. Model structure of xylan, illustrating some of the main bonds and the enzymes required to
cleave them(Figure taken from Shallom & Shoham, 2003).

1.2.5.1 Endo-1,4-p-xylanases (EC 3.2.1.8)

Xylanases occur very widely and have been repoiveda range of organisms such as
bacteria, fungi, algae, protozoa, snails, crustaseasects and seeds of terrestrial plants
(Sunna & Antranikian, 1997). Botp-1,3 andp-1,4-endo-xylanases are found ki, 4-

endo-xylanase is the main enzyme required to cléavdackbone in most xylans (Sunna &
Antranikian, 1997). Endo-xylanases are also diassias glycosyl hydrolases and use an

acid-base catalysis mechanism in cleaving substrate
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Most xylanases are found in two families, namelyifg 10 and 11, however, some
xylanases also fall within families 5, 8 and 43 Igwvaet al., 2006). Family 10 and 11
xylanases show distinct differences in propertigshsas molecular mass, isoelectric point,
three-dimensional structure and catalytic actiigolenova et al., 2006). Family 10
xylanases are high molecular weight proteins witbvapl and form oligosaccharides with a
low degree of polymerisation (Jeffries, 1996). kgarh0 xylanases consist of a carbohydrate
binding domain and a catalytic domain with a flégibnker region in between (Torronen &
Rouvinen, 1997). They appear to be more versatile lower substrate specificity than
family 11 xylanases (Bielgt al., 1997). According to Bielgt al. (1997), family 10 endo-
xylanases are capable of cleaving glycosidic ligsagn the main chain closer to the
substituents and are also capable of releasindemmpmbducts. In some cases the family 10
endo-xylanases also displ@yb-xylosidase activity (Bielyet al., 1997). The differences in
catalytic activity between the two families can mdéikely be ascribed to their tertiary
structure (Bielyet al., 1997). Bielyet al. (1997) describes the differences as a shallower
substrate binding site and greater conformatioledilility in family 10 endo-xylanases.
Family 10 endo-xylanases are able to hydrolg<le4-glucosidic linkages which family 11
xylanases are unable to do. The catalytic effyeaf these enzymes is, however, much
higher against th@-p-xylobioside linkages, for example i@ellulomonas fimi where the
Kcal Km was 50 times higher (Biekt al., 1997).

Family 11 xylanases are generally low moleculamgieproteins with high pl (Jeffries, 1996).
Their active site is situated in a deeper clefntfemily 10 xylanases and they have higher
substrate specificity. According to Subramaniya #rema (2002), family 11 xylanases
require three unsubstituted xylopyranose residegsto a branching point for activity.

Many xylanases are reported to form xylobiose, eagtthe exclusive product of hydrolysis
(Jeffries, 1996). A xylanase fromeromonas has, however, been reported to only form
xylotetraose (Jeffries, 1996).

According to Jeffries (1996), xylanases possessetho five subsites for binding the

xylopyranose ring which are situated near the gatasite. These sites are characterised by
the presence of tyrosine which present a hydroghsiniface that interacts with the aromatic
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chains (Jeffries, 1996). This is compared to tietophan residue found in substrate binding

domains in other glycosidases.

Not all xylanases possess a substrate-specifiaxdyilading domain (XBD) (Jeffries, 1996).
A few xylanases, however, have specific XBDs ad a®kellulose binding domains (CBDs),
such as found in xylanases Timermonospora fusca, Cellulomonas fimi and Streptomyces
thermoviolaceus and arabinofuranosidase frafireptomyces lividans (Ratanakhanokchaat
al.,, 1999). Some xylanases have only cellulose bghalomains, such as XynA from
Clostridium stercorarium (Araki et al., 2004; Suret al., 1998).

Many microorganisms produce several xylanasesdappear to act in synergy to degrade
substrates (Begt al., 2001; Wonget al., 1988). The presence of different xylanases withi
an organism suggests different functions that alllbar enzymes to improve degradation of
the substrate through synergy. As many of thesknages have different pH and
temperature optima, their functionality may alsorbkated to their being able to degrade
substrates under differing conditions (Waet@l., 1988).

Cross-specificity occurs where an enzyme has &gton two distinct substrates. This has
been reported for a cellulase frofrichoderma viride which has activity on both

carboxymethylcellulose and xylan (Womy al., 1988). SomeB-glycosidases have wide
specificity and displap-xylosidase activity (Wongt al., 1988).

1.2.5.2 § -o-xylosidase (EC 3.2.1.37)

These are enzymes that hydrolyse short xylo-oligdsaides and xylobiose from the
nonreducing end to produce xylose (Sunna & Antianik1997). Trug-xylosidases should
have activity on artificial substrates suchpasitrophenylf-p-xyloside from which it is able
to release xylose (Sunna & Antranikian, 1997)-p-xylosidases are enzymes with high
molecular weights between 60 and 360 kDa and mayroas mono- or dimeric proteins
(Sunna & Antranikian, 1997).p-xylosidase has been reported to occur both inctie
associated fraction and extracellularly (Sunna &ramikian, 1997). Very fe\g-xylosidases

are able to produce xylose from xylan and the #jfinof the enzyme towards
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xylooligosaccharides decreases with increasing 8lhija & Antranikian, 1997). Mo$t
xylosidases are inhibited by xylose. Sopreylosidases display transferase activity and may
form products of higher molecular weight than thigioal substrate while others are reported
to also haver-arabinosidase activityj-glucosidase activity and even activity on laminari
(Saxeneet al., 1995; Shao & Wiegel, 1992).

1.2.5.3 Arabinases and arabinofuranosidases

Arabinans are composed of a backboneadf,5-arabinofuranosyl residues with further
arabinofuranoside residues substituted on this bdmek (Shallom & Shoham, 2003).
Arabinofuranoside residues also occur as substitatin some types of xylans, such as
oatspelt xylan. There are two types of arabinaseyraes, namely the exo-acting.-
arabinofuranosidase (EC 3.2.1.55) and the ende-1;&rabinase (EC 3.2.1.99). The latter
is only active towards linear arabinans while tloenfer has activity towards branched
arabinans and synthetic substrates suclp-agrophenyle-L-arabinofuranoside (Sunna &
Antranikian, 1997). Arabinofuranosidases are ingoarenzymes that exhibit wide substrate
specificity and act in synergy with other glycolydrolases to degrade arabinose containing
polysaccharides (Numan & Bhosle, 2006).

Native arabinofuranosidases may occur in mono; telira-, hexa- and even octameric forms
and can have molecular weights of 53 kDa (a monmnesizyme fromAspergillus niger) up

to 495 kDa (an octameric enzyme fr@meptomyces purpurascens) (Sunna & Antranikian,
1997).

Both types of enzymes form arabinose as produats tyydrolysis of arabinose-containing
polysaccharides. Some arabinosidase enzymes ayespecific for arabinoxylans and
release arabinose from the substrate without degyathe xylan backbone (Sunna &
Antranikian, 1997).
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1.2.5.4 Other

Several esterases and glucuronidases have beetifiederas contributing to xylan
degradation. Acetyl xylan esterases (EC 3.1.E6)ave théD-acetyl substituents at the C-2
and C-3 positions of xylose residues in acetylxyl@anna & Antranikian, 1997). Although
xylan is highly acetylated, the acetyl groups aaegally removed through alkali extraction
and these enzymes have not been well-studied.hésetacetyl groups prevent the access of
xylanases to the backbone through steric hindratittese enzymes play an important
synergistic role with xylanases to promote effesthwdrolysis of the substrate (Sunna &
Antranikian, 1997).

The ferulic acid esterase cleaves ester linkagegdea arabinose sidechains and ferulic acids
in xylan, while thep-coumaric acid esterases cleave the ester linkatyeelen arabinose and
p-coumaric acid (Sunna & Antranikian, 1997). Thpresence contributes to removal of
lignin from hemicelluloses by cleaving of esterkiges and plays an important role in

disruption of the cell wall structure (SubramaniyaRrema, 2002).

Another enzyme,a-glucuronidase (EC 3.2.1.1), cleaves glucuronicd adirectly from
glucuronoxylan to release@-methyl-o-glucuronic acid, which exists as side chains darxy
although several only have activity on substitutgtboligosaccharides, resulting from the
activity of endo-xylanases on glucuronoxylan (Bietyal., 2000; Nagyet al., 2002; Sunna &
Antranikian, 1997).

1.2.6 The composition of mannan and the major enzyes involved in its degradation

Mannan generally consists of a backbone offitpdmannopyranose residues. Unsubstituted
mannans occur in leguminous and non-leguminousssaed act as a carbohydrate reserve
(Hrmova et al., 2006). Other types of mannan are galactomannglnspmannans and
galactoglucomannans. Galactomannans khawgalactosyl residues substituted on the main
mannan backbone, with the degree of substitutionyimg between plant species.
Glucomannans contain both mannose residues anssgluesidues in the backbone at

various ratios depending on the plant source. ¢&@jducomannans are glucomannans with
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galactose substituents on the backbone (Hrmata al., 2006). Gluco- and
galactoglucomannans occur mostly in lignified selog walls of coniferous gymnosperms
(Hrmova et al., 2006). Galactoglucomannan can make up to 25%hefpolysaccharide
composition of softwood (Hagglund, 2002). Even mehmannan is only a minor component
in cell walls, it is tightly bound to cellulose madibrils and thus affects the accessibility of
cellulases to cellulose (Carpita, 1996). Sevenaymes are involved in the degradation of

mannan as illustrated in Figure 1.4.

The main enzyme involved in mannan hydrolysispimannanase (EC 3.2.1.78) which
liberates short oligomers, including mannobiosée $hort oligomers are further hydrolysed
into mannose monomers Ipymannosidases (EC 3.2.1.25) (Shallom & Shoham, 20p3
mannosidases can also release mannose monomersniezman polysaccharides -
mannosidases are also found in animals such asamtsiand humans where they play a role
in lysosomal degradation of glycoproteins. Deficig of this enzyme can lead to skeletal
abnormalities and abnormal mental development (@hal& Shoham, 2003). Other
enzymes involved in mannan degradation argalactosidase to remove galactose
substituents, acetyl-mannan esterase to removgl ageups and3-glucosidase to remove
glucose from the backbone (Shallom & Shoham, 2003).

Mannanases may possess cellulose binding domaispemific mannan binding domains
(Cannet al., 1999; Halsteadt al., 1999; Ximenest al., 2004).

Galacto-glucomannan

OH
HO= 7 Lo p- -~
\ 7_-0--,_.»"4\0[ o

\
OH

f-mannosidase Endo-mannanase B-ghucosidase

Figure 1.4. Galacto-glucomannan and mannobiose artle main enzymes required to cleave major bonds
(Figure taken from Shallom & Shoham, 2003).
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1.2.7 The composition of pectin and the main enzyreénvolved in its degradation

Pectins are highly hydrophilic polysaccharides torth a separate component of plant cells.
The “smooth region” consists of homogalacturonanctwvhs a backbone af-galacturonic
acid residues withu-1,4-linkages and can be methylated at the O-6tipasi The “hairy
region” consists of rhamnogalacturonan which occas two types. Type |
rhamnogalacturonan has the galacturonic acid baeklvath substitutions ofi-1,2 linked
rhamnopyranose residues and galactose and arabirssdechains. Type |
rhamnogalacturonan has more complex sidechainshengalacturonic acid backbone,

consisting of -rhamnosep-xylose,L-fucose ana-galactose (Yadast al., 2009).

Many enzymes are involved in degrading pectin. dlassification according to Jayastial.
(2005) reveal enzymes with eight different EC dfastions in two main groups, the pectin
methyl esterases and the depolymerising enzymdse pEctin methyl esterases play an
important role to remove methyl groups from pestinthat the depolymerising enzymes can
act upon the resulting product. The depolymerigngymes are divided into two groups
based on their mechanism of reaction, namely hgded or lyases, both groups which effect
the cleavage of large pectin molecules into oligl-,or monogalacturonates (Jayaial.,
2005). Polygalacturonase, pectate lyase or pegtinge all terms that refer to enzymes able
to depolymerise pectin or pectic acid and are ofteed interchangeably unless the specific
mechanism of the enzyme is known. Polygalactummastalyse the hydrolytic cleavage
between two galacturonic acid residues by the dhiction of water. The lyase mechanism
cleaves linkages between two galacturonic acidsutiiv ap-elimination reaction (Jayamt

al., 2005). A further distinction is drawn betweertoeand pectate lyases. Pectin lyases are
more specific on methyl esterified substrates sagtpectin while pectate lyases refer to
specificity on unesterified substrates, namely qtecor polygalacturonic acid (Soriagial .,
2005). It is generally accepted that pectate lyagaires C& for activity while pectin lyase
does not, which enables differentiation betweerséhenzymes (Michauét al., 2003;
Soriano et al., 2005). Pectin lyases generally occur in fungilevtpectate lyases are
predominant in bacteria (Michauet al., 2003). Further rhamnogalacturonan lyases are

responsible for degradation of the “hairy regioimsthe pectin (Michauét al., 2003).
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1.2.8 The role of carbohydrate binding modules (CBM)

There are generally two sites in the enzyme inwbivebinding: the active, catalytic site and
the CBM which are linked through a PTS (prolingetnine, serine) linker region (Schwarz,
2001). CBMs, previously termed cellulose bindingmains, are amino acid sequences
involved in recognition of and binding to polysaaddes. Such modules are generally
always found as part of polysaccharide-degradingymes, with the exception of the
scaffoldin protein in the cellulosome. CBMs arasslified into families based on amino acid
sequence similarity and Boraston reported thataBSilfes of CBM existed (Borastaat al.,
2004). However, the website on carbohydrate aaia/mes (CAZY) reported 53 families
at the time of submission of this work (http://wwazy.org/fam/acc_CBM.html). CBMs
generally show specificity for binding certain strbges.

Within families, CBMs are subclassified where typeCBMs are also termed surface-
binding CBMs and bind to insoluble, crystalline stihtes such as cellulose or chitin
(Borastonet al., 2004). Type B CBMs bind to soluble polysacchamth@ins and type C
binds to small sugars (Borastah al. 2004; Shoseyowt al. 2006). Differentiation and
classification of these three types is based oin &meino acid sequence as well as their three-
dimensional conformation. Although aromatic amauids are prevalent in CBMs, the type
A CBM has a very distinct, planar hydrophobic fémened by these aromatic residues which
are able to bind to the planar crystalline surfaicerystalline substrates such as cellulose and
chitin. The scaffoldin protein CBM is a type 3a K@Bwith the ideal surface to bind
crystalline cellulose (Tormet al., 1996). Type B CBMs form a groove or cleft whish
accessible by a glycan chain (Borasebm@l., 2004). The binding affinity for type B CBMs
change depending on the degree of polymerisatioth@fglycan chain and virtually no
binding will take place where the DP is three @sl€éBorastoret al., 2004). The type C
CBMs do not have extended grooves to accommodgbtamglichains as they bind to mono-,
di- or tri-saccharides (Borastoet al., 2004). It is generally considered that hydrogen
bonding may play an important role in the bindifignéy of type B and C CBMs, but not in
type A (Borastoret al., 2004). In some CBMs, metal ions have also beewslo play a
role in ligand binding affinity (Borastogt al., 2004).
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Boraston has identified three general function€BMs (Borastoret al., 2004). The CBM
concentrates the enzyme on the surface of the ratdsand this is thought to lead to
improved degradation of the substrate which has lsbewn experimentally (Bolamet al.,
1998; Borastoret al., 2004). However, it has been shown in some ins&titat removal of
the CBM from an enzyme only affected activity oe gubstrate where such substrate was
insoluble (Borastoret al., 2004). The CBM is also able to cause disruptibrcadlulose
fibres without any corresponding hydrolytic actw{Borastonet al., 2004; Shoseyoet al.
2006). However, the ability of a CBM to disrupsabstrate such as crystalline cellulose has
only been shown in a few cases and does not apaigmeral to all CBMs (Borastaat al.,
2004; Dinet al., 1994; Hilden & Johansson, 2004).

The CBM plays a very important role in substratedmg and targets the enzyme towards
specific substrates, conferring selectivity in ingd It was illustrated that where the CBM of
an enzyme was changed, the substrate specificitjgoEnzyme was changed (Arakial.,
2004; Borastort al., 2004). CBMs have also been shown to selectivielgt to certain areas
of a polysaccharide, such as the reducing endwmltpthe enzyme access to sections that
may be preferentially degraded. By targeting d#ifie regions of a substrate through
different CBMs, the same enzyme may be able todlyse a substrate more efficiently
(Borastonet al., 2004).

It has also been shown that some thermophilic asgaihave enzymes with more than one
CBM. This is thought to allow improved binding lagher temperatures (Borastenal.,
2004). The role of CBMs and their interaction wettalytic domains are still not completely
understood. Alet al. (2001) reported a xylanase (Xyn10B) fr@tostridium stercorarium
with three CBMs, two family 22 CBMs and one famdyCBM as well as two surface layer
homology (SLH) domains. This protein, while havixyganase activity, acts to bind both to
cell walls and to cellulose, thus anchoring thdsctl insoluble substrate (Adt al., 2001).
The family 22 CBMs were shown to give the enzymavag on B-1,3-1,4-glucan, even
though the catalytic domain classified this enzys@ xylanase (Aralkt al., 2004).
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1.3 Cellulolytic and hemi-cellulolytic multi-enzymecomplexes

1.3.1 The cellulosome

1.3.1.1 Introduction

The cellulosome was first observed in the early089& Clostridium thermocellum by
Lamed and Bayer (Lamed al., 1983). Subsequently, such structures have atsm b
described in other bacteria nameGtostridium cellulovorans (Doi & Tamaru, 2000),
Clostridium cellulolyticum (Belaichet al., 1997; Desvaux, 2005l ostridium acetobutylicum
(Sabathest al., 2002) Clostridium josui (Kakiuchi et al., 1998) Clostridium papyrosolvens
(Pohlschrodesrt al., 1994) Butyrivibrio fibrisolvens (Lin & Thomson, 1991)Acetovibrio
cellulolyticus (Xu et al., 2003),Bacteroides cellulosolvens (Xu et al., 2004a) Ruminococcus
albus (Oharaet al., 2000) andRuminococcus flavefaciens (Kirby et al., 1997) (Bayest al.,
1998a, Doi, 2008). Evidence for cellulosome praiduc has also been found in aerobic
bacteria Vibrio) and anaerobic fungi such &&eocallimastix patriciarum (Fanutti et al.,
1995),0rpinomyces (Li et al., 1997) andPiromyces sp. strain E2 (Fanuttt al., 1995) (Bayer
et al., 1998a; Doi, 2008; Shohaehal., 1999).

The cellulosome is a large extracellular enzymemermwith various enzyme subunits such
as cellulases and hemicellulases attached throagkedn amino acid sequences to a non-
enzymatic scaffolding protein (Bayer al., 1998b; Doiet al., 2003). Cohesin domains are
present on the scaffolding protein and are thewitere the dockerin sequences bind. The
complex contains a cellulose binding domain (CBbgarbohydrate binding module (CBM),
present on the scaffolding protein, which bindsyva@rongly to the cellulose substrate, thus
facilitating the localized degradation of the susiigt by the enzymatic subunits. The entire
structure is attached to the cell wall through mcharing protein, such as @ thermocellum
(Bayeret al., 1998b), or through hydrophilic domains presenttenscaffoldin as found iG.
cellulovorans (Doi & Tamaru, 2000). Analysis of cellulosomes riduin various organisms
revealed flexibility in structure which does notwals conform to this model. A.

cellulolyticus, for instance, contains three different scaffajdiproteins which allow
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formation of a complex structure with as many ased@ymes (Xuet al., 2003). The

scaffolding protein in this organism also contarsatalytic subunit (Dingt al., 1999).

1.3.1.2 Efficiency of the cellulosome vs free extracellular enzymes

Cellulosomal complexes have evoked great sciergifid commercial interest after it was
ascertained that the cellulosome fr@nthermocellum had 50 times the specific activity on
cotton compared to free cellulases frdmchoderma reesel (Johnsoret al., 1982). Thus it
appeared as though the presence of enzymes withirdllulosome complex provided an
advantage to the organism.

Schwarz proposed four reasons why the cellulosoongptex conferred an advantage to an
organism in degradation of cellulose (Schwarz, 2001

» Synergy can take place because enzymes are pieskatcorrect ratio;

* “Non-productive adsorption “is avoided as enzymenponents are spaced in an
optimal fashion.

« Competitive binding is avoided as the non-enzymatimponent contains a strong
binding domain and not the individual enzymes.

* The presence of different enzymes ensures that leanspibstrates can be degraded
(Schwarz, 2001).

The combination of enzymes as well as the roldhefrton-catalytic scaffolding protein with
specialised carbohydrate binding modules ensuedgtie cellulosome operates in a different
manner which makes it more efficient and highlyeefive, particularly when acting on
complex or crystalline substrates. Boissetl. (1999) was able to demonstrate that the
cellulosome degraded crystalline cellulose in a mgetely different manner than free
enzymes of the same type.

Having enzymes within a complex imparts a furthelvamtage to microorganisms,

specifically in anaerobic environments. When nocganisms grow on large substrates such

as polysaccharides, they are forced to secretaaitnlar enzymes into the medium as they
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are unable to take large substrates up in the cé&Nhere cells are present at low
concentrations, such enzymes could diffuse awayn fiibe cell, resulting in product
formation that is inaccessible to the cell, thudinig to support growth. By having the
extracellular enzymes in a complex at the cellrfatee, such as the cellulosome, cells can
overcome this problem (Shohaatral., 1999).

1.3.1.3 Cohesin domains

The cohesin domains are the hydrophobic amino segqliences present on the scaffolding
proteins of cellulosomes and are the sites to witiellulosomal enzymes bind via their
dockerin sequences. As the cohesins are the lkginsites for cellulosomal enzymes,
information on these domains will greatly contrdbbutowards an understanding of

cellulosome assembly and its regulation.

The number of cohesins present on a scaffoldingeprozary from organism to organism,
with the smallest number of cohesins foundCiracetobutylicum (5) and the largest number
found in Bacteroides cellulosolvens (11) (Doi et al., 2003). Cohesin domains on a single
scaffolding protein in one organism are not idaifi@although there is a high level of
homology and conservation (Desvaux, 2005). Coke&iom C. thermocellum and C.
cellulolyticum have a higher level of homology between coheduas tinC. cellulovorans
(Park et al., 2001). Cohesin domains between scaffolding prstérom two organisms
demonstrate some conservation but with a lowertigenAccording to Doiet al. (1998), the
cohesins of CbpAQ. cellulovorans) and CipA C. thermocellum) have only 25-36% identity.
Although there is conservation between cohesins fildferent species, the binding is highly
specific inter-species and cohesins from one osgardo not interact with dockerins from
another species (Desvaux, 2005; Schwarz, 2001).

There are three, perhaps four types of cohesindh#we been identified. Type | cohesins are
found in mesophilic clostridiaC. thermocellum andA. cellulolyticus (ScaA and ScaD). Type

Il cohesins are found in th@. thermocellum anchoring proteinsB. cellulosolvens, andA.
cellulolyticus (ScaB and ScaD), while type Il are found onlyRnflavefaciens. A possible
type 1V was found irA. cellulolyticus ScaC (Xuet al., 2003). The crystal structure of a Type
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| cohesin domain fron€C. thermocellum has been solved and consists of a nine-strafided
sandwich with jelly-roll topology (Bayeet al., 1998; Shimoret al., 1997; Tavarest al.,
1997).

It appears that in the case @fthermocellum andC. cellulolyticum, binding of cellulosomal
enzymes may occur equally well with all the cohgsiithin that organism (Pages al.,
1999; Yaronet al., 1995). However, this is not the case for alludlesomes. It was
demonstrated that cohesins frath cellulovorans do not all have the same affinity for
dockerins of cellulosomal enzymes (Doi and Tamang@o; Parket al., 2001). It was also
found that inC. cellulovorans cohesins could bind each other and thus it isestied that
cellulosomes could bind to each other through tafslding proteins in order to form large
multi-cellulosomes (Doi and Tamaru, 2000). Jindbal. (2004) also found differences in

binding affinity of cohesins for different dockesiim C. josui.

Although the presence of cohesins is considerefietkey evidence for the presence of
cellulosomes in an organism, such evidence shoelldobsidered against the background of
additional information. Cohesins domains were, iftstance found in the genome of an
archaeaArchaeoglobus fulgidus, although this organism does not possess a cetioie or

even identifiable coding sequences for glycosylrblakes (Bayeet al., 1999).

1.3.1.4 Dockerin domains

An enzyme is generally classified as cellulosombkem it has a dockerin domain which
allows it to bind to the scaffolding protein viacahesin domain (Bayest al., 1998). The
dockerin domain in bacteria is a sequence of aBdamino acids within which is found a
highly conserved 22 amino acid sequence displagirgparacteristic calcium-binding EF-
hand motif (Bayeet al., 2004). Dockerin sequences have been identifiddrigi which are
only 40 amino acid residues but also display aigalebinding motif (Fanuttéet al., 1995). It
has been shown that both subdomains of the dockesne required for binding to the
cohesin (Lytle & Wu, 1998).
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It has been demonstrated that dockerin bindingotoesins was calcium dependentGn
thermocellum (Bayeret al., 1998; Choi & Ljungdahl, 1996) ar@ celluloyticum (Fierobeet

al., 1999; Schwarz, 2001). In fact, calcium also eckd the activity of the cellulosome in
these cases. However, Dei al. (1998) indicated that binding ability of the major
exoglucanase (ExgS) in ti cellulovorans cellulosome was not affected by calcium ions or

ethylenediaminetetraacetic acid (EDTA).

Not all dockerin domains within a cellulosomal angen are identical. IR flavefaciens, it
was demonstrated that dockerins have different esezps in different enzymes and, as a
result, displayed differing binding specificitiesitiv cohesins present on the scaffolding
proteins in this organism (Rinca al., 2003). Some dockerin-containing enzymes in this
organism were unable to bind the cohesins in thia s@affolding protein (ScaA) (Rinca#

al., 2003).

1.3.1.5 Cohesin and dockerin interactions /Cellulosome assembly

The manner in which the cellulosome is assemblddidri the cellular environment is not
clearly understood. It has also not been estaisivhether assembly of catalytic
components within the complex is random or regdlatdhe presence of varied binding
specificities between dockerins and cohesins ineicthat some enzymes will bind
preferentially to cohesins and will thus be morevatent in the cellulosome, pointing to a
regulated assembly. If assembly simply occurred nandom fashion, Bayet al. (1998)
speculated that one would expect a hetereogeneopslgbion of cellulosomes to be
produced. However, i€. thermocellum, where binding affinities of cohesins appear to be
similar, the organism produced a homogeneous baichcellulosomes, contrary to
expectations (Bayest al., 1998).

In C. cdlulovorans, however, the organism formed four different de@mal complexes for

each substrate it was cultured on even though mgnaifinities of cohesins are different (Han
et al., 2005). At the same time, some components, ssitheascaffolding protein (CbpA), as
well as the major endoglucanase (EngE) and exogasea (ExgS) were constitutively

expressed (Hast al., 2005). It can therefore be questioned whethgarisms are able to
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regulate this process so that assembly occurs imrganised fashion and how this is

accomplished.

Since the scaffolding protein contains a limiteaniver of cohesin sites for enzymes to bind
it is of great interest how cellulosome assembhegulated under circumstances where more
enzymes are produced than are able to be incogubnatto a complex. I&. thermocellum,

for instance, the number of enzymes bearing dockseguences is double the number of
cohesins present on the scaffolding (Sholketah., 1999).

The question regarding assembly relates to the fa¥esiynergy in order to achieve optimal
degradation of substrates. Biomass has great exitypland variability and it has been
shown that synergy between different enzymes, ditlerent catalytic abilities, as well as
non-catalytic modules such as CBMs are require@fficient degradation of such substrates.
If an organism is able to degrade different typllsiomass, it should be able to express these
enzymes in optimal ratios to achieve the requisgtesyy. How it is able to accomplish this,

is still a matter under investigation.

1.3.1.6 Scaffolding proteins

The scaffolding protein forms the basis of theudeome and the general structure is of a
large, glycosylated protein with a CBM domain aegesal cohesin domains (Bayeral.,
1998b; Doiet al., 2003; Doi, 2008). With the study of differentlulsomes from various
organisms, this model had to be reviewed. Thiermocellum scaffolding protein contains,

in addition, a dockerin domain which allows it todbto surface anchoring proteins (Bager
al., 1998b). TheA. cdlulolyticus scaffolding protein furthermore contains a catalgbmain

for a family 9 glycoside hydrolase (>@ial., 2004a). And some cellulosomal organisms also
have more than one scaffolding protel. cellulolyticus, for instance, possesses four
different scaffolding proteins termed ScaA, ScaBaG and ScaD (Xat al., 2003, Xuet al.,
2004b). All these scaffolding proteins can bindgeiher through cohesin-dockerin
interactions and to the cell surface to form a sstpecture capable of binding up to 96
enzymes (Xwet al., 2003). R. flavefaciens also possesses more than one scaffolding protein,
ScaA and ScaB, with ScaA acting as the surfaceaaimzh protein (Rincoret al., 2003).
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ScaA in R flavefaciens, although the main scaffolding for binding dockecontaining
enzymes, appear to lack a CBM domain, which is ualugn cellulosomal scaffolding
proteins (Rincoret al., 2003).

Scaffolding proteins vary quite considerably inesifor exampleC. thermocellum (CipA) is

196 kDa (Bayeet al., 1998),C. cellulovorans (CbpA) is 189 kDa (Shoseyat al., 1992),C.
cellulolyticum (CipC) is 158 kDa (Pagedt al., 1996) andC. josui (CipA) is 120 kDa
(Kakiuchi et al., 1998). As the scaffolding proteins are generhibhly glycosylated, their
electrophoretic mobility falsely project a largeolecular weight as adjudged by SDS-PAGE
analysis (Schwarz, 2001). Accurate sizes are finerdoased on the gene sequence, rather
than the biochemical characterisation. Almostcallulosomal scaffolding proteins to date
have been found with a specific CBMIlla domain (8bnet al., 2000; Tormeet al., 1996).

1.3.1.7 Evidence for cellulosome production

In order to accurately identify or classify a midtizyme complex as a cellulosome, it is
useful to look at the evidence that has been usqutdve that a cellulosome exists in an
organism. The main structural features of theutmdome, as indicated above, are the
scaffolding protein containing cohesin domains, #mel presence of dockerin domains on
cellulosomal enzymes. Where genomic or genetiarindtion for an organism exists, it is
relatively simple using a bioinformatic analysisidentify the presence of the dockerin and
cohesin domains, and concomitantly, the preseneeschffolding protein. This is ultimately
the only accurate way in which the presence ofllalosome can be determined. However,
this evidence alone should also be assessed witlooaas cohesin domains and a dockerin
domain were detected #rchaeoglobus fulgidus even though the presence of a cellulosome
in this organism was excluded (Bagtal., 1999).

However, where such genomic or genetic informatitmes not exist, it becomes more
difficult to determine the presence of a celluloson®ther evidence that has been considered
is the presence of a high molecular weight protsirdemonstrated through size exclusion
chromatography, reaction with antibodies for Cigénf C. thermocellum, and the presence

of cell protuberances using electron microscopyéBet al., 1998; Schwarz, 2001).
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1.3.1.8 Comparison of various cellulosomes

To demonstrate the variability in cellulosomes lew different organisms, a brief summary
of different cellulosomes are described and disdielow.

(&) C. thermocellum

C. thermocellum is a moderately thermophilic bacterium with an impim growth
temperature of 55- 66 (Schwarz, 2001). It forms a cellulosome on allutose and
hemicellulose substrates. TI@& thermocellum cellulosome may differ in size between
strains, varying from 2 MDa to 6.5 MDa (SchwarzQ2)) Aggregation of cellulosomes into

polycellulosomes can also take place, forming |atgectures of up to 100 MDa.

The C. thermocellum cellulosome has a large scaffolding protein witho®nologous cohesin
domains. Unlike some of the other scaffolding gird, the CBMIllla domain is situated
internally and it also contains a type Il dockedomain which serves to anchor the
scaffolding protein to the cell surface (Bayeral., 1998b; Bayeret al., 2004). The
anchoring function is mediated by three proteirdh/A Orf2P and OlpB that each contains
three surface layer homology (SLH) domains at tBeierminus (Bayeet al., 1998b). SLH
modules have also been identified in proteins fr@mam-positive bacteria where they
mediate the noncovalent binding of proteins togaptidoglycan or cell-surface components
(Bayer et al., 1998b). Another protein, OIpA, is similar to tkell-anchoring proteins but
contains a Type | cohesin which can bind individeiatymes to the cell wall (Bayet al.,
1998b; Schwarz, 2001).

The C. thermocellum cellulosome has two types of dockerin and cohdsimains. Type |
dockerin and cohesin domains mediate the bindinthefenzyme subunits while Type I
cohesin and dockerins mediate the interaction betwibe scaffolding and the cell surface.
Scaffolding proteins fron€C. cellulovorans, C. cellulolyticum andC. josui do not possess a
Type Il dockerin domain and while they are alsonfdiio be cell-associated, mediation with
the cell surface takes place through a differet¢raction (Bayeret al., 1998b; Doi &
Tamaru, 2000).
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Unlike C. cellulovorans, the cellulosome €. thermocellum also forms when the organism is
cultured on cellobiose, although they occur in sting state on the surface of the cells (as
seen by electron micrographs) (Bayatral., 1998b). When cultured on cellulose, the
cellulosomes form protracted structures betweenctils and the cellulose (Bayer al.,
1998b).

Many genes for cellulosomal enzymes have beenifazhin C. thermocellum, including

five exo-glucanases, nine endo-glucanases, onenlage, one chitinase, one mannanase and
five xylanases (Bayeet al., 1998b; Schwarz, 2001). Xylanases XynY and Xyrgo a
possess modules with feruroyl esterase activith&cz, 2001). The cellulosome is thus
able to produce a host of different enzymes tockttamplex substrates. InterestingQy,
thermocellum is able to degrade xylan and other hemicelluladestsates, but is not able to

utilise sugars such as xylose for growth (Sholeaah., 1999).

The cellulosomal complex dof. thermocellum, when separated on an SDS-PAGE gel has
shown up to 50 protein species although only 18iloslomal genes have been described
(Bayeret al., 1998b; Schwarz, 2001). However, most characteéois has been achieved by
the cloning and expression of the coding sequeatéise scaffolding protein and catalytic

subunits.

Expression of some of the cellulosomal genes apjoebe constitutive, although growth on
different substrates appears to change the expressienzymes and thus the composition of
the cellulosome (Shohaanal., 1999).

(b) C. cellulovorans

C. cellulovorans is an anaerobic spore-forming, mesophilic bacteribat was isolated from
a wood-chip pile (Doi, 2008). It produces a celkdme when cultured on cellulose, but not
when cultured on glucose or cellobiose (Doi, 200@dividual subunits are secreted into the
extracellular medium when the organism was cultunedellobiose, but they do not appear
to assemble into cellulosomes until cellulose esspnt in the medium (Matambal., 1994).

The cellulosome is approximately 1,000 kDa in gl2ei, et al., 1998).
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The cellulosome has a large non-enzymatic scaffglgirotein (CbpA) which contains 9

cohesin domains, capable of binding dockerin domain the enzyme subunits, and a
CBMIIl. The scaffolding protein also contains 4 dngphilic domains (surface layer

homology domains) which probably serve to bind skaffolding to the cell surface (Do,

2008). The scaffolding protein is 189 kDa in maolec weight and has no catalytic activity
(Shoseyovet al., 1992). One of the endoglucanases, EngE, conthneg tandem repeat

SLH domains at the N-terminus and thus appear® table to bind to both the cell wall and
the scaffolding protein (Doi and Tamaru, 2000).

The genes encoding the cellulosomefcelulovorans is found in a large gene cluster
encoding the CbpA as well as various enzyme sub(iixgS, EngH, EngK, HbpA, EngL,
ManA, EngM and EngN). Genes encoding other cedlutoal enzymes have been identified
throughout the genome, including EngB, EngE, pediatse A, XynA and XynB (Doi, 2008).
Doi proposed that. cellulovorans most likely encodes for 50-60 cellulosomal enzyitias,
2008). With this versatile range of enzymes, tiiganism is able to degrade cellulose, xylan,
mannan and pectin. Expression of genes have hewwnsto be related to the substrate the
organism was grown on and this indicates that esgiwe is modified by the organism to
obtain optimal levels of the enzymes required tgrdée the substrate (Hahal., 2003; Han

et al., 2004). It was also shown that subpopulationsediulosomes were produced when
grown on any substrate indicating that the cellmos was not homogenous in its

composition. These subpopulations also varied sabstrate to substrate (Hetral., 2005).

(© C. celulolyticum

The cellulosome of. cellulolyticum has a large scaffolding protein (CipC) which corgs8
cohesin domains, a CBM and two hydrophilic domdX2 and S2) (Desvaux, 2005). The
cellulosome is relatively small and forms a stroetaf 600 kDa (Desvaux, 2005). Thke
cellulolyticum genome possesses a large gene cluster encodiogllfdosomal genes such as
the CipC and various enzymes (Cel48F, Cel8C, Ce®RE, orfX, Cel9H, Cel9J, Man5K,
Cel9M, Rgl11Y and Cel5N) (Desvaux, 2005). Howewveany other cellulosomal genes that
are not part of the gene cluster were also founthengenome, such as Cel5A, Cel5D and

Cel440. To date, 22 proteins containing dockeeiguences have been found in this genome
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(Doi, 2008). Interestingly, some of the cellulosdranzymes also possess a CBM, namely,
Cel5D, Cel9E, Cel9H, Cel9J and Cel9G (Desvaux, 2005This is unusual as the
cellulosomal enzymes generally bind to the cellelaibstrate via the CBM on the
scaffolding protein. Cel9G, when expressed, digplaigh activity against crystalline
cellulose, which is absent when its CBM is removétbwever, its CBM (a CBM3c) has no
ability to bind to crystalline cellulose (Desval005). Although a putative cellulosomal
mannanase has been identified in the genome, ihdtalseen characterised. While xylanase
activity has been demonstrated, this has not brem&vely characterised and identified as
part of the cellulosome. B-xylosidase has been purified fra@ cellulolyticum, but it has
not been identified as part of the cellulosome {@ag, 2005). A cellulosomal
rhamnogalacturonase, RgI11lY, has been characteasddis a family 11 polysaccharide
lyase (EC 4.2.2) (Desvaux, 2005).

(d) C. acetobutylicum

C. acetobutylicum has been shown to produce inactive cellulosomaisaBeet al., 2002). It
contains a gene cluster encoding for a scaffolgirgein (CipA) with a CBM, 5 cohesin
domains and 6 hydrophilic domains. The gene diwas® encodes for 8 glycosyl hydrolases
(Sabathest al., 2002).

(e) C. papyrosolvens

Pohlschrodeet al. (1995) demonstrated th@t papyrosolvens produced seven, extracellular
multi-enzyme complexes with approximate sizes d@i-660 kDa. Some of these complexes
had predominant cellulase activity while others kgldnase activity. It is not clear whether
these complexes were cellulosomes. It was denaiadtthat this organism produced seven
extracellular multi-enzyme complexes of approxirhaté00 kDa, some with cellulolytic
activity but others with mainly xylanolytic actiyifPohlschrodeet al., 1995). The presence
of a 125 kDa non-catalytic glycoprotein in all betcomplexes which appeared to be similar
to the scaffoldin protein, may have indicated ttla¢se complexes were cellulosomes
(Pohlschrodeet al., 1995). However, further data on the presenambésins and dockerins
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has not been reported in the literature and thus ot established whether this organism

produced cellulosomes or xylanosomes.

) C. josui

The cellulosome inC. josui has a similar structure to that @f cellulovorans and C.
cellulolyticum with a large, non-enzymatic scaffolding proteimp® (Kakiuchiet al., 1998).
The scaffolding protein contains a CBM and 6 calhekimains. The main genes encoding
for the cellulosome are again present in a largestel in the genome, containing the
scaffolding protein (CipA) and several enzymes wdibckerin domains (Cel48A, Cel8A,
Cel9E, Cel9F, orfX, Cel9G, Cel9H and Man5A) (Kakiuet al., 1998). Other cellulosomal
genes are dispersed on the genome, including agyenaeling for am-galactosidase (Aga27)
with activity on galactomannan. The molecular viaeigf the cellulosome is approximately
700 kDa (Schwarz, 2001).

(@  Acetovibrio cellulolyticus

To date, four scaffolding proteins have been idieckiin A. celulolyticus, namely ScaA,
ScaB, ScaC and ScaD (89 kDa) (#ual., 2003; Xuet al., 2004). ScaA is able to bind to
ScaB, which in turn binds to ScaC. ScaA is thennsaaffolding protein and contains a
CBM3b domain as well as a catalytic site for a 1grBi glycoside hydrolase. It has seven
cohesins and a C-terminal dockerin domain. Sca®@kDa and has four cohesins and a C-
terminal dockerin domain. ScaC is 124 kDa andthese cohesins and a C-terminal SLH
module (Xuet al., 2003). ScaD also contains an SLH module ancetber appears to be a
cell-anchoring protein together with ScaC. Scabdlas three cohesin domains capable of

binding dockerin-bearing enzymes, two Type Il and dype | cohesin (Xat al., 2004).
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(h) Ruminococcus flavefaciens

The cellulosome oR. flavefaciens have at least two scaffolding proteins, ScaA acabBS but

the existence of a further scaffoldin is suspe¢Ridconet al., 2003). ScaA is 90 kDa with
three cohesins, a C-terminal dockerin and a uniperminal domain of unknown function,
but lacks an identifiable CBM (Rinca al., 2003). ScaB has seven cohesins which have al
been shown to interact with the ScaA protein (Rimetcal., 2003).

() Ruminococcus albus

R. albus produces a cellulosome larger than 1,500 kDa (®©étaal., 2000). SDS-PAGE of
the cellulosome shows 15 bands with eleven havimtpglucanase and/or xylanase activity
(Oharaet al., 2000).

1.3.1.9 Synergy

The synergy between enzymes in the cellulosomebbas suggested as one of the main
reasons why the cellulosome is so efficient at adgtion of complex substrates. A
synergistic association is said to exist when th@kined activity of two or more enzymes
together is greater than the theoretical sum ofrtlvidual activities of the enzymes on the
same substrate. Much research has been condaciedestigate the synergistic effects of
combinations of individual enzymes on the catalyificiency with respect to various
substrates. This has been done for cellulosomalodiner enzymes. If optimal ratios are
known, this could be utilised to ensure tailor-mashezyme cocktails in bioprocessing, or

used to construct designer cellulosomes for theegaumpose.

Various studies have investigated synergy in thgratkation of cellulose. It has been
demonstrated that synergistic relationships ex@sivben different exo-glucanases (Hoshino
et al.,, 1997; Teeri, 1997). Synergy also takes placenwdredo- and exo-glucanases are
combined (Murashimat al., 2002; Teeri, 1997; Valjamaa al., 1999). While some reports
suggest that no synergy takes place between endasgises, such synergy has been reported
in some instances (Ligt al., 2004; Zhou & Ingram, 2000).
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The role of the CBM cannot be underestimated inaittevity of an enzyme on its substrate,
which is termed an “intramolecular synergism” byn@t al. (1994). This plays a particular
role in synergy studies involving designer minikglelsomes where enzymes are immobilised
onto a mini-scaffolding protein containing a CBMsuch immobilisation leads to enhanced
synergy whether one, two or three enzymes are iniised in this manner (Doi, 2008;
Fierobeet al., 2001, 2002, 2005; Fukumuegal., 1997; Koukiekolaet al., 2005; Murashima
et al.,, 2002, 2003). It has generally been found thdtaened synergy takes place on
crystalline or other recalcitrant substrates rathan soluble substrates (Fiercdtel., 2001,
2002; Murashimat al., 2002).

Other studies have concentrated on the degradafidremicelluloses where it has been
reported that degradation of arabinoxylan is enédrn the presence of an endo-xylanase
combined witha-L-arabinofuranosidase and arabinoxylan arabinofurgthmlase (De Vries

et al., 2000; Sorensest al., 2002) or combined with a feruroyl esterase (Vieodeet al.,
2004).

Synergistic effects may vary when enzymes are ssadltaneously or sequentially and the
exact ratios of enzymes used have an impact (@8R It was also shown that synergy
occurred between cellulosomal and non-cellulosagnazlymes. In fact, optimal degradation
was found when cellulosomes were used in conjunctiibh non-cellulosomal enzymes, for
example a3-glucan glucohydrolase (BglA) (Doi, 2008; Koswggial., 2006). In a similar

manner, it was demonstrated that using whole migamisms for degradation had an
enhancing effect when compared to purified enzywidsout the microbes (Let al., 2006).

It thus appears as though the presence of the baciself was able to enhance the

hydrolysis rate which has important implications bmprocessing.

1.3.2 Other cellulolytic and hemi-cellulolytic muli-enzyme complexes
The cellulosome is a very specific and defined rarizyme complex with distinct structural

features such as the scaffoldin protein, dockeand cohesins. Another feature of the

cellulosome has been its high activity on crystallcellulose. There are some reports in
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literature of multi-enzyme complexes from other marganisms. In most cases, these
complexes have exhibited mainly hemi-cellulolytictiaty, although some have been
reported with activity on crystalline cellulose. o Tdistinguish these complexes from
cellulosomes, the term xylanosome has been usexveter, no specific structural features

for a xylanosome have been identified to date.

One of the first organisms reported to possess lang@gome wasC. papyrosolvens C7
(Cavedonet al., 1990). Sunna & Antranikian (1997) classified staemulti-enzyme
complexes as xylanosomes, while @bial. (2003) and Schwarz (2001) classified them as
cellulosomes. Another organism in which a multsgne complex was isolated and
identified as a xylanosome waityrivibrio fibrisolvens (Lin & Thomson, 1991). This
complex was greater than 669 kDa and possessedgiinchmase activity in three bands on a
zymogram and xylanase activity in eleven bandsi eéDal. (2003) and Schwarz (2001) both
identified this complex as a cellulosome even tlouag further evidence confirming the

presence of structural features of a cellulosome neported.

Two multi-enzyme complexes (MECs) with molecularsses of about 669 kDa and 443 kDa
were also identified iBacillus circulans F-2 (Kim & Kim, 1993). The larger complex had at
least five protein species with endoglucanase iégtand two with xylanase activity while
the smaller complex had three protein species efittioglucanase and four with xylanase
activity as shown by zymograms. Both complexes ¢eltbbiohydrolase activity, but the
smaller complex had high activity towards filteippa, a recalcitrant cellulose substrate. The
organism did not display any cellulolytic activityhen cultured on soluble oligosaccharides
such as glucose or cellobiose but produced cejfiidohctivity when cultured on Avicel,
xylan or CMC (Kim & Kim, 1993). No further reporexist in the literature as to the true
identity of these complexes. However, it is ingtirey to note that none of the literature on

cellulosomes or xylanosomes make any referendeetpriesence of these complexes.

Paenibacillus curdlanolyticus B-6 is a facultative anaerobic bacterium that gatated from
an anaerobic digester (Pasenal., 2006). It was found to produce two multi-enzyme
complexes under aerobic conditions as demonststeg| filtration chromatography, one of
1,450 kDa and the other of 400 kDa in molecularglvei The first complex of 1,450 kDA
was shown to have eight proteins by SDS-PAGE wébes protein species displaying
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xylanase activity and five displaying endoglucanasetivity. = The proteins with
endoglucanase activity also displayed xylanaseriicti The second complex of 400 kDa
displayed seven proteins by SDS-PAGE of which fhad xylanase activity and three
endoglucanase activity (Pasetral., 2006).

Jianget al. (2004) reported a large xylanosomeSneptomyces olivaceoviridis E-86 based

on native PAGE gel electrophoresis. This complad predominant xylanase activity with
four bands on zymogram analysis having xylanase @m& band having endoglucanase
activity. N-terminal sequencing of bands after SBXSGE separation revealed that five of
the bands were two xylanases and truncated versioiese xylanases, probably formed by
proteolytic degradation (Jiang al., 2006). The other three bands present on SDS-PAGE
could not be analysed due to low concentrationprofein. It is not clear whether these

proteins had formed a complex or aggregate.

The presence of a multi-enzyme complex (MEC) wase atported foBacillus megaterium
(Beukes & Pletschke, 2006). Only one type of agtiwas present (Avicelase) and no
further data was given to verify the nature or sifesuch complex. A cellulolytic multi-
enzyme complex of more than 1400 kDa in size wighslibunits was also reported for
Bacteroides sp. strain P-1 (Ponpiumt al., 2000). The production of a large multi-enzyme
complex by an aerobic fung@haetomium sp. nov. MS-017 was reported by Ohtsetkal.
(2005). The complex had five xylanolytic, four lo@lytic and eight pectinolytic
components as deduced from zymogram analysis. myx@bacteriumSorangium was also
reported to possess a cellulolytic complex of betw#000 and 2000 kDa in size (Hetal .,
2006). Due to the industrial importance of baalhid the occurrence of MECs in this genus,

they are discussed in greater detail below.

1.4Bacillus spp. andB. licheniformis

Bacilli are Gram positive, rod-shaped microorgarssmith important industrial application.
They have been used in the production of enzymespnmbinant proteins, antibiotics,
insecticides and amino acids (Arbigeal., 1993). They are attractive species for use in
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industry as they are generally non-pathogenic, xsgecies such & anthracis. They are
also able to grow fast and secrete high amountgratkein into the extracellular medium
(Schallmeyet al.,, 2004). They are generally simple to cultivatel aelatively easy to
manipulate genetically (Arbiget al., 1993). Many strains of bacilli also produce eneg
that are tolerant of alkaline pHs and high tempees, thus making them very useful in
applications such as detergents (Schallmnetyal., 2004). Schallmey estimated that
commercial enzymes fronBacillus spp. make up about 50% of the enzyme market
(Schallmeyet al., 2004). They are therefore seen as preferreds Hostmany commercial

protein products.

Due to the commercial potential of the bacilli, mari their genomes have been sequenced.
The genome sequences Bf subtilis 168, B. cereus ATCC 14579,B. anthracis A202, B.
thuringiensis subsp.israelensis (Schallmeyet al., 2004) andB. licheniformis ATCC 14580/
DSM 13 is completed and available (Retyal., 2004; Veithet al., 2004).

B. licheniformis specifically, is considered an important industaeganism and is used to
produce many commercial enzymes. It has beenifidaisas a GRAS (generally regarded as
safe) organism by the US Food and Drug AdminigiraiSchallmeyet al., 2004). It has
been used to produce a commercial alkaline seroiegse and aamylase that is able to
operate at & as well as withstand temperatures of 105€C1for short periods (Schallmey
et al., 2004). Alkaline proteases from. licheniformis RP1 have been shown to retain
activity in commercial laundry detergents, indingtipotential for use in these products
(Sellami-Kamounet al., 2008). B. licheniformis is also used to produce commercial
antibiotics such as bacitracin and surfactin, ali a& polyy-glutamic acid (Birreret al.,
1994; Schallmeyet al., 2004). B. licheniformis has also been shown to degrade
deoxynivalenol, a toxic compound producedHugarium spp. (Chenget al., 2008). It has
also been used in the construction of microbial tedls (Choiet al., 2004). Emptaget al.
(2009) also report the isolation of a nitroreduetet®em B. licheniformis with a potential use
in anti-cancer treatment as a prodrug activaticheniformis has further been used for the

synthesis of silver nanoparticles (Kalishwaratadl., 2008).

It is interesting to note thd&. licheniformis has been found to produce an exopolysaccharide
(EPS). Larpiret al. (2002) reported a strain that was able to prodhiseEPS when cultured
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on glucose or other monomeric sugars. Such straéme identified through the production
of distinctly viscous colonies that have a “ropyiacacter. The bacteria cause ropiness in
beers, ciders and wines which is a contaminatiahdbes not affect the taste of the product,
but causes an increase in viscosity. Upon anabfdise EPS, Larpiet al. (2002) found that

it was composed of 80% mannose. It is interedtiag) EPS production was enhanced in the

presence of ethanol (up to 7% v/v).

EPS production by a strain & licheniformis has been shown in other research to have
potential use in bioremediation as it was showadsorb 90-95% lead(ll) at concentrations
of up to 100mg/l (Liet al., 2008). Growth of this strain was enhanced ah leigncentrations

of lead. An extracellular glycoprotein containi®®% polysaccharide produced B/
licheniformis X14 has been shown to have potential use as Btoofant (Liet al., 2009c¢).

Another strain ofB. licheniformis, YP1A, had an organic solvent-stable alkaline gasé
with potential use in biocatalysis (et al., 2009b). The organism itself was highly tolerant
to growth in organic solvents (kt al., 2009b).

The use ofBacillus spp. in biofuel research has been limited to fgsheration biofuel
technology where a commercially available, thermlolsta-amylase fromB.licheniformis
has been used for the liquefaction of wheat flddag Neveset al., 2006) and corn meal
(Mojovic et al., 2006). The hydrolysates were then saccharifirebfarmented to ethanol in a
further processing step usiggccharomyces cerevisiae (Das Nevest al., 2006; Mojovicet
al., 2006).

There have, however, been numerous reports of lopdoate degrading enzymes B
licheniformis. Table 1.2 gives a list of most of the importamarbohydrate-degrading
enzymes that have been identified in various strafiB. licheniformis. Information on some
enzymes are reported based on biochemical chasatien, while the predicted function and
molecular weight of others are based on the pusdisienome sequence for strain DSM 13

on Genbank.

The main cellulose-degrading enzymes present ilowsistrains oB. licheniformis have all

been characterised as endo-glucanases which ieditt@B. licheniformis should be able to
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hydrolyse amorphous cellulose, but not crystaltiekulose. Although strain DSM 13/ATCC
14580 is reported to possess a gene for a celldldg&cellobiosidase (cellobiohydrolase), it
does not appear to contain a signal peptide arréftre is not released extracellularly (Rey
et al., 2004). Endo-xylanases have been identified inynsarains but n@-xylosidase, which
would convert shorter xylooligosaccharides to xglosVarious pectate lyases and several
enzymes for degradation of mannan have also besriified. The strain DSM 13/ATCC
14580 furthermore has gene sequences for severgines for degradation of arabinan and
for removal of arabinose substituents from arabyteox Table 1.2 below summarises the
source and biochemical differences of these grofipszymes isolated from different strains

of B. licheniformis.

41



Chapter 1 - Introduction

Table 1.2. Some of the main carbohydrate-degradingnzymes as reported in literature forB. licheniformis. (NR- not reported)

Accession no.
Class of enzyme UniProt/TrEMBL Type of enzyme Family MW Source Reference
Cellulose degrading enzymes | Q65J17 EC 3.2.1.4 Endo-1,4-b-glucanase GH5 63.578 Nucl seq Rey et al., 2004, Vei¢hal., 2004
Q65J18 EC 3.2.1.91 Cellulose 134cellobiosidase GH 48 79.464 Nucl seq Rey et 8D42 Veithet al., 2004
Q65J19 EC 3.2.1.4 Endo-1,4-b-glucanase GH 9 73.621 Neq! Rey et al., 2004, Veithal., 2004
Q6SYBS EC 3.2.1.4 Cellulase Cel 9A GH 9 71.242 Nucl segi® GXN 151 Liuet al., 2004
Q5QSMZ EC 3.2.1.4 Endo-1,4-glucanase CelA GH5 56.799 Nucl seq Strain F11, F5 Waldecket al., 2006
QlEM84 EC 3.2.1.4 Endo-1,4-glucanase GH5 56.861 Nucl seq Strain F11, F5 ekl al., 2006
Q7X454 EC 3.2.1.4 Endo-1,8-glucanase Cell12A GH 12 29.068 Nucl seq Strain G8MN Liuetal., 2004
P27051* EC 3.2.1.73 End§-1,3-1,4-glucanase GH 16 27.435 Nucl seq Llobetrak, 1991
Endo-glucanase Cel 5A GH5 62 B lich B-41361 Bastet al., 2007
Endo-p-1,3-1,4-glucanase GH 16 23.6 B lich EGWO039 (CGMIB35) Tenget al., 2006
Xylan degrading enzymes Q65MX1 Endo-1,48-xylanase Polys Deac 1 51.11 Nucl seq Rey et@04 2Veithet al., 2004
Q5K2M7 EC 3.2.1.8 Endo-1,4-xylanase Polys 30.646 Nucl seq Waldeck et al 2006
Q45VU? EC 3.2.1.8 endo-xylanase xyl B GH 11 23.255 Nedl s Luet al. Genbank
A5HOS? EC 3.2.1.8 endo-xylanase xyl 11 GH 11 23.402 Negl Strain 15 Heliantt al., 2008
Cellulase-free xylanase NR 45 B lich A99 Archan&a&tyanarayana, 2003
Xylanase NR NR B lich Liu & Liu, 2008
Endo-xylanases NR 17 &40 B lich 77-2 Damianal., 2006
Xylanase (Xyn11) NR 23.4 B lich MS5-14 Leteal., 2008
Pectin degrading enzymes Q65KV6 Pectate lyase Pel Family 1 48.694 Nucl seq ey ® al., 2004, Veitkt al., 2004
Q65G96 Pectate lyase PelB Family 1 54.693 Nucl seq Rey et al., 2004, Veitkt al., 2004
Q65EF5 EC 4.2.2.2 Pectate lyase precursor PelC 6123. Nucl seq Rey et al., 2004, Vedthel., 2004
Q65DCZ EC 2.1.3.3 Pectate lyase Family 1 37.365 Nucl seq Rey et al., 2004, Veit&t al., 2004
Q8GCBZ EC 4.2.2.2 Pectate lyase Pel Family 1 33.451 Segl Berensmeiet al., 2004.
EC 4.2.2.9 Exopolygalacturonate lyase NR 38 B lich Singhet al., 1999
Mannan-degrading enzymes Q65J16 Endo-1,4$-mannosidase GH5 45.46 Rey et al., 2004, Veitdt al., 2004
EC 3.2.1.25 Endo-1,4-mannosidase NR NR Araujo & Ward, 1990
Q5K2L9 Endo-1,48-mannosidase ydhT (fragment) GH5 33.907 Nucl seq aldé¢ket al., 2006
B-mannanase NR 26 B lich Zhasdal., 2000
B-mannanase NR NR B lich NK-27 Feairal., 2003
Arabinan and arabinosp Q65GC7 EC 3.2.1.5&-L-arabinofuranosidase GH 51 57.05 Nucl seq Rey.eP004, Veittet al., 2004
degrading enzymes Q65D31 EC 3.2.1.99 arabinan-endo-1,5¢-L- GH 43 53.064 Nucl seq Rey et al., 2004, Veithl., 2004
arabinosidase
Q65L63 EC 3.2.1.55 Ende-L-arabinosidase GH 43 36.358 Nucl seq Rey ep@D4, Veithet al., 2004
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Chapter 1 - Introduction

1.5 Problem statement

Lignocellulose is the most abundant biological mateon earth and can provide a
sustainable and renewable resource for productiomigaid transportation fuels. The
biological degradation of lignocellulose into fenmtable sugars is feasible and sustainable,
but requires a variety of enzymes working in sygeag lignocellulose is a complex and
recalcitrant substrate. The cellulosome is a tmiftic MEC that has been discovered in
several anaerobic bacteria such as the clostridiae cellulosome appears to facilitate an
enhanced synergy and efficiency of its enzymescampared to free enzymes, for the

degradation of recalcitrant substrates such aslos# and plant cell walls.

Most of the studies on cellulosomes have focused ew organismsC. thermocellum, C.
cellulovorans and C. cdlulolyticum and there is only limited knowledge available on
complexes in other organisms. Some MECs have igesrified in aerobic bacteria such as
Bacillus circulans andPaenibacillus curdlanolyticus, but it has not been established whether
these MECs have a structure similar to cellulosom¥sry little is also known about the
enzyme composition of these MECs and whether tiganesm regulates the composition

based on the environment.

There is scope for the isolation, purification astthracterisation of MECs from different
organisms in order to understand their compositoal behaviour. By expanding our
knowledge and understanding of cellulolytic and heeflulolytic systems of

microorganisms, and specifically the formation oE@L, we may be better equipped to

improve biotechnological processes such as bigftgeluction.

1.6 Aims and objectives

The general aims and objectives of this study vasriollows:
(i) To isolate and identify Bacillus sp. with cellulolytic or hemi-cellulolytic actiwtthat
produces a MEC,;
(i) To purify the MEC from this organism;
(i) To characterise the MEC by investigating eneyoomposition and other features;
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(iv) To perform a preliminary investigation into the w&gion of enzyme composition
when the growth substrate changes; and

(v) To compare the features of the MEC in this studfyr wharacteristics of cellulosomes.
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CHAPTER 2 — CULTURING, SCREENING AND IDENTIFICATION OF BACILLUS
LICHENIFORMIS SVD1

2.1 Introduction

Microorganisms that derive their nutrients from qgbdex plant material produce a variety of
cellulolytic and hemi-cellulolytic enzymes. The loahydrates in plant material are generally
large molecules, and therefore such enzymes haueetsecreted into the extracellular
environment. Cellulolytic systems of bacteria grete complex. While some organisms
produce only free extracellular enzymes in ordedegrade carbohydrate substrates, others
assemble enzymes in a multi-enzyme complex (MECh @as the cellulosomes found in
Clostridium thermocellum, C. cellulovorans and C. cellulolyticum, as well as in other

anaerobic organisms suchRgminococcus albus andR. flavefaciens (Doi et al., 2003).

Cellulolytic and hemi-cellulolytic MECs have alsoedn discovered in aerobic
microorganisms which may differ from cellulosome&im & Kim (199) reported the
presence of two cellulolytic MECs iB. circulans, while a MEC was also reported fBt
megaterium (Beukes & Pletschke, 2006) arihenibacillus curdlanolyticus (Pasonet al.,
2006). The structures of these MECs have not k&endated in detail, but many of them
contain predominantly xylanase activity rather ttiag prominent cellulase activity found in
cellulosomes. MECs with predominant xylanase #gtiare generally termed xylanosomes.
The importance of MECs in lignocellulose degradatitas been described in detail in
Section 1.3.1. Through a greater understandindEets we may be able to harness them for

a potential commercial purpose.

A distinctive feature of MECs is the fact that thaye large, high molecular mass protein
complexes. The molecular weight of MECs based in@ exclusion chromatography has
been reported as ranging from 650 kDa to 2.5 MDaeilulosomes (Doét al., 2003) and
400 kDa and 1450 kDa in the xylanolytic MEC fn curdlanolyticus (Pasonet al., 2006).
Sepharose 4B is a size exclusion resin commonly isBIEC research as it has a separation
range of 60-20,000 kDa for globular proteins anthiss able to separate very large proteins

and complexes.
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Screening for cellulolytic and hemi-cellulolytic ganisms is often performed by utilising
Congo Red dye which binds only to carbohydratefvefresidues or longer (Carroll & Van
Dyk, 1952). Where enzymes cleave the carbohydretes moieties shorter than five
residues, the dye is unable to bind. Thus a deae is displayed around plated colonies

with cellulolytic or hemi-cellulolytic activity.

Bacilli are ubiquitous in nature. They are Gramies and rod-shaped and a distinctive
feature of bacilli is the formation of endosporé&mdospores are formed within the cells and
can be seen as refractile structures under atmgtroscope (Todar, 2005). Some bacilli are
strictly aerobic although a few are also facultatanaerobes (Priest, 1993). Although the
presence of an MEC has been identified in two baltitle characterisation of the MEC was
reported (Beukes & Pletschke, 2006; Kim & Kim, 19893

It is of great interest and importance to isolatgaaisms that produce MECs and to study and
characterise such MECs. This may lead to a greatderstanding of the cellulolytic and
hemicellulolytic systems of such organisms, the meann which they degrade carbohydrate

substrates and the role of the MEC in this process.

2.2 Objectives

- To isolate an organism with a MEC containing cellytic and hemi-cellulolytic

activity

2.3 Methods and materials

2.3.1 Isolation of organism

B. licheniformis SVD1 was isolated from a co-culture wigthostridium beijerinckii sSLMO1
from a biosulphidogenic bioreactor (Mayende, 2006)nitially, cultures were grown
anaerobically at 3T in a liquid medium containing 1 g NEI, 5 g yeast extract, 1 g
MgSO,.7H,O, 0.5 g KCI, 4 g tryptone, 0.5 g.KHPQO,, 5 g birchwood xylan, 0.01 g
MnSQO,.4H,0, 0.01 g FeS©7H,O, 8 mgp-aminobenzoic acid, 0.04 mg biotin and 1.0 mg
resazurin (in 1 1). A 1 ml volume of a 15% (w/glgtion of cysteine-HCI was added to the
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medium after autoclaving. Flasks were inoculatedhfglycerol stocks that had been heated
at 80°C for 10 min. The medium was flushed with intil it turned pale yellow. Flasks
were then sealed with rubber stoppers and connéctedgas trap containing zinc acetate.
Cultures were incubated at%7for 14 days before purification. Cultures welsoagrown

on agar plates containing the same medium as aboveyith 12 g of bacteriological agar
(per I). Agar plates were incubated a@7n anaerobic jars using the Anaerocult® system

to obtain an anaerobic environment.

B. licheniformis SVD1 appeared as mucoid colonies on agar platésvére distinct from the
C. beijerinckii colonies. The two distinct colony types were sefel through standard
microbiological procedures such as picking of ismdacolonies and streaking until pure

cultures were obtained.

2.3.2Screening

Screening was performed on the pure cultures whith been grown on the anaerobic

medium as described in section 2.3.1.

Screening of isolates was carried out using anyafsaenzyme activity. Enzyme activity
was measured by the reducing sugars formed in afiesbdinitrosalicylic acid (DNS)
method (Miller, 1959) using xylose as the standast Appendix 4b). The composition of
DNS reagent was as follows: 2 g sodium hydroxideg 3,5 dinitrosalicylic acid, 40 g
potassium sodium tartrate, 0.4 g phenol and 0ddaisn metabisulfite in 200 ml di@d. The
assay was performed by mixing 1@0enzyme preparation with 50 of a 2% (w/v) solution
of the desired substrate and 3dMuffer (50 mM potassium phosphate at pH 6.5).says
were performed at 5G for 30 min (unless otherwise stated). After ipation, the assay
mixture was centrifuged for 1 min at 16,00@ to remove any insoluble substrate or cells.
The colour development was performed by adding {lI5ff the supernatant of the assay to
300l of DNS reagent after which it was heated at°@fbr 5 min, cooled on ice for 5 min
and readings measured at 540 nm. One unit of emzachvity (U) was defined as the
amount of enzyme within the assay that releasgiohdl of reducing sugar per min under the
conditions indicated.
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B. licheniformis SVD1 was screened for endoglucanase and xylaneibétya through
culturing on agar plates. Incubation af@G%vas carried out until colonies became visibl&, an
plates were then stained with 0.3% Congo Red asthuhed with 1 M NaCl. Activity was

observed as clear zones around colonies.

Screening for the presence of a multi-enzyme coxplas carried out by centrifuging a
culture ofB. licheniformis SVD1 for 10 min at 12,00@ g to remove the cells. A 50 mil
volume of the supernatant was concentrated byrgaitiin dialysis tubing (10 kDa cut-off)
on a bed of polyethylene glycol (PEG) 20,000. Agke of concentrated supernatant protein
was then loaded onto a Sepharose 4B column (58 &) and eluted with 50 mM Tris-HCI
buffer at pH 7, containing 0.03% (w/v) sodium azidéractions of 3 ml were collected and
the absorbance of fractions determined at 280 Bine dextran (2,000 kDa), thyroglobulin
from bovine thyroid (670 kDa) and laccase fromichoderma reesel (70 kDa) were used as

standards to determine the approximate size ofgpeak

2.3.3 DNA Isolation, PCR amplification of 16s rDNAregion and sequencing

Genomic DNA was prepared according to the methodwsubelet al. (2002). PCR on
genomic DNA ofB. licheniformis SVD1 was performed using the following primers:(9F-
GATTTGATCCTGGCTCAG — 3’) and 1541R (5’ - AAGGAGGTGACAGCC - 3’) from
Ingaba Biotech and using a KAPA HiFi PCR kit (KAHAosystems). The PCR reaction
was performed in a Sprint thermal cycler usingftil®wing cyclical parameters: 86 for 2
min, 98C for 30 s, 63C for 30 s, 68C for 1 min (cycle repeated 25 times),65or 5 min,
end at 4C. The presence of a PCR product and its moleguddght was confirmed using a
agarose gel electrophoresis with 1% agarose. TR product was sequenced using the
same primers and an ABI 3130 XL Genetic analys@pl(i&d Biosystems, Foster City, CA),
incorporating the ABI Big Dye Terminator Cycle Seguing kit version 3.1 (Applied
Biosystems, Foster City, CA). Sequencing was peréal by Ingaba Biotechnical Industries
Pty. Ltd., South Africa. Electropherograms of Hegjuences generated were inspected with
FinchTV software (Geospiza). Forward and revessguences were aligned using a
Clustalw alignment tool (http://www.ebi.ac.uk/Toflsistalw2) and the combined sequence
was used for a nucleotide BLAST search (http://wmeli.nim.nih.gov/blast).
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2.3.4 Culture conditions and storage

Upon identification of B. licheniformis SVD1 from its 16S rDNA sequence, culture
conditions were changed to aerobic conditions agad established from literature tht
licheniformis preferred aerobic conditions although it was altative anaerobe. A modified
culture medium from Choudbumt al. (2006) for production of xylanase activity was dise
containing 5 g yeast extract, 4 g tryptone, 1,BIRO,, 0.2 g MgSQand 5 g birchwood xylan.

For routine maintenance of cultures, the organisas grown on nutrient agar or in nutrient
broth. Cultures were routinely checked for pubty spreading on nutrient agar plates and
examining colonies. Cultures were stored as gbtcsocks at -2%C.

2.3.5 Morphology and characteristics

Colony characteristics on nutrient agar plates weted, as well as on agar plates containing
cellulolytic medium. Wet mounts were made by picksingle colonies, resuspending them
in buffer on a microscope slide and placing undetight microscope to determine
morphology and motility. A Gram stain was perfodrne determine if the organism was

Gram positive or negative.

The presence of endospores was detected using ttieaeffer-Fulton method
(http://www2.muw.edu/~lbrandon/Micro/endospore.deee Appendix 6a). After fixing cells
from a colony onto a slide, the cells were floogath malachite green stain and kept over a
boiling waterbath for five minutes with the stagfreshed periodically. After five minutes,
the stain was washed off with distilled water araurgerstained with safranin for two

minutes. Endospores were stained green while aBgetcells were stained red.
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2.4 Results

2.4.1 Isolation of organism

B. licheniformis SVD1 was isolated from an anaerobic culture thas wo-culturing withC.
beijerinckii SLMO1. B. licheniformis colonies had a mucoid appearance (see Figure 2.3A)
and were separated froG beijerinckii through picking and streaking. As the co-cultouael
displayed xylanase activity and appeared to formuéti-enzyme complex, the pure cultures

were separately screened to determine whether #tggrites were present in both cultures.

2.4.2 Screening

Cultures ofC. beijerinckii andB. licheniformis were tested for xylanase activity using the
DNS method. C. beijerinckii displayed almost no xylanase activity whiBe licheniformis
displayed high xylanase activity (data not showi®creening oB. licheniformis colonies
using agar plates containing a CMC or birchwoodarysubstrate displayed clear activity
after staining with Congo Red. Figure 2.1 showymcal example of an agar plate with

enzyme activity shown as clear zones with a reédpacind.

Figure 2.1 A typical photo of an agar plate contaiimg CMC on which B. licheniformis SVD1 was streaked
prior to incubation at 37°C. After incubation the plate was washed with 0.3% @@oRed for 15 min and then
destained with 1 M NaCl. Clear zones are an initinaof enzyme activity.

Screening of both thB. licheniformis andC. beijerinckii culture supernatants for formation
of a multi-enzyme complex revealed the elution pfatein peak at approximately 2,000 kDa
on a Sepharose 4B column for Bdicheniformis culture, but not th€. beijerinckii culture.
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A typical chromatogram of such an elution is showfigure 2.2, indicating the presence of
a possible multi-enzyme complex i licheniformis SVD1. Further characterisation of this

possible complex is discussed in further chapters.
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Figure 2.2. Sepharose 4B gel filtration chromatogm to illustrate the possible presence of a multi-
enzyme complex. Obtained using a 50 x 2.5 cm column with a flonerat 40 ml per h. Fractions of 3 ml
fractions were collected and the absorbance an#8@easured. Blue dextran (2,000 kDa), thyrogliobfubm
bovine thyroid (670 kDa) and laccase franichoderma reesei (70 kDa) were used as standards.

Based on the high xylanase activity measured frois isolate and the presence of a peak
using size exclusion chromatography indicating fation of a multi-enzyme complex, it was

decided to continue further investigationBficheniformis SVDL1.

2.4.3 DNA Isolation, PCR amplification of 16s rDNAregion and sequencing

Based on the nucleotide BLAST search performed otiganism had the highest sequence
homology and score with a number of straingBoficheniformis (See Appendix 2 for Blast
results). The full sequence of 1430 base pairspsoduced in Appendix 1 and was lodged
with Genbank with accession number EU 770587.

2.4.4 Culture conditions

A comparison of aerobic and anaerobic growth inditdhat the organism was a facultative

anaerobe, but growth under anaerobic conditionsma&edly reduced (data not shown). It
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was therefore decided to continue culturing un@eolaic conditions. This confirmed reports
from literature thaB. licheniformis was only able to grow weakly under anaerobic cioorts
(Priest, 1983).

2.4.5 Morphology and characteristics

The organism was identified as Gram positive, raoihd rod-shaped with subterminal
endospores. Colonies on agar plates exhibitedulae margins and often had a distinctive
mucoid appearance (see Figure 2.3). This is regdd be indicative of exopolysaccharide
formation (Todar, 2005). PCR amplification andwsaaging of the 16s rDNA region for both
these types of colonies were carried out and shtmwvpossess the identical 16s rDNA

sequence as compared to other individual colonies.

% 2
Y
.

A B

Figure 2.3. Photos of colonies d8. licheniformis SVD1 on agar plates containing CMC.Image A displays
the distinctly mucoid character of colonies undertain conditions while Image B displays the ottygre of
colony with irregular margins.

2.5 Discussion

The presence oB. licheniformis in a co-culture withC. beijerinckii could have been the
result of an effective symbiotic relationship betwehese two organisms. Priest indicates
that Group Il bacilli are able to grow in the abserof oxygen, particularly if nitrate is
present (Priest, 1993). The method used to eshtalalhaerobic conditions included the
flushing of the medium with nitrogerC. beijerinckii is one of the clostridia capable of fixing
nitrogen and would thus be able to provide theates required foB. licheniformis growth

by fixation of nitrogen (Chen, 2005). Concurren@y beijerinckii did not display significant
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xylanase activity but appeared to be able to growbochwood xylan. Therefore it is
possible thaB. licheniformis was able to degrade the birchwood xylan substradesupply a

carbon source for growth of tii& beijerinckii under these conditions.

B. licheniformis was screened and seemed to require a very simgdeum for growth and
production of extracellular endoglucanase and adan activity. A large peak at
approximately 2,000 kDa indicated the formatioragiossible MEC. As a complex was not

shown to be present @. beijerinckii, further work was continued d licheniformis.

Identification ofB. licheniformis took place through 16s rDNA sequencirtg. licheniformis
falls within Group Il of bacilli which are facultae anaerobes but do not grow well under
anaerobic conditions (Priest, 1993). It is an stdally important bacterium as it produces
many commercial enzymes, antibiotics and chemiadbkit plays an important role in nature
in nutrient cycling (Reyet al., 2004). B. licheniformis is used to produce a commercial
alkaline serine protease andamylase. The amylase has been shown to be abjeetate

at 95C as well as withstand temperatures of 105’ C1f@r short periods (Schallmey al.,
2004). It is also used to produce commerciallyilalsle antibiotics such as bacitracin and
surfactin, as well as polyglutamic acid (Schallmest al., 2004). The genome sequence for
one strain oB. licheniformis has been completed, namely DSM 13 /ATCC 14580 @Raly,
2004, Veithet al., 2004). A whole range of cellulolytic and hemiakllytic enzymes have
been identified and isolated in various strain8oficheniformis. They are listed in greater
detail in section 1.4, Table 2. Mslicheniformis has furthermore been classified as a GRAS
organism by the US Food and Drug Administratioseémed a suitable organism for further
study (Schallmeyt al., 2004). To date there are no reports in liteetum MEC production

in B. licheniformis and thus the study and characterisation of an MEfis organism was

regarded as sufficiently novel for this study.

Two different types of colony morphologies werentiged and the one type had distinctive
mucoid characteristics. This may indicate that sirains of the same organism was present,
although the 16s rDNA regions of these colonies idadtical nucleotide sequences. Even
where a mucoid colony was picked and inoculated antulture, the cells from such a culture
did not all display the same mucoid phenotype wéaead on agar plates (data not shown).
Mucoid colonies, however, did appear to have highetivity than other colonies on

substrates such as CMC and birchwood xylan base@omgo Red staining of agar plates
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(data not shown). This was found even though nalcolionies had a lower cell density than
other colonies based on observation under a ligtitascope of wet mounts (data not shown).
It is possible that the mucoid colony may represedifferent strain that becomes degenerate
during culturing conditions, mutating into a non¢oid colony. It is also possible that
exopolysaccharide formation only occurs under @ertalturing conditions which have not
been established. The literature seems to indittete exopolysaccharide formation can

occur under various culture conditions (Costerfi999).

Formation of exopolysaccharide can be affected agtofs such as divalent cation
concentration, carbon-nitrogen ratio, specific su#te and the physical nature of the medium
(solid vs. liquid) (Costerton, 1999). AccordingQosterton, starvation can lead to a decrease
in exopolysaccharide formation which can be restdrg the provision of suitable nutrients
(Costerton, 1999). Uhlinger and White (1982) fouhdt exopolysaccharide formation was
affected by the carbon source and the presencaraf ;1 the medium that increased the

surface area for attachment of microorganisms.

It is not clear what role the exopolysaccharidemiation in B. licheniformis may play.
Exopolysaccharides (EPS), also referred to as lyecplyx or capsule, is formed in many
bacteria as a carbohydrate layer on the cell serfdicis reported to be involved in adhesion
of cells to insoluble substrates and is also thiestsunce involved in biofilm formation
(Costerton, 1992; Costerton, 1999). EPS, howettees not have a uniform chemical
composition and may differ substantially from origamto organism (Erlandseal., 2004).
EPS has been linked with cellulolytic activity dmdmass degradation in very few instances.
The EPS produced bgellulomonas flavigena KU has been shown to form part of an
extracellular glycocalyx that is involved in celbse degradation (Kenyoet al., 2005).
Ruminococcus albus, which forms a cellulosome, is said to bind tdudeke through various
mechanisms, including the production of EPS (Weiehal., 2006).

At present, any hypothesis on the role of EPS ftionan carbohydrate metabolism, perhaps
by trapping enzymes within this viscous matrix,je®lpurely on anecdotal evidence and
requires further substantiation. It can furtheigbestioned whether the EPS plays any role in
formation of the MEC and how this could take pladédiese questions fall outside the scope

of this study, but could be the subject of futu@kbased on this study.
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2.6 Conclusion

A strain of B. licheniformis was isolated from a coculture wil. beijerinckii. Upon
examination of the pure cultureB, licheniformis displayed high xylanase activity and
appeared to form a large MEC of 2,000 kDa. Thdseacteristics were not found in pure
cultures ofC. bejerinckii. B. licheniformis was characterised as having Gram positive,
motile, rod-shaped cells that formed subterminalospores. The organism was identified
through PCR and sequencing of its 16S rDNA regi@.licheniformis was able to grow
under anaerobic conditions although growth undeokae conditions was superior. Under
certain conditions, colonies @&. licheniformis had a mucoid appearance and appeared to
form an exopolysaccharide layer around cells. feuvork could involve an investigation of
the exopolysaccharide layer and the conditions uwtiéch it was formed, as well as the role

it plays in degradation of substrates.

B. licheniformis is an important industrial bacterium and is reportto contain many
cellulolytic and hemicellulolytic enzymes, althoudjnere are currently no reports in the
literature of the presence of a cellulolytic or heglulolytic MEC in this organism. Further
investigation of the cellulolytic and hemicellulaly system of strain SVD1 will be
performed to identify the presence of various eregyrand their levels of activity when the

organism is cultured on various substrates.
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CHAPTER 3 - COMPARISON OF THE CELLULOLYTIC AND
HEMICELLULOLYTIC SYSTEM OF BACILLUS LICHENIFORMIS SVD1 WHEN
CULTURED ON VARIOUS CARBOHYDRATE SUBSTRATES

3.1 Introduction

In order to effectively degrade complex plant matefor utilisation as a carbon source,
microorganisms have to produce a whole range didilogltic and hemicellulolytic enzymes

which were discussed in detail in Section 1.2.

The genome sequence for strain SVDL1 is not availdhlt the genome sequence for another
strain, DSM 13 /ATCC 14580, is available (Retyal., 2004, Veithet al., 2004). This
information, together with other reports in litenad, describe a plethora of cellulolytic and
hemicellulolytic enzymes in various strains Bf licheniformis (See section 1.4, Table 2).
Even where the genomic data exists indicating teegnce of enzymes in an organism, it is
important to study the conditions under which theseymes are expressed. Hanal.
(2003) stated that: “It is important to understdmalv bacteria regulate expression of the
various hydrolytic enzymes in order to produce roptienzyme mixtures for the degradation
of different plant materials”. Due to the comptgxof plant materials, the combination of
enzymes and the ratios required in order to degtadenot completely understood and thus
remains a fundamental problem in biotechnologyiappbns. One way in which researchers
hope to understand this process better is by stgdifie way in which an organism itself
regulates this process. Fundamental questionshéha arisen in this regard are: How does
an organism respond to changes in the environmatt as the carbon source? And which

enzymes are expressed for the degradation of #fisprdstrate and in what ratios?

This chapter involves a preliminary investigatiori the range of cellulolytic and
hemicellulolytic enzyme activities that are preseamtB. licheniformis SVD1 when it is
cultured on different carbon substrates. This wairks to further the knowledge on the
enzymes expressed by an organism sucB.dgheniformis SVD1 and how this changes
when the carbon substrate is altered. This stigty@ms to gain insight into the ability of

some substrates to induce the expression of ceetasigmes. Protein induction is a very
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complex process and takes place in response tsutiheunding environment. It is generally
accepted that an organism would only express kelyemsential enzymes at a constitutive
level in order that unnecessary resources are @agted on synthesis of enzymes when a
more readily utilisable carbon source is availafMadigan et al., 2003). Inducers are
generally small molecules that are able to enteictil and react with other proteins or DNA
to induce expression (Madigahal., 2003). They are often the substrate or the pmiodi
enzyme activity or may be an analog of such substa@adigaret al., 2003). Generally,
some enzymes are constitutively expressed by tq@n@m, but these are often key enzymes
required for growth under all conditions (Madigah al., 2003). Other enzymes are

selectively expressed based on the environmerdrgfanism finds itself in.

3.2 Objectives

- To cultureB. licheniformis on different carbohydrate substrates and compae t
cellulolytic system in each case by:

o Determining whether the MEC is formed under allditons

o Investigating changes in enzyme activity of toteta&cellular protein

0 Viewing changes in composition of the crude exteaxd the purified MEC by
utilising sodium dodecyl sulfate polyacrylamide gdéctrophoresis (SDS-
PAGE)

o Investigating and comparing the zymogram profile tfee crude extract and

MEC for each culture

3.3 Methods and materials

3.3.1 Culturing of the organism on different substates

Culture medium was prepared with 5 g yeast extdagtiryptone, 1 g HPO, 0.2 g MgSQ
and 5 g per | of substrate (Avicel® PH101, cellaeiobirchwood xylan, bagasse and locust
bean gum). Cultures of 100 ml each were inocul&tmd equal volumes of a glycerol stock
of B. licheniformis and incubated at 3Z for 48 h with shaking at 200 rpm under aerobic

conditions.
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Sugarcane bagasse was kindly donated by I. Ramlfrkem Ushukela Milling (Pty) Ltd.
The bagasse was washed several times with milliQ té remove all residual sugars, after

which it was centrifuged and the pellet dried areligd in a blender to a fine powder.

3.3.2 Enzyme assays

Enzyme assays were performed as described in set8d2.

In order to determine the activity of cultures aarigus substrates, the standard assay was
performed using the concentrated supernatant (prdpEs per section 3.3.3). Avicel® PH-
101 was used to determine exoglucanase activitghwbod xylan to determine endo-
xylanase activity, oatspelt xylan to determine erglanase and arabinofuranosidase activity,
locust bean gum to determine mannanase activithppggmethyl cellulose (low viscosity) to
determine endoglucanase activity and polygalactoratid to determine pectate lyase

activity.

3.3.3 Protein purification

Cultures of 100 ml were centrifuged at 12,000 for 10 min and the supernatant separated
from the pellet. The supernatant was concentradedbout 15 ml by applying it to an
Amicon 8200 ultrafiltration cell using a PBGC filterith a nominal molecular weight cutoff
of 10 kDa (Millipore). This fraction was designatéhe concentrated supernatant and was
used for enzyme assays and SDS-PAGE analysis. cimentrated supernatant protein (8
ml) from each culture was loaded onto a SepharBseofumn (50 x 2.5 cm) and eluted with
50 mM Tris-HCI buffer at pH 7.5, containing 0.03%/{) sodium azide. Fractions of 3 ml
were collected and the absorbance of fractionsrid@ted at 280 nm. The peak eluting at
approximately 2,000 kDa was designated the MECfeaudions representing the MEC were
pooled and concentrated using polyethylene gly&#Q®) 20,000 and used for further

experiments.
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3.3.4 Electrophoresis and zymograms

Sodium dodecyl sulphate polyacrylamide gel eledtaopsis (SDS-PAGE) was performed on
10% resolving and 4% stacking gels by the methoekldpeed by Laemmli (1970) (see
Appendix 5). Samples were concentrated where Bapgsausing acetone precipitation.
Excess ice cold acetone was added to samples fadldy vortexing and incubation at 220
for 10 min after which it was centrifuged at maxmmgpeed (16,00@ g) for 5 min. The
supernatant was removed and the pellet dried notihcetone was detected. Pellets were
then redissolved in sample buffer and boiled formtn prior to loading onto gels.
Approximately 10ug of protein was loaded per well. Electrophoregs carried out at 180
V for 45 min and gels stained with PageBlieProtein Staining Solution according to the
manufacturers’ guidelines. Gels were photograpisidg a Uviprochemi geldoc imaging
system (Whitehead Scientific) and protein bandsevearalysed to determine their molecular

weights using Uviband software (v. 11.9).

Activity of separated bands was detected by ina@afomn of 0.1% (w/v) substrate (CMC or
birchwood xylan) prior to polymerisation. Aftereetrophoresis, the gels were renatured for
1 hour in 2.5% (v/v) Triton X-100 in 50 mM potassiphosphate buffer (pH 6.5). The gels
were then incubated in 50 mM phosphate buffer 8€3ar 3-12 h. After removal of the
buffer, gels were stained with 0.3% Congo Red toniin and then destained with 1 M NacCl
until bands appeared. Gels were then counterstaiiith 5% (v/v) acetic acid. Zymogram

gels were photographed using a Uviprochemi geld@ging system.

3.4 Results

3.4.1 Culturing of the organism on different substates

Growth on Avicel® and bagasse was generally poorpared to the cultures grown on other
substrates.
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3.4.2 Enzyme assays

The enzyme activities present in the concentratipersatants of each culture was measured
by using different substrates that are able toalletéferent types of enzyme activities. The

results of these enzyme assays are summarisedlia 34.

Table 3.1 Activity of the supernatants fromB. licheniformis cultured on Avicel®, cellobiose, birchwood
xylan, bagasse and locust bean gunfctivity was measured on a variety of carbohydratdbstrates as
reducing sugars produced. Activities are showkl/@sin/mg protein. Values are shown as mean valué®+
(n=3).

CULTURE SUBSTRATE

Enzyme activity Avicel® Cellobiose Birchwood Bagasse Locust bean
measured (substrate) culture culture xylan culture culture gum culture

Exoglucanase

(Avicel®) 0 0.023+0.001 0.01640 0 0.026+0.001
Endoglucanase
(CMC) 0.004+0.001] 0.056+0.002 0.020+0.002 0.005(@ 0.03mD
Endoxylanase

(birchwood xylan) 0.054+0.006| 0.166+0.006 0.203+0.021 0.058+0.004 9@:0.024

Endoxylanase and
arabinofuranosidase
(oatspelt xylan) 0.046+0.004 0.121+0.006 0.200+0.021 0.054+0.003 5&x0.023

Pectate lyase
(Polygalacturonic acid

— PGA) 0.034+0.003| 0.047+0.002 0.025+0.001 0.077+0.006 O0TtM.005
Endomannanase
(Locust bean gum -
LBG) 0.006+0 0.044+0.001 0.021+0.002 0.030+0.0Dp3 0.20PHD
Bagasse 0 0.126+0.006 0.022+0.001 0 0.128+0.006

All the crude cultures exhibited the highest atgivin xylan substrates except for the locust
bean gum culture which had slightly higher mannaregivity than xylanase activity. The
activity on birchwood xylan and oatspelt xylan wasually identical in the birchwood xylan
culture, whereas the activity on oatspelt xylan wgaserally lower than the activity on
birchwood xylan in the other cultures. Only thdal®ose, birchwood xylan and locust bean

gum cultures displayed any activity on Avicel®.
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Pectate lyase activity was generally low in all tudtures, although by comparison slightly
elevated in the Avicel®, cellobiose and bagasseued. However, in the locust bean gum
culture the pectate lyase activity was much highan in other cultures indicating that some
induction of pectate lyase took place. The locestrbgum culture also produced the highest
mannanase activity. The substrate, locust bean gnich the organism was cultured on,

appeared to induce the production of high levelsmahnanase activity.

There was generally low enzyme activity in the Al® and bagasse cultures compared to

other cultures.

3.4.3 Purification of MEC

The chromatograms obtained from the purificationtledé MEC from different cultures

(Figure 3.1) displayed a peak at approximately @,KDa and then a much larger peak at
around 70 kDa where free extracellular enzymes lghelute. The size of the first peak
differed substantially between the birchwood xytardture and the other cultures and was
much larger in the birchwood xylan culture. Thmstfipeak for every culture was designated

the MEC and was pooled and concentrated for us®B-PAGE and zymograms.
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Figure 3.1 Sepharose 4B chromatograms of concented supernatant from B. licheniformis cultured on
different substrates. Chromatograms were obtained using a 50 x 2.5 cemuoland collecting fractions of 3
ml using 50mM Tris-HCI buffer at pH 7.5. Blue dead (2,000 kDa), thyroglobulin from bovine thyrqigi70
kDa) and laccase froifrichoderma reesei (70 kDa) were used as standards.

3.4.4 Electrophoresis and zymograms

The SDS-PAGE and zymogram profiles for each ofctiuele cultures are displayed in Figure
3.2 below. There were discrete differences betwkerSDS-PAGE profiles for each culture
with some bands being more prominent than othersomparison. The largest visible

protein in the crude supernatants was approxima@dykDa in size.

Zymograms were done using birchwood xylan and CMGubstrates incorporated into the
gel. These two substrates were chosen for zymogaalysis as they were the only
substrates for which successful zymograms coulddb@ined, even though activity on CMC

was relatively low.

The zymogram profiles displayed relatively few bsnaith xylanase and endoglucanase
activity. There were two to four xylanase actiantls present in all the cultures. The most
prominent xylanase active bands were at 21 kDad&nkDa, while additional bands at 40

kDa and 18 kDa were present in some instances. mids prominent endoglucanase active

band was measured to be at 30 kDa, while additiandlless active bands were present at 25
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kDa and 55 kDa. The most endoglucanase activesbarde found in the cellobiose culture

where additional bands at 37 kDa and 45 kDa weae @lesent.
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Figure 3.2. Analysis of protein species and zymogma profiles for the crude fractions from various
cultures. Stained SDS-PAGE gels (Lane 1) and zymograms ¢ Qullv) birchwood xylan (Lane 2) and 0.1%
(w/v) CMC (Lane 3) are shown for different cultureSpproximately 1Qug of protein was loaded in each lane.

The SDS-PAGE profile of the MECs from the differentitures in Figure 3.3 displayed
multiple protein bands. The largest protein obsdrwas approximately 70-77 kDa. There
were differences between the numbers of bands wdxbefor each MEC as well as

differences in the prominence of some bands condgarethers.

Zymogram profiles for xylanase activity displayeadige protein bands at 21 kDa and 45 kDa.
The active band at 40 kDa was now only observeatierbagasse MEC and not in any of the
other MECs. Endoglucanase active bands were aiseaty 30 kDa in all MECs with the
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cellobiose, birchwood xylan and locust bean guntuces also displaying an endoglucanase
active band at 25 kDa. The cellobiose culture dlsplayed a band at approximately 28 kDa.
The 55 kDa band that was present in the cruderesltwas not present in any of the MECs.
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Birchwood xylan culture

Bagasse culture

Locust bean gum culture

Figure 3.3. Analysis of protein species and zymogna profiles for the MEC fractions from various
cultures. Stained SDS-PAGE gels (Lane 1) and zymograms ¢ Qullv) birchwood xylan (Lane 2) and 0.1%
(w/v) CMC (Lane 3) are shown for different cultureSpproximately 1Qug of protein was loaded in each lane.
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3.5 Discussion

The crude supernatants of the various cultures wassayed for cellulolytic and
hemicellulolytic activities. It is clear thaB licheniformis SVD1 is an organism with
predominant hemicellulolytic activity as only modtx levels of cellulolytic activity was
observed. Even when the organism was culturedetinl@se (Avicel®) and cellobiose,
which are known to induce cellulases, only limitadlulolytic activity was observed. It thus
appears as thoudh licheniformis occupies a niche in the environment where hemilosé

in plants will be preferentially utilised above loébse.

From the enzyme assay results for the crude caltur@appears that hemicellulases, namely
xylanases, mannanases and pectate lyases, aratutmedy expressed in all cultures

investigated. Low levels of endoglucanase actiaity also observed in all cultures, and
perhaps are also constitutively expressed. Wh#areices in cultures are compared, it
appears that induction of enzymes occurred whenc#titbon source in the medium was
changed. Xylanase activity was induced by cellsbjdirchwood xylan and locust bean gum,
while higher levels of endo- and exoglucanase aygtivas induced only by cellobiose and

locust bean gum. The highest induction of pedigdse activity was observed in cultures
using locust bean gum as substrate, but moderatection was also observed when

cellobiose and bagasse was used in the cultureumedMannanase activity was induced to

high levels in the locust bean gum culture anchtijgnduced in the cellobiose culture.

Xylanase activity was measured on two differentarglse substrates, namely birchwood
xylan and oatspelt xylan, as different sets of karyi enzymes are required with endo-
xylanases to degrade these substrates. Birchweglath xequires endo-xylanases aad
glucuronidase for degradation while oatspelt xylaequires endo-xylanasesg-
arabinofuranosidases and acetyl xylan esterasés. ciiemical structure of these substrates
differs substantially. Birchwood xylan is compos#®4.1% xylose residues in chains with
very few substituents and is thus a good substoatendoxylanase activity (Lét al., 2000).
Oat spelt xylan, on the other hand, contains 5X§Bgse residues with 22.3% arabinose and
15.7% glucose and activity of endoxylanases arepeaed by the steric hindrance of

arabinose substituents (let al., 2000). Arabinofuranosidase, which cleaves ad#@n
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substituents from the main chain, is therefore irequto ensure high activity on oatspelt

xylan. It can be noted that, whereas activity onhwood and oatspelt xylan was at almost
the same level in the birchwood xylan culture,he tther cultures the activity on oatspelt
xylan was lower than the activity on birchwood xylaThis appears to indicate that perhaps

arabinofuranosidase was not expressed at the saelan the other cultures.

Some exoglucanase activity was observed in thelmelle, birchwood xylan and locust bean
gum cultures, indicating induction of enzyme adyivi However, one should be cautious in
interpretation of the results for exoglucanasevigtias this may not be true exoglucanase
activity. Endoglucanases may have limited actiaitycrystalline substrates, especially when
using an enzyme assay such as the DNS assay wlaaebunes reducing ends of sugars.
Cleavage of amorphous regions within the crystalliellulose could have resulted in such
reducing ends being formed within the celluloserhaThis could have resulted in apparent
exoglucanase activity. It was most likely to be ttase in this instance as true exoglucanase
activity would probably have shown higher activity.lt was proposed that limited
exoglucanase activity could be observed becausedhresponding endoglucanase activity
within the same culture was at a higher level.thia Avicel® and bagasse cultures very low
endoglucanase activity could be observed and nglesanase was present and this appeared

to support the hypothesis.

In the cellobiose culture, there appeared to beegupation of exo- and endoglucanase
activity which, in turn, led to higher activity dragasse. Bagasse contains a large percentage
of cellulose (40-50%, Sud al., 2004a) and would require higher exo- and endaglase
activity for its degradation. Bagasse also comstaiB-35% hemicellulose (Swhal., 2004b),

and thus the combined synergistic effect of all ékpressed enzymes in the cellobiose and

locust bean gum led to higher activity on bagasse.

Inducers are generally small molecules that are tbénter the cell. However, in the context
of degradation of cellulose and hemicellulose, uistrbe borne in mind that these substrates
are generally large and unable to enter the c8bphorose [{-1,2-glucobiose) has been
identified as an inducer of cellulasesTirichoderma reesei although it is not clear whether
this compound was a natural inducer of cellulaggsad et al., 2002). Other inducers have

been hypothesised to be cellobiose;ellobiose-1,5-lactone and xylobiose (Lyed al.,
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2002). It could be argued that, by constitutivekpressing low levels of enzymes, such
enzymes are, in the presence of substrate, aloledwe the substrate to produce small sugars
that are able to act as an inducer to elevateetredd of expression of enzymes (Lyetdal.,
2002). Depending on the location of genes on amen an inducer may activate higher
levels of expression of several enzymes at the daneeif such enzymes are situated within
an operon. Thus an inducer such as cellobiosel aftén result in upregulated expression of
both cellulases and hemicellulases (Lyndl., 2002).

Cellobiose has been demonstrated to act as an dndat cellulolytic and some
hemicellulolytic enzymes (Hagt al., 2003). This was also found to be the case mdhidy

as the presence of cellobiose in the culture medngimced cellulases and hemicellulases to a
limited extent. In the same manner, the cleavdge/lobiose from birchwood xylan could
act as a mechanism of induction to elevate xylaaateity. In the locust bean gum culture,
induction could take place through the productibtow levels of mannobiose from cleavage
of the mannan. This serves to activate expressigrot only mannanase, but also xylanase
and pectate lyase. Induction of enzymatic actidig not appear to take place in the
presence of insoluble substrates such as Avicel® lzagasse. In the absence of true
exoglucanase activity, cellobiose is unlikely torb&eased from these substrates in order to

act as an inducer, hence the possible reasontiwitpcemaining low.

From this data it can be concluded tBaticheniformis SVD1 was able to regulate enzyme
expression based on the substrate it was cultuned While many of the enzymes were
constitutively expressed, even at low levels, tmganism was able to upregulate such
enzymes under certain substrate conditions. Tihestitotive expression of these enzymes
suggests that the main carbon source of this ssgam probably hemicellulose substrates,

and to a limited extent cellulose substrates.

Based on size exclusion chromatography on Sephd®sae MEC was formed in all the
cultures investigated. The MEC purified from cudtsiofB. licheniformis was approximately
2,000 kDa which is quite large compared to many MEQhe molecular weight of MECs
based on size exclusion chromatography has beenteepas ranging from 650 kDa to 2.5
MDa in cellulosomes (Dagt al., 2003) and 400 kDa and 1450 kDa in the xylanolMiEC

in P. curdlanolyticus (Pasoret al., 2006).
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Based on readings at 280 nm which is generallyedeo be a reflection of protein content,
it appeared as though a larger percentage of thepmotein in the birchwood xylan culture
was present as an MEC. In the other culturesMBE peak at 2,000 kDa was relatively
small and the majority of protein was present as #xtracellular protein. The reason for the
observed difference is unclear at this stage. alt attempted to determine protein content in
the fractions, but the standard Bradford’s procedmas unable to give reliable results for
protein in fractions and it appeared that protentent was generally low and outside the
detection range. It is not clear why absorbancasmements at 280 nm were comparatively
much higher. Based on the chromatography resmitalisorbance at 280 nm, it was decided
to continue culturing the organism on birchwood axylfor purification and further

characterisation of the MEC.

It can be noted that, in the literature on MECs aaliulosomes, it was not reported what
percentage of extracellular protein was presentaasomplex compared to other free
extracellular protein. It is therefore not possitd comment on whether the low levels of
MEC produced are comparable to other organisms.

From the SDS-PAGE results for both the crude andCMEactions for all the cultures,

differences could be observed which seemed todurtidicate that the organism was able to
change its protein expression based on its envieolumThe composition of the crude and the
MEC fractions seemed to vary based on changesioutiure medium, which can be seen in

the differences in the protein bands observed laadelative intensity of these bands.

Zymogram analysis indicates the number of protthas have activity on a specific substrate
incorporated within the gel. However, there armsaonstraints associated with using this
method. Protease activity within a culture cowddult in degradation of proteins. Should
cleavage of a protein take place in such a marimar the active site of the enzyme is
unaffected; the smaller degraded protein contaitiegactive site could still display activity
on the substrate. This would result in the appearaf two individual bands on a zymogram,
the original full-size protein and the smaller detgd protein. Thus one could erroneously
conclude that two separate enzymes were expregsbe lorganism, while it was in fact only
one enzyme in two forms. This can only be esthbtisif individual proteins on a gel were

identified through methods such as N-terminal seqing. Since this data was not available,

68



Chapter 3 — Comparison of enzymes profiles whetud on different substrates

zymogram data was interpreted on the basis thatithehl active bands represented

individual proteins.

A further problem associated with zymogram analys&s the fact that protein samples were
heated at 10T prior to electrophoresis in order to achieve $alparation of proteins. In the
case of SDS-PAGE analysis, samples were denatyréedting at 1T in the presence of
2-mercaptoethanol and SDS. In the present studyag apparent that, even after five
minutes of boiling in the presence of SDS and 2ea@ioethanol, it was possible to renature
enzymes to display activity on the zymogram. Tihdicated that enzymes were able to
withstand high temperatures and denaturation camditfor a short period of time. However,
it is possible that activity was affected by thenakeiration process, either being reduced or
totally abolished. So while some active bands vebserved on the zymogram, it is possible
that some of the enzymes had lost activity after dienaturation process. Unfortunately,
separation of proteins within the complex could b@tachieved without the denaturation step
(data not shown). Thus zymograms can be a usedllfor identifying enzymes through
their activity, but the limitations of this methbds to be taken into account.

Zymograms indicated the presence of active proteiighe intensity of the bands could not
be used as a quantitative measurement of enzynwityact comparison to other cultures as
different incubation times were required to achiewservable bands in all cases. While
zymogram analysis is a sensitive method, the lengtimcubation is critical and enzymes
present at very low levels may not be observedlahauld the incubation period be too

short.

Based on zymogram analysis of xylanase activitjyeen two and four xylanases could be
observed in crude cultures. All the crude cultudisplayed at least two xylanases at 21 kDa
and 45 kDa. The Avicel®, birchwood xylan and Idchean gum cultures were shown to
express a further xylanase active band at 40 kDalewhe bagasse and locust bean gum
cultures had a further xylanase active band at 8. k What could be observed in the
cellobiose and birchwood xylan cultures was a abgazone at the top of the resolving gel,
indicating xylanase activity in this region. Hoveeyno proteins were visible in this region
and it is most likely that not all of the MEC oregiific components of the MEC did not

sufficiently separate under the denaturing and re¢ipa conditions noted above. It is
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possible that for some reason, the proteins iretiws cultures did not separate clearly and
remained aggregated at the top of the gel whemiegtthe resolving portion. It is, however,
not clear why such protein would not be observeer ataining.

The xylanase activity in the crude Avicel and bagasultures was found to be very low and
it was postulated that this indicated low levelscohstitutively expressed xylanase activity.
From the zymogram analysis, the Avicel® culture tfaée xylanase active bands at 21 kDa,
40 kDa and 45 kDa, while the bagasse culture h&deabands at 18 kDa, 21 kDa and 45
kDa. It is not clear why all four enzymes were detectable in both cultures. The activity
levels for xylanase activity were virtually iderglcand thus an identical pattern was expected
on the zymogram. From the enzyme assays it didapgpiear as though induction of
xylanases took place in these cultures. Thuspears as though all four these xylanases
were expressed constitutively B licheniformis. The observed increase in activity in other
cultures appeared to represent an upregulatioheokame enzymes as no additional bands

were observed.

Where induction of xylanase activity clearly seen@dake place, such as in the cellobiose
and birchwood xylan cultures, relatively few bamwdsre observed. Only two bands were
found in the cellobiose culture and only threeha birchwood xylan culture, although these
have the same molecular weights as in the Avicellmgasse cultures. The locust bean gum
culture was the only culture where all four xylamastive bands at 18, 21, 40 and 45 kDa

could be observed.

Xylanase activity in the MEC was limited to two iget bands at 21 kDa and 45 kDa.
Surprisingly, the bagasse culture had an additibaald at 40 kDa with xylanase activity.
Thus it appears as though only two xylanases wemnerglly present in the MEC and that not
all the xylanases found in the crude was incorgaoranto the MEC. There is also a
possibility that the composition of the MEC mayfelif between cultures with a different
carbon source in the medium. However, in this ¢hsexylanase active bands were similar
between all the MECs.

CMCases or endoglucanases were present in the asudevery prominent band at 30 kDa
with additional active bands at 25 kDa and in samkures at 55 kDa. As expected, the

cellobiose culture, with the highest activity, desped the most active bands with additional

70



Chapter 3 — Comparison of enzymes profiles whetud on different substrates

bands at 37 kDa and 45 kDa that were not preseantyrother culture. It appeared as though
endoglucanases at 25 kDa, 30 kDa and 55 kDa warstitdively expressed in all the
cultures under the conditions listed above. Upagmn of endoglucanase activity, that
seemed to take place in the cellobiose culturel teadditional endoglucanase active bands
at 37 kDa and 45 kDa.

In the MEC, no endoglucanase active band was eigibb5 kDa in any of the cultures. All

cultures displayed a band at 30 kDa and the celtghibirchwood xylan and locust bean gum
cultures also had an active band at 25 kDa. Thebiese culture, in addition, also displayed
an active band at 28 kDa. Thus it appears as ththey55 kDa endoglucanase did not form
part of the MEC and that the composition of the ME@ respect to cellulases was different

between different cultures.

The SDS-PAGE patterns of the MECs from the differtures displayed some differences,
although the resolution and staining in the bircbd/gylan and locust bean gum cultures was
poor and made comparison difficult. Perhaps sedbfit staining method would have been
able to display the protein species more effegfiv@lhe largest observable band in the MEC
was in the region of 70 — 77 kDa. The largest bareDS-PAGE patterns from cellulosomal
studies was often found to represent the scaffgddtein. The smallest scaffoldin found to
date was 90 kDa irRuminococcus flavefaciens (Rincon et al., 2003). Generally the
scaffoldin is a large protein and the main scaffoloh Clostridium thermocellum has a
molecular weigth of 196 kDa (Bayet al., 1998). See section 1.3.1.6 for more detail on
scaffoldin proteins.

The MEC contained up to twenty different observairteein bands based on the SDS-PAGE
data obtained. This will be further characterigedater chapters. It is not clear why the
MEC, with so many proteins, seemed to possessveavith xylanase activity as this is the

predominant enzyme activity found in all cultures.
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3.6 Conclusions and future work

It can be concluded th& licheniformis was able to regulate enzyme expression basedeon th
substrate it was cultured on. The organism exptessinly hemicellulolytic enzymes, with
xylanase activity being predominant, while highdisvof mannanase and pectate lyase were
achieved in some cultures. Endoglucanase actieityained low even where some induction
took place. Exoglucanase activity was only obsgrivethe cellobiose and locust bean gum
cultures. While the enzymes appeared to be catigéty expressed at low levels, the

organism was able to upregulate such enzymes wed&in substrate conditions.

Biochemical methods were used in this chapter terdene the extent to which changes in
enzyme activity was induced by different carbonstiates. These methods have certain
limitations, however, as enzyme activity could albsoaffected by methods of purification,
storage of the protein and the assay conditioredf.itSA more accurate way to examine
regulation of enzyme expression would be analys&miRevels of various enzymes within
the cell. However, this is only possible where femes of various enzymes are known.
When this work was carried out, such informationswaot available and therefore
biochemical methods were the only possible meantod& at enzyme expression and
induction. Perhaps one should have also cultunedorganism on monomeric sugars to
determine the effect of this on the expressionrmaymes and whether catabolite repression
took place under certain circumstances. One chwrttiermore culture the organism in the
absence of a carbohydrate substrate to determenexiict levels of constitutive expression of
the cellulolytic and hemi-cellulolytic enzymes.

Comparison of SDS-PAGE and zymogram patterns fsdecicultures and MECs was carried
out. Between two and four xylanase active band® wbserved in crude cultures while the
MEC mainly contained two xylanase active bandslakRa and 45 kDa. Between two and
four endoglucanase active bands were observeckiortide with the greatest number being
present in the cellobiose culture. The MECs exéibimainly one or two endoglucanase
active bands at 25 kDa and 30 kDa.
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In order to characterise the MEC in greater detawyill be isolated and purified from a
birchwood xylan culture for further study. Thisidy forms the basis of the work covered in

the following chapters.
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CHAPTER 4 — PURIFICATION OF A MULTI-ENZYME COMPLEX
FROM BACILLUSLICHENIFORMIS SVD1

4.1 Introduction

When assessing the approaches used in the literagumpurification of MECs, it must be
born in mind that most of the literature on mulizgme complexes focuses on the
cellulosome. This is important as one of the dittstructural features of the cellulosome is
used in its purification. The general model ofelldosome is that it contains a noncatalytic
scaffoldin protein to which all the catalytic sultsrbind. The scaffoldin protein possesses a
CBM3a domain which binds strongly to cellulose (Seetion 1.3.1.6 for more detail.). Itis
this characteristic that has most frequently bessdun purification strategies by utilising the
binding of the cellulosome to cellulose to isolattom contaminating proteins. However, it
should be noted that this model of the scaffoldimot always applicable as the scaffoldin in
the cellulosome oR. flavefaciens did not possess an identifiable CBM (Rinaral., 2003),
and the scaffoldin irA. cellulolyticus had a CBM3b which was not specific for crystalline

cellulose (Xuet al., 2003) (see section 1.2.8 on CBMs and their diaation).

The majority of purification methods in the litaxed on MECs commence with the
concentration of the culture supernatant, follovaydan affinity binding step in which the
concentrated protein interacts with cellulose, ezitbrystalline or amorphous. Through its
CBM3a domain, the whole cellulosome binds to théulse and this allows its separation
from other proteins. The bound protein is therteglufrom the cellulose using 1% (v/v)
triethylamine (Bayeet al., 1985, Kosuget al., 2001, Murashimat al., 2002, Pasost al.,
2006). A cellulosome is not the only protein tiaal bind to cellulose, as free cellulases
could also possess a CBM domain specific for bigdiellulose. The bound protein is
therefore likely to be a mixture of complexed arekfprotein and has to be separated using a

further purification step.

The affinity binding is followed by size exclusiairomatography using a resin with an
appropriate range such as Sepharose 4B, Sepha20@ 8r Sephacryl S-300. Sepharose 4B

has the widest separation range from 60-20,000 KOids particular resin was mainly used
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in the purification ofC. thermocellum that possesses the largest cellulosome of between
2,000-6,500 kDa. Sephacryl S-200 and S-300 haveowar separation ranges and a
complex of 2,000 kDa would elute in the void voluofecolumns based on this resin. The
separation range for Sephacryl S-200 is 5-250 kbi#ewhat of Sephacryl S-300 is 10-1500
kDa. These resins were used in purification ofIEm&ECs such as the cellulosomeGn
cellulovorans which is about 1,000 kDa (Kosugt al., 2001), or the MECs found i@.
papyrosolvens that was between 500 and 660 kDa (Cavesetoal., 1990). The choice of
resin in each instance appears to be based on &dg&/bf the size of the specific MEC.

In some cases, the purification method was maialet on isolating a protein complex with
a large size. This was used in the cas€.gbapyrosolvens (Cavedonet al., 1990) andR.
albus (Oharaet al., 2000) where it was not known whether the MEC a&BM3a domain.

The hypothesis that cellulosomes may not be honmexgenin composition has led to the use
of anion exchange chromatography in cellulosomefipation. After purification of the
cellulosome through size exclusion chromatogragfifyerent cellulosomal subpopulations
were separated using anion exhange chromatografduy ef al., 2005, Murashimaet al.,
2002).

An MEC was purified in one instance using anionhexge as an initial step, which was then
followed by size exclusion chromatography (Kim &nii1993). This method allowed for
the purification of two different MECs fromacillus circulans (Kim & Kim, 1993).

Generally, it is recommended that a purificatioratsigy should use the fewest steps possible
in order to obtain the desired protein as this mitist likely give the highest yield (Walker,
2000). The number of purification steps shouldblased on considerations such as the
degree of purity and the purpose for which theerois required.

Purification of proteins forms the basis of theiodhemical characterisation. Protein
purification is generally focused on isolating gm®tein from a large number of proteins
such as those found in the cell or secreted exludady. In studying a multi-enzyme

complex, a group of enzymes are purified, rathantbnly one protein. Traditional methods

of monitoring the purification process of an enzymmeasures the enzyme activity in
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fractions and uses a purification table to measiueesuccess of the purification in terms of
yield and fold purification. When purifying a muénzyme complex, these methods can still
be used, but the information gained from it habdcassessed from a different perspective.
Generally, in purifying an MEC, the enzyme activitya single enzyme is measured, such as
cellulase or xylanase activity. Should this enzyooeur both in the MEC fraction and other
fractions, the resulting yield of MEC may be lovthaugh the objective of the purification
process was achieved by isolating the MEC. Funtbeg, as only one enzyme activity is
measured against a background of a group of ptdie specific activity and therefore the
fold purification will generally be low which expftes why most reported literature on MEC
purification does not contain any form of purificet table.

4.2 Objectives

- To purify an MEC from a birchwood xylan culture®flicheniformis SVD1

4.3 Methods and materials

4.3.1 Culturing of organism

B. licheniformis was cultured in the medium as described in se@i@m. Cultures were
grown to stationary phase (3-4 days) before puaiion of the MEC.

76



Chapter 4 - Purification

4.3.2 Protein purification

4.3.2.1 Purification protocol 1

The initial purification method used was based pra#inity purification method as used in
the cellulosome field. The basis of the methodiaes the presence of a CBM3a on the

scaffoldin protein which is able to bind strongbydellulose.

Cultures were centrifuged at 12,00@ for 10 min. The supernatant was precipitated with
50% saturation with ammonium sulfate, followed bytter centrifugation at 12,000g«for

10 min. The pellet was suspended in 50 mM Tris-Bi@fer at pH 7.5 and dialysed against
the same buffer. Phosphoric acid-swollen amorpiousel was added to the dialysed pellet
and then incubated for 3 hours €4 The amorphous Avicel and protein suspension was
then centrifuged at 12,000g for 10 min and the supernatant stored as theefinegmes that
were unable to bind to the amorphous Avicel. Th#lep was washed with 1% (v/v)
triethylamine and kept at’@ for 20 min after which it was centrifuged at & g for 10
min and the supernatant dialysed against distileater. The dialysed extract was
concentrated with PEG 20,000 and then loaded o@epdarose 4B column (27 x 1.5 cm).
The protein was eluted with 50 mM Tris-HCI buffer @H 7.5, containing 0.03% (w/v)
sodium azide. Fractions of 1 ml were collected tnedabsorbance of fractions determined at
280 nm.

4.3.2.2 Purification protocol 2

This purification method was based on the princtpiet an MEC will be large in size and
relies on size exclusion chromatography to purtig MEC from the total extracellular

protein.

Stationary phase cultures were centrifuged at I2@pfor 10 min to remove the cells. The
supernatant was concentrated using two differerthoas which were then compared. The
first method of concentration used was 80% ammorsuiphate precipitation followed by

centrifugation for 10 min at 12,000 g. The second concentration method used was
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ultrafiltration using an Amicon 8200 ultrafiltratiocell (Millipore, South Africa) with a
PBGC filter with a nominal molecular weight cut-off 10 kDa.

The concentrated protein in each case was loadedaocBepharose 4B column (50 x 2.5 cm)
and eluted with 50 mM Tris-HCI buffer at pH 7.5,ntaining 0.03% (w/v) sodium azide.
Fractions of 3 ml were collected and the absorbafdeactions determined at 280 nm. The
fractions from the first peak at 2,000 kDa whiclpresented the MEC, were pooled and
concentrated using polyethylene glycol (PEG) 20,800 used for further experiments.

These two concentrating steps were compared bya&tuad the final yield of MEC obtained

through each method.

4.3.2.3 Purification protocol 3

Although the methods listed in 4.3.2.2 producediC, a further purification method was
employed for the following reasons: (i) possibleg@gation of proteins due to the
concentrating step was suspected. If this wagsdle, the purified MEC might in fact be an
aggregate; (i) it was established that there pratease activity within the MEC; and (iii)
previous purification methods commenced with cotregion of the total extracellular

protein while we were mainly interested in the etégrisation of the MEC.

The purification method was adjusted to includeamexchange step prior to size exclusion

chromatography.

A culture at stationary phase was centrifuged a@d@®x g for 10 minutes. The supernatant
was then filtered using an Amicon 8200 ultrafilivat cell with a filter with a nominal
molecular weight cut-off of 50 kDa (not 10 kDa a®\pously used). The concentrated
ultrafiltration pellet was loaded onto an ion exop@ column. Both cation exchange and
anion exchange methods were tested as the pl oM#B€ was not known. For cation
exchange, Tosohaas Tsk gel CM 650M resin was used Taoyopearl DEAE 650M
(Separations, South Africa) for anion exchange.ioAmrexchange was tested at pH 7.5, pH 8

and pH 9, while cation exchange was tested at pHds.anion exchange, a 20 mM Tris-HCI
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buffer was used while a 20 mM sodium acetate buvies used for cation exchange. Sample
volumes of 10 ml were loaded onto the column antia of protein was carried out with a
stepwise gradient of increased NaCl concentratiom 0 mM NaCl to 1 M NaCl. Fractions
were collected (5 ml each) and the absorbance @i &action was measured at 280 nm.
Protein concentration was measured in each fractsomgy a modified Bradford method (see
section 4.3.4 below) (2%l of sample with 230ul of Bradford’s reagent) and xylanase
activity in each fraction was measured using theSDhethod (as described in section 2.3.2)

but conducting the assay for 3 hours.

The fractions from each peak from the ion exchanlgmmatography which contained
xylanase activity were pooled and concentratedguBieG 20,000. Samples from each peak
were loaded on a Sepharose 4B column. Each peakls@tested for protease activity. The
fractions from the final purification method wersed to calculate a purification table.
Fractions from all the purification steps were atsjected to electrophoresis on an SDS-
PAGE gel.

4.3.3 Enzyme assays

Enzyme assays were conducted as described inrs@cB@.

4.3.4 Protein determination

Protein was measured according to the Bradford ode{Bradford, 1976). The method was
modified to be able to accurately determine prot@ncentration in samples with low protein.
Sample volumes of fl, 10 pl or 25 ul were used with Bradford’s reagent in the ratiés o
5:250ul, 10:250ul or 25:230ul. Standard curves for each ratio was prepares Appendix

4a). The modified method with larger sample volaralowed greater sensitivity, accuracy

and consistency in measurements.
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4.3.5 Measurement of protease activity

Protease activity was measured using a modifiedyasg Najafiet al. (2005). A 1% (w/v)
protein solution was prepared by mixing 10 ml dfffae milk and 20 ml of Tris-HCI buffer
(50 mM, pH 7.5). The substrate mixture (48Pwas pre-incubated at 32 after which 100

ul of enzyme mixture was added and the assay mixhagbated for 2 hours at 37. The
assays were removed from incubation and (5&f a 5% (w/v) trichloroacetic acid solution
added. The mixture was briefly vortexed and intetbaat room temperature for 30 min.
Thereafter it was centrifuged at 16,000y in a benchtop centrifuge for 5 min and the
supernatant removed. Protein was measured inughersatant by taking measurements at
280 nm. Each enzyme mixture (10 together with Tris-HCI buffer was used as a riega

control.
4.3.6 Electrophoresis

Electrophoresis was carried out as described itiose8.3.4 except that only 2g protein
was loaded per lane and gels were stained withSlage" Silver Staining kit (Fermentas)

according to the manufacturer guidelines.

4.4 Results

4.4.2 Protein purification

4.4.2.1 Purification protocol 1

When following this purification method, the pratdraction that was bound to the Avicel
was eluted with triethylamine and loaded on a Sep®a4B column. The chromatogram
from a typical size exclusion step is depicted iguFe 4.1 and displayed a peak on the
Sepharose 4B size exclusion chromatogram in thee gg@late as the MEC purified using
other methods (data not shown). This peak hacepr@nd xylanase activity and no other

peaks appeared in the chromatogram for the durafitme elution (40 ml).
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Figure 4.1. A typical Sepharose 4B chromatogram dhe protein fraction eluted from amorphous Avicel
with 1% triethylamine (v/v). A column of 28 x 1.5 cm was used and fractions ofl tollected. Blue dextran
(2,000 kDa) and thyroglobulin from bovine thyroi@l/Q kDa) and laccase frofrichoderma reesei (70 kDa)
were used as standards.

4.4.2.2 Purification protocol 2

The comparison of the two types of concentratiogpst namely ammonium sulphate
precipitation and ultrafiltration, demonstrated tthiae highest yield was achieved through
using ultrafiltration as a concentration step. MIEC was purified through ultrafiltration to
a yield of 54% while purification through ammoniwulphate only achieved a yield of 21%.
Figure 4.2 represents a typical chromatogram ofptlvéfication of the MEC through size
exclusion chromatography using Sepharose 4B resifhis result was obtained by
ultrafiltration using a 10 kDa molecular weight -aft filter. A large peak was observed at
approximately 2,000 kDa using both the absorbah@3@ nm and measurement of protein
content using the Bradford’s method. A secondginopeak was observed eluting between
fractions 45 and 60. This peak did not coincidéhwvtine absorbance peak measured at 280
nm which eluted between fractions 50 and 75 and wmast likely due to the xylan
components in the medium which absorbs at 280 nm.
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Figure 4.2. A typical Sepharose 4B chromatogram afoncentrated supernatant from a birchwood xylan
culture. Obtained using a 50 x 2.5 cm column and collecfragtions of 3 ml. Blue dextran (2,000 kDa),
thyroglobulin from bovine thyroid (670 kDa) and ¢ase fromTrichoderma reesei (70 kDa) were used as
standards.

4.4.2.3 Purification protocol 3

This purification method used an ion exchange gt to the size exclusion step during
purification. The first ion exchange step used wamn exchange at pH 8. A large peak,
based on protein measurement and absorbance ain28@as observed at the start of the
elution with 20 mM Tris-HCI and no NaCl (data nbibsgvn). Other significant peaks eluted
with 200 mM NaCl and 300 mM NaCl (data not showKylanase activity was present in all
the peaks (data not shown). When samples frone theaks were loaded on a Sepharose 4B
column, peak 1 eluted with one protein peak at@KDa. Peak 2 and 3 displayed an elution
profile with an insignificant amount of protein aj000 kDa and the majority of protein
eluting as small extracellular protein. Thus ipeared as though the MEC did not bind to the

resin.

As a result, the procedure was repeated but ugingM Tris-HCI at pH 9 to achieve binding.

However, the same pattern of elution was foundy wie MEC eluting with the 20 mM Tris-
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HCI before any salt gradient was applied (dataghatwn). As a result, cation exchange at
pH 5 was employed in an attempt to find a workirtj elow the pl of the MEC protein.
Again, a similar pattern of elution was observedtlas MEC eluted at the start of the
chromatogram before the salt gradient commencedharsdno binding to the resin took place
(data not shown). Therefore it was decided tothisecharacteristic of the MEC, the inability
to bind to the anion or cation exchange resin, m&ans to purify it.

As the anion exchange was followed by size exctusioromatography with 50 mM Tris-

HCI buffer at pH 7.5, it was decided to test th@arexchange at this buffer ionic strength
and pH. If the same pattern was observed, thesetbaffer conditions would remove the
need for an additional dialysis step between anexthange and size exclusion

chromatography which could result in the loss oft@in.

A typical anion exchange chromatogram using 50 nrid-HCI buffer at pH 7.5 is shown in
Figure 4.3 and comprises of four distinct peakagiseadings at a wavelength of 280 nm as
well as protein measurement using the Bradford'thote The activity for each fraction was
tested for xylanase activity over three hours agtiotein concentration was very low in each
fraction. Each peak displayed xylanase activitithypeak one having the highest specific
activity. Fractions in each peak were pooled amtentrated. Samples from peak 1, 2 and 3
were loaded on a Sepharose 4B size exclusion cotardetermine the presence of an MEC
within that peak. Peak 4 contained a negligiblegin concentration and the sample was too
small for further analysis. The chromatograms led size exclusion step are shown in
Figures 4.4, 4.5 and 4.6. From Figure 4.3, ilesucthat peak 1 from the anion exchange step

consisted solely of protein in an MEC as a singlakpeluting at approximately 2,000 kDa.

Peak 2 from the anion exchange displayed two peal®e size exclusion step (Figure 4.5).
The first peak had very low protein, although theasurement of absorbance at 280 nm
indicated a large peak. However, due to the alasmdd of birchwood xylan at 280 nm, these
readings should be interpreted with caution. Thagin measurement using the Bradford’s
method is the only reliable method of determining presence of protein. Although the first
peak eluted at approximately 2,000 kDa, the propesent in this peak appeared to be

insignificant. The vast majority of protein elutas free extracellular protein.
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Peak 3 from the anion exchange step displayed ynam# protein peak in the size exclusion
step (Figure 4.6). While a large peak is obseraedpproximately 2,000 kDa with the
absorbance readings at 280 nm, the protein measuatemshow that there was virtually no
protein present in this particular fraction. Thejonity of the protein eluted as free

extracellular protein.

Protease activity was only measured in the MEC whbanfied using size exclusion

chromatography as performed in purification metBad section 4.4.2.2 and it was observed
that protease activity was present (data not shovam the basis that no protease activity had
been reported previously in MECs, it was considetteat the proteases were perhaps
aggregating with the MEC. For this particular mason exchange was included as a
purification step. Following anion exchange, past activity was measured in the pooled
and concentrated peaks 1-3 as shown in Figure #.@&as found that peak 1 exhibited no

protease activity, while peak 2 and 3 had proteaseity (data not shown).
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Figure 4.3. A typical chromatogram of the anion excange step from purification method 3. Toyopearl
DEAE 650M anion exchange resin was used with 50 Tmig-HCI buffer at pH 7.5 with a stepwise gradieft
NaCl. (column 2.5 x 6.5 cm, flowrate 11 ml/min). hél secondary y-axis represents protein concentratio
(mg/ml), xylanase activity (U/30 min) and NaCl centration (M).
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Figure 4.4 Size exclusion chromatography of the ptex fractions from Peak 1 in Figure 4.3.A Sepharose
4B column was used (50 x 2.5 cm) and fractions oflZollected (flow rate 40 ml/h). Blue dextran(@0

kDa), thyroglobulin from bovine thyroid (670 kDajdlaccase froririchoderma reesel (70 kDa) were used as
standards.
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Figure 4.5 Size exclusion chromatography of Peak & the anion exchange purification step from Figure
4.3. A Sepharose 4B column was used (27 x 1.5 cm) auidins of 1 ml collected (flow rate 25 mi/h). Blu
dextran (2,000 kDa), thyroglobulin from bovine tbigt (670 kDa) and bovine serum albumin (BSA) (66akD
were used as standards.
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Figure 4.6 Size exclusion chromatography of Peak & the anion exchange purification step from Figure
4.3. A Sepharose 4B column was used (27 x 1.5 cm) awdidins of 1 ml collected (flow rate 25 mi/h). Blu
dextran (2,000 kDa), thyroglobulin from bovine tbigt (670 kDa) and bovine serum albumin (BSA) (66akD
were used as standards.
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Table 4.1 summarises the progressive purificattoough the different steps used. This
purification table is based on method 3, using mmxchange with 50 mM Tris-HCI buffer at
pH 7.5 followed by size exclusion chromatographthv8epharose 4B. Firstly, some activity
was present in the pellet, although the majorityadiivity was present in the supernatant.
During the ultrafiltration process using a 50 kitef, activity appeared to be lost as a high
level of activity was present in the ultrafiltratidiltrate. Free extracellular xylanases present
in the supernatant fluid that are smaller than B&@ kould appear in the filtrate, while larger
extracellular xylanases or xylanases present inMiEC would be retained. While the
purpose of the purification was the isolation of M&EC, it would be inevitable that free
xylanases would be lost during the purification gass. In this respect, conventional

assessment of the purification table would notdmigate.

From the purification table, it can be observed tha yield after anion exchange was 17%
while the yield after both anion exchange and sidusion chromatography was only 11%.
This is a low yield compared to purification metbBodising only size exclusion
chromatography where yields of up to 50% were aglde However, the purpose of the
purification was not to achieve a high yield, bum@y obtaining enough material to
characterise the MEC.
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Table 4.1 Purification table showing the differentsteps during purification method 3 using anion
exchange with 50 mM Tris-HCI at pH 7.5 and thereaftr size exclusion using Sepharose 4BJltrafiltration
was carried out using a 50 kDa nominal moleculaightecut-off filter. Protein was measured using th
Bradford’s method while activity is representedkgisinase activity (with birchwood xylan used asstdite).

Enzyme Specific

Protein activity Yield activity Fold

(mg/ml) (U/ml) (%) (U/mg) purification
Crude 0.71 0.05 100 0.07 1.00
Pellet 8.20 0.05 6 0.01 0.09
Supernatant 0.11 0.04 89 0.41 6.05
Ultrafiltration pellet 0.48 0.14 21 0.29 4.31
Ultrafiltration filtrate 0.05 0.02 46 0.41 6.09
Anion exchange Peak 1 0.12 0.10 17 0.79 11.83
MEC after size exclusion step  0.07 0.05 11 0.78 5711.

A 10% SDS-PAGE gel analysis of the purificationpstes displayed in Figure 4.7. It is
apparent from Lane 5 that several proteins largen 60 kDa appeared in the filtrate. It is
generally considered that, to retain a proteinntérest, it should be 30-50% larger than the
cut-off molecular weight of the filter (Bollagt al., 1996). Thus it is probably possible that
proteins of up to 75 kDa may not be retained byfittex. What should also be considered is
that native, folded proteins may behave similasrt@ller proteins during filtration compared
to their molecular weight when denatured. The batnapproximately 120 kDa is, however,

unexpected even when taking all these considesatidn account.

Lane 6 of Figure 4.7 displays the protein in thamxchange peak 1, while Lane 7 displays
the MEC after size exclusion chromatography. The®selanes were very similar in terms of
the proteins that were present. Some proteins diflgred with respect to their intensity
after staining, indicating that some protein west turing the size exclusion step. The most
prominent difference was the protein at approxityaB kDa in Lane 6 which did not
appear to be presentin Lane 7.
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Figure 4.7. A 10% SDS-PAGE gel displaying purificdon steps (Purification method 3). Each lane was
loaded with approximately gg of protein. Lanes: 1-Crude, 2-pellet, 3-Supexngt4-Ultrafiltration pellet, 5-
Ultrafiltration filtrate, 6-Anion exchange peakdnd 7-MEC after size exclusion chromatography.

4.5 Discussion

Purification method 1 was based on an assumptianalh MECs would possess the feature
of a CBM3a domain which would allow the entire cdexpto bind to cellulose, thereby
facilitating purification. However, in retrospeittis was based on a further assumption that
the MEC inB. licheniformis was a cellulosome and therefore had the samestaliéeatures

as other cellulosomes. As more cellulosomes aseodered, it is also becoming apparent
that not all cellulosomes are structurally ideritiaad not all scaffoldin proteins have a
binding domain for cellulose. Unless this struatueature has been shown to exist in the
MEC from B. licheniformis, this method would thus be an inappropriate chaiog was not
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explored further in this work. Another characteciof MECs, namely its large size, was
used in further purification methods.

It is not clear why size exclusion chromatographthe triethylamine eluent (proteins able to
bind to cellulose) produced a peak at 2,000 kDdueber binding study characterisation

demonstrated that the MEC was unable to bind tetaliyne cellulose (see section 7.4.2). It
could be possible that binding in this purificatimethod did not take place through a binding
domain such as a CBM3a, but rather through intemacbetween the cellulose and

polysaccharides that co-purified with the MEC. h#ts been reported that xylan interacts
through hydrogen bonding with cellulose and becodegsosited on the cellulose surface in
solution (Hon, 1996).

Purification method 2 was mainly based on using €xclusion chromatography to purify
and MEC. However, the initial concentration stepsvassessed to determine the optimal
method for purification. On the basis of the difiece in purification yield from purification
method 2, it was decided to continue using ultirafiion as a concentrating step rather than
ammonium sulphate precipitation. It appeared asigh the ammonium sulphate possibly
denatured the protein in the supernatant. ThectfBness of ammonium sulphate
precipitation also depends on the starting protmncentration and Bollagt al. (1996)
recommends a starting protein concentration ofeastl 1 mg/ml. The protein in the
supernatant was generally much lower than 1 mgéntam be seen from the purification
Table 4.1 where the supernatant protein conceotratias only 0.11 mg/ml. This could

explain the low yield achieved through ammoniunpbkate precipitation.

Purification of the MEC through size exclusion ahaiography revealed a large peak at
approximately 2,000 kDa. However, the size exolsthromatogram from purification

method 2 displayed a second protein peak. Thisexpected as the concentrated protein
contained both MEC and other extracellular protelBased on the elution profile of the

second peak, it can be questioned whether this gielakot also contain an MEC as it eluted
at an approximate size between 70 kDa and 600 WBawever, this peak was very broad
and probably the result of an overloaded columas tiiving an overestimation of the size of

the proteins in the peak. Furthermore, the Segead® resin does not separate proteins in
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smaller size ranges very well. Virtually no di#fece in elution was observed between
protein standards as varied as 70 kDa and 300 EB&& (hot shown). The protein in this

second peak was therefore not further characterised

It must be noted that during this purificationwias found that birchwood xylan absorbed
strongly at 280 nm. This was determined througipectral scan of the substrate (data not
shown). Thus readings at this wavelength, normségn as a reflection of the protein
content of a fraction, were not reliable unlesstgirowas also measured in each fraction.
This was made possible by the adaptation of thenabBradford’s method to allow for

measurement of samples at lower concentrations.

Furthermore, it was also found that the birchwoglax substrate itself displayed two peaks
on a Sepharose 4B size exclusion column based sorlance at 280 nm (data not shown).
The first peak eluted at 2,000 kDa, at the samatippsas the MEC. This appeared to
represent the high molecular weight fraction of bilehwood xylan. However, no protein
was detected in this peak when running the bircldvegan only. When the MEC was
purified through size exclusion chromatography,pgbkek at 2,000 kDa contained protein and
had xylanase activity. The discrepancy betweenatisorbance at 280 nm and the protein
measurement of fractions appears to be as a @&sthlé presence of birchwood xylan in this
peak which seemed to co-elute with the MEC. It was clear whether the protein was
bound to the birchwood xylan or whether it simpbsurified. It was also not clear why,
with such high xylanase activity in the medium, thgher molecular weight portions of the
xylan substrate appeared to remain intact afterersévdays of culturing.  Further
characterisation of the MEC confirmed the preserigmlysaccharides in the purified protein
which is presumed to be birchwood xylan. This watected through the high background
sugar reading of the purified MEC.

The birchwood xylan substrate also displayed a rmbcpeak in the size exclusion
chromatogram, measured as absorbance at 280 nns. pdak was detected at a position
where smaller proteins would elute. During puafion of the MEC, absorbance
measurements at 280 nm displayed a peak in the gasiteon (Figure 4.2 peak 2). However,

when protein readings were taken for all fractidhsg, position of the protein peak was quite
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different from the peak at 280 nm. Again, it waarfd that absorbance readings measured at
280 nm were deceptive and not an accurate reffeafothe elution of protein from the

column as it was influenced by absorbance of thstsate at the same wavelength.

In the previous chapter at section 3.4.3 and Figutethe MEC peak in the birchwood xylan
culture was much larger than the MEC peaks fronerothilture media. The chromatograms
in Figure 3.1 were solely based on absorbance nmgadat 280 nm. The fact that the
birchwood xylan absorbed at this wavelength antedla peak in the same position, possibly
explains the difference in the size of the pealseolked. The other soluble substrates used in
that instance, namely cellobiose and locust bean, glhowed only weak absorbance at 280
nm and did not display a peak at 2,000 kDa (dataslnown). Thus, the peaks found at 2,000
kDa for these substrates, or for the insoluble satessuch as Avicel and bagasse, did not

show interference from the media components.

The third purification method was based on theoohiiction of an ion exchange step prior to
size exclusion chromatography. From the resulthisfpurification method it was apparent
that most of the protein in the MEC did not bindetther the cation or anion exchange resin
at any of the pH values tested. Therefore it wegdid to exploit this characteristic in the
purification. As a result, an anion exchange stefne most convenient pH, 7.5, was used in

further purifications as it achieved sufficient aeggion as seen in Figure 4.3.

It is not clear why the MEC was unable to bindte &nion or cation exchange resin. The
general principle of ion exchange is that proteuasild be negatively charged at a pH above
its pl which would allow it to bind to the anion ahange resin. At a pH below the pl,
proteins would be positively charged, which woulldw it to bind to cation exchange resin.
The pl of the MEC in this case was not known, tfoeee various pHs were tested with
different resins. Although pH 7.5, 8 and 9 waseaesthe MEC did not bind to the anion
exchange resin. This could indicate that the MEAS wositively charged at those pHs, and
that the pl of the MEC was very high, at pH 9 ooxala  However, this would imply that the
MEC would also be positively charged at pH 5, with result that it should have displayed a

strong interaction with the cation exchange rdsut,this did not take place.
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The most likely explanation for the MEC behaviouridg ion exchange chromatography is
the exclusion limits of the ion exchange resin.céxding the manufacturers’ guidelines, the
exclusion limit for both the cation and anion exufe resin used is 1xi10Daltons
(http://www.grom.de/phases_bulk/toyopearl.htm). tAs MEC is approximately 2,000 kDa
in size, it is possible that the MEC was not ableteract with the resin as it could not enter
the pores. As a result, the ion exchange resgdaanta similar manner to size exclusion resin
and the MEC eluted with the initial applicationkafffer. Contaminating proteins that were
smaller than the exclusion limit were able to iatgrwith the resin. Thus they were retained

and eluted with the application of the salt gratien

If this is the case, it must be questioned wheplerfication method 3 and the inclusion of an
ion exchange step was in fact a valid and effeatinethod of purification. The purpose of
the purification was the isolation of an MEC forther study and characterisation. While the
combination of anion exchange and size exclusioarmmbhtography did achieve this purpose,
the yield of MEC was quite low. However, the twiegs process in method 3 resulted in
faster purification times as the anion exchangeroal has faster flow rates and removed all
contaminating material. Therefore fewer runs ef $ize exclusion step were required for the
final purification step. It has also been dematstt that protease activity was removed
during the anion exchange step. This was one @firtltial aims of the third purification
method. This was based on an assumption thalea8IEC was hemi/cellulolytic in nature,
that proteases should not form part of such a cexapHowever, it should be noted that a
cellulosomal serine protease gene has been idahiifiClostridium thermocellum based on
its nucleotide sequence which displayed a dockeéoimain (See the UniProtKB/TrEMBL
database at http://www.uniprot.org where the secgies lodged as Q2HPT9 CLOTM)
(2verlov, VV & Schwarz, WH). While it is therefoqgossible that the proteases had formed
an aggregate with the MEC, it is equally possibkt & protease may form part of the MEC.
However, based on the protease assay conductedanibe exchange process removed
protease activity from the MEC and protease agtigpppeared in other peaks in the anion
exchange which contained either no MEC or an inBggmt amount of MEC. It may
therefore be more likely that the protease actiuitythe MEC was caused as a result of

aggregation.
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A further reason why the anion exchange step reptesan improved purification protocol is
provided in the results obtained from native PAGHs@f the MEC. Native PAGE data of
the MEC (not shown), revealed that the MEC was lenabmigrate out of the wells in the
gel. When the MEC was purified using only sizelegion chromatography, two lower
molecular weight protein species appeared on ngt® and did not appear to be part of the
MEC, which clearly remained in the wells. Thisicated that the MEC perhaps had some
free proteins aggregated to it. However, afterfigation using both anion exchange and size
exclusion chromatography, these proteins were ngdodetected; only the MEC was visible
in the wells. Thus it appears as though the ME@fipd through both anion exchange and
size exclusion chromatography had a higher dedreerdy than the MEC purified through

size exclusion only.

One further aspect that has to be considered iprégence of xylan substrate in the purified
MEC. It is not known if the proteins are boundtie xylan or how the proteins are bound,
but the chemical composition of the xylan and resspnce with the MEC will probably affect

the behaviour of the proteins. It is thereforegiale that cultures grown on substrates other

than xylan may require additional optimisationtod purification procedure.

4.6 Conclusions

An MEC was successfully purified from a cultureBflicheniformis SVD1. Through size
exclusion chromatography on Sepharose 4B the apipsizee of the complex was found to be
approximately 2,000 kDa. Various purification nedk were used to purify the MEC.
Using a single size exclusion chromatography stepe purification resulted in a reasonably
high yield of the MEC, although this MEC may not W&y pure and appeared to contain
possible contaminating proteins. However, an ME@fied in this manner may possibly be

used for certain applications where a high degfgminty is not required.

Using an anion exchange step prior to size exatusloromatography resulted in an MEC
with an apparently higher purity. The yield of ti&C from this purification was, however,
very low. While contaminating proteins appearedéremoved, some MEC protein was
also lost in the process. The behaviour of the MiE€ailing to bind to the anion exchange
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resin raised some questions with respect to thectwfeness of this method. Further
optimisation such as other types of ion exchangaseshould perhaps be explored in any
future attempts to purify an MEC from this organism

In conclusion, it appears as though both purifaratimethods, using size exclusion
chromatography or anion exchange in conjunctiom size exclusion chromatography could

be used for the successful purification of a ME@B. licheniformis SVD1.
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CHAPTER 5 — CHARACTERISATION OF THE CELLULOLYTIC AN D
HEMI-CELLULOLYTIC SYSTEM OF B. LICHENIFORMIS SVD1
WHEN CULTURED ON BIRCHWOOD XYLAN

5.1 Introduction

Chapter 3 introduced data of a preliminary invedtan of the cellulolytic and
hemicellulolytic system oB. licheniformis when cultured on various substrates. In this
chapter the focus is on studying the cellulolytrth-cellulolytic system in greater detail
when cultured on birchwood xylan only. Where thesence of endoglucanases and
xylanases were investigated in Chapter 3, the poesef mannanases and pectinases within

the crude and MEC fractions are now also examined.

To study individual enzymes within a complex, ohewdd ideally purify and isolate these
from other enzymes. However, components of MEGe lggenerally been found to be very
tightly bound together and difficult to dissociatnd study individually. Complete
dissociation could only take place in the preseofca detergent such as sodium dodecyl
sulfate (SDS) and at high temperatures (Mogagl., 1990). These conditions precede
electrophoresis which allows the MEC to be disdedanto its individual components.
Morag et al. (1996) was able to dissociate the cellulosom€.athermocellum under mild
conditions using ethylenediaminetetraacetic acidT&) and cellulose. However, this was
possible due to the requirement of calcium for soireockerin binding. With the chelation
of calcium in the presence of EDTA, the structunategrity of the cellulosome was
undermined, allowing the dissociation of the comgs. The presence of cellulose
separates the scaffoldin protein from the enzymsiilbunits as the scaffoldin contains a
CBM that allows it to bind to cellulose. As thezgmatic subunits do not contain CBMs,
they can be separated from the scaffoldin proteith studied individually (Moragt al.,
1996). However, this method will not be effectime an MEC that has a different structural
basis. For instance, Dait al. (1998) indicated that the binding ability of theajor
exoglucanase (ExgS) in tii cellulovorans cellulosome was not affected by calcium ions or

EDTA. Furthermore, not all scaffoldin proteins bav CBM, such as ScaA R flavefaciens
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(Rinconet al., 2003) and in some cases cellulosomal enzymes Ibese found with their
own CBM such as i&. cellulolyticum (Desvaux, 2005).

Characterisation of MECs based on studies suctD&FAGE and zymograms can be used
very effectively to identify enzymes present witliiie complex. However, these processes
have some limitations which should be taken intcoaat as many enzymes will not retain
activity after the complete denaturation from haatl denaturing agents used in traditional
SDS-PAGE. This was also found by other researchiersexample, Moraget al. (1990)
reported that enzymes such as exoglucanase pandosidase in theC. thermocellum
cellulosome did not exhibit activity after boilirend thus a different procedure had to be
utilised to obtain zymogram patterns for these eres; This involved heating the protein
sample at 7qC rather than at 16G.

A more prevalent method in research on MECs fontifleation of components of the

complex has been cloning and sequencing of gends iansome cases, whole genome
sequencing. In the cellulosome field, identifioatiof cellulosomal enzymes is possible due
to the presence of dockerin sequences within thgnea as all cellulosomal enzymes contain
a dockerin sequence (See section 1.3.1.4). Howebeuld a complex have a different
structural basis than dockerin-cohesin interactidentification of enzyme components of the

complex may prove challenging.

Another method that was used successfully by Zveslal. (2005) to identify components
of the C. thermocellum cellulosome was two-dimensional electrophoresifoviced by
MALDI-TOF/TOF. Identification was aided by the aability of the genome sequence for
C. thermocellum. The advantage of analysing the composition gludfied complex, as
opposed to a gene sequence, is that it gives iafttom about the actual enzymes that the
organism has harnessed for the degradation of eifispeubstrate. Thus it can provide
valuable insight into the enzymes present and tta¢ios for the synergistic degradation of
complex substrates. Identification of enzymes frangenome or gene sequence only
provides the theoretical possibility that they naggur within the MEC, but does not indicate
under which circumstances they will be present iwitthe MEC. Although cloning and
studying of such enzymes can provide valuable métion about the MEC characteristics,

their role within the MEC may not be understoodndee the rationale for studying the
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complex itself. A method which was effectively ddgy Hanet al. (2005) was the utilisation
of antibodies against known components of@heellulovorans cellulosome to identify their
presence within purified complexes cultured on aevga of substrates. Cloned genes were
utilised to purify proteins for the main componentsthe cellulosome which were, in turn,

used to produce antibodies.

In this study our focus will be on techniques swash enzyme assays, SDS-PAGE and
zymograms to identify and characterise enzyme idesvwithin the MEC. Even with the
shortcomings of these methods, it will provide alie information on enzymes present in
the crude and MEC fractions, which can form thaesakfurther studies such as cloning and
sequencing of genes within this organism and theCMBt should be clear that certain
methods and techniques such as cloning of genesofaponents of an MEC can only be
used effectively if more information is availablecait the structural basis of the MEC present
in B. licheniformis SVDL1.

5.2 Objectives

- To compare the enzyme activities of the crude iwacdf a birchwood xylan culture
with the MEC fraction from the same culture

- To determine the ability d. licheniformis to utilise different monomeric and dimeric
sugars

- To determine the parameters of a growth curveflecheniformis culture

- To determine the products formed from insolublechivood xylan by the crude
fraction and MEC based on thin layer chromatogragigracterisation

- To determine the pH profile of various enzyme atiés within the crude and MEC
fractions in order to perform zymograms at optiipidl

- To characterise the crude extract and MEC of ahbiood xylan culture ofB.
licheniformis using SDS-PAGE and zymograms to determine endaghse,

xylanase, pectinase and mannanase active proteins
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5.3 Methods and materials

5.3.1 Culturing of organism

B. licheniformis was cultured in the medium as described in se@i8l and using 5% (w/v)

birchwood xylan as substrate.

5.3.2 Protein purification

The crude fraction utilised in this chapter referghe supernatant from a culture where the
cells were removed through centrifugation at 12,2@Dfor 10 min. The supernatant was
then concentrated by applying it to an Amicon 82M@afiltration cell (Millipore) using a
PBGC filter with a nominal molecular weight cut-aif 10 kDa. The concentrated crude
fraction was stored at°@ and used for analysis. The MEC fraction was gmep as

described in section 4.3.2.3.

5.3.3 Enzyme assays

Enzyme assays were conducted as described ins@c8® and 3.3.2.

5.3.4 Utilisation of sugars

To determine the ability d. licheniformis SVDL1 to utilise various sugars, the organism was
cultured in the same medium as described in 2.3t 4vithout the birchwood xylan and with
5% (w/v) glucose, galactose, xylose, arabinose,nos@ or cellobiose incorporated into the
medium. Cultures (10 ml) were grown in triplicakerobically at 37C on a rotational shaker.
After 24 hours incubation, the sugar content of ¢bmetrols and experiments was measured
using the DNS assay and compared. Utilisatiorhefdugars in the medium was calculated

based on the reduction in sugar compared to aroaniated control.
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5.3.5 Growth curve

The organism was cultured as described in secti®d 2sing 0.5% (w/v) birchwood xylan in
a 400 ml volume. The culture was inoculated withllof a glycerol stock oB licheniformis
SVD1. Samples (4 ml) were taken approximately y\weh over 5 days. Samples were
immediately centrifuged to separate the cells frdm supernatant. The cells were
resuspended in 4 ml PBS buffer and sodium azidedattnl both the cell suspension and the
supernatant to a final concentration of 0.03% (w/Rglleted cells oB. licheniformis SVD1,
resuspended in PBS buffer, was used to measumahble cell density at an absorbance of
600 nm (blanked against 1 x PBS). Supernatants amalysed for pH, protein concentration,
activity on birchwood xylan and concentration aflueing sugars. Cell pellets, resuspended
in PBS buffer, were used to measure growth as ptead density at 600 nm, and were

assayed for activity on birchwood xylan. All reagls and assays were done in duplicate.

5.3.6 Thin Layer Chromatography (TLC)

Products of hydrolysis were analysed using TLGolable birchwood xylan (10-20 mg) was
pre-equilibrated in a volume of distilled water fam hour. The water was then removed by
centrifugation and 500 pul of purified MEC addedheTreaction mixtures were incubated at
37°C on a rotary shaker for between 24 h and 120 hsanaples removed at intervals for
analysis. Samples were centrifuged to removertbelible xylan. This was followed by an
acetone precipitation of the supernatant in whis il of ice cold acetone was added, the
mixture vortexed and incubated at °20for 10 minutes. The precipitated protein ancaryl
were removed through centrifugation at maximum dgee5 minutes. Identical volumes of
the supernatant were applied to Silica Gel 60 FRBITLC plates (Merck, Darmstadt,
Germany). Plates were developed twice with acettimd acetate:acetic acid (2:1:1, viv/v).
To detect carbohydrates, plates were covered withila(v/v) mixture of 0.2% (w/v)
methanolic orcinol and 20% (v/v) sulfuric acid, difed and then heated at 2CO(Kosugiet

al., 2001).
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5.3.7 pH optimum determination

The optimal pH of the crude extract as well as MEC was determined for xylanase,
endoglucanase, pectinase and mannanase activity bschwood xylan, CMC, pectin and
locust bean gum as substrates. Enzyme assayscasied out in duplicate at pH values
ranging from pH 3.0-10.0 in citrate buffer (citrdt@OH) (pH 3.0-5.0), potassium phosphate
buffer (pH 6.0-8.0) and glycine buffer (glycine-Ne(pH 9.0-11.0) at 5&C under standard

conditions.

5.3.8 Electrophoresis

SDS-PAGE was performed as described in sectiod &&ept that g of protein was used
per lane and samples were only boiled for 45 srpgadoading onto gels. Electrophoresis
was performed at 180 V and gels stained with Paga8!' Silver Staining kit (Fermentas)
according to the manufacturers’ instructions. Gelsre digitally imaged using a
Uviprochemi geldoc system (Whitehead ScientifictyPLtd) and protein bands were

analysed to determine their molecular weights ukiadpand software (v. 11.9).

Non-denaturing polyacrylamide gel electrophoresatije PAGE) was performed using a
continuous buffer system (1 M Tris-HCI pH 8.8) &% acrylamide. Samples were prepared
at a concentration of fig per sample after which it was suspended in naaraple buffer

before loading on the gel. Electrophoresis waslaoted at 100 V for one and a half hours
before staining the gel with PageSill&rSilver Staining kit according to the manufactutrers
instructions. A duplicate gel, which was treatedan identical manner, was used for

zymogram analysis using the overlay method.

5.3.9 Zymograms

For purposes of determining the activity of proteands in SDS-PAGE gels, 0.1% (w/v)
substrate was incorporated into the gel prior ttyrperisation, except pectin where 0.3%
(w/v) was used. Substrates used for zymograms hietbkwood xylan, CMC, locust bean

gum, apple pectin and polygalacturonic acid (PGA).
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Activity of separated bands was detected aftertelphoresis by renaturing the gel for 1 hour
in 2.5% (v/v) Triton X-100 in a buffer at the recged pH. Buffers at different pHs were used
for zymograms based on the optimal pH range asrrdated for the crude and MEC
fractions. For pH 5.5 a 50 mM sodium acetate buffas used while a 50 mM potassium
phosphate buffer was used for pH 6.5. For pH 700-& 50 mM Tris-HCI buffer was used
while a glycine buffer was used for pH 10.0. Tk was then incubated in the same buffer
at 37C for 12-48 h. Samples of the crude and MEC fomstiwere loaded in duplicate or
triplicate on gels. In most cases, duplicate zyraog were conducted but with varying
incubation times. After removal of the buffer, thels incorporating birchwood xylan, CMC
or mannan were stained with 0.3% (w/v) Congo Red 5630 min and then destained with 1
M NaCl until bands appeared. Gels were then costai@ed with 5% (v/v) acetic acid.
Where pectin had been incorporated into the gainisig was done for 1 hour with 0.05%
(w/v) Ruthenium Red and destained with distilledava In some cases, pectin zymograms
were conducted in a 50 mM Tris-HCI buffer at pH €dntaining 0.2 mM or 5 mM Cagl

Zymogram gels were digitally imaged using a Uviprami geldoc system.

The molecular weight of protein bands with actiwgs determined by excising the section
of the gel containing the molecular marker andngtgi this separately with Coomassie stain.
After destaining, the marker portion of the gel wabydrated and placed next to the

zymogram to determine the sizes of active bands.

For the non-denaturing gels, the substrate wasneotporated into the gel but zymogram
analysis was carried out with an overlay methote dverlay was prepared with 0.1% (w/v)
birchwood xylan substrate and 10% acrylamide irDarBv potassium phosphate buffer at
pH 6.5. The overlay was poured onto a glass phaid after electrophoresis, the
nondenaturing gel was placed on top of the ovealay kept in contact with the overlay by
placing the gel sandwich between two glass platasubation took place at 3Z with the

gel and overlay sandwich suspended over bufferinvdthplastic container. After incubation,

the overlay was removed and stained with 0.3% (@ngo Red as described above.
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5.3.10 Protease activity

Protease activity of crude cultures was determusadg agar plates containing 10% (v/v) fat
free milk. Wells of approximately 4 mm diameterrevenade in the agar using a sterilised
Pasteur pipette and 20 pl of each crude culture pAaetted in triplicate into wells. Plates

were incubated at 3 for 24 h and then observed for clearing zonesratavells.

5.3.11 Protein determination

Protein in fractions was determined according te Bradford’s method as described in

section 4.3.4.

5.4 Results

5.4.1 Enzyme activity present in the crude and MEGractions

Table 5.1 displays the cellulolytic and hemi-callytic activity that was found in the crude

fraction of a birchwood xylan culture as compam@thie activity of the purified MEC.

Table 5.1. Activity of the crude supernatant compaed to activity of the MEC when cultured on
birchwood xylan. Activities are expressed as U/mg/h protein. Valresshown as mean values £ SD (n=3).

Substrate on which

activity was tested Crude MEC

Avicel 0.93 £ 0.028 0

CMC 1.22 +0.037 1.00+0.18
Birchwood xylan 12.2 £ 0.366 24.84+ 0.47
Oatspelt xylan 12 £ 0.36 13.47+£0.29
Locust bean gum 1.5+£0.045 2.02+ 0.08
Pectin 1.42+0.08 9.55+0.35
Polygalacturonic acid 1.24 £0.037 6.50+ 0.31
Bagasse 1.33+0.04 1.87+0.05
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The crude fraction displayed the highest activitybmth birchwood and oatspelt xylan and,
in addition, displayed Avicelase, endoglucanasejmanase and pectinase activity, as well as
activity on bagasse. The MEC had its highest agton birchwood xylan and oatspelt xylan,
as well as pectinase, mannanase, endoglucanaseyaatid activity on bagasse. However,
activity on Avicel disappeared in the MEC. Theidtt on birchwood xylan and oatspelt
xylan was virtually identical in the crude fractjoout in the MEC the activity on oatspelt

xylan is only about 50% of the activity on birchvebeylan in the crude fraction.

5.4.2 Utilisation of sugars

Table 5.2 displays the percentage sugar that haid Wised byB. licheniformis SVD1 after
24 hours incubation. Percentage utilisation wdsutated as the reduction in the sugar

content compared to an uninoculated control.

Table 5.2. Percentage of sugars utilised bB. licheniformis SVD1 after 24 hours incubation at 37C.
Percentage utilisation was calculated comparechtaranoculated control. Values represent the me&bD
(n=3).

Sugar % utilised

Glucose 82+2

Galactose 18+ 2

Xylose 08
Arabinose 33+4
Mannose 807

Cellobiose 49 + 2

Based on the results it is apparent altcheniformis SVD1 was able to utilise glucose and
mannose effectively as these cultures displayegl&f and 80% reduction in sugars after the
incubation period. The organism was able to atiigllobiose, arabinose and galactose to
some extent as the reduction in sugars for thepergments were 49%, 33% and 18%
respectively. NotablyB. licheniformis SVD1 was not able to utilise xylose as a carbon

source as no reduction in sugar was observed.
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5.4.3 Growth curve

The growth curve displaying various parametersspldyed in Figure 5.1.
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Figure 5.1. Growth curve of a birchwood xylan cultue over time. Culture medium (400 ml) was incubated
over 5 days and 4 ml samples taken periodicallglleied cells oB. licheniformis SVD1 were resuspended in
PBS buffer and the whole cell density measuredattsorbance of 600 nm (blanked against 1 x PB8)lets
and supernatants from each sample were measuredtfeity on birchwood xylan, while the supernatargs
measured for pH, protein content and reducing su¢es xylose equivalents). Plots of these parasieted
their relationships are shown as A, B and C.
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The growth curve in Figure 5.1A indicated the pneseof xylanase activity in both the
supernatant and the cell pellet after 20 h of iatioim. The activity in the cell pellet
remained low and reached a maximum at 20 h aftechmh remained relatively constant.
The xylanase activity in the supernatant continteethcrease until it reached a maximum
between 38 and 60 h, after which it steadily dedirduring further incubation. The
absorbance at 600 nm, which indicated cell growihibited a pattern of diauxic growth,
reaching two peaks over the duration of the indobaperiod. Initial growth peaked at
approximately 40 h, followed by a dramatic reductio optical density and then a further
increase with a peak at approximately 90 h. ThecpBinged quite dramatically over the
course of incubation. Starting at pH 7, it droppetbw pH 6 after 30 h of growth, followed
by an increase in pH to above 9 after 120 h.

Other parameters measured during incubation weserdducing sugars observed in the
supernatant during growth as seen in Figure 5Ts was plotted against specific xylanase
activity present in the supernatant. The initigll of specific activity after 20 h was
immediately followed by a sharp increase in redgauagars in the supernatant. A further
peak of specific activity after 40 h was again daled by a sharp increase in detection of
reducing sugars at 60 h. The concentration ofgi@edusugars decreased slightly but then
remained constant for the remainder of the incobaperiod. Figure 5.1C illustrates the
relationship between cell growth and reducing ssigaesent in the medium. An increase in
reducing sugars was followed by an increase ingrelvth. Both cell growth and reducing

sugars show two distinct peaks over the courskeoinicubation.
5.4.4 TLC Results
The TLC results are displayed in Figure 5.2 witgufe 5.2A representing the result from

incubation of the crude extract with insoluble hinmod xylan while Figure 5.2B represents
the results from incubation of the MEC with insdiibirchwood xylan.
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Figure 5.2. Thin layer chromatography of the produ¢s formed from the hydrolysis of insoluble
birchwood xylan when incubated with (A) crude supenatant and (B) purified MEC. Lanes in A : X
(xylose, xylobiose, xylotriose), 24, 60, 84 (numbéh incubation), and C (control with crude sudamt only).
Lanes in B: X1 (xylose), X2 (xylobiose), X3 (xyl@se), 6, 24, 48 (number of h incubation), and @nfrl
with insoluble xylan only).

From the TLC results in Figure 5.2A, it can be ofed that the crude fraction was able to
degrade insoluble birchwood xylan to form smalleoducts as compared to the products
present in the crude control. At 24 h incubatihve, formation of xylose becomes apparent.
From the TLC results where only the purified MECswacubated with insoluble birchwood
xylan in Figure 5.2B, smaller products were prognedy formed during the incubation.
Initially, after 6 h, very small amounts of xylaise could be seen which increased with
increased incubation time. At 24 and 48 h, xylsbiavas present, as well as xylotriose and
other products. No xylose was formed by the MBE&@neafter prolonged incubation periods

of up to 120 h (data not shown).
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5.4.5 pH optima of various enzymes in the crude andlEC fractions

The pH optima for various enzymes in the crudetiiacare displayed in Figure 5.3A-D and
the pH optima for the MEC are displayed in Figur8H. The pH optima were performed
to determine the pH at which zymograms could bedooted to identify different enzymes

present in those fractions.

The pH optimum for xylanase activity in the crudaction (5.3A) and MEC (5.3E) are very
similar. From Figure 5.3 it can be observed thgdxase activity remained constant between
pH 5.0 and pH 7.0, with the optimal pH betweendh@ 7.0 in the crude. The MEC fraction
displayed a slightly higher activity at pH 5.0. Wiver, the standard deviation for this data
point was quite large. The complexed xylanaseviagtdisplayed a higher level of residual
activity at alkaline pH than at acidic pH with appimately 50% of the optimal activity still
present at pH 10.0 and about 30% still presentHallp.0. At pH 3.0, the activity virtually
disappears. It should be noted that at low pHbeéncitrate buffer, precipitation of the MEC

was observed which could account for the markedatszh in activity.

The graphs of pH optima for pectinase activity igufe 5.3B and F were characterised by
large standard deviations which could not be dese@aeven with repeated attempts to
measure these optima. The reasons for the vadate are thought to be as a result of the
behaviour of the substrate which has a high backgt@bsorbance and behaves differently
at the different pHs. However, this data only sdnas a guideline for preparation of

zymograms. The crude fraction displayed a pH optmat pH 8.0 and what appears to be
another peak at pH 10.0-11.0. In contrast, theimese activity in the MEC fractions had a

pH optimum at pH 7.0 and then again at pH 10.0-11.0

The pH optima for mannanase activity in the crudd MEC fractions are displayed in
Figure 5.3C and G. The two graphs show substadiffdrences, with the crude fraction
displaying a pH optimum at pH 8.0 with another dergbeak at pH 5.0. The MEC fraction,
on the other hand, displayed optima at pH 6.0-Adagain at pH 9.0.
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Figure 5.3. The pH optima of xylanase, pectinasepannanase and endoglucanase activity in the crude
fraction (A-D) and the MEC fraction (E-H). Values are presented as mean values + SD (n=2)

The optimum pH for endoglucanase activity is digpthin Figure 5.3D and H. In the crude
fraction the optimum was between pH 5.0-6.0 andetlappeared to be another small peak of

activity at pH 9.0. The MEC fraction displayed pptima at pH 6.0 and pH 9.0.
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5.4.6 Electrophoresis and zymogram patterns for therude and MEC fractions

of a birchwood xylan culture

SDS-PAGE was conducted on the crude and MEC frastimllowed by zymogram analysis
for xylanase, endoglucanase, mannanase and pecttsity at various pHs based on the
pH optima data in Figure 5.3. The SDS-PAGE andagmam patterns for the crude fraction

are displayed in Figure 5.4 while Table 5.3 is msary of these results.
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Figure 5.4. SDS-PAGE and zymograms of the crude fadion of a birchwood xylan culture. Lane 1
represents the separation of proteins from a coirdewood xylan extract on a 10% SDS-PAGE gel dathed
with PageSilvet from Fermentas. Lane 2 - zymogram with 0.1% (V@¥JC at pH 6.5; Lane 3 - zymogram
with 0.1% (w/v) birchwood xylan at pH 6.5; Lane 2ymogram with 0.3% (w/v) apple pectin at pH 7.5hw%
mM CaCl; Lane 5 - zymogram with 0.1% (w/v) locust bean gainpH 6.5; Lane 6 — zymogram with 0.1%
(w/v) locust bean gum at pH 8.5.

More than twenty-three protein species were vis#titer silver staining (Figure 5.4, lane 1)
and their approximate molecular weights were surnsedrin Table 5.3. Some fainter bands
were also visible while some proteins appear adblétai The CMC zymogram patterns in
Figure 5.4 (lane 2) displayed three bands withvagtat approximately 25-27 kDa, at 30-32
kDa and at 55 kDa. At 30-32 kDa it appears asghdwo active bands could be present on

top of each other. This zymogram was carried opta6.5, but a zymogram carried out at
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pH 5.5 displayed the same result. A zymogram a®ptid not show any clear bands with
activity. This may be due to the concentratiompiaftein, active at that pH, being too low or

not being stable enough for the long incubationgaerequired.

The zymogram of xylanase activity (Figure 5.4, |&)eresulted in the detection of seven
bands exhibiting activity on birchwood xylan at epppmately 20 kDa, 38 kDa, 42 kDa, 45
kDa, 48 kDa, 54 kDa and 70 kDa.

The zymogram on the pectin substrate (Figure ade 4) exhibited a red-purple band at
approximately 38 kDa while a clear band was visdilapproximately 70-72 kDa.

The proteins active on locust bean gum are disgdlageFigure 5.4 (lane 5 and 6). The
zymogram in lane 5 was carried out in 50 mM phosphaffer at pH 6.5 and displays two
bands with activity at about 25 kDa and 40-42 kD&e zymogram in lane 6 was performed
in 50 mM Tris-HCI at pH 8.5 and displays an acthaad at about 53 kDa.

Table 5.3 provides a summary of the molecular wsidbr the crude fraction as identified
from the silver stained gel, as well as the adggsitdentified for each band. As the clear
bands on the zymograms are often broad and difiadees for active bands are approximate.
In a few cases, certain proteins appear to havalifierent enzyme activities.
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Table 5.3. The proteins in the crude fraction andhe identified enzyme activity present for each prain
as identified through zymogram analysis. Xy = xylanase, C=endoglucanase, M=mannanase,
PL=pectin/pectate lyase, PME=pectin methyl esterase

CrudeMW | Xy |[C | M |PL | PME

131.9
87.5

79.2

71.2 X X
59.5
56.6 X
53.8 X X
51.2
49 X
45.8
44.2
41 X X
39.7 X
38.1 X
35

32.3
30.8
28.2
26.7 X
24.4 X
22.6
21

19

SDS-PAGE analysis of the MEC fraction was condueted zymograms to detect xylanase,
endoglucanase, pectinase and mannanase activieycaeried out. The SDS-PAGE results
displaying the protein bands and zymograms for MiEC are shown in Figure 5.5.

Seventeen protein species are visible after siagiag (Figure 5.5, lane 1) and their

respective molecular weights are summarised iner'all.

Zymograms for the MEC fraction were done under shene conditions as for the crude
fraction. The zymogram on CMC (Figure 5.5, lana@plays two bands at 25-27 kDa and
30-32 kDa. The band at 55 kDa that was presetitercrude fraction was no longer present

in the MEC. The zymogram on birchwood xylan (Fey&.5, lane 3) exhibited the same
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number of clear bands as the crude fraction witivadands at approximately 20 kDa, 38
kDa, 42 kDa, 45 kDa, 48 kDa, 54 kDa and 70 kDahe Tymogram on pectin (Figure 5.5,
lane 4) exhibited a clear band at 70-72 kDa, simidahat found in the crude. However, the
dark purple band was no longer present in the MERe zymogram with locust bean gum in
the gel (Figure 5.5, lane 5) displayed two bandsHa6.5, at 25 kDa and 41/42 kDa. These
two bands were also present in the zymogram otthde fraction. The mannanase-active

band at approximately 53 kDa that was found at @Ha&s no longer present in the MEC.

1 2 3 4 5

79
71
60
70
56,54

48,460 54
a B . i
3336 2

38
30mp 30/320p
28, 260
25/270p

22,218

19 20
’ a—

Figure 5.5. SDS-PAGE and zymograms of the MEC frona birchwood xylan culture. Lane 1 represents
the separation of proteins from the MEC from albivood xylan extract on a 10% SDS-PAGE gel and sthin
with PageSilvet silverstaining kit. Lane 2 - zymogram with 0.1%\) CMC at pH 6.5; Lane 3 - zymogram
with 0.1% (w/v) birchwood xylan at pH 6.5; Lane 2ymogram with 0.3% (w/v) apple pectin at pH 7.5hw%
mM CaC}; Lane 5 - zymogram with 0.1% (w/v) locust bean gatrpH 6.5.

Table 5.4 provides a summary of the molecular wsidgbr proteins found in the MEC

fraction and the corresponding activity found facle band. It appears as though the
mannanase and xylanase active bands at approxymekDa could be the same protein
displaying different activities. However, from tkdverstained gel, it could be possible that
two proteins co-eluted at that position. It appedurthermore, as though one protein at
approximately 27 kDa displays both mannanase addgincanase activity. However, it is

again possible that these could be two differentgins as the precise sizing of zymogram

bands can become difficult where clear zones &yhtbi broader.
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Table 5.4. The proteins in the MEC fraction and thddentified enzyme activity present for each protei as
identified through zymogram analysis.Xy = xylanase, C=endoglucanase, M=mannanase, Pltinfctate
lyase, PME=pectin methyl esterase

MECMW | Xy | C M |PL |PME

79.8
71.2 X X
59.5
56.6
53.8
51.6
48

45.8
41.5
38.4
36.3
30.2 X
28.7
26.8 X X
22.4
21.2
19

X

XX | XX
x

From the summary in Table 5.4 it becomes appahentthere are several proteins present in
the MEC fraction that did not display any activity the substrates and under the conditions
examined. These could be enzymes with a diffemenvity that was not tested, or could be

inactive enzymes or non-catalytic proteins.

Non-denaturing polyacrylamide gel electrophoresatiye PAGE) was conducted using the
MEC. However, the complex was so large that urter conditions utilised, it did not

migrate from the wells into the gel (data not shpwnThe zymogram analysis using
birchwood xylan in an overlay revealed that all #ybanase activity had remained in the

loading wells and was thus associated with the Mdi&Ea not shown).
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5.4.7 Protease activity

The crude culture was found to display some preteasivity as small clearing zones were
observed around wells after the incubation periadjcating degradation of the protein

substrate within the agar.

5.5 Discussion

Enzyme assays demonstrated that xylanase actiasytie most prominent enzyme activity
present in both the crude and MEC fractions. Rerdnzyme assays, both birchwood xylan
and oatspelt xylan were used as substrates faredmon that the compositions of these two
substrates are very different. Birchwood xylan sists of 94.1% xylose residues, 1.4%
glucose and 4.5% galactose whereas oatspelt xybesists of 52.5% xylose, 22.3%
arabinose, 15.7% glucose and 9.5% galactosest(hl., 2000). High activity on oatspelt
xylan would generally require the presence oef-arabinofuranosidase and perhaps
glucuronidase andi- or B-galactosidase enzymes to remove the high conciemtraf
arabinose, glucose and galactose substituentsder do give access to endo-xylanases.
These substituents may pose a steric hindranasdim-xylanases, although differences would
exist between the ability of family 10 and famil§ kylanases to overcome this hindrance
(Biely et al., 1997). The high enzyme activity on oatspelt ryfaund in the crude could
indicate the presence of anL-arabinofuranosidase in this fraction. The dramdtiop in
activity on oatspelt xylan in the MEC probably icglies that the-L-arabinofuranosidase is
no longer present in the MEC fraction. Based anphttern of growth on birchwood xylan
as displayed in the growth curve, the crude fracimtentially contains a glucuronidase
and/or a galactosidase which allowed the organisractcess substituent sugars from the
birchwood xylan as it was unable to utilise theasd. Release of sugars such as glucose or
galactose could account for the one peak observétkigrowth curve when reducing sugars
were measured. The other sugar peak is most ld®ely result of the release of xylose from
the birchwood xylan. HoweveB. licheniformis was unable to grow on the xylose. The
diauxic growth pattern could therefore be as altegugrowth on the glucose and galactose
sugars initially, and thereafter the second grgvethk observed could be as a result of growth

on the other medium components such as the yeatsiceand peptone. It was found from
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observation thatB. licheniformis could be cultured on the medium without additional

carbohydrates or sugars (data not shown).

The crude and MEC fractions also had activity othkmectin and polygalacturonic acid and
thus both these fractions contain pectinases. gatdgturonic acid consists of long chains of
galacturonic acid residues, while pectin has thmesatructure, except that carboxyl groups
on the galacturonic acid becomes methylated (Setosel.2.7). Polygalacturonases (EC.
3.2.1.15) and pectate lyases (EC. 4.2.2.2) geyataplay a preference for polygalacturonic
acid or pectate, while pectin lyases (EC. 4.2.2di§play a preference for pectin. However,
many pectin and pectate lyases show activity dmeeisubstrate. In addition, pectin methyl
esterases, which cleave methyl groups from pectinld be present in either fraction. From
the enzyme assays alone it is difficult to speeulahich type of enzymes may be present
although zymogram results were performed in ordgarovide more information on the suite

of active enzymes in the crude and MEC fractions.

Although the crude fraction had some activity onio&Y, the TLC studies that were
conducted using crude supernatant and Avicel astsib, showed that no cellobiose or
glucose was formed after even lengthy incubatiores (data not shown). This indicated that
no true Avicelase activity was present, as Avicelagctivity generally refers to
cellobiohydrolase enzymes that are able to relealebiose as a product. Another type of
enzyme such as an endoglucanase was possiblyoatyieate reducing ends in the Avicel that

allowed a reaction with the DNS assay, thus giangw activity reading on Avicel.

Based on the presence of high xylanase activityth organism, the inability oB.
licheniformis SVD1 to utilise xylose was unexpected. It shdutdnoted that the inability of
an organism to utilise a sugar such as xylose thaurgh it produces high xylanase activity is
not uncommon. C. thermocellum was found to possess various cellulosomal and non-
cellulosomal xylanases, as well aB-aylosidase, yet was reported as unable to growhisn
monomer sugar (Morag al., 1990). Five xylanases have been identified enaillulosome

of C. thermocellum alone (Bayekt al., 1998b). As Moragt al. (1990) stated: “It is difficult

to comprehend why a bacterium which fails to grow (@r utilize) xylose would be
energetically encumbered with a complex set of nglgic enzymes capped with a

seemingly superfluoug-xylosidase. There may still be a cryptic ecolobiadvantage in
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retaining the xylanase system@thermocellum, and the loss of a key enzyme (e.g., xylose

isomerase) may have prevented the utilization @seyin this organism.”

One could hypothesise that the complex nature ait@tructure necessitates the removal of
hemicellulose such as xylan before an organismdcaatess the cellulose, its “true” carbon
source, thus explaining the presence of xylanastswyever, in the case &. licheniformis
SVD1, it does not appear to have enough celluleseity to indicate that cellulose would be
a main carbon source.

The ability ofB. licheniformis SVDL1 to utilise glucose and cellobiose raiseshierriguestions
regarding the preferred carbon substrate of tlgarism. Utilisation of cellobiose indicates
that the organism most likely possess@sghucosidase in order to cleave the cellobiose into
glucose subunits. However, it has been demondttate the organism expressed only low
levels of endoglucanase activity in various medid anly with certain substrates was any
exoglucanase activity induced (See section 3.4lR}hus appears that the organism, while
able to utilise glucose, would be unable to acaeem substrates such as cellulose as the

enzymatic degradation of such substrates was weffigient.

However, it is ill-advised to study an environménsalate such aB. licheniformis without

considering the array of complex interactions timaly exist between this isolate and other
microorganisms in the natural environment. Itikelly that some symbiotic relationships
may exist to allow one organism to utilise the preid of degradation from another organism

and vice versa.

It is interesting to note that mannose was the tmicellulose sugar that was utilised at
high levels byB. licheniformis SVD1. Mannanase activity was found in all cultonedia

and the highest activity was present when the asgamwas cultured on locust bean gum (See
chapter 3). It therefore appears thatlicheniformis SVD1 was able to degrade mannan
effectively based on the high enzyme activitieslasust bean gum and also utilise it as a
carbon source. Since mannan does not occur as @oiynm nature as substrates such as
cellulose or xylan, this may indicate that the oWgen occupies a specific niche in the

environment (See section 1.2.6).

118



Chapter 5 — Characterisation of MEC

B. licheniformis SVD1 had the ability to utilise arabinose and g@lse to some extent.
Arabinose and galactose are generally sugars tleauroas substituents on other
polysaccharides such as mannan or xylan. In tse o& arabinose, an enzyme such as
arabinofuranosidase would be required to releasestigar from the main backbone while a
galactosidase would be required in the case otctya substituents (see sections 1.2.5 and
1.2.6).

When observing the growth curve, most of the xysanactivity was found in the supernatant
at an early stage of growth and only a small paeggnwas associated with the cells. This is
not unlike the expression of xylanase @ cellulovorans where the large majority of
xylanase was expressed in the supernatant (Kesabi 2001). However, the growth curve
observed in this instance was very unusual, showimgttern of diauxic growth which is
normally only observed where two energy sourcegpegsent in the medium. This pattern of
growth is often present under conditions of catiédaoepression, but it is not clear whether it
was the case in this study. Only one carbon sowas used in the medium, namely
birchwood xylan. However, birchwood xylan also @ons approximately 1.4% glucose and
4.5% galactose subunits (&i al., 2000). Based on the results as reported in @eéti.2,
the organism was unable to utilise the xylose geedrfrom enzymatic degradation of the
birchwood xylan. Thus it is possible that theialjtbrief growth peak observed was as a
result of utilisation of glucose and galactose whigas cleaved from the birchwood xylan.
However, since such a limited amount of these sugare available, growth ceased and

therefore an initial growth peak was observed.

When the formation of reducing sugars during cedngh (Figure 5.1C) was observed, it was
apparent that both increases in growth were precbge sharp increase in reducing sugars
in the medium, suggesting that the growth patteas saused by the release of sugars from
the xylan substrate. However, after the secongase in reducing sugars no reduction took
place. Although enzymatic activity continued t@guice sugars in the medium, most likely
xylose, the organism was unable to utilise the sgloAnother peak of growth was observed
at this stage, but this did not coincide with auttn in sugars in the supernatant as initially
observed. In fact, the reducing sugars in the oredemained relatively constant even after
prolonged incubation. If the organism was unablgrow on the xylose, it must have been

able to grow on other components of the mediumhaut the addition of carbohydrates and
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sugars, which has been observed (data not showms may explain the pattern of growth
observed, namely that the medium components sutheageast extract and peptone were

able to sustain growth after the glucose and gadachad been used.

From the TLC results, the formation of xylose aftecubation with the crude fraction
indicated thap-xylosidase was probably present in the crude eelitdlar supernatant as this
enzyme was required to cleave xylobiose into xylegbunits. Thusp-xylosidase was

probably not present in the MEC fraction as no gglavas formed.

pH optima studies were conducted for endoglucanagdanase, pectinase and mannanase
activity in order to optimise zymogram condition§he pH profiles for xylanase activity in
the crude fraction and MEC were virtually identiedlile the endoglucanase pH profiles also
display substantial similarities. However, thetpese and mannanase pH profiles differed
substantially between the two fractions. This¢atied that the enzyme composition between
the crude and MEC fractions differed substantiallihis was in fact found specifically with

respect to pectinase and mannanase activity alsecaeen from zymogram analysis.

The pH optima for various enzymes ranged from p#i t6. pH 11.0, indicating that the
carbohydrate degrading systemBoflicheniformis SVD1 can operate at many different pHs.
Xylanase activity was very stable over this enfité range. From the growth curve it was
apparent that the pH changed dramatically duringwtir over the incubation period.
However, xylanases would be able to operate ovewtiole range of pH found in the growth

medium.

When the silver stained protein pattern in Figureis compared to the protein patterns from
Figure 3.2 from the same culture, it is noticeahks far more protein bands are observed in
Figure 5.4. This can be ascribed to two factoasnely the amount of protein loaded on the
SDS-PAGE gel and the staining method. In Figug &pproximately 1(g of protein was
loaded per lane and PageBlue® staining used, whiehCoomassie-based stain. In Figure
5.4, approximately 2ig protein was loaded per lane and Pagesilver® gkE@rmentas) was
used, which is a silver staining method with higkensitivity. The amount of protein that
was initially used (1@ug) was based on various considerations. In teealiire on MECs, it

was common to load large amounts of protein on PBSE gels (Cavedod al., 1990-15
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ug; Jianget al., 2006-25ug; Moraget al., 1990-up to 1qug; Pasoret al., 2006-100ug). Han

et al. (2005) used low amounts of protein (fj) but was able to achieve staining with

colloidal Coomassie dye. With this work it was fiduthat with protein levels below 6i&)

per lane it was impossible to achieve staining idomassie-based stains. However, with a
large amount of protein loaded in a lane, separatias difficult and often aggregated protein

was visible at the top of the resolving gel. Tliuappears possible that, with high protein

levels, some of the proteins remained aggregateldwas not able to resolve adequately,

accounting for the variability in activity observedthese experiments.

When observing zymogram patterns for the crudeifmacit becomes clear that the result for
zymograms on birchwood xylan was very differentrrthe zymogram pattern of the crude
birchwood xylan culture in Figure 3.2 where onlyeth bands at about 20-21 kDa, 40- 42
kDa and at 45 kDa were visible. Although thesedsawere still present, additional bands
had now become visible. This can be ascribed togumwer levels of protein for the
zymogram (2ug), as well as much longer incubation times to tgvdhe zymogram.
Previously incubation took place for 2 or 3 h, whitcubation times of up to 18 h were used
in this case. Furthermore, boiling of samples weakiced from 5 min to 45 s after it was
determined that sufficient denaturation was aclidef@ proteins to separate adequately.
Below 45 s boiling time proteins did not separate @ 10% denaturing gel during
electrophoresis. It is therefore possible thatesainthe xylanases were more susceptible to
inactivation or denaturation when exposed to hegghperatures for a longer period of time

and this could account for the additional bands mimible.

The zymogram on pectin for the crude fractions ldigp an interesting result with one red-
purple band and one clear band visible. When isigiwith ruthenium red, pectin methyl
esterases (PME) would display a red-purple bandeavaetivity was present, whereas pectin
or pectate lyases (PL) would display a clear batmbéyashiet al., 2003). A purple band
representing a PME was visible at approximatelkB8, while a clear band indicating lyase
activity was visible at approximately 70-72 kDaheTPME band was first observed when the
zymogram was performed at pH 6.5. At this pH, ¢hear band with lyase activity was
absent. However, when the renaturation and incubauffers were changed to pH 7.5 with
the addition of 5 mM Cagla clear band was observed. It should be notadhle change of
pH to 7.5 and the addition of 5 mM CaGlppeared to affect the activity of the PME as the
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purple band at 38 kDa as it was lower in intensifjt 0.2 mM CaClJ, the lyase band was
very faint and increased in intensity with an imse in calcium concentration (data not
shown). It is generally accepted that pectatedydmve a requirement for calcium, but that
pectin lyases do not (Soriambal., 2005) (See also section 1.2.7). Thus it appiisthe
enzyme at 70-72 kDa could be a pectate lyase wdisih has activity on pectin. However,
although it was reported by Soriaetcal. (2005) that pectin lyase is not activated by caiti
several reports claim activation of pectin lyasgschlcium (Adejuwon & Olutiola, 2007;
Kester & Visser, 1994; Wijesundeetal., 1984). It is thus not clear whether activation b
calcium provides a clear distinction between peatid pectate lyases. It should be noted
that the clear band at 70-72 kDa was also preskahwhe zymogram was performed using
0.1% (w/v) PGA instead of pectin in the gel (date shown). While it is generally correct
that pectate lyases have activity on pectate (P®Rgreas pectin lyases have activity on
pectin, this distinction is not always this defingad many pectate lyases may have activity
on pectin and vice versa, although lower than srpreferred substrate (Schnitzhoéesl.,
2007).

It is apparent that the same protein band at ajpmairly 70-72 kDa has both pectin/pectate
lyase activity as well as xylanase activity (Tabl&8). While the literature reports, in one
instance, a xylanase with activity on amylopec@hdshet al., 1980), to our knowledge no
reports have been published regarding a pectirdfgebiase with cross-activity on xylan. It
is possible in this case, that there are in fac tfferent proteins of similar size present

within the crude culture.

The bands at 40-42 kDa as well as 53 kDa in théecfuaction, appear to display both
xylanase and mannanase activity. So many progesmgresent in the crude fraction that it is
conceivable that these are two different protefr&nilar size. However, there are reports in
literature of xylanases having activity on glucomam (Fournieret al., 1985; Lappalainen,
1986; Mansouet al., 2003) and a mannanase having activity on xylang@kt al., 2006b).
Thus it is possible that one enzyme may display diterent activities. While the main
catalytic activity of an enzyme may be used forcissification, enzymes often have cross-

reactivity on other substrates.
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Based on the summary in Table 5.3, there were rbangs that did not display any activity
on the substrates tested. However, considerirghigawas a crude fraction, it was expected
that other proteins would also be present in thigction, not only cellulolytic or

hemicellulolytic enzymes. Furthermore, enzymesagf-xylosidase were not tested when

TLC results have indicated that this enzyme is rksly present in the crude fraction.

The MEC fraction exhibited approximately 17 progsespecies. Some of the large proteins
that were present in the crude fraction were abfem the MEC fraction. Again, the
proteins that were visible differed from the SDSGH gel displayed in Chapter 3 where
only about 5 protein bands were visible, but thesoms for this has been discussed. When
looking at other MECs in the literatur@, thermocellum has displayed up to 50 protein bands
on SDS-PAGE gels (Schwarz, 2001) although Zvedbwal. (2005) reports 71 potential
cellulosomal components from the genome sequenCetbérmocellum. The cellulosome in

R. albus displayed 15 bands on an SDS-PAGE gel with 11rgpgndoglucanase or xylanase
activity (Ohareet al., 2000). The two MECs iR. curdlanolyticus displayed 8 and 7 proteins,
respectively (Pasoet al., 2006).

From the summary in Table 5.4 it becomes appateatt there are several proteins in the
MEC fraction that didn’'t display any activity onedlsubstrates tested. With the substrates
used, 9 out of the 17 proteins displayed activityis possible that they were not tested under
the right conditions and as a result did not digpletivity. Alternatively, some of the smaller
proteins that didn’t display activity could haveebefragments of enzymes that were no
longer catalytically active as a result of cleavageproteases. However, the larger proteins
could also be non-catalytic, such as a possibl#adden protein analogous to that found in
the cellulosome. These proteins generally do rspay any activity and serve as a structural
protein for the complex, although ScaAAncelulolyticus is one of the few examples of a
scaffoldin with a catalytic site (Xat al., 2004). The scaffoldin protein has generally been
considered to be a large protein and, until a feary ago, the smallest reported scaffoldin
was that inC. josui at 120 kDa (Kakiuchét al., 1998). However, analysis of cellulosomes in
A. cdlulolyticus and inR. flavefaciens has revealed scaffoldin proteins as small as 88 kD
(ScaD) (Xuet al., 2003; Xuet al., 2004) and 90 kDa respectively (Rincetral., 2003). A
technique such as N-terminal sequencing would @\ used in order to properly identify

these proteins. It was an aim of this study tdquar N-terminal sequencing on proteins to
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accurately identify them. However, too little tofaotein was electrophoresed to detect

individual species after electroblotting.

The presence of protease activity in the crudeupedt could indicate that proteins found
within the supernatant are potentially degradedrdfeing secreted into the culture medium,
resulting in fragments of proteins being observiedSDS-PAGE gels. The SDS-PAGE
results have shown numerous protein bands, althougty of them did not have enzyme
activity. However, many of these bands could brentxl as a result of proteolytic cleavage
which has been found in other organisms (Jetral., 2006a).

These results can be compared with reports iratilee on various strains Bf licheniformis

to determine similarities with strain SVD1. Relyal. (2004) reported on the completed
genome sequence & licheniformis ATCC 14580 and indicated that this strain had two
putative endoglucanases belonging to glycosidedigsge families GH9 and GH5, a probable
cellulose-1,48-cellobiosidase of family GH48 and two genes fbglucosidases. They
concluded, therefore, that this strain had allréguired enzymes for utilisation of cellulose
and its conversion into cellobiose and glucoseis Gnoup furthermore confirmed that they
found this particular strain capable of growing@KIC as a sole carbon source (Rewl.,
2004). While the zymogram data from this studystmain SVD1 indicated the presence of
three enzymes active on CMC, activity on this substin enzyme assays were found to be
low. Growth on CMC was also found to be poor (datashown). Although strain ATCC
14580 is reported to possess a gene for a celldldgecellobiosidase (cellobiohydrolase), it
does not appear to contain a signal peptide arréftre is not released extracellularly (Rey
et al., 2004).

With respect to cellulases and cellulose utiligatideithet al. (2004) reported on the genome
sequence oB. licheniformis DSM 13. This strain, similarly, also containsedrendo-
glucanases, a cellulose J34ellobiosidase and some glucosidases, éavgducosidases and
one B-glucosidase (Veittet al., 2004). Numerous other reports exist in literattor the
isolation of endo-glucanases from various strainB.dicheniformis (See Table 2 in section
1.4 for a summary). Liet al. (2004) even reports onBa licheniformis strain GXN 151 that
was able to degrade Avicel efficiently. This dtlgacontradicts the results found in this

study and thus it appears as though large diffe®mxist between various strains of this
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organism. In fact, when conducting TLC with thade fraction fronB. licheniformis SVD1
and using Avicel as a substrate, no cellobioselwroge was found to be released (data not

shown).

Only one xylanase was reported to be present igéineme oB. licheniformis DSM 13 or
ATCC 14580 although many genes appear to be prasédmtse genomes for the degradation
of arabinan substratesréinan endo-1,5-arabinase, arabinan endo-1¢5+-arabinosidase)
and for cleavage of arabinose from substratesgrabinofuranosidase) (Rey al., 2004;
Veith et al., 2004). There are also many reports in literatdirendo-xylanases isolated from
various strains oB. licheniformis (see Table 1.2 of section 1.4). When comparethéo
results in this study, there appears to be up verseylanases present B licheniformis
SVD1, while the presence efL-arabinofuranosidase was predicted from the agtioit
oatspelt xylan. Again it appears as though maifigréinces exist in this regard between

strains.

In this study, we furthermore found three differeminnanases and high activity on locust
bean gum as well as the ability to utilise mannosthe same extent as glucose. However,
literature reports indicate the presence of onlg anannosidase in the genome Bf
licheniformis DSM 13 or ATCC 14580 although Refal. (2004) reported the presence of a
B-mannanaséReyet al., 2004; Veithet al., 2004) (see section 1.2.6).

B. licheniformis SVD1 appeared to possess a pectin methyl estaggell as a pectin or
pectate lyase from zymogram data. Veithal. (2004) reported on the presence of four
pectate lyase genes B licheniformis DSM 13, as well as a gene encoding for a pectin
methyl esterase. Other reports in literatureralidate the presence of pectate lyase in other
strains ofB. licheniformis but no reports of a pectin lyase are available (Bable 1.2 of

section 1.4).

It is also reported in literature thBt licheniformis has axyl regulon encoding for xylose
utilisation (Scheleget al., 1991) and the genome sequence®Bfdicheniformis strains DSM
13 and ATCC 14580 both contain a gene for xylosenexise, the key enzyme required for
xylose utilisation (Reyet al., 2004; Veithet al., 2004). Thus it appears as thouBh
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licheniformis SVD1 may have a mutation that prevents expressidhis enzyme or renders

this enzyme inactive. This will have to be furtivarestigated.

It must therefore be clear that, while comparisaith weports in literature can provide
valuable information, numerous differences exitiMeen various strains &. licheniformis

and thus the characteristics of each strain habe &xamined individually.

5.6 Conclusions

The cellulolytic system oB. licheniformis displayed a variety of enzyme activities on a eang
of substrates and included endoglucanase, xylanasenanase and pectinase activity. All
these activities were also found in the MEC althouglanases were by far the predominant
enzyme activity present in both the crude and ME&ttions. B. licheniformis SVD1
therefore seems to occupy a niche in the envirohfoemhe utilisation of hemicellulases.

Based on zymogram analysis there were three enchrmghises, seven Xxylanases, three
mannanases and two pectinases in the crude frawtiole the MEC had two endoglucanases,
seven xylanases, two mannanases and one pectifiégepectinases in the crude could be
identified as a pectin methyl esterase and a Iyak#e the methyl esterase was absent in the
MEC.

B. licheniformis was unable to utilise xylose sugars, but was &blatilise glucose and
mannose; and, to a lesser extent, cellobiose,ravabiand galactose. This characteristic was
apparent when the unusual pattern of growth irgtbath curve was analysed as sugars were
produced but not utilised. It seems curious thmabeganism would produce high levels of
xylanases, and most likelyfaxylosidase based on TLC results, yet be unablgilise the
products of enzymatic degradation. However, thés/ have some practical application in
biotechnological processes such as bioethanol ptimsiu  Utilisation of sugars by the
organism itself would reduce the amount of sugaasi@ble for bioethanol production and by
choosing an organism with these characteristicghdri levels of bioethanol could be
obtained.
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As a cellulolytic and hemi-cellulolytic system isrgerally very complex, future work could

include the investigation of other enzymes that in@yresent within the cellulolytic system

of this organism such as glucuronidase, galactesidarabinofuranosidase, etc. Cloning of
genes for various enzymes could also be undertéikadentify and characterise various

enzymes.

In the following chapter the xylanase activity witlthe MEC is further investigated as this is

the most prominent enzyme activity found withirstbrganism.
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CHAPTER 6 - THE EFFECT OF pH, TEMPERATURE AND
CHEMICALS ON COMPLEXED XYLANASE ACTIVITY IN  BACILLUS
LICHENIFORMIS SVD1

6.1 Introduction

An investigation into the characteristics of anyene gives valuable information about the
preferred environment the enzyme requires for agiticatalytic activity. When the enzyme
can potentially be used in biotechnological appitces, this information becomes vital to

ensure the design of an optimal environment forimakefficiency.

Standard characterisation includes the determimatd optimal pH, temperature and
temperature stability. The inhibitory or activataffect of possible compounds expected to

be present within a bioreactor environment on eregctivity can also be determined.

The effect of the following compounds on complexgthnase activity was measured in this
study: calcium, EDTA, xylose, xylobiose and ethandn important reason for measuring
the effect of calcium is the role it has been shoavplay in dockerin-cohesin interaction in
the cellulosome. Choi and Ljungdahl (1996) dentastl that calcium was essential for
dockerin-cohesin interaction @. thermocellum and this was also shown fGr celluloyticum
(Fierobeet al., 1999). Calcium irC. thermocellum was shown to enhance activity of the
cellulosome (Johnsoet al., 1982), but Demaimt al. (2005) reported that the enhancement
was only with respect to the exoglucanase actwithin the cellulosome even though the

major endoglucanase in the cellulolosome had thireging sites for calcium.

EDTA, probably due to its ability to chelate thdcoam in the cellulosome, has been shown
to have an inhibitory effect on cellulosomal adyv{Demainet al., 2005; Johnsomt al.,
1982). EDTA has, in fact, been shown to allow altsgstion of the cellulosome of.
thermocellum under mild conditions, allowing for the separataircomponents (Moragt al.,
1996). It is interesting to note that, after tneant with EDTA, the protein species in tGe
thermocellum cellulosome showed a variation in molecular weighith the formation of
truncated proteins (Demaahal., 2005).
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The products of enzyme activity are often foundhtubit the enzyme at high concentrations
through a negative feedback mechanism. For tlisorg the effect of xylose and xylobiose

on complexed xylanase activity was measured.

The broader purpose for studying MECs in microoigyas is to determine the possible role
these complexes may play in biofuel production. il&/B. licheniformis SVD1 does not
produce bioethanol itself, it may possibly be used co-culture with another organism such
as S cerevisiae for production of ethanol. In bioethanol prodoatithe tolerance of the
organism itself for ethanol is an important fadtmiconsider, as is the impact that ethanol has
on enzyme activity. Diest al. (2003) established that organisms producing baveih(or
present in a co-culture for ethanol production)uwtichave a tolerance for ethanol greater
than 40 g/l. Research has been don€ottermocellum and the tolerance of this organism
for ethanol. Some ethanol-resistant strains haes lisolated that show 50% inhibition at 27
g/l (Demainet al., 2005). AC. thermosaccharolyticum strain has even been shown to
tolerate ethanol concentrations of 50 g/l and & ¢toncentration was only 50% inhibited
(Demain et al., 2005). A comprehensive review of the basis dfaebl tolerance in
microorganisms was reported by Jeffries and JirD@R0 However, few reports exist in

literature regarding the effect of ethanol on eneyantivity in a bioreactor environment.

6.2 Objectives

- To determine the pH optimum of complexed xylanastvidy within the MEC
fraction of a birchwood xylan culture

- To determine the temperature optimum and temperatability of xylanase activity
in the MEC

- To determine the effect of EDTA, CatCkylose, xylobiose and ethanol on xylanase
activity in the MEC
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6.3 Methods and materials

6.3.1 Enzyme assays

Enzyme assays were carried out as described iin8ex8.2.

6.3.2 pH optimum of complexed xylanase activity

The optimal pH of complexed xylanase activity wasasured using birchwood xylan as a
substrate. Enzyme assays were carried out inctipl at pH values ranging from pH 3.0-
10.0 in 50 mM citrate buffer (citrate-NaOH) (pH &®M), 50 mM potassium phosphate
buffer (pH 6.0-8.0) and 50 mM glycine buffer (glyeiNaOH) (pH 9.0-11.0) at 80 under
standard conditions.

6.3.3 The temperature optimum and temperature stality of complexed xylanase

activity

The optimal temperature of complexed xylanase #gtivas carried out using birchwood
xylan as a substrate and was determined by penfigrthie standard assay in triplicate at the
optimum pH (6.5) over a range of temperatures f&AC to 100C. An Arrhenius plot was
constructed for complexed xylanase activity usimg above temperature optimum data and
the apparent activation energy was calculated ftwslope.

The temperature stability of complexed xylanaséviigtwas determined by heating 500
aliquots of the complex at 85 over a period of 2 hours. Aliquots were remogegarious
time intervals over this period and stored on i8¢ the end of this period, the standard assay

was conducted in triplicate for each aliquot anthrgise activity determined.

6.3.4 The effect of various compounds on complexetizyme activity

The effect of EDTA and Caglwas measured on complexed xylanase activity with

concentrations ranging from 0-7 mM. The standashg was conducted in the presence of
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either EDTA or CaGl Controls consisted of each concentration of EFAaC) with the

enzyme, as well as a separate negative controlsuitstrate and EDTA or CaCl

The effect of xylose and xylobiose on complexedarglse activity was measured at
concentrations ranging from 0-1.5 mM. The standassgay was used with the xylose or
xylobiose included in the assay. The effectorifieint concentrations was included with

the substrate as a negative control.

The effect of ethanol on complexed xylanase agtiwas measured in the presence of
ethanol concentrations ranging from 0-50 g/l usthg standard assay conditions. An
additional control was incorporated with the enzyrmaad the ethanol at various

concentrations in order to exclude the possibiligt the protein is precipitated by the ethanol,

thus causing an inhibition.

6.3.5 Effect of varying substrate concentrations onomplexed xylanase activity

To determine the effect of varying substrate cotre¢ions on complexed xylanase activity,
assays were conducted under standard condtionsg usirchwood xylan substrate
concentrations between 3-10 mg/ml. The data wed te prepare a Hanes-Woolf plot from
which the Michaelis constant {X and the maximum velocity Q¥x) values for complexed

xylanase activity were determined (Garrett & Grishd999).

6.4 Results

6.4.1 pH optimum of complexed xylanase activity

The pH profile for complexed xylanase activity &grs in Figure 6.1 indicated that activity
was very similar between pH 5.0 and pH 7.0, with dptimal pH between 6.0 and 7.0. The
complexed xylanase activity retained a higher degifeactivity at alkaline pH than at acidic

pH with approximately 50% of the optimal activitylispresent at pH 10.0 and about 30%
still present at pH 11.0. At pH 3.0, the actiwigs negligible.

131



Chapter 6 — Effect of pH, temperature and chemicals

0.6

0.5 1

0.4 |

0.3

0.2 1

U/min/mg protein

0.1 |

00 T T T T T T T T T T T 1

Figure 6.1. pH optimum of complexed xylanase actityi. Activity was measured on birchwood xylan using
citrate-NaOH buffer from pH 3.0-5.8, potassium piteate buffer from pH 5.8-8.0 and glycine-NaOH buffe
from pH 8.0-11.0. Values are presented as mearesa SD (n=3).

6.4.2 The temperature optimum and temperature staftity of complexed xylanase

activity

The temperature profile for complexed xylanasevagtican be seen in Figure 6.2. The
optimal temperature appears to béGalthough the activity between %D and 66C was

very similar.
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Figure 6.2. Temperature optimum of complexed xylaase activity. Activity was measured using birchwood
xylan as a substrate under standard conditions #@@ to 106C. Values are presented as mean values + SD
(n=3).
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An Arrhenius plot (Figure 6.3) was constructed ¢domplexed xylanase activity using the

temperature optimum data as displayed in Figure @.Be apparent activation energy,(E

app) or the transition-state energy was calculét@th the slope according to the following
relationship: -2.303¥R and was determined to be 1331.8 J/mol.
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Figure 6.3. Arrhenius plot for complexed xylanaseactivity. The equation of the trendline y=-1.5491x +

4.8383, was used to calculated the apparent activahergy.

The temperature stability of complexed xylanaseviigtwas observed over a two-hour

incubation period (Figure 6.4).
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Figure 6.4. Stability of complexed xylanase actiwt at 55°C. Aliquots (500ul) of purified MEC was
incubated at 5% and removed after each time interval. Aliquotsevkept at 4T and then assayed for activity
using birchwood xylan as a substrate under standandlitions. Values are presented as mean valusb +
(n=3).

Within 30 minutes, the activity decreased to 75% after 2 hours incubation at %5 46%
of activity was still present.

6.4.3 Effect of EDTA and CaC} on complexed xylanase activity

The effect of EDTA and Cagbn complexed xylanase activity was measured (Eigus). It
was found that EDTA inhibited complexed xylanasg@vag at concentrations as low as 1
mM where activity decreased to 73% respectivelyrtiter inhibition was not observed with
increased concentrations of EDTA and relative @gtiverained around 70% for all the
concentrations tested. Ca®lad a very limited impact on complexed xylanadevigag and
only low levels of inhibition was found at conceattons of 3 mM and 7 mM where activity
decreased to 88% and 89% respectively. NeitherADdr CaC} had any effect on the
substrate control which remained constant, but bothpounds had an effect on the enzyme

control which was observed to decrease with ine@a$fector concentration.
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Figure 6.5. Effect of CaC} and EDTA on complexed xylanase activity.Assays were done using birchwood
xylan as a substrate under standard conditionsuegare presented as mean values + SD (n=3).

6.4.4 The effect of xylose, xylobiose and ethanal complexed xylanase activity

The effect of xylose and xylobiose on complexedargise activity was measured and the
data suggested an enhancement of activity in tesepice of these compounds (Figure 6.6).
At its highest levels, activity appeared to be 80% of the activity in the absence of any

xylose or xylobiose, even when taking the contifubf the controls into account.
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Figure 6.6. Effect of xylose and xylobiose on comgted xylanase activity. Assays were carried out in the
presence of xylose and xylobiose using birchwoodrxys a substrate under standard conditions. egadte
presented as mean values + SD (n=3)

The effect of ethanol on complexed xylanase agtiffigure 6.7) indicated that inhibition
took place at all the concentrations of ethandktesvhich gradually increased with increased
ethanol concentration. At 10 g/l 87% of activitasvstill present while at 50 g/l of ethanol
the activity decreased to 58%.
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Figure 6.7. Effect of ethanol on complexed xylanasectivity. Assays were carried out in the presence of
ethanol using birchwood xylan as a substrate us@erdard conditions. Values are presented as waaes +
SD (n=3).
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6.4.5 Effect of varying substrate concentrations onomplexed xylanase activity

The rate of complexed xylanase activity for eachcemtration of birchwood xylan substrate
was used to prepare a Hanes-Woolf plot (Figure 6E8dm this plot, the Michaelis constant
(Km) value was calculated as 2.84 mg/ml while the maxivelocity (Mnx) Was calculated as
0.146 U (umol/ml/min).
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Figure 6.8. Hanes-Woolf plot of initial velocity dda for complexed xylanase activity. Enzyme activity was
measured at standard conditions. Values représermnean of triplicate experiments. V isiimol.mr*.min™.
[S] is the concentration of birchwood xylan in mg'm

6.5 Discussion

The pH profile for complexed xylanase activity icalied that xylanase activity had a pH
optimum between 6.0 and 7.0, yet also exhibitedga kevel of stability over a wide pH
range. At pH 9, 77% of maximal activity was splesent. Although the pH profile of the
multiple xylanases within the MEC was measurea@piild be useful to compare this result
with free xylanases. An optimum in this range ust&a common feature for xylanases in
bacilli as well as stability over a wide range &f (Beget al., 2001; Sunna and Antranikian,
1997).

137



Chapter 6 — Effect of pH, temperature and chemicals

The temperature profile indicated a clear optimuetwieen 56C and 66C. Some activity
(25%) was still present at 18D. According to Sunna and Antranikian (1997) most
characterised endoxylanases have optimal actiétwden 48C and 78C which correlates
with the data in this study. Beg al. (2001) lists the temperature optima of various
xylanases from bacilli which indicates that the onié4y have optima between %D and 76C.

At its optimal temperature of 86, complexed xylanase activity was not stable ferathy
period of time as it had lost 43% of its activifiyea an hour. However, when stored &€4

xylanase activity was stable for months (data hot\g).

The fact that complexed xylanase activity was iitbibby EDTA indicated that it required a
metal co-factor for activity. However, no actiatiwas observed in the presence of GaCl
and activity was slightly inhibited in the presemfecalcium. Sunna and Antranikian (1997)
reported that various bacterial xylanases werebitdd by calcium, including two xylanases
from Cellulomonas fimi and two fromClostridium stercorarium. Very few reports in the
literature indicate inhibition of xylanase activiby EDTA, although it has been found in
Thermotoga thermarum (bacterium) andAspergillus nidulans and Neocallimastix frontalis
(both fungi) (Sunna & Antranikian, 1997). Leeal. (2008) found that a xylanase fraBn

licheniformis displayed activation in the presence of GaCl

Some reports in literature propose that inhibitgn EDTA indicates a requirement by an
enzyme for calcium (Sellami-Kamouat al., 2008). However, EDTA would chelate any
divalent cations and thus it is not establishedctvitio-factor is required by xylanases within
the MEC. Further work would have to be carried mutonfirm the requirement of a co-
factor for xylanase activity. From the data instlstudy it is not possible to make any

conclusions with regards to the requirement ofiagaidor the structural integrity of the MEC.

It is generally accepted that the products of ddgran often cause inhibition of an enzyme
when present at high levels (Madigetral., 2003). This has been a common feature in the
case of cellulases that are inhibited by cellobisgecifically, but also by glucose (Sun &
Cheng, 2002). However, very few reports in literatwere found to suggest that xylanases
were inhibited in the presence of high levels ofogg and xylobiose. Inhibition of a
xylanase by xylose was reported for two specieCdfulomonas, C. fimi and C. uda
(Khanna & Gauri, 1993; Rapp & Wagner, 1986). Hogrewnany reports indicate a lack of

inhibition by xylose. Only one report was foundyaeding the competitive inhibition of a
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xylanase by xylobiose iHlumicola lanuginosa (Kitpreechavaniclet al., 1984). It is far more
common forB-xylosidase, which cleaves xylobiose into xylogebé inhibited by xylose and
xylobiose (Andradeet al., 2004; Bernieret al., 1987; La Grangeet al., 2001;
Pinphanichakaret al., 2004; Xuet al., 1991).

In this study, it was found that xylose and xyla@oappeared to activate the xylanases
present in the MEC even after taking the contrate iaccount. In the presence of these
compounds, xylanase activity was found to be erdgwhihy 30-50%. No reports were found

in the literature indicating a similar phenomendrhe manner in which these compounds are
able to cause an activation of xylanase activityasclear and this would have to be further

investigated.

Ethanol displayed an inhibitory effect on complexgthnase activity. However, the ethanol
tolerance of xylanases was very high as 58% aygtwias still present at 50 g/l. The
productivity of ethanologenic bacterial strains waported by Dieret al. (2003) to range
between 23-63 g/l. At the levels of ethanol meadun this study, high enzyme activity
would still be obtained with xylanases froB1 licheniformis SVD1 in biotechnological
applications for the fermentation of bioethandlisireported that cellulases have been shown
to be inhibited by ethanol, which, at a level of @0 caused a 25% inhibition of enzyme
activity (Taherzadeh & Karimi, 2007). Wu and Le©97) further reported inhibition of
cellulases of 9%, 36% and 64% at ethanol concemtiabf 9, 35 and 60 g/l, respectively.
This is very similar to the result obtained in thigdy where 22% inhibition of xylanases was
found at 30 g/l and 42% at 50 g/I.

A K value for xylanase activity was calculated as 2r@¢ml while the maximal velocity
(Vmex) Was calculated as 0.146 Wnfol/ml/min). This can be compared tq,Kalues for
other xylanases in bacilli where a wide range dfieswere found from 0.32-17 mg/ml (Beg
et al., 2001; Sunna & Antranikian, 1997). The kineticgraeters determined for complexed
xylanase activity in this study is therefore congide with data found in literature. M
values in literature are reported in units per mgtgn. However, in this study, the whole
complex was used rather than a purified xylanasehwtlistorts the specific activity per mg

of protein and therefore these values are not caabp@with values reported in literature.
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6.6 Conclusions

The physical, chemical and kinetic characterisattbncomplexed xylanase activity was
conducted in this chapter. It was found that caxetl xylanase activity had a pH optimum
between pH 6.0 and 7.0, but that activity was stalver a wide range of pH from 4.0-10.0.
The optimum temperature was found to b&®but more than 50% activity was still present
at 40C and 68C. Temperature stability at 85 was measured and after 2 h of incubation,
activity had decreased by 54%. The parameterpiband temperature were found to be

consistent with most xylanases reported in litesatu

Complexed xylanase activity was further found to ddightly inhibited by CaGl and
inhibited to a greater extent by EDTA. The inhdoit by EDTA appears to indicate that a
metal co-factor, which is chelated by the EDTAsgquired for xylanase activity.

Complexed xylanase activity was further shown t@btigvated in the presence of xylose and
xylobiose, both compounds which would be produ¢tsnzymatic degradation. It has been
reported that these compounds, in a few cases, @@ found to inhibit xylanase activity,
but no reports could be found that these compounaisld lead to the enhancement of
xylanase activity. It is not clear what the meabkanof such activation could be and this will

have to be further investigated.

Ethanol was found to inhibit complexed xylanasavégt which increased with increased
concentrations of ethanol, although 58% activitys\sall present at concentrations of 50 g/l.
Similar reports have been published on the intwbitof cellulases by ethanol, but no studies

were found on the effect of ethanol on xylanases.

The kinetic parameters for complexed xylanase #gtivere measured and the,Kalue was
calculated as 2.84 mg/ml while the maximal velod¥.x) was calculated as 0.146 U
(umol/min/ml). The K, value was found to be consistent with reportediesifor xylanases

in the literature.
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Understanding the physical, chemical and kinetiaratteristics of complexed xylanase
activity will assist in creating the conditions foptimal performance and productivity.
ShouldB. licheniformis SVD1 or the MEC itself be utilised in future forobechnological

applications, this study will greatly aid in thetopisation of conditions. For bioethanol
production specifically, the high degree of pH diah lack of product inhibition and ethanol

tolerance would be beneficial characteristics ichsa process.

In the following chapter, we explore further eviderio determine whether the MEC found in

B. licheniformis SVD1 could be a putative cellulosome.
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CHAPTER 7 - IS THE MULTI-ENZYME COMPLEX FOUND IN
BACILLUS LICHENIFORMIS SVD1 A PUTATIVE CELLULOSOME? —
A CRITICAL ASSESSMENT OF AVAILABLE EVIDENCE

7.1 Introduction

Over the past 26 years, the cellulosome has bedbmgaradigm for cellulolytic multi-
enzyme complexes. The interest in this complexdeen in its superior efficiency in the
degradation of crystalline cellulose as comparedrée enzymes (Johnsaat al., 1982).
Since the first report of its identification . thermocellum in 1983 (Lameckt al., 1983),
cellulosomes have been discovered in numerous atieoorganisms. The cellulosome is
described as a discrete and functional complex @ipecific molecular structure and not
simply a random aggregation of components (Baial., 2004). The basis of the molecular
structure of the cellulosome is the large, nondgatascaffoldin protein containing cohesin
domains to which catalytic modules, containing dotckdomains, bind. The interaction and
specificity of binding between the cohesin and @ockmodules dictate the structure of the
cellulosome (Bayeet al., 2004). Although cellulosomes in different organs have been
shown to have many unique structural featuresh#sés of this cohesin-dockerin interaction
has remained unchanged. Thus the key method @ottifitation of cellulosomes in an
organism has been bioinformatic analysis of gengueseces to identify proteins with
dockerin sequences, or a protein containing cohasidules that could serve a function as a
scaffoldin protein. However, the presence of cohelmains alone is not sufficient for
predicting a cellulosome. For instance, cohesmalas were identified in the genome of an
archaeal speciesArchaeoglobus fulgidus, although this organism does not possess a
cellulosome or even identifiable coding sequenaesgiycosyl hydrolases (Bayest al.,
1999). While this method is most effective forntlgying potential cellulosomes, gene
sequences are not always available and generdtiarwtole genome sequence, being very
costly, is not always feasible. Thus other feaurave been used to identify the presence of

a possible cellulosome in an organism.

Schwarz (2001) lists several features used to ifyecellulosome production in organisms.
One of these is biochemical evidence of a complewugh the use of size exclusion
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chromatography. Ae molecular weight of cellulosomes is varied and basn reported as
ranging from 650 kDa to 2.5 MDa (Det al., 2003). However, large protein complexes with
cellulolytic or hemi-cellulolytic activity have baefound that were not cellulosomes and
therefore size is merely one factor to be consatié¥mnget al., 2006).

A further feature is reactiowith C. thermocellum CipA scaffoldin protein antibodies should
these be available (Schwarz, 2001). Thirdly, tres@nce of cell protuberances when using
electron microscopy is often viewed as indicatitealulosome production (Scwharz, 2001).
An example of these cell protuberances as foun@. ithermocellum is illustrated in Figure
7.1. Figure 7.1A displays the cell surface, whea ¢rganism was cultured on cellobiose,
with the cellulosome visible as a resting structoinethe cell surface. When the same cells
were brought into contact with cellulose, thes¢imgsstructures formed protracted structures
to interact with the cellulose while remaining attad to the cell (Figure 7.1B). The cell

protuberances therefore appear to be only presentisible under certain conditions.

Investigating the presence of cell protuberancesp@ssible evidence for cellulosome
production assumes by implication that the MECsisoaiated with the cell for at least a part
of the growth period of the organism. However,reire cellulosomal organisms, this is not
always the case. In some organisms, suck.gsapyrosolvens, cells lacked cellulosome
clusters on their surface and only low enzyme dgtivas associated with the cells (Cavedon
et al., 1990). InC. cellulovorans, the cellulosome was reported not to form when the
organism was cultured on cellobiose, although tbewponents were secreted into the
medium and assembly took place in the presenceliol@se (Matanat al., 1994). Thus the
absence of cell surface structures does not medrathMEC cannot be a cellulosome. At
the same time, where cell surface structures det,ettiis does not constitute sufficient
evidence for a cellulosome. Lametdal. (1987) found that all cellulolytic bacteria hadlce
surface structures and, while some of these orgenisvere later shown to produce
cellulosomes, this was not the case for all thewoigis examined.
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Figure 7.1. Transmission electron micrograph of dks from C. thermocellum displaying the cellulosome

on the cell surface. In image A, cells were grown on cellobiose whiteirnage B, cells are interacting with
cellulose and form protracted structures betweerctils and the cellulose. Cells were stained waéttionized
ferritin. Three types of features are noted: thenatayer (m) of cationized ferritin particles arouthk entire
cell surface, the fibrous structures (f) which stmes connect two adjacent cells, and the nodulous
protuberances (p) which appear in large numbers thes entire cell surface. (Figures taken from Bage

Lamed, 1986)

Cationized ferritin was used to stain bacterial setfaces for the production of the images in
Figure 7.1. It is a cationic stain that is ableréact with bacterial cell surfaces which are
often negatively charged due to the presence ahanipolysaccharides in the glycocalyx
(Kenyonet al., 2005). Without this stain, it would not be ptsito view the cellulosome on
the cell surface. However, it should be considehad the entire glycocalyx will react with
this stain and this can be seen in Figure 7.1A wliee glycocalyx is visible as a thin layer
around the entire cell.

Activity on a crystalline cellulose substrate sashAvicel has generally been considered as a
characteristic feature of cellulosomes, althougheBat al. (2004), have pointed out that the
discrete nature of the cellulosome lies in its roolar structure rather than simply its
cellulolytic activity. InC. acetobutylicum, for instance, biochemical and genetic evidence
exists for the presence of a cellulosome, yet $&shil., (2002) could detect no cellulolytic

activity in this organism.

With the exception oR. flavefaciens, all scaffoldin proteins of cellulosomes have b&amd

to contain a CBM able to bind crystalline celluldBmi et al., 2003) (see also section 1.2.8).
This allows the entire complex to bind to the stdistto facilitate its efficient degradation.
This feature has also been used in some casesudy MECs to identify cellulosomal
characteristics (Pasahal., 2006).
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By comparing the MEC in this study with distinctachcteristics of cellulosomes, it may be
possible to gain a greater understanding of the MIBE assist with the elucidation of its

structural basis.

7.2 Objectives

- Toinvestigate the presence of a cellulosom. imcheniformis SVD1 through:
o Examining evidence for the presence of cell protabees using transmission
electron microscopy
o0 Examining the ability of the MEC fronB. licheniformis SVD1 to bind to
insoluble substrates
- To perform a bioinformatic analysis of the genonfieBolicheniformis DSM 13 and
ATCC 14580 to identify the presence of signaturguseces such as cohesins and

dockerins within these strains.

7.3 Methods and materials

7.3.1 Transmission Electron Microscopy (TEM)

Cells of B. licheniformis SVD1 were cultured in the medium as describedeittisn 2.3.4
using 0.5% (w/v) cellobiose or birchwood xylan. t&f48 hours of incubation, cells were
separated from the medium by centrifugation of lahguots for 1 min at 16,000g. Cells
were then prepared for TEM as described in Bayal. (1985). Cells were firstly washed in
0.9% (w/v) NaCl (saline) by centrifugation. Petigtsamples of cells were resuspended in
0.7 ml of saline. Karnovsky's fixative (0.3 ml).6lg NaH,PQ,, 0.27g NaOH, 10 mL 40%
(v/v) formaldehyde, 1.43 mL 70% (v/v) glutaraldekyd®8.5 mL distilled KHO) was added
and incubated for 20 minutes dC4 The fixed cells were then washed 3 times witine
and resuspended in 0.7 ml saline. Cells were treated with cationized ferritin stain by
addition to the cell suspension of 0.5 mg of catied ferritin in saline. The cells were
incubated at room temperature for 1 hour, centefljgvashed twice with saline and fixed
with Karnovsky’s fixative. Cells were centrifugaahd 1% (w/v) Os@in phosphate buffer
added and incubated for 1 hour 8€4 Cells were then washed twice with distilled evat
Cells were dehydrated with graded solutions of mtha 30%, 50%, 70%, 80%, 90% (v/v)
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for 10 minutes each and then placed in absolutenetifor 2 x 10 minutes. Cells were then
embedded in gradual solutions of Araldite-Taab B#2n. Propylene oxide was added for 2
x 20 minutes, propylene oxide:resin (75:25) forrBihutes and then propylene oxide:resin
(50:50) for 90 minutes. Propylene oxide:resin {8%:was then added for 90 minutes before
samples were placed in pure resin overnight. 8thaells in resin were placed in an oven at
60°C for 36 hours to allow the resin to dry. Theskscembedded in resin, were cut with a
microtome in sections of approximately 100 nm thicBections were mounted on copper
grids (300 mesh) and viewed on a JEOL 1210 trarssam<lectron microscope.

7.3.2 Binding studies

Insoluble xylan was prepared by the method of Kigtual. (2003). Birchwood xylan (10 g)
was suspended in 200 ml distilled®and stirred for 2 h before it was centrifuged 2000

x g for 10 minutes. The supernatant was decantedetathed as soluble xylan. The pellet
was washed twice again and centrifuged after whigkas lyophilised. After lyophilisation

the pellet was ground to a fine powder using a anahd pestle.

For the binding assay, 50 mg of Avicel and insauifchwood xylan were placed in 1.5 ml
microcentrifuge tubes. Potassium phosphate bufs& M) at pH 6.5 was added to
equilibrate the Avicel and xylan and the mixturesvieft to stand at room temperature for an
hour. The phosphate buffer was removed througlritggation. One ml of the purified
MEC (0.15 mg/ml protein) to which was added 1 mgahbovine serum albumin (BSA),
was added to each tube and the tubes placetCainta rotational shaker for one hour. BSA
was added to prevent non-specific binding to tte tf{Goldsteiret al., 1993). Controls were
set up with 1 ml potassium phosphate buffer at pbl &one, 1 ml potassium phosphate
buffer (pH 6.5) with Avicel or birchwood xylan, aridml purified MEC with BSA. After
shaking, the supernatant was removed through tegation at 16,00 g for 20 seconds
and assayed for activity on birchwood xylan. Thsay was performed according to section
2.3.2. The percentage binding was calculated @sd¢livity that was lost after binding took
place with respect to the activity of the purifisd@EC control. All binding assays were

performed in triplicate.

146



Chapter 7 — Is this MEC a putative cellulosome?

7.3.3 Bioinformatic analysis

In order to determine whether tBelicheniformis DSM 13 /ATCC 14580 genome contained
any sequences characteristic of or indicative akelulosome, a sequence analysis of the
genome, as available on the NCBI website (http:fwebi.nim.nih.gov), was performed.
Protein sequences for scaffoldins, dockerins arttesios were obtained from the NCBI
website or from the Prosite website (http://ca.eyparg).

The Swiss-Prot or Genbank accession codes foripregguences were as follows: scaffoldin
from C. thermocellum (CIPA_CLOTH, Q06851, CIPB_CLOTM, Q01866&)}, cellulolyticum
(AAC28899.2),C. josui (BAA32429.1), Ruminococcus flavefaciens (ScaB, CAC34385.1)
andAcetovibrio cellulolyticus (ScaB, AAP48995.1, ScaC, AAP48996.1).

Accession codes for dockerins were as followkstridium cellulosome repeated domain
signature (Prosite, PS00448},. cellulolyticum (Type | dockerin, ZP_01574324.1F.
acetobutylicum (Dockerin from cellulase C, AAK78540.1).

Accession codes for cohesins were as follo@sthermocellum (ASDCL1_CLOTM), C.
cellulolyticum (AOUZJO_CLOCE),C. acetobutylicum (Q97KK4_CLOAB), Ruminococcus
flavefaciens (AOAEF2_RUMFL),A. cellulolyticus (55669585).

A PSI-Blast search for these modules was done mbh&wk against the genome sequence for
B. licheniformis DSM 13/ATCC 14580. Multiple sequence alignmen&ewgenerated by the
ClustalW program (http://www.ei.ac.uk/clustalw) as€lcondary structure predictions were

performed using the Predictprotein site (http:/@ogmc.columbia.edu/predictprotein).

147



Chapter 7 — Is this MEC a putative cellulosome?

7.4 Results

7.4.1 Electron Microscopy

The results of transmission electroscopy are dygglan Figure 7.2. Figure 7.2 A, B, C and
E are images of cells that were cultured on cedediwhile images in Figure 7.2 D and E are

cells that were cultured on birchwood xylan.

1000nmm

Figure 7.2. Transmission electron micrographs of dis from B. licheniformis SVD1 stained with
cationized ferritin. Images A, B, C and E were cells cultured on tétlse while images D and F were cells
cultured on birchwood xylan.
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Various features, denoted on Figure 7.2 as (at&),vasible on the surfaces of the cells.
Feature (a) represents the smooth surface of thevoe (b) appears to be some form of
structure protruding from the cell surface at vasigositions in both the cellobiose culture
and the birchwood xylan culture. These structares however, more prominent on the cells
in the cellobiose culture. A third feature thavisible (c) is present in Figure 7.2B where the
cells appear to be connected by thin, extendedtsies. The fourth feature (d) appears to be

structures that are not connected to the cells.

7.4.2 Binding studies

The MEC was found to display binding towards inbtduxylan, but did not display binding
towards Avicel. At the levels of protein used e thinding assay, 100% xylanase activity
was lost from the supernatant after binding to myt@ok place, but no xylanase activity was

lost in the assay tubes containing Avicel.

7.4.3 Bioinformatic analysis

Although the genome sequenceBoflicheniformis SVD1 was not available, a bioinformatic
analysis of the genome of a different strain, whias available, was conducted to determine
the presence of cellulosomal components withinsipecies. The sequence analysis of the
genome ofB. licheniformis DSM 13/ATCC 14580 revealed that there was no Sicanit
homology in the amino acid sequences of the caarmal scaffoldin, cohesin or dockerin
domains investigated, indicating tHatlicheniformis does not contain coding sequences for
proteins that could potentially form a cellulosoommplex. Some sequence homology was
found with scaffoldin proteins that were blastediagt theB. licheniformis genome. Upon
investigation, the sequence homology was only wéspect to the CBM domain of the
scaffoldin which displayed sequence homology witto tendoglucanases within th&
licheniformis DSM 13 /ATCC 14580 genome. Although the sequérreology between the
CBMs was 30-40%, it was only with respect to a $mpalt of the scaffoldin. Sequence

homology with the entire scaffoldin amounted om\2t3%.
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7.5 Discussion

When the electron micrographs from Figure 7.2 amagared with the micrographs in Figure
7.1 fromC. thermocellum, differences can be observed. The cellB.dicheniformis SVD1
displayed some form of structure on the cell s@$abut it does not appear to be as distinct
as the nodulous protuberance on the cells in Figute The most prominent of these cell
surface structures can be seen in Figure 7.2E s foem a cellobiose culture. The thin,
extended structures visible in Figure 7.2B showagsemilarities with the micrographs in
Figure 7.1A(f) where comparable structures appetwetbnnect adjoining cells. In th#
licheniformis cells cultured on birchwood xylan, extensive duiues were visible that were
not connected to the cell surface (Figure 7.2D lar{d)). At the same time, less of the cell

surface structures were present in these cellsmba cultured on birchwood xylan.

While it is apparent that some structures couldleerved on the surface Bflicheniformis
cells, it is difficult to interpret these results avidence for cellulosome production. It cannot
be expected that they would look identical to tb# protuberances observed in Figure 7.2
for C. thermocellum, as the complexes in each organism are differemsize, structure and
composition and therefore could react differentythie cationized ferritin stain. However,
one would have to establish whether these stristdigplayed enzyme activity. Perhaps
future work could include the production of antiEslagainst the MEC and using these to
identify whether it is in fact the MEC that was geat on the cell surface. One should also
consider that in Figure 5.1A it was observed tldit@ssociated xylanase activity was present
only at low levels. Furthermore, it must be coesed that the MEC was purified from the
extracellular supernatant and not isolated fromakié fraction. Thus if these cell surface
structures were in fact the MEC, it would have tow both in cell-associated and cell-free
forms. This feature has been known to occur inchse of the cellulosome (Lyred al.,
2002). However, one cannot exclude the possikihat the features observed on the cell
surface ofB. licheniformis may be as a result of exopolysaccharide formatvbich was
observed in Chapter 2. Further research will hevdoe carried out to investigate this

possibility.

In this study it was found that the MEC was ablebiod to insoluble xylan but not to

crystalline cellulose. The ability to bind insolelsubstrates is considered important due to
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the fact that degradation of insoluble substrates imextricably linked to the
enzyme/complex’s ability to bind and thus remairtlimse proximity to the substrate while it
is hydrolysed. Furthermore, binding to crystalloetiulose is a feature of the cellulosome as
the scaffolding protein of the cellulosome contaan€BM3a domain which is able to bind
crystalline substrates (Borastenal., 2004). Cellulosomes have been found to bind only
very weakly to insoluble xylan (Kosugi al., 2001). Bayeet al. (1998), however, pointed
out that: *“the cellulose-binding function (is nowonsidered) an optional, though often
characteristic, feature of a cellulosome, becausasome cases, the molecular basis for
binding may not be strictly associated with thdutesome components”. The inability of
the MEC in this study to bind crystalline cellulaséicates that it probably does not possess
a CBM3a domain similar to scaffoldin proteins (altlgh individual enzymes may possess
such a domain). This MEC therefore appears to bectsrally very different from the

generally accepted model of the cellulosome.

Together with the absence of a CBM for binding talme cellulose, it was also found that
the MEC inB. licheniformis displayed an absence of true activity on crystaltellulose (see
Chapter 5). While a few cellulosomes have beemdothat do not possess activity on
crystalline cellulose (Avicelase activity), cellslames generally have this activity as a main
feature (Sabathet al., 2002). While many MECs have been isolated wittdpminantly
xylanase activity, these have been termed xylanesaather than cellulosomes (see Section
1.3.2). It is problematic, however, that no stmal basis for the composition of

xylanosomes has been identified.

The bioinformatic analysis was conducted on a cifie strain ofB. licheniformis, namely
DSM 13 /ATCC 14580, as this was the only genomgusace available fds. licheniformis.
Thus it may only have limited value consideringttitavas demonstrated in Chapter 5 that
many differences exist between these strainsBarittheniformis SVD1 used in this study.
Cohesins and dockerins are considered “signatumgonents” of cellulosome architecture
(Bayeret al., 1998). No homology was found with these comptsémnthe genome dB.
licheniformis DSM 13 /ATCC 14580, indicating that this strainedonot produce a
cellulosome. Strain DSM 13/ATCC 14580 may diffebstantially from strain SVD1 and
thus SVD1 may well code for a cellulosome. It whuhowever, only be possible to

conclusively determine this if the genome sequéacstrain SVD1 was obtained.
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A further aspect for consideration, which has ayyebeen discussed in Chapter 5, is the
likelihood that a possible scaffoldin protein egist the MEC irB. licheniformis SVD1. The
largest protein species observed in the MEC wakDé& Although scaffoldin proteins have
been found in cellulosomes W cellulolyticus and inR. flavefaciens as small as 89 kDa
(ScaD) (Xuet al., 2003; Xuet al., 2004) and 90 kDa respectively (Rinceral., 2003), the
scaffoldin proteins in other cellulosomes have emhfjom 120 kDa irC. josui (Kakiuchi et

al., 1998) to 196 kDa inC. thermocellum (Bayer et al., 1998). With respect ta\.
cellulolyticus and R. flavefaciens it should be noted that they have multiple scdifol
proteins which are able to combine into a supectire, whereas cellulosomes with larger
molecular weight scaffoldin proteins generally ohve one scaffoldin. However, it appears
as though the protein species present in the MEB. Iicheniformis SVD1 are most likely
too small to constitute a scaffoldin protein.

If it is concluded that the MEC iB. licheniformis SVD1 is not a cellulosome, there are two
possible alternative explanations for this phenamnenFirstly, it is possible that the MEC
has a different structural basis to the cellulosofbe second alternative is that the MEC is
simply a random aggregation of proteins. It wasfbthat, although the protein species in
the MEC from different purifications displayed sindifferences, the majority of proteins
were consistently present. Furthermore, zymogramese repeatedly conducted with
different batches of purified MEC and results webvays consistent, indicating a
composition that is non-random. Thus it appeaest the MEC is not simply a random

aggregation of proteins but a functional complex.

7.6 Conclusions

All available evidence was examined to determinestivlr the MEC inB. licheniformis
SVD1 was a putative cellulosome. TEM demonstrdtext cell surface structures were
present irB. licheniformis SVD1 cultured on cellobiose and birchwood xyldfurthermore,
it was established in previous chapters that selagmplex of 2,000 kDa was isolated based

on size exclusion chromatography.

However, the MEC had no activity on crystallinelaleise (“true” Avicelase activity) and

was unable to bind to crystalline cellulose. Thudid not appear to possess a CBM capable
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of binding to cellulose. Furthermore, the largasttein species present in the MEC appeared

too small to encode for a scaffoldin.

Thus the evidence examined appears to indicatathetheniformis SVD1 does not code for
a cellulosomal complex. However, it is argued thatre may be a different structural basis
for the formation of the complex as it does notegydo be simply a random aggregation of
components. It is conceivable that genetic diwersi microorganisms and evolutionary
pressures could have resulted in formation of otyyees of MECs with a different structural
basis to the cellulosome. Further investigatiorulichave to take place to identify the
components of the MEC iB. licheniformis SVD1 and determine the structural basis for its

formation.
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CHAPTER 8 — GENERAL CONCLUSIONS AND FUTURE WORK

This study involved the purification and charadation of a cellulolytic and hemi-
cellulolytic MEC in B. licheniformis SVD1. The characterisation of the MEC was done
against the background of the total cellulolyticldremi-cellulolytic system found within this

organism.

The ability of microorganisms to degrade complegndicellulose substrates has great
importance and significance for second generatiofuél technologies, the basis of which is
the conversion of these substrates into fermentsl@rs. As lignocellulose is structurally
and chemically complex, a whole range of enzyme®gdgsiired for its saccharification into
monomer sugars. These enzymes include cellulagesglucanases, endo-glucanasesfand
glucosidases), xylanases (endo-xylana@egjosidasesg-L-arabinofuranosidases, endo-1,5-
a-L-arabinases, acetyl xylan esterases, ferulic astiek&sesy-glucuronidases) mannanases
(B-mannanase$i-mannosidasesy-galactosidases, acetyl-mannan estergseicosidases)

and pectinases (pectin methyl esterases, polygatezses, pectate lyases, pectin lyases).

Microorganisms that produce these enzymes genedallgo in two ways, either as free
extracellular enzymes or in the form of a MEC. Teheracellular cellulase system of an
organism such a$richoderma reesei, which produces free enzymes, has been well studie
(Lynd et al., 2002). However, greater interest has been showen the last two decades in
the cellulase system of organisms suclkahermocellum, which produces a MEC termed a
cellulosome. The interest in the cellulosome stém® the superior efficiency it appears to
display in degradation of recalcitrant substratésowever, other types of multi-enzyme
complexes have also been isolated from aerobicnage such adfacillus circulans,
Bacillus megaterium and Paenibacillus curdlanolyticus (Beukes & Pletschke, 2006, Kim &
Kim, 1993, Pasoret al., 2006). It has not been established whether thesglexes are
cellulosomes or if they have a different structlrasis. There is great interest in MECs from
organisms such as bacilli as these bacteria ayeteasiltivate, generally non-pathogenic and
easy to manipulate genetically (Arbigeal., 1993; Schallmewt al., 2004). B. licheniformis,

specifically, is an important industrial bacteriamnd is reported to contain many cellulolytic
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and hemicellulolytic enzymes, although, prior taststudy, there were no reports in the

literature of the presence of a cellulolytic or hesgiulolytic MEC in this organism.

The crude fraction as well as the MEC in this steldgwed activity on a variety of substrates,
indicating the presence of numerous enzymds. licheniformis SVD1 which could make it
suitable for degradation of lignocellulose subsisat When the organism was cultured on
birchwood xylan, the data from enzyme assays, coatbwith zymogram analysis, indicated
that there were three endoglucanases, seven xglanfisee mannanases and two pectinases
in the crude fraction, while the MEC had two endoghases, seven xylanases, two
mannanases and one pectinase. The pectinases ¢rutte fraction could be identified as a
pectin methyl esterase and a lyase, but the mettgrase was absent in the MEC. The
activity on cellulose, both crystalline (Avicel)damorphous (CMC), was however quite low.
Based on its enzyme activity profilB, licheniformis SVD1 appears to be more suitable for

the degradation of hemi-cellulose substrates.

Several of these enzymes have previously been ifi@gentin various strains ofB.
licheniformis (See Table 1.2). However, it is apparent thatyndifferences exist between
different strains oB. licheniformis. Reyet al. (2004) reported on the completed genome
sequence oB. licheniformis ATCC 14580 and indicated that this strain had putative
endoglucanases belonging to glycoside hydrolaseilié&@mGH9 and GH5, a probable
cellulose-1,4B-cellobiosidase of family GH48 and two genes ffeglucosidases. While the
zymogram data from this study on strain SVD1 intidathe presence of three enzymes
active on CMC, activity on this substrate in enzyassays was found to be low. Growth on

CMC was also found to be poor (data not shown).

With respect to cellulases, Veittt al. (2004) reported on the genome sequence.of
licheniformis DSM 13. This strain, similarly, also containserendo-glucanases, a cellulose
1,48-cellobiosidase and some glucosidases,dvgtucosidases and offieglucosidase (Veith

et al., 2004). Numerous other reports exist in literatior the isolation of endo-glucanases
from various strains dB. licheniformis (see Table 2 in section 1.4 for a summary). dtial.
(2004) even reported thatB licheniformis strain GXN 151 was able to degrade Avicel
efficiently. This directly contradicts the resuftsund in this study and thus it appears as

though large differences exist between variousirstraf this organism. In fact, when
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conducting TLC with the crude fraction froB1 licheniformis SVD1 and using Avicel as a
substrate, no cellobiose or glucose was found teelsased, indicating that true Avicelase

activity was not present.

Only one xylanase was reported to be present igéineme oB. licheniformis DSM 13 or
ATCC 14580 although many genes appear to be presédmtse genomes for the degradation
of arabinan substratesréinan endo-1,5-arabinase, arabinan endo-1¢5+-arabinosidase)
and for cleavage of arabinose from substrates-grabinofuranosidase) (Rey al., 2004;
Veith et al., 2004). There are many other reports in liteetfrendo-xylanases isolated from
various strains oB. licheniformis (see Table 1.2 of section 1.4). When comparethé¢o
results in this study, there appears to be up verseylanases present B licheniformis
SVD1 while the presence of-L-arabinofuranosidase was predicted from the agtioit
oatspelt xylan. No reports in literature Brlicheniformis seem to indicate the presence of

such a large number of xylanases in any othemstrai

Our data indicates the presence of three differeabnanases iB. licheniformis SVD1.
However, reports in literature suggest only one moaidase in the genome .
licheniformis DSM 13 or ATCC 14580 although Refal. (2004) reported the presence of a
B-mannanasgRey et al., 2004; Veithet al., 2004) (See Section 1.2.6). Other reports in
literature indicate the presencepsmannanases iB. licheniformis although these reports do

not indicate whether more than one mannanase teutdesent (see Table 1.2).

B. licheniformis SVD1 appeared to possess a pectin methyl estaeseell as a pectin or
pectate lyase from zymogram data. Veithal. (2004) reported on the presence of four
pectate lyase genes B licheniformis DSM 13, as well as a gene encoding for a pectin
methyl esterase. Other reports in literatureraligate the presence of pectate lyase in other
strains ofB. licheniformis but no reports of a pectin lyase are available (Bable 1.2 of

section 1.4).

By comparing the composition of the MEC B licheniformis SVD1 with the enzyme
composition of various cellulosomes, it is apparthat the predominant enzymes that have
been identified in cellulosomes are generally ¢ales (exo- and endo-glucanases). The

cellulosome inC. cellulovorans has 8 cellulases (Dat al., 2003), the cellulosome i@.
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cellulolyticum has 10 cellulases (Desvaux, 2005) and the cetiolesnC. thermocellum has

14 cellulases (Schwarz, 2001). Xylanases only oaousome cellulosomes, with the
cellulosome inC. thermocellum possessing 5 xylanases (Schwarz, 2001) and théoselme

in C. cellulovorans 1 xylanase (Dogt al., 2003). In many cellulosome no xylanases have
been identified. Mannnases appear to occur maquéntly in cellulosomes with 1
mannanase having been identified in the cellulosofr@ cellulovorans, C. acetobutylicum
and C. cdllulolyticum (Doi et al., 2003), as well as €. thermocellum (Schwarz, 2001).
Pectinases have not been readily identified inutbmes and a pectinase is only reported
for the cellulosome ofC. cellulovorans (a pectate lyase — Daat al., 2003) andC.

cellulolyticum (a rhamnogalacturonase — Desvaux, 2005).

It is apparent thaB. licheniformis SVD1, with high activity on hemi-cellulolytic sutbates,
probably occupies a niche in the environment fer utilisation of hemi-cellulose substrates.
This may appear to make it unsuitable for utils@atin biotechnological applications for
biofuel production which generally uses glucosenfraellulose for fermentation into
bioethanol asaccharomyces cerevisiae is only able to utilise glucose (Himmetlal., 2007).
However, research is ongoing to use all the sufyare degradation of lignocellulose for
conversion into ethanol which would make the prece®re efficient. One method is the
genetic modification ofS cerevisae to be able to utilise pentose sugars such as &ylos
mannose and galactose for fermentation (Becker &8d003; Hoet al., 1999; Jeffries,
2006; Katahiraet al., 2004; Kuypeet al., 2005). An alternative approach is the utilisatd
Gram-negative bacteria suchEsherichia coli, Klebsiella oxytoca andZymomonas mobilis
(Dien et al., 2003; Fortmaret al., 2008). E. coli andK. oxytoca are able to use a variety of
sugars and research has focused on engineering thiganisms to produce ethancZ.
mobilisis able to produce ethanol, but only from glucos&uctose and research has focused
on engineering this organism to utilise arabinase x@ylose as well (see reviews in Dien
al., 2003; Fortmarmt al., 2008). Thus it is clear that organisms with rhalremi-cellulolytic
activity may also have a role to play in bioteclugital applications. In addition, several
advantages exist for using bacilli in biotechnotadjiapplications as they are generally simple
to cultivate and relatively easy to manipulate giea#ty (Arbige et al., 1993). Bacillus
subtilis, for example, was successfully used for the expwasand production of mini-
cellulosomes (Arakt al., 2007; Choet al., 2004; Murashimaet al., 2002). In the same
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manner it could be possible to uBelicheniformis SVD1 to express efficient cellulases to

complement its existing enzyme system.

The cellulosome has become the paradigm of cejfibohnd hemi-cellulolytic MECs and it
is inevitable that, upon isolation of a MEC from arganism, that such MEC must be
compared to a cellulosome and an investigation ected as to whether this MEC could be a
putative cellulosome. The production of a largemptex with cellulolytic and hemi-
cellulolytic activity is the first piece of evideado be considered. The MEC purified in this
study fromB. licheniformis SVD1 was approximately 2,000 kDa in size. The euolar
weight of MECs based on size exclusion chromatdgrdfas been reported as ranging from
650 kDa to 2,500 kDa in cellulosomes ([@bial., 2003) and 400 kDa and 1450 kDa in the
xylanolytic MEC inP. curdlanolyticus (Pasoret al., 2006). By comparison, the MEC i
licheniformis SVDL1 is therefore quite large and is similar inesto the cellulosome i@.

thermocellum.

With respect to its apparent enzyme compositioappears as though the MEC frdi
licheniformis SVD1 differs from cellulosomes. This MEC has mexhantly xylanase
activity and the presence of 7 xylanase active vamds shown through zymogram data.
This MEC furthermore does not appear to possessaittivity on crystalline cellulose which
has been considered a feature of cellulosomeyuajthnot a defining characteristic (Bayer
et al., 2004). It was furthermore demonstrated thatMiieC in B. licheniformis SVD1 was
unable to bind to crystalline cellulose and therefdoes not appear to possess a CBM3a
domain which is found on the scaffoldin protein dellulosomes. Although binding to
crystalline cellulose has been characteristic dfilmsome, this evidence cannot be viewed in
isolation as “the molecular basis for binding magt be strictly associated with the
cellulosome components” (Bayet al., 1998). Preliminary TEM analysis established the
presence of cell surface structures on celB. diicheniformis SVD1 with some similarities to
cell protuberances irC. thermocellum. Such cell protuberances have been considered
indicative of cellulosome production (Schwarz, 200However, unless these cell surface
structures can be identified as the MEC throughekample, utilisation of antibodies against

the MEC, no final conclusions can be made as to#tere of these cell surface structures.
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The best method by which the presence of a cetbab@scan be established in an organism is
through the identification of cohesin and dockelimains (Bayeet al., 2004). The genome
sequence oB. licheniformis SVD1 was not available and therefore the genomaesee of
strain DSM 13/ ATCC 14580 was utilised for bioinfaatic analysis to determine the
presence of cohesin or dockerin sequences in tiggnesm. No homology was found for
these sequences, indicating that strain DSM 13 ARGC 14580 do not encode for a
cellulosome. This does not exclude the possibilitgt strain SVD1 could encode for a
cellulosome, but this can only be investigated oacgenome sequence for this strain is
available. With the evidence available at prestér,MEC in this organism appears to be a

functional complex, but should perhaps rather bm¢e a xylanosome than a cellulosome.

B. licheniformis SVD1 was unable to utilise xylose sugars, but al@e to utilise glucose and
mannose; and, to a lesser extent, cellobiose, rabiand galactose. The inability Bf
licheniformis SVDL1 to utilise xylose although it produced highéls of xylanases, and most
likely a B-xylosidase based on TLC results, was a peculsultrevhich may be caused by a
mutation in this strain. This is hypothesised dasm reports in literature thaB.
licheniformis has axyl regulon encoding for xylose utilisation (Schedeial., 1991) and the
genome sequences fBrlicheniformis strains DSM 13 and ATCC 14580 both contain a gene
for xylose isomerise, the key enzyme required fdose utilisation (Ret al., 2004; Veith

et al., 2004). This characteristic may have some pralcapplication in biotechnological
processes such as bioethanol production. Utilisatif sugars by the organism itself would
reduce the amount of sugars available for bioethamaluction and by choosing an organism
with these characteristics, higher levels of sugansld be available for fermentation into

bioethanol.

This study was furthermore able to show tBaticheniformis SVD1 was able to regulate
expression of various enzymes when the organism eudsired on different growth
substrates. While the predominant activity remainemi-cellulolytic, activity on crystalline
and amorphous cellulose could be increased onicagtawth substrates. The ability of an
organism to regulate its enzyme profile based engtiowth substrate is an important feature
as the composition of substrates can be complexvaned. By adjusting the enzyme
composition, it is postulated that an organism f@yble to regulate the ratio of enzymes in

order to achieve optimal synergy for the efficidegradation of substrates. The work done
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in this study in this regard is only a prelimindanyestigation and further work could be

carried out using a variety of substrates.

Understanding the physical, chemical and kinetiaratteristics of complexed xylanase
activity will assist in creating the conditions foptimal performance and productivity.
ShouldB. licheniformis SVD1 or the MEC itself be utilised in future forobechnological
applications, these parameters would greatly aidomtimisation of conditions. For
bioethanol production, specifically, this study h@mmonstrated that complexed xylanase
activity displays great pH stability, lack of pradunhibition and ethanol tolerance which are

all beneficial characteristics in such a process.

The knowledge gained through this work could forne tasis of further study of the
cellulolytic and hemi-cellulolytic system &. licheniformis SVD1, with specific reference to
the presence of an MEC within this organism. Sahé¢he proposed future work could
include the sequencing of the genome or shotgumragoof specific genes coding for various
enzymes could be undertaken. Together with thehieimical data from enzyme assays and
zymograms, this will allow identification of enzys@resent within this organism and will
allow characterisation of these individual enzymethout the possible influence of other
enzymes present in the system or MEC. If the @pdeqguences of individual enzymes are
known, their presence within the MEC could be conéid using antibodies against such
enzymes. An analysis of coding sequences coulthdtmore provide information of the

possible structural basis for the formation of MEeC.

Only some of the possible cellulolytic and hemihkdelytic enzymes produced b.
licheniformis SVD1 were measured. As such a system is likety eemplex, future work
could include the investigation of other enzymest thay be present within the cellulolytic
system of this organism such as glucuronidasescwaidases and arabinofuranosidases.
Sequencing of the genome or cloning of genes folowa enzymes would assist in the
accurate identification of various enzymes presenhis strain. Utilisation of antibodies to
detect and identify protein species from electropbed gels could provide a more accurate
determination of the relative expression levelpmiteins and will be able to detect proteins

at very low levels.
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In order to more accurately determine whether ctutiste expression of enzymes is taking
place,B. licheniformis SVD1 could be cultured in the absence of a carbatyg substrate. It

would also be useful to culture the organism onae@meric sugar such as glucose and
xylose to determine the effect of this on the egpi@n of enzymes and whether catabolite

repression takes place under certain circumstances.

The availability of gene sequences will also allmwere accurate determination of enzyme
levels by monitoring mRNA levels using a techniqueh as qRT-PCR. At the time when
this study was performed, such information was anailable and therefore biochemical

methods were the only possible means to look atreezxpression and induction.

Future work could also include the production ditzodies to the MEC itself which could be
used for labelling purposes to determine whetherctil surface protrusions can be attributed
to the MEC.

Under certain conditions, coloniesBflicheniformis had a mucoid appearance and appeared
to form an exopolysaccharide layer around cellgelifinary observations indicated the
presence of cellulolytic and hemicellulolytic adtyvwithin this layer. Future work could
therefore also involve an investigation of the edlggaccharide layer and the conditions

under which it was formed, as well as the roldaip in the degradation of substrates.
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APPENDIX 1 - 16S rDNA SEQUENCE

16S rDNA sequence fd. licheniformis SVD1 as lodged with Genbank as Accession
number EU 770587.

agcggacagatgggagcttgctcectgatgtyagcggcggacgggigaggtgggtaacctgectgtaagactgggataact
ccgggaaaccggggctaataccggatgcttgattgaaccgcatgtiteaanggtggcttttagctaccacttacagatggacc
cgcggcgcattagctagttggtgaggtaacggcetcaccaaggcragimggeracctgagagggtgatcggecacactggg
actgagacacggcccaractcctacgggaggcagcagtagggaatattggacgaaagtctgacggagcaacgecgegt
gagtgatgaaggttttcggatcgtaaaactctgttgttagggaagaacagticgaatagggcggtaccttgacggtacctaacc
agaaagccacggctaactacgtgccagcagccgeggtaatacgtaaggggttgtccggaattattgggegtaaagegege
gcaggcggtttcttaagtctgatgtgaaagcccccggctcaaccggguadiygaaactggggaacttgagtgcagaagagg
agagtggaattccacgtgtagcggtgaaatgcgtagagatgtggaggagt@ggcgaaggcgactctctggtctgtaactgac
gctgaggcgcgaaagegtggggagecgaacaggattagataccctggiagtcgtaaacgatgagtgcetaagtgttagaggg
tttccgcecctttagtgctgcagcaaacgcattaagcactcecgectgtmmagcgcaagactgaaactcaaaggaattgacggg
ggcccgcacaagcggtggagceatgtggtttaattygaagcaacgcgattgaeaggtcttgacatcctctgacaaccctagag
atagggcttccecttcgggggcagagtgacaggtggtgcatggttgiggtegtgtcgtgagatgttgggttaagtccegeaacy
agcgcaacccttgatcttagttgccagcattcagttgggcactctaaggtorggtgacaaaccggaggaaggtggggatgac
gtcaaatcatcatgccccttatgacctgggctacacacgtgctacaammgraaagggcagcgaagccgcegaggctaagec
aatcccacaaatctgttctcagttcggatcgcagtctgcaactcgagagmgtggaatcgctagtaatcgcggatcageatgec
gcggtgaatacgttcccgggcecttgtacacaccgeccgtcacaccagtjgtgacacccgaagtcggtgaggtaaccttttgg
agccagccgcecgaaggtgggacagatgattg
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APPENDIX 2 — BLAST RESULTS

Table A.1 Results of BLAST search on the websitp: Hivww.ncbi.nlm.nih.gov/blast for the
sequencing results from the 16S rDNA (See sectidrBp

Accession . Max Total Query Max
Description E value . .
no. score score coverage identity

Bacillus licheniformis gene for
AB363734.116S rRNA, partial sequence, 2623 2623 100% 0.0 99%
strain: NBRC 12202
Bacillus licheniformis gene for
AB354236.116S rRNA, partial sequence, 2623 2623 100% 0.0 99%
strain: NBRC 12107
Bacillus sp. J24 16S ribosomab
: 623
RNA gene, partial sequence
Bacillus licheniformis strain
EF423608.1BCRC 12826 16S ribosomal 2623 2623 100% 0.0 99%
RNA gene, partial sequence
Bacillus licheniformis 16S
EF059752.1ribosomal RNA gene, partial 2623 2623 100% 0.0 99%
sequence
Bacillus licheniformis strain
DQY93676.1BCRC 15413 16S ribosomal 2623 2623 100% 0.0 99%
RNA gene, partial sequence
Bacillus licheniformis strain
AY842871.1CICC10181 16S ribosomal 2623 2623 100% 0.0 99%
RNA gene, partial sequence
Bacillus licheniformis strain
DQ351932.1K19 16S ribosomal RNA gene2623 2623 100% 0.0 99%
partial sequence
Bacillus licheniformis strain
DQ082997.1CICC 10104 16S ribosomal 2623 2623 100% 0.0 99%
RNA gene, partial sequence
Bacillus licheniformis strain
AF372616.1 Mol 16S ribosomal RNA gene?2623 2623 100% 0.0 99%
partial sequence
Bacillus licheniformis strain
DQ228696.1ACO1 16S ribosomal RNA 2623 2623 100% 0.0 99%
gene, partial sequence

EF471917.1 2623 100% 0.0 99%
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APPENDIX 3 - REAGENTS LIST

Table A.2. Reagents and chemicals and the supyden

Name of reagent

Supplier and catalog number

1,44-D-Xylobiose

Megazyme

1,44-D-Xylotriose

Megazyme

2-mercaptoethanol

Fluka (Cat. No. 63700)

3,5-Dinitrosalicylic acid

Sigma (Cat No. D0550)

Acetone Merck (8.22251.2500)
Acrylamide Sigma (Cat No. A8887)
Agarose Sigma (A9539)

Ammonium persulphate Sigma Aldrich (Cat no A3678)
Avicel PH-101 Fluka (11365)

Bacteriological agar

Biolab (Cat. No. BX1)

Birchwood xylan

Fluka (Cat. No. 95588)

Bovine serum albumin (BSA)

Sigma (A7906)

Bradford reagent

Sigma (Cat. No. B6916)

Bromophenol blue

Sigma (Cat. No. B8026)

Carboxymethyl cellulose

Calbiochem (Cat. No. 2173277

Congo Red

Sigma (Cat no. C6767)

Coomassie Brilliant Blue R250

Merck (Cat. No. 1.32p

D-(+)-Cellobiose

Sigma-Aldrich (Cat no. C7252)

D-(+)-Xylose

Sigma (X-3877)

Dextran Blue fromLeuconostoc ssp.

Fluka (Cat no. 31393)

Di-potassium hydrogen phoshate

Merck (1.05104.1000)

Ethanol

Merck (Cat. No. 8.18700)

Glacial acetic acid

Merck (Cat No. 1.00063)

Glycerol

Saarchem (Cat. N0.2676520)

Glycine

Merck (Cat. No. 1.04169)

HPTLC plates (Silica Gel 60 F254)

Merck, Darmstadt
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KAPA HiFi PCR kit

KAPA Biosystems

L-(+)-arabinose

Sigma (Cat no. A-3256)

Locust bean gum

Fluka (Cat. No. 62631)

Magnesium sulphate (anhydrous)

Saarchem (412 FMVDO

Mannose

Sigma (Cat. No. M2069)

Methanol

Merck (Cat. No. 8.22283)

N,N-methylenebisacrylamide

Sigma (Cat. No.M7279)

Nutrient agar

Biolab, Merck (C1)

Nutrient Broth

Biolab, Merck (C24)

Oatspelt xylan

Fluka (95590)

Orcinol monohydrate

Sigma-Aldrich (Cat no. 01875)

PageBIlué" Protein Staining Solution

Fermentas (Cat no. Rp571

PageSilvel Silver staining kit

Fermentas (Cat no. KO681)

PBGC filters (10kDa cut-off) Millipore
Pectin (Apple) Sigma (P8471)
Peptone Fluka ( 70169)

PeqgGold protein marker Il

pegLab (Cat. No. 27-2010)

Phenol

Sigma (Cat.No. P3653)

Polyethylene glycol (PEG) 20,000

Merck (Cat. NA.8897)

Polygalacturonic acid (PGA)

Sigma (P3850)

Ponceau S

Fluka (81460)

Potassium hydrogen phosphate

Merck (1.04877.1000)

Primers

Ingaba Biotech

Sepharose CL-4B

Sigma (CL-4B-200)

Sodium azide

Merck (Cat. No. 8.22335)

Sodium chloride

Saarchem (Cat. No. 5822320)

Sodium deoxycholate monohydrate

Aldrich (Cat n@FR)

Sodium dodecyl sulphate (SDS)

BDH biochemicals .(@at 301754)

Sodium hydroxide

Saarchem (Cat. No. 5823200)

Sodium metabisulfite

Sigma-Aldrich (Cat n0.255556)

Sodium Potassium tartrate

Merck (Cat. No. 1.08087)
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Sulfuric acid AECI

Toyopearl DEAE-650M Tosoh Corporation
Trichloroacetic acid Merck (1.00807.0250)
Tris (hydroxymethyl) aminomethane Merck (Cat. N@28B82)
Triton X-100 Merck (1.08603.1000)
Yeast extract Biolab (Cat. No. BX6)
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APPENDIX 4a — Protein standard curves

Protein standard curves were generated using afiewddradford protein assay (Bradford,
1976). Bovine serum albumin (BSA) was used asaadsird with commercial Bradford’s
reagent (Sigma). Various concentrations of BSAewmepared ranging from 0.00625 to 1.1
mg/ml. Three different standard curves were prgarsing different volumes of sample,
namely 5ul (Figure A.1), 10ul (Figure A.2) and 2%l (Figure A.3). These volumes were
used with Bradford’'s reagent in the following ratic:250, 10:250 and 25:230. Each
standard curve could accurately measure the pratencentration in a sample over a
different linear range with the large sample volurh@5 pul allowing sensitivity and accuracy
as low as 0.00625 mg/ml of protein. Readings vi@ken according to the application with
25 ul sample volumes generally used for measuring pratefractions from chromatography
applications. Where readings were found to be ideitshe linear range, further

measurements were done using smaller samplesucately determine protein concentration.

The protein sample was mixed with the Bradford’agent and allowed to stand at room
temperature for 5 min before readings were tak@hsorbance readings were taken at 595
nm on a Powerwave X microplate reader from Bio-Tektruments using KC Junior

software. Samples were gently shaken on the met®peader for 30 seconds prior to

absorbance readings being taken. Standard cummesgenerated in Microsoft Excel®.
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Figure A.1. Protein standard curve usingl f sample and 250l of Bradford’s reagent.
Values are shown as the average = SD (n=3).
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Figure A.2. Protein standard curve usingul@f sample and 250l of Bradford’s reagent.
Values are shown as the average = SD (n=3).
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Figure A.3. Standard curve using 2%f sample and 230l of Bradford’s reagent. Values

are shown as the average + SD (n=3).
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APPENDIX 4b — XYLOSE STANDARD CURVE

Enzyme activity was measured by the reducing suigansed in a modified dinitrosalicylic
acid (DNS) method (Miller, 1959) using xylose as gtandard.

The composition of DNS reagent was as follows:
2 g sodium hydroxide
2 g 3,5 dinitrosalicylic acid (DNS)
40 g potassium sodium tartrate (Rochelle salts)
0.4 g phenol
0.1 g sodium metabisulfite
200 ml distilled water
The sodium hydroxide was dissolved in 100 ml ofikksl water before the DNS was
added. Once the DNS was dissolved, the other congsowere added and the
reagent made up to 200 ml.

A xylose standard curve was generated with conatotrs of xylose between 0 and 6.0
umol/ml (Figure A.4). A volume of each concentratiof the xylose standard (150) was
added to 30Q of DNS reagent. The mixture was then heated8tQ for 5 min, cooled on
ice for 5 min and readings taken at 540 nm on adPeave X microplate reader from Bio-

Tek Instruments using KC Junior software. The ¢aath curve was generated in Microsoft
Excel®.

It is apparent from the standard curve that thayadses not display a linear response at low
xylose concentrations. However, the standard cwae drawn through zero in order to

prevent false positive readings at very low conegians.
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Absorbance 540nm

-050 1 2 3 4 5 6

Concentration xylose (umol/ml)

Figure A.4. Xylose standard curve. Values aravshas the average = SD (n=3).
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APPENDIX 5 — DISCONTINUOUS DENATURING GEL
ELECTROPHORESIS (SDS-PAGE)

Analysis of proteins were done through sodium dgdesulphate polyacrylamide gel
electrophoresis (SDS-PAGE) using the method as lojeseé by Laemmli (1970) and
modified according to the BioRad Mini-Protean® 3llGestruction manual. All solutions

for SDS-PAGE was made up as follows:

1. 10 x SDS-PAGE running buffer
30.3 g Tris (Hydroxymethyl) Aminomethane
144.0 g Glycine
10.0 g Sodium dodecyl sulphate (SDS)
These compounds were dissolved in 1 L distilledewand stored at room temperature
until required. When required for electrophoresi®e running buffer was diluted 10

times with distilled water to obtain the requiremlume.

2. 10% SDSstock solution
10 g SDS was dissolved in 100 ml distilled water.

3. 10% Ammonium per sulphate (APS) solution
0.1g APS was dissolved in 1 ml distilled water

This solution was prepared freshly prior to prepaua gel.

4. 30% acrylamide stock solution
29.8 g acrylamide
0.2 g bis-acrylamide
These compounds were dissolved in distilled water then made up to 100 ml volume.
The bottle was wrapped in aluminium foil to protiéetgainst light and stored atGt
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. Sacking gel buffer (0.5 M Tris-HCI, pH 6.8)
6 g Tris (Hydroxymethyl) Aminomethane
This was dissolved in distilled water and the pkusitd with hydrochloric acid (HCI) to

a pH of 6.8 before the solution was made up torhiD0This buffer was stored at@.

. Resolving gel buffer (1.5 M Tris-HCI, pH 8.8)
18.15 g Tris (Hydroxymethyl) Aminomethane
This was dissolved in distilled water and the pkustdd with hydrochloric acid (HCI) to

a pH of 8.8 before the solution was made up torhiD0This buffer was stored at@.

. SDSsample buffer (5x)

2.5 ml distilled water

1 ml 0.5 M Tris-HCI buffer (pH 6.8)

3 ml glycerol

2 ml 10% SDS stock solution (w/v)

1 ml 1% bromophenol blue (w/v)

The sample buffer was stored at room temperatuPeior to preparing samples for
electrophoresis, bl p-mercaptoethanol was added to|8%f SDS sample buffer. SDS
sample buffer (3ul) was added to 15ul of protein samples before boiling and
electrophoresis.

. Coomassie Brilliant Blue protein staining solution
The staining solution was prepared by dissolvirgy 8% (w/v) Coomassie Brilliant Blue
R250 in a solution of 40% methanol and 0.7% gla@aktic acid. Staining of

polyacrylamide gels was done for a minimum of Ir lbwernight on a platform shaker.

. Coomassie destain solution

Destain solution was prepared by mixing 45% methad? distilled water and 10%
glacial acetic acid. Gels were placed in destaint®n on a platform shaker until protein

bands appeared against a clear background. Gedstinen placed in distilled water.

192



Appendices

10.

11.

Gel drying solution

7% glycerol

10% ethanol

The solution was made up to 1 | with distilled waded stored at room temperature.
After destaining, gels were placed in drying sauatfor a minimum of 30 min before gels

were dried.

Preparation of SDS-PAGE gels

Resolving gel

The 10% SDS-PAGE resolving gels were prepared small beaker by adding the
following solutions in sequence:

4.04 ml distilled water

2.5 ml 1.5 M Tris-HCI buffer (pH 8.8)

3.3 ml 30% acrylamide stock solution

0.1 ml 10% SDS stock solution

0.1 ml 10% APS solution

0.05 ml TEMED

The solution was lightly mixed by swirling the bealbefore pouring the gel. Gels were
then covered with about 50-1Q00f isopropanol and allowed to set.

For zymograms, 0.5 ml of a 2% (w/v) stock solutairbirchwood xylan, CMC or locust
bean gum, or 1.5 ml of a 2% (w/v) pectin solutimas added to the resolving gel solution
and the distilled water reduced by the same volurirethe case of birchwood xylan,
CMC and pectin, the solution was added to the vasplgel solution prior to the APS
solution. However, in the case of locust bean gine substrate was first dissolved in the
correct volume of boiled distilled water. As tleelist bean gum is highly viscous, this

ensured a homogeneous solution of the substrale igel.

The 4% stacking gels were prepared in a small wdakeadding the following solutions
in sequence:
6.1 ml distilled water
2.5 ml 0.5 M Tris-HCI buffer (pH 6.8)
1.3 ml 30% acrylamide stock solution
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0.1 ml 10% SDS stock solution

0.1 ml 10% APS solution

0.05 ml TEMED

The isopropanol was removed from the resolving \yih some filter paper. The
stacking gel solution was poured on top of the luésg gel before plastic combs were

inserted to form the wells.
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