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ABSTRACT

Cellulose is the most abundant and the most resisdad stable natural organic
compound on earth. Enzyme hydrolysis is difficbicause of its insolubility and
heterogeneity. Some (anaerobic) microorganisms baercome this by having a multi-
enzyme system called the cellulosome. The aimghef study were to isolate a
mesophilicClostridium sp. from a biosulphidogenic bioreactor, to purtig tellulosome
from this culture, to determine the cellulase andoglucanase activities using Avicel
and carboxymethylcellulose (CMC) as substratestlaadlinitrosalicyclic (DNS) method.
The organism was identified using 16S rDNA sequenradysis. The sequence obtained
indicated that a strain dflostridium beijerinckii was isolated. The cellulosome was
purified from the putativeC. beijerinckii sSLMO1 host culture using affinity
chromatography purification and affinity digestiopurification procedures. The
cellulosomal and non-cellulosomal fractions ©f beijerinckii SLMO1 were separated
successfully, but the majority of the endoglucaregeity was lost during the Sepharose
4B chromatography step. These cellulosomal and-cetinlosomal fractions were
characterised with regards to their pH and tempegabptima and effector sensitivity.
Increased additions of sulphide activated the ki activity of the cellulosomal and
non-cellulosomal fractions up to 700 %, while irased additions of sulphate either
increased the activity slightly or inhibited it dnatically, depending on the cellulosomal
and non-cellulosomal fractions. Increased addstioh cellobiose, glucose and acetate
inhibited the cellulase and endoglucanase actssitipH optima of 5.0 and 7.5 were
observed for cellulases and 5.0 for endoglucanafstbe cellulosomal fraction. The non-
cellulosomal fraction exhibited a pH optimum of 7f6r both cellulase and
endoglucanase activities. Both fractions and emsyexhibited a temperature optimum
of 30 °C. The fundamental knowledge gained from ¢haracterisation was applied to
anaerobic digestion, where the effect of sulphide tbe rate-limiting step was
determined. Sulphide activated cellulase and endagase activities and increased the
% chemical oxygen demand (COD) removal rate. lsewélvolatile fatty acids (VFAS)
were higher in the bioreactor containing sulph&idystrate an€. beijerinckii. Sulphide

therefore accelerated the rate-limiting step okaolaic digestion.
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CHAPTER 1
GENERAL INTRODUCTION

1.1 The structure of cellulose

Biomass encompasses a range of polysaccharidésdimg cellulose and hemicellulose,
which serve as structural or storage compounds.llul@se is the most abundant
polysaccharide on earth and it is the major compbio¢ plant matter (Bayeet al.,
1998a). Cellulose is easily available and is tfogeea rich and renewable resource. The
total production of biomass is estimated to be 6@& year of carbon in terrestrial and

53 Gt per year in marine ecosystems, where 1 Bi'fskg (Schwarz, 2001).

The structure of cellulose is such that it is mageof linear chains of several thousands
of glucose residues. These residues are linke@-thy4 glycosidic bonds and are
stabilised by internal hydrogen bonds (Uhlig andsinaier-Bednar, 1998; Liet al.,
2006). Unlike other glucan polymers such as statah repeating units in cellulose are
not glucose but rather cellobiose units (Desva@®5? (figure 1.1 (a)). The chains are
arranged in bundles that constitute 40-60 chairgchware aligned in parallel and are
linked via hydrogen bonds. These crystalline agates are called microfibrils (figure
1.1 (b)) and are subunits of macrofibrils (Uhligddrinsmaier-Bednar, 1998). Cellulose
fibres contain different types of irregularitieschuas twists or voids, this facilitates in
increasing their total surface area. Furthermoadiye cellulose is paracrystalline in that

the microfibril alternates the amorphous and ctiystaregions (Desvaux, 2005).

The structure of cellulose has been investigatesitiaér global or ultra-structural levels.
At the global level the information has been laygebtained from spectroscopy and
crystallography methods. At the ultra-structurabdl, information of the cellulose
structure has been obtained due to advances isntiasion electron microscopy (TEM).
Using this method, high-resolution lattice imagesénbeen produced, where individual

cellulose chains can be directly visualised (Bagied., 1998a). The data has shown that



CHAPTER 1

most of the amorphous cellulose corresponds tanshaat are located at the microfibril

surface and the crystalline components are lodatdte core (Bayeet al., 1998a).

CHyOH oH CHyOH O CHZOH
A r -
gl L] HCI-"M & a 0 HCIM“ o a Q
HL O 4 HO) 0 o HO OH
OH CH;OH L CH;0H OH
L i L |
(a) Cellobiose Glucose
Crystalline region  Amorphous region Fibril

(b) Cellulose chain Microfibril

Figure 1.1  (a) The primary structure of cellulose. (b) A scleeof the structure of the
cellulose fibril (Desvaux, 2005).

1.2 The ceallulosome

Crystalline cellulose is chemically homogenoushaligh structurally complex, and no
single enzyme is capable of hydrolysing it. Theoacof three enzymes is required for
the complete hydrolysis of cellulose; the endoghasas, the exoglucanases, andpthe

glucosidases. Endoglucanases randomly cleave rtegmonomer bonds found in
cellulose, exoglucanases remove mono- and dimens the end of the glucose chains,

andp-glucosidase hydrolyses the glucose dimers (Matharid Cloete, 2002).
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Aerobic microorganisms produce single enzyme coraptathat are attached to binding
modules. The enzymes are produced in high coratemis and act collectively
(Schwartz, 2001). In aerobic microorganisms théuleses that are produced arise as
separate units (Boisset al., 1999). In contrast, some anaerobic microorgasibave
developed a more energy efficient manner of pradpaellulases and therefore the
degradation of cellulose. The anaerobic microasyas, Clostridium, Acetivibrio,
Bacteroides and Ruminococcus have an elaborate extracellular multi-enzyme cempl
called the cellulosome (Dogt al., 2003). Table 1.1 summarises the cellulosome-

producing anaerobic bacteria.

Table 1.1 Cellulosome-producing anaerobic bacteria (Bail., 2003)

Species Optimal growth terhp Source
Acetivibrio cellulolyticus M Sewage
Bacteroides cellulosolvens M Sewage
Clostridium acetobutylicum M Soil
Clostridium cellulovorans M Wood fermenter
Clostridium cellobioparum M Rumen
Clostridium cellulolyticum M Compost
Clostridium josui M Compost
Clostridium papyrosolvens M Paper mill
Clostridium thermocellum T Sewage soil
Ruminococcus albus M Rumen
Ruminococcus flavefaciens M Rumen
Ruminococcus succinogenes M Rumen

&M, mesophilic; T, thermophilic (above 50°C).

The cellulosome is a macromolecular machine that deanponents that interact in a
synergistic fashion in order to catalyse the effitidegradation of cellulose (Baytral.,

1998b). They are possibly the largest proteinyerecomplexes as they range from 650
000 Da to 2.5 MDa. Cellulosomes are cell protubega that can degrade not only
cellulose, but also hemicelluloses (which includggan and mannose) and pectin.
Cellulase activity, however, is therefore not thalyo hydrolytic activity of the

cellulosome as the nomenclature suggests. Caeatioles are now thought to degrade

hemicelluloses, chitin, xylan and pectin (bial., 2003). Cellulase activity is the bulk
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activity of the cellulosome and it is made up ofmawous kinds of cellulases and their
related subunits. These are assembled to the mpmeatic scaffoldin (Murashimet al.,
2002).

The cellulosome is made up of a scaffolding protatied either CbpA, CipA or CipC

combined with a number of cellulosomal enzymes.e $haffolding proteins are large
and nonenzymatic. They typically contain a numbkrcohesin domains (Coh) and
cellulose binding domains (CBDs). The number diesins present on a cellulosomal
scaffolding proteins varies, as figure 1.2 illusgsa The “scaffoldins” can also contain
hydrophilic domains, dockerin Il domains, the eneyooding domain and a few other
domains that haven'’t been identified (bal., 2003; Craiget al., 2006).

Clostridium cellulovorans CbpA (189 kDa)

H == = = = = = =
Clostridium cellulolyticum CipC (155 kDa)

D — e = = =
Clostridium josui CipC (120 kDa)

Clostridium thermocellum CipA (196 kDa)

Clostridium acetobutylicum CipA (154 kDa)

N — B — i — i — i —>]

Acetivibrio cellulolyticus CipV 199 kDa)

EEErEraa i = = = =

Bacterioides cellulosolvens CipBc (245 kDa)

Sl i e e = = = =
Ruminococus flavefaciens ScaB (181 kDa)

== [ [ [mp [ [ | T-R1 [ b | T-R2 [[[[]]]

. . Cellulose binding . . . . :
l Signal peptide . domain (Family 3) Type 1 cohesin Type 2 cohesin Type 3 cohesin

Glycosyl hydrolase
(Family 9)

Long T-rich linking segments

. Hydrophilic domain E Type 2 dockerin m]] Unknown domain

Figure 1.2  Structural properties of cellulosomal scaffoldingotpins (scaffoldins)
from various species (Det al., 2003).
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The cohesins are always present in scaffoldinsthei function is to serve as binding
sites for the dockerin domains of the cellulososra@dymes as figure 1.3 illustrates. This
interaction is key in the assembly of the celluloso(Doi et al., 2003). The CBD of

scaffoldins facilitate in the strong binding of tbellulosome to cellulose (figure 1.3). It
is evident that the CBD binds to the crystallinenfoof cellulose more readily than to

amorphous cellulose (Det al., 2003).

Cellulese-binding domain
Type-I dockerin domains

Type-Il dockerin domains

Cellulosome
Cell
Enzymatic subunits
\
Anchor'ilng protein
| E:}.w “ Type-ll cohesin domain

|-
2_ D:[::E "7 (X0 s-layer homology medule
= Scaffoldin subunits '\ ,f wercr Cellulose chain

|

| AT ST ST A ST ST
I.' AT A T T AT AT
T TATTASTTT
/ TSTTASTTA ST ST ST ST
j,-’ Celluloze pe Y e Ve Ve Ve e V)

Catalytic domain

Type-I cohesin domain

Neame |

Figure 1.3  Simplified schematic view of the interaction betmethe Clostridium
thermocellum cellulosome and its substrate, and its connedtictme cell
surface via an associated anchoring protein (Shaahm 1999).

Initially the bulk of the cellulosomal research wamducted or€. thermocellum (Morag

et al., 1996; Boissett al., 1999; Adamst al., 2004). Shohamat al. (1999) stated that
the arrangement of cellulosomes on the cell surédd@. thermocellum was visualised
using immonocytochemical labelling and electron mscopy. The cellulosome is
arranged on the cell surface as polycellulosomaituerance-like organelles, as
illustrated in figure 1.4. When these organellexilio the cellulosome, they undergo a
dramatic comformational change to form elongatbde between the cellulose and the
cell surface (Shohamt al., 1999).
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(a) (b)

Cell wall

- a— Cellulosomes
enfm b
L o 3 3
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Cell exterior o 8 &7
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. d i
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Cellulose

Figure 1.4  Ultrastructure of the Clostridium thermocellum cell surface. (a)
Diagrammatic representation of a typical cell boundcellulose.(b)
Transmission electron micrograph of a resting pealuwosomal
protuberance.(c) Transmission electron micrograph of a protracted
polycellulosomal protuberance. The cellulosomemiginly associated
with the cellulose surface and connected to thevialextended fibrous
material, believed to comprise the anchoring pnstebcale bars = 100 nm
(Shoharet al., 1999).

The cellulosome may have several advantages foeffieetive hydrolysis of cellulose;
this includes the optimisation of the synergism ttne correct ratio between the
components, which is determined by the composiiotine complex. The prevention of
non-productive adsorption is accomplished by thentg spacing of components that
work together in synergistic fashion is another aadage (Schwartz, 2001). The
avoidance of competition in binding sites (due tbnaited number of binding sites) is
accomplished by binding the whole complex to a lsirggte through a strong binding
domain with low specificity. The avoidance to dtha hydrolysis when one of the
structural types of cellulose is depleted at the of adsorption, by the presence of other

enzymes that have different specificity, is anotidrantage (Schwartz, 2001).
1.3 The cellulases of the cellulosome
Cellulases hydrolyse thg 1,4 glucosidic bonds in cellulose. Cellulasesrammbers of

the glycosyl hydrolase family of enzymes; theseyares hydrolyse oligosaccharides and

polysaccharides (Bayeat al., 1998b). Cellulases include endoglucanases c¢f-b4
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glucan 4-glucanohydrolases, which act randomliyhégolymeric chain and produce new
ends. Exoglucanases, include B;#-glucan glucanohydrolases, which liberate
glucose from B-glucan and cellodextrins and also include [-d-glucan
cellobiohydrolases, which liberatecellobiose fromB-glucan in a processive way. The
third set of cellulase enzymes are fliglucosidases op-D-glucoside glucohydrolases,
which liberate D-glucose units from soluble cellodextrins and wasioglycosides
(Schwartz, 2001). Figure 1.5 shows the schematficesentation of the hydrolysis of
amorphous and microcrystalline cellulose by nondewgu 1.5 (A) and complexed 1.5

(B) cellulase systems.

A @R
o —
o s
= N -
TS
ECrystalIfne Amorphous: Crystalline

Crystalline i Amorphous i Crystalline

Goc® | T Qo
D
2 -la
=,
[ "‘.‘ e, — ".u\
[#) 3 ] S
NERCCARN 7 8 NI T e s
oe% ‘D ;
ste Glucose 2 Cellobiose Endoglucanase Exoglucanase (eg. CelF/CelS)
/.... (with dockerin) D with dockerin
/\ Cello-oligosaccharides
Cohesin moiet ‘ Exoglucanase (eg. CelE)
& Endoglucanase (Exoglucanase kd inmoiety €3} with dockern
eg. CBHI)

Cellobiose/cellodextrin phoshorylase

8 B-Glucosidase @. >~ Exoglucanase
(eg. CBHII) m Carbohydrate-binding module (CBM)

Figure 1.5 Schematic representation of the hydrolysis of amous and
microcrystalline cellulose by noncomplexed (A) aodmplexed (B)
cellulase systems. The solid squares representirgdands, and the open
squares represent nonreducing ends. Amorphous rgsthline regions
are indicated. Cellulose, enzymes, and hydrolytadpcts are not shown
to scale (Lynctt al., 2002).
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Cellulases are modular where each module or doimmamade up of a consecutive portion

of the polypeptide chain and forms an independeritiding, structurally and

functionally distinct unit (Bayeet al., 1998b). The three-dimensional structures of

cellulases and related enzymes from 15 differemilfas have been determined (figure

1.6).

(Pro)g barrel B jellyroll distorted (') barrel {3 barrel (oer) barrel

3 @o@;yﬁ:& :H“Jé””‘

Cellulosome scheme

! Dockerin
2 model

Orf2p
Cohesin
structure
OlpB
Catalytic domain
Type-l cohasin domain
Type-l dockerin domain
| CBD
7 Type-ll dockerin domain
OlpA Type-ll cohesin domain
i mu;-(“ SLH module

Figure 1.6

Schematic representation of cellulosome organisagiod attachment to
the C. thermocellum cell surface. The cellulosome and its associated
anchoring proteins all comprise of modular compdsernThe scaffoldin
protein of C. thermocellum, shown in yellow, is composed primarily of
nine copies oh cohesion module, a Family-llla CBBd aa type-ll
dockerin domain.
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It is generally accepted that the overall 3-D dutes and stereo-specificity of hydrolysis
are conserved within a family. The enzymes arepexmand comprised of discrete
modules; the catalytic domains are joined to ndalgac modules, by linker regions
(Schwarz, 2001). The cellulosomal enzyme subarisnot different from related free
cellulases, as both contain common types of catatiimains from the same collection
of glycosyl hydrolase families. The major diffecenis that all cellulosomal enzymes
contain a dockerin domain, which mediates its iraggn into the cellulosome. Instead
of a dockerin domain, free enzymes usual contaleast one copy of a cellulose-binding
domain (CBD) that targets a given catalytic dontaithe substrate (Bayetal., 1998b).

1.4 Clostridium beijerinckii and its cellulosome

C. bejerinckii, previously known a€. acetobutylicum (Keis et al., 1995), is a gram-
positive anaerobe that forms spores and it hasl altape (Sabathé and Soucaille, 2003).
C. beijerinckii is able to break down polysaccharides into acidshsas acetate and
butyrate and also solveniscluding acetone, butanol and ethanol (Ezejal., 2006).
Previous studies by Sabatle€ al. (2002) have shown that the cellulosome of C.
acetobutylicum did not contain exoglucanase activity althoughas the genes that code
for the cellulosomal enzymes and the cellulosomei (B al., 2003; Sabathé and
Soucaille, 2003).

The cellulosomal cellulases that are produced @y beijerinckii include one
exoglucanase; CelF, seven endoglucanases; CelAl, EelgA, CelG, Cell, CelE and
CAC3469; a mannanase, ManA and a sialidase, CAC(Da&pet al., 2003). Table 1.2

summarises the cellulosomal subunits of a mesabilbeijerinckii.
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Table 1.2 Cellulosomal subunits &. beijerinckii (Doi et al., 2003)

Cellulosomal enzyme  Function Mol mass (kDa) Modstancturé
CelF Exoglucanase 81 GH48-DS1

CelA Endoglucanase 54 GH5-DS1

CelH Endoglucanase 80 GH9-CBM3-DS1
EngA Endoglucanase 67 GH44-DS1

CelG Endoglucanase 77 GH9-CBM3-DS1
CellL Endoglucanase 60 GH9-DS1

ManA Mannanase 47 GH5-DS1

CAC0919 Sialidase 91 GH74-DS1

CelE Endoglucanase 96 CBM3-1g-GH9-DS1
CAC3469 Endoglucanase 110 (SLH)3-GH5-X-DS1

& The modular structures of cellulosomal subunits mdicated by the following abbreviations: GH,
glycosyl hydrolase; Ig, immunoglobulin-like modul®S1, dockerin domain type 1; X, unknown domain..

1.5 The effect of sulphide on hydrolases

Sulphide is a disulphide reducing agent and maynatducing the disulphide bonds in
enzymes, thereby stimulating or activating thentud®s performed by Sa-Peregiaal.
(2002) found that the reducing agent dithiothre{fdT T) enhanced xylanolytic activity
of aBacillus subtilis strain isolated from a hot-spring. Lameidal. (1985) showed that
the thiol containing compound cysteine activatelutzesse and endoglucanase activities
of the cellulosome ofC. thermocellum. Sulphide may act in a similar way to these

compounds, since it is both a reducing agent aiotl¢bntaining compound.

Watson and Pletschke (2006) found that sulphidevaed the activities ofa-
glucosidases. Whitelegt al. (2002) found that sulphide activategiiglucosidase
activities. Whiteleyet al. (2003) determined that sulphide activated lipastvities.
Futhermore, Watsoat al. (2004) found that sulphide activated the actiatyproteases.
This showed that sulphide is able to activate veribydrolases including-glucosidase,

a cellulase enzyme.

10
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1.6 Anaerobic digestion

Anaerobic digestion is a microbial process whee rilicroorganisms degrade organic
matter including cellulose. The final products loé tdegradation are methane ({ldnd
CO, (Desvaux, 2005). The process is not as uniquelyam-made process as for
example industrial fermentation. The same reastiae carried out in nature, in soil,
streams and the oceans. The objective of thedbintdogist or engineer is to confine the
natural organisms in a man-made system and to matithe rates and the extent of the
natural reactions so that pollutants or organictenas rapidly and completely degraded
(Hobson and Wheatley, 1993).

The metabolic steps that are involved in anaerdigiestion have been identified and are
illustrated in figure 1.7. As figure 1.7 illustes, the first step is hydrolysis, this is carried
out by fermentative bacteria includinBacteriodes, Butyrivibrio, Clostridium, and
Lactobacillus. The products of this step include sugars, amarids and peptides. This
step is the focus of this study as the hydroly$isamplex polymeric substances is the
rate-limiting step in anaerobic digestion (Mata-adezet al., 2000; Burrellet al., 2004).
These microorganisms hydrolyse organic compounds as cellulose and hemicellulose
into smaller compounds that are transported toirttexior of cells and fermented into
various products including ethanol, butyrate aretate. They require GQ@s an electron
acceptor and an organic acid as a carbon sourgapaimm as nitrogen source, cysteine

or sulphide as sulphur sources and mineral satisgbs, 1986).

The second step is acidogenesis, whereG,, acetate and other organic acids larger
than acetate are formed. This step is also ca&@lpy the fermentative bacteria. The
third step in anaerobic digestion is acetogenedi®re organic acids are produced and
converted to Kl and acetate. This step is catalysed by the aeetodpacteria. kHand
CO, are also converted to acetate by the homoacembasteria. In the fourth and fifth
steps the methanogens reduce, @Omethane and the acetoclastic methanogenicrizcte

convert acetate to methane (Novaes, 1986).

11
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COMPLEX ORGANIC COMPOUNDS
(Carbohydrates, proteins, lipids)
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Figure 1.7  Metabolic steps and microbial groups involved imenobic digestion: 1)
Fermentative bacteria; 2) ,Hbroducing acetogenic bacteria; 3),-H
consuming acetogenic or homoacetogenic bacteria;C@)-reducing
methanogenic bacteria; 5) Acetoclastic methanogbaitteria (Novaes,

1986).
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1.7 Biofuels and other applications of cellulosomes

Research into the cellulosome, particularly redeart the activation of the cellulosome

and therefore the development of a more efficienhesobic digestion system is

important. This is due to the applications of wlelbomal research to anaerobic digestion.
The research can be applied to the biofuel sestiid waste management sector, pulp-
and paper- and the food industry, among otherspd@ticular interest is the production

of biofuels. Since a revival in interest into remble fuels has re-emerged due to the
possible depletion of fossil fuels and the envirental impact of fossil fuels, research in

the area is being re-emphasised (Chynowe#h, 2001).

A great challenge is to meet the growing demancdefargy for transportation, heating
and industrial processes, and to supply raw matinandustries in a sustainable way.
Security of the oil supply has increased concewrss td increasing oil prices, which in
2006, approached US$80 per barrel. Moreover, therduenergy supply must also
include a simultaneous substantial reduction ofelgréiouse gas emissions (Hahn-
Hagerdalet al., 2006). Many governments are endorsing biofusigshe fuel of the
future, for example in the USA, thgnergy Policy Act of 2005 requires blending of 7.5
billion gallons of alternative fuels by 2012 (Hahid&gerdalkt al., 2006).

Ethanol has been introduced on a large scale izilBthe USA and some European

countries and researchers anticipate it to be énleecleading renewable biofuels in the
transport sector within the next 20 years. Ethaaol be mixed with petrol or it can be

used alone in suitably designed engines, takingatdge of the higher octane number
and higher heat of vaporisation. Ethanol is algmad option for future advanced flexi-

fuel hybrid vehicles (Hahn-Hagerdalal., 2006).

The problem, however, is that ethanol for the fuatket is produced from sugar (Brazil)
or starch (USA). This raw material base also balset used for animal feed and human
consumption and therefore it will not be adequateneeting the increasing demand for

fuel ethanol. These factors have led to the etqgtlon of lignocellulose feed-stocks,

13
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such as agricultural and forest residues, as veetledlicated crops, or cellulose for the
production of ethanol (Hahn-Hagerdkl., 2006).

Along with cellulosomal research being appliedtttaeol production is the production of
methane. In the USA’s energy supply, methane ceepabout 20%. In the USA, there
is also an extensive pipeline distribution system a range of hardware that are in place
for its domestic, municipal, and industrial useowéver, this cannot be said for many
other countries. Compared to fossil fuels, meth@weduces fewer atmospheric pollutants
and produces less carbon dioxide per unit energyndiford, 2000; Chynowet#t al.,
2001). Because methane is a comparatively cleah foere is a move towards its
increased use for appliances, vehicles, indusgmdlications, and power generation.
Other fuels such as methanol and hydrogen are cocraitg developed for production
and use. They are also more difficult to producenfbiomass (Chynowett al., 2001).
Ethanol is a popular biomass-derived fuel. Howgesen with its advantage of easy
storage and transport, the fermentation processtgoproduction requires feedstock
pretreatment and pure culture maintenance. Theygmequirements that arise with feed
processing and product separation result in ovdoall process efficiencies. These
problems, however, are not characteristic of preegsfor biological conversion of

biomass to methane, that is, anaerobic digestibgr{@vethet al., 2001).

Millions of tons of solid waste are produced eaearyfrom municipal, industrial and
agricultural sources. There is a large-scale comation of land, water and air due to
the uncontrolled decomposition of solid wastes. iftehane and carbon dioxide released
from landfills is a major concern for global warmirfYu et al., 2002). However,
utilising controlled anaerobidigestion of the biomass, where the biogas is cagitihe
methane emissions can be reduced and the enemyitfoan be used, thereby serving as
a CQO-neutral energy sourgMaller et al., 2004). There is a large interest in alternative
waste management techniques, which can increagatthef anaerobic decomposition of
wastes. For instance, grass is a major organigoaent of the solid waste, it makes up

about 14.6% of the total municipal solid waste it and about 50% of the organic

14
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fraction of the waste. Therefore using a methazthsas anaerobic digestion as a waste

management option is an important optide(ler et al., 2004; Rani and Nand, 2004)

1.8 Problem statement and motivation

It is generally accepted that the hydrolysis stepnaerobic digestion is the rate-limiting
step in the anaerobic digestion of cellulosic mater An increase in the rate of
hydrolysis would lead to an increase in the oveeffiiciency of the process. In this

study, sulphide was used to increase or activaestap.

1.9 Hypothesis

Sulphide is able to accelerate the rate-limitirgpsh anaerobic digestion, by enhancing
the cellulolytic activity of the cellulosome. Thimsay be exploited for more rapid and

complete degradation of organic matter.

1.10 Aims and Objectives

The aims and objectives were to:

a) isolate aClostridium anaerobe from a biosulphidogenic bioreactor ansicteen
for the isolate with the highest cellulase activity

b) identify the anaerobe using 16S rDNA analysis

c) purify the cellulosome of the anaerobe

d) determine the subunits of the cellulosome

e) characterise the cellulosomal and non-cellulosoimaadtions of theClostridium
by determining the effect of increased additionsuphide, sulphate, cellobiose,
glucose and acetate on cellulase and endoglucacésgies of the cellulosomal
and non-cellulosomal fractions of tRéostridium

f) determine the pH and temperature optima of thelesks and endoglucanases

g) determine the effect of sulphide on anaerobic digesising the Clostridium sp.
in anaerobic flasks/bioreactors.

15
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THE ISOLATION AND IDENTIFICATION OF CLOSTRIDIUM BEIJERINCKII
sLMO1 AND THE PURIFICATION OF ITS CELLULOSOME

2.1 INTRODUCTION

As mentioned previously, cellulosomes are largeaeedlular multi-enzyme complexes.

Cellulosomes are produced by anaerobic microorgamia order to hydrolyse cellulose,

hemicelluloses and pectin among other polysaccearidlhe cellulosomes degrade the
plant cell walls in the environment of the anaerobEhese environments include soill,

wood chip piles, sewage and rumens. Cellulosomescall protuberances that are
possibly the largest complexes known as they rémge 650 000 Da to 2.5 MDa (Det

al., 2003).

Clostridium beijerinckii is a gram-positive, spore-forming anaerobe thatveds a
variety of polysaccharides into acids and solvent§he anaerobe produces small
guantities of the cellulosome of approximately &&%a (Perretet al., 2004). Previous
work performed by Sabatteal. (2002) demonstrated th@t acetobutylicum ATCC 824
produced an inactive cellulosome, regardless ofethéence presented by the sequence
analysis of its genome, where a cellulosomal gduster was present. Sabat&téal.
(2002) found the presence of four major subunithécellulosome of. acetobutylicum
ATCC 824. These included the scaffolding proteipACand they cellobiohydrolases
Cel48A, Cel9X and Cel9C or Cel9E.

Various methods are used in purifying the celluloep including the affinity
chromatography purification procedure (Lamed andyeBa 1988) and the affinity
digestion purification procedure (Morag al., 1992). The affinity chromatography
purification method exploits the adsorption ability the cellulosome to crystalline
cellulose and elution of the cellulosome from tledludose with triethylamine (TEA),

while the affinity digestion method uses the adgorpof the cellulosome to amorphous
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cellulose and digestion of cellulose and dialysBoth methods were used in this study

for the purification of the cellulosome fro@ beijerinckii.

2.5 AIMS

The overall objective of this chapter was to puttig cellulosome of. beijerinckii and

to determine its cellulase and endoglucanase aesvi

To achieve this objective several aims were address
a) to isolate aClostridium anaerobe from a biosulphidogenic bioreactor amdesc
for the isolate with the highest cellulase activity
b) to identify the anaerobe using 16S rDNA analysi
c) to purify the cellulosome of the anaerobe

d) to determine the subunits of the cellulosome.
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2.6 MATERIALS AND METHODS

2.3.1 Isolation of a mesophilic Clostridium sp.

A sample from a biosulphidogenic bioreactor wastakor the subsequent culture and
isolation of the microbe. The sample was streakeih reinforced Clostridial medium
(DIFCO) agar plates and was incubated at 28 “@®&dnours. Colonies were picked and
streaked onto fresh reinforced Clostridial mediugaraplates at 28 °C for 48 hours.
Anaerobic conditions were maintained using Anadi@cA and anaerobic jars (Merck).

All general reagents were supplied by Merck, untgbsrwise stated.

2.3.2 Screening for cellulase activity

The anaerobic colonies were inoculated into anaermledia that contained 0.5 % (w/v)
Avicel, 1% L-cysteine, 0.05 % (w/v) agar and 0.005 % (w/v) yeadract and were
incubated at 28 °C for 48 hours. The cell suspensias used for the screening for
cellulase activity. The colorimetric assay usedthe determination of cellulase activity
was the dinitrosalicyclic acid (DNS) method (Millet al., 1960). The DNS was
prepared as described by Wood and Bhat (1988) wheyalinitrosalicyclic acid, 0.4 g
phenol, 0.1 g sodium sulphite and 40 g Rochellewsate dissolved in 100 ml of 2 %
(w/v) NaOH solution and diluted to 200 ml with dlisd water. Samples (10d) were
incubated at 50 °C for 30 min with 50 2 % (w/v) Avicel (for cellulase activity)
substrate and 25@ of 0.05 M citrate buffer, pH 4,&fter which 20Qu| DNS was added
and the samples were boiled for 5 min and put enfac 10 min. The assay was
performed in triplicates. Controls where no sudistrwas added were performed
throughout the study. The absorbance at 540 nntlvesmsdetermined. The samples with
the highest activity were selected for further sgad Appendix A illustrates a typical
glucose standard curve obtained.
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2.3.3 Effect of sulphide on cellulase activity

The effect of sulphide on the isolated samples detsrmined. The samples (100 pl)
were pre-incubated at room temperature in readtibes containing 200 pl of 0.05 M
citrate buffer, pH 4.8 with a final concentratiohsollphide of 60, 120, 240, 300, 480 and
600 mg I, respectively for 15 min. A volume of 50 ul of%2 (w/v) Avicel was then
added to the reaction mixture. The experimentewperformed in triplicates. Samples
were incubated at 50 °C for 30 min after which 20NS was added and the samples
were boiled for 5 min and put on ice for 10 minheTabsorbance at 540 nm was then
determined. The strain that exhibited high activéind was most affected by the
additions of sulphide was selected for further igtsid

2.3.4 Isolation of DNA and 16SrDNA sequence analysis

A single colony of the anaerobe that was seleateskction 2.3.3 was inoculated into 5
ml reinforced Clostridial medium (DIFCO) and inctéxd with shaking (150 rpm) for 48
hours at 28 °C. Bacterial genomic DNA was isolatsihg the miniprep method of
Ausubel et al. (2002). The 16S rRNA gene was amplified by the polymerasainc
reaction (PCR) using a 38 reaction containing approximately Qu§ template DNA/35
ul, 1.5 mM MgC}, 1x PCR buffer, 20uM of each deoxynucleotide, 0.5MM of both
primers; GM5 F (5" — cct acg gga ggc agc ag -18) 207 R (5' - cgc ccg ccg cge ccc geg
CCC gtc ccg ccg cce ccg cce gec gtec aat tec ttttiagl3’) incorporating a GC clamp and
1.75 U/35ul Taq polymerase (Promega). PCR was performed ymid PCR Sprint
thermocycler using a touchdown procedure withahidienaturation at 95 °C followed by
28 cycles of denaturation at 94 °C for 30 s, aringat 68 °C and decreasing every 4
cycles by 2 °C for 45 s, extension at 72 °C anbb¥eed by a final extension at 72 °C for
5 min. The PCR product was quantified on a 1 %@ggagel. The PCR amplification
products were cloned into pGEM Easy Vector Systems (Promega) and transformed
into Escherichia coli JM 109 cells. The plasmids were purified from trensformed
cells using a QAIprép Spin Miniprep kit (Qiagen) and visualised in a layarose gel.
The plasmids were digested wiitoR| (Roche) to confirm that the PCR product had
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ligated onto the pGERAT vector, where 2l Sure/Cut buffer H, 2u plasmid DNA, 0.3
ul EcoRI and 16ul double distilled water to the reaction tube amcubated at 37 °C for 2
hoursand the digestion results were visualised on a dg@ose gel. Purified plasmids
were prepared for cycle sequencing using ABI PRISBigDye V3.1 (Applied
Biosystems). The primers used were universal sequencing prinefs and SP6
(Promega) Protocols were followed as described by the Bengd instructions. Samples
were sequenced using a 3100 ABI Genetic analy3ére 16S rDNA sequences were
entered into the nucleotide-nucleotide BLAST seaocidentify the anaerobe.

2.3.5 Scanning electron micrograph (SEM) of C. beijerinckii

C. beijerinckii was grown in culture medium based on that useddsyed and Bayer
(1988), described in detail in section 2.3.6. Ttvanl cultures were centrifuged at
13 000 rpm for 5 min using the Heraeus Biofuge Picicrolitre centrifuge. The
supernatant was decanted and 200 ul cold buffexativie (2.5% (w/v) glutaraldehyde in
0.1 M phosphate buffer, pH 7.3) was added. Theptesnwere allowed to fix for 12
hours at 4 °C. The fixative was decanted and 2@®ld 0.1 M phosphate buffer, pH 7.3
was added to the wash for 10 min twice. The phatgphuffer was decanted and 200 pl
of 30 % ethanol was added. The tubes were allawestand to dehydrate for 5 min.
This step was repeated with each of the ethanatesdrations (50, 70, 80 and 90 %
ethanol) with two changes of 100 % ethanol. Thecspens were transferred into the
critical point drying (CPD) baskets, then placedlG0 % ethanol, and the baskets were
placed in basket holders and then in the CPD charabé dried. After drying the
samples were placed on stubs and coated with dilthiof gold.

2.3.6 Purification of the cellulosome from C. beijerinckii
C. beijerinckii was grown in a culture medium based on that ugedalmed and Bayer
(1988) for the subsequent purification of the dekome. The medium consisted of

0.25 g MgC}, 0.65 g NHSO,, 2.5 g yeast extract, 2.5 g Avicel and 0.25 g ag&00 ml
distilled water. The media was flushed with nigoggas and autoclaved. Prior to
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inoculation, 1 ml (15 % w/v) autoclaved cysteineiH@H 8.5 was added and then a
single colony ofC. beijerinckii was inoculated into the medium. The flasks were
incubated at 28 °C with constant shaking (100 rfum}4 days.

The first cellulosome purification procedure useasvbased on that of Lamed and Bayer
(1988) where 1 litre culture (500 ml culture wasoalused) ofC. beijerinckii after
incubation was centrifuged (Beckman Coulter AVAniE centrifuge) at 1000 g for
5 min. The supernatant was decanted and 12 g IAyikeka) was added. The
suspension was stirred mechanically using a ro(eltco Biotechnology) for 1 hour at
room temperature and then centrifuged at 1000 g2fonin. The supernatant was
discarded and the cellulose was washed with 250.@1 M Tris buffer, pH 7.7 and the
cellulosome was eluted with 125 ml 1 % triethylaminThis was performed at 4 °C. The
eluate was neutralised with 10 % acetic acid amteotrated with polyethylene glycol
(PEG) 20 000 using dialysis tubing at 4 °C. Thencemtrated eluate was
microcentrifuged at 3 000 rpm for 5 min and 50@{ithe supernatant was applied onto a
Sepharose 4B column (15 x 1.0 cm). The major prqieaks (obtained from the A280

nm chromatogram) were pooled.

The second purification procedure was based orptbcol outlined by Moragt al.
(1992) whereby the cellulosome was purified usihg &ffinity digestion procedure.
Amorphous cellulose was prepared as described byetaet al. (1985) prior to
purification of the cellulosome. A volume of lréitof C. beijerinckii culture was grown
as described previously in this section and thenrifeged at 1000 g for 5 minutes. The
supernatant was used for the purification of thkulosome and 0.5 g of amorphous
(phosphoric acid swollen) cellulose was added ® shpernatant. The mixture was
incubated at 4 °C for 2 hours, and then centrifugtetio 000 g for 5 min. The pellet was
resuspended in 5 ml of 0.5 M Tris buffer pH 7.5 amlysed versus 0.5 M Tris buffer,
pH 7.5 at 37 °C overnight. The sample was microdaged at 3000 rpm for 3 min and
1 ml of the supernatant was applied onto a SepbatBscolumn (30 x 1.5 cm). The

major protein peaks (obtained from thg#\m chromatogram) were pooled.
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2.3.7 Determination of cellulase/ endoglucanase activity and protein concentration

The cellulase/ endoglucanase assays were perfameddscribed in section 2.3.2 and the
substrates 2 % (w/v) Avicel (for cellulase) and Z2wWtv) CMC (for endoglucanase) were
used. Protein concentration was determined udiegBradford method and bovine
serum albumin (BSA) as the standard (Bradford, 1978ppendix B shows a typical
BSA standard curve obtained.

2.3.8 DSPAGE, zymograms and MALDI-TOF analysis

Sodium dodecyl sulphate-polyacrylamide gel eledtovpsis (SDS-PAGE) was
performed using a 10% polyacrylamide gel as deedriy Bollaget al. (1996). The
samples were concentrated with acetone prior ingaonto the gel where 1 ml ice cold
acetone was added to 200 pl sample, the mixturevardexed briefly and incubated at
-20 °C for 2 hours and microcentrifuged at 13 0@ for 15 min. The supernatant was
decanted and the samples were air dried, followethé resuspension of the pellet by
adding one pellet volume of 0.05 M Tris buffer, g¥ (first cellulosome purification
protocol) or 0.05 M Tris buffer, pH 7.5 (secondlgklsome purification protocol). The
approximate molar amounts of the bands were deteanusing densitometry software
(Uvitech). The molar amount of each band was esga relative to the S1 (subunit 1)
band, which was arbitrarily assigned a value ofMur@shimaet al., 2002). The
zymogram for endoglucanase was performed using Qw8 CMC incorporated into
the polyacrylamide. Renaturing of the gels afte6SPAGE was performed as described
by Hanet al. (2004). The zones of clearing, which correspontte@ndoglucanase
activity were visualized using a 0.3% (w/v) Congal rstain for 10 min and destained
using 1 M NaCl (Haret al., 2004). A 10 % SDS-PAGE of the purification fiacs was
performed again in order to obtain the bands adradt for MALDI-TOF analysis. The
MALDI-TOF service of the Department of Molecularda@ell Biology of the University
of Cape Town was employed. The Coomassie staiardshwere excised, digested with

trypsin and a tryptic peptide mass finger print was$ained for each band. Expasy tool
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(PeptideMass) and the NCBI protein search were tsetarch and match the peptide

mass to identify the origin of the enzymes.

2.7 RESULTS

24.1 Screening for cellulase activity of the isolated anaerobe and the effect of sulphide
on cellulase activity

Mesophilic anaerobes were isolated from a biosdlpdenic bioreactor and screened for
cellulase activity (figure 2.1) using Avicel. Owmait (U) was defined as nmol glucose
released mih ml* because of the low activities obtained. The straith the highest

cellulase activities, samples 3, 4 and 8, denotetM0d, cLMO02 and cLMO3,

respectively, were selected for further studiese ThMO03 strain contained the highest
cellulase activity (0.034 nmol glucose releasedmin!), figure 2.1, and was the most
dramatically stimulated by sulphide, figure 2.2pwing a 317 % increase in cellulase

activity- 0.136 nmol glucose released rhiml™.

0.04 -
0.035 -
0.03 - §
0.025 -
0.02 -
0.015 -
0.01 -

Cellulase Activity (U)

0.005 +

1 2 3 4 5 6 7 8 9 10

Sample Number

Figure 2.1  Cellulase activity screening of isolated anaerob¥salues are expressed
as means = SInE3).
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Figure 2.2  Effect of sulphide on cellulase activity of cLM®Y, cLM2 (@) and cLM3
(). Values are expressed as means +r83)(

2.4.2 Isolation of DNA and 16SrDNA sequence analysis

The cLMO3 strain was selected during the screephnogess, its DNA was isolated and
the partial 16S rDNA region was PCR amplified (figi2.3). The PCR amplified 16S
rDNA region was ligated into a pGEM T Easy vector and transformed into competent
E. coli JM109 cells. The plasmid was purified (figure)2asd digested witlEcoRI to
confirm ligation (figure 2.5). The 500 bp PCR aifiptl 16S rDNA region was
sequenced and the sequence that was generated nieagdeinto the nucleotide-
nucleotide BLAST search and the resulting organisith 99 % identity was identified
putatively asClostridium beijerinckii Accession number X68180.1 (figure 2.6). PCR
was repeated using the 9F (5’ - gat ttt gat ccttggay — 3’) and 1541R (5’ — aag gag gtg
atc cag cc — 3’) primers, which amplified 1300 ghe 16S rDNA region. Appendix E
shows the results resulting from a BLAST searcingishe sequence obtained. A 98 %
identity to C. beijerinckii (Accession number X68180.1) and putatively ideadifthe

isolated microorganism &% beijerinckii.
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Figure 2.3  Agarose gel (1 %) showing PCR products. M; Molacwleight marker
(MassRullef™ DNA ladder mix # SM0403); 1; negative control;PCR
amplified 16S rDNA of isolated anaerobe; 3; Positbontrol (Promega).

Figure 2.4  Agarose gel (1 %) of plasmid DNA isolated from stoxmedE. coli JM
109 cells. M; Molecular weight markek@INA/ EcoRI + Hindlll); 1-9;
purified plasmid DNA of screened transformants.
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«— £ 500 bp 16S rDNA
PCR product

Figure 2.5 Agarose gel (1 %) showing th&oRI digestion of the plasmid containing
the 16S rDNA PCR product. M; Molecular weight nark
(O'GeneRule™ 1 kb DNA Ladder); 1-7EcoRI digested vectors.

1 TCAATTCCTT TGAGITTTAA TCTTGCGACC GTACTCCCCA GGCGGAATAC
TTAATGCGTT AGCGGECGGCA CAGAGGTCAT GACAACCCCT ACACCTAGTA

101 TTCATCGITT ACGGCGIGGA CTACCAGEGT ATCTAATCCT GITTGCTCCC
CACGCTTTCG AGCCTCAGIG TCAGTTACAG TCCAGAAAGT CGCCTTCGCC

201 ACTGGTATTC TTCCTAATCT CTACGCATTT CACCGCTACA CTAGGAATTC
TACTTTCCTC TCCTGCACTC TAGATATCCA GITTGGAATG CAGCACCCAG

301 GITAGECCCG AGTATTTCAC ATCCCACTTA AATATCCACC TACGCTCCCT
TTACGCCCAG TAAATCCGGA CAACGCTTGC CACCTACGTA TTACCGCGGEC

401 TGCTGGECACG TAGITAGCCG TGECTTCCTC CTCAGGTACC GICATTATCG
TCCCTGAAGA CAGAGCTTTA CAATCCGAAG ACCGICATCA CTCACGCGEC

501 GITGCTGCAT CAGGGITTCC CCCATTGNGC AATATTCCCC ACTGCTGCCT
CCCGTAG

Figure 2.6  The 16S rDNA sequence of the isola@dstridial anaerobe.
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2.4.3 Scanning electron micrograph (SEM) of C. beijerinckii SLMO1

The selected strain was grown on cellulose andalised using SEM, the microorganism

(as figure 2.7 illustrates) is rod shaped and actsellulose.

Cellulose fibre

C. beijerinekdi

SEM MAG: 3.80 kx DET: SEDetectar | IS
HY: 10,00 kY DATE: 08130006 10 pm Vega @Tescan
WAC: Hivias Device: V317604814 Rhaodes University SEM

Figure 2.7  Scanning electron micrograph df. beijerinckii sLMO1 acting on
cellulose.
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24.4 Purification of the cellulosome from C. beijerinckii sSLMO1 using affinity
chromatography

After identifying the microbe with 16S rDNA sequenanalysis and visualising it on
SEM, its cellulosome was purified. The first prdoee used was the affinity
chromatography purification procedure (Lamed anglel3al988). Figure 2.8 shows the
Sepharose 4B chromatogram obtained in the firstigation. Five peaks resulted, which
were not well resolved or separated. These wenetdd S4B1-S4B5 (Sepharose 4B
fraction 1-5). The fractions in each peak werelpd@nd cellulase and endoglucanase

assays were performed and the protein concentrasrdetermined.

=481 5482 5483 SdB4 5485

| i [

0.16
0.14 4
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0.04 4
0.02 4
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0.0z =

Absorbance at 280nm
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Fraction number {1ml/tube)

Figure 2.8  The first Sepharose 4B chromatogram of a cellul@soantaining fraction
fr?m C. beijerinckii. Column dimensions, 15 x 1.0 cm and flow ratenf20
h™.

Table 2.1 shows the purification table for the pcaition of the cellulases of thé.
beijerinckii cellulosome using the affinity chromatography fication procedure. The
specific activities and the fold purification vatuef the Sepharose 4B fractions showed
that the purification was successful as these galere higher than of the crude extract.
Figure 2.8 shows that S4B3 had a larger peak td4&5 Showever, table 2.1 shows that
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S4B3 had a lower total protein value than S4B5is Timy be due to a lower tyrosine or
tryptophan content in the S4B5 fraction and theeefa lower Agonm reading was

obtained. The Bradford’s assay was able to détegprotein present to a higher degree.

Table 2.1 Purification table for cellulases of the celldase ofC. beijerinckii SLMO1

Fraction Total Activity®  Protein Total Total Specific % Fold
Name Volumé® Concentratioh Protei!  Activity® Activity" Yield Purification
Crude Extract 964 2.200 0.317 305.6 2131 6.940 100.0 1.00
Supernatant 900 1.260 0.331 297.9 1134 3.807 53.2 0.55
Supernatant 412 0.787 0.276 113.7 3241 2.851 152 0.41
after binding

Wash 670 0.605 0.153 102.5 405.4 3.954 19.0 0.57
Elution 181 0.748 0.081 14.66 135.4 9.235 6.4 1.33
Concentrated 4.5 3.526 0.851 3.830 15.87 4.143 0.7 0.60
Elution

S4B1 27 0.847 0.043 1.162 22.87 19.70 11 2.82
S4B2 13.5 0.858 0.073 0.990 11.58 11.75 0.5 1.69
S4B3 22 1.601 0.081 1.782 35.22 19.77 1.6 2.84
S4B4 45 1.826 0.127 5.716 82.18 14.38 3.9 2.07
S4B5 20 1.744 0.144 2.880 34.88 12.11 1.6 1.74

2 ml; ® nmol glucose released mliml™; © mg mi*; ¢ mg; ® nmol glucose released nin' nmol glucose
released mg protein min'.

Table 2.2 shows the purification table for the egldocanases of th€. beijerinckii
cellulosome, using the affinity chromatography fication procedure. The
endoglucanases were also purified successfullythas specific activities and fold
purification values were higher (except for S4Bt that of the crude. Despite the fact
that the total activity decreased substantiallyodighout the purification for both

cellulases and endoglucanases (tables 2.1 andt&)urification was fairly successful.
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Table 2.2 Purification table for endoglucanases of theuteiome ofC. beijerinckii

sLMO1
Fraction Total Activity®  Protein Total Total Specific % Fold
Name Volume Concentratioh Proteirf Activity® Activity’ Yield Purification
Crude Extract 964 0.545 0.317 305.6 525.4 1.719 100.0 1.00
Supernatant 900 0.072 0.331 297.9 64.80 0.218 12.3 0.13
Supernatant 412 0.044 0.276 113.7 18.13 0.159 3.5 0.09
after binding
Wash 670 0.055 0.153 102.5 36.85 0.359 7.0 0.21
Elution 181 0.149 0.081 14.66 26.97 1.840 5.1 1.07
Concentrated 4.5 2.261 0.851 3.830 10.17  2.657 1.9 1.55
Elution
S4B1 27 0.132 0.043 1.161 3.564 3.070 0.7 1.79
S4B2 13.5 0.193 0.073 0.990 2.606 2.644 0.5 1.54
S4B3 22 0.561 0.081 1.782 12.34 6.926 2.3 4.03
S4B4 45 0.484 0.127 5.716 21.78 3.811 4.1 2.22
S4B5 20 0.160 0.144 2.880 3.200 1111 0.6 0.65

2 ml; ® nmol glucose released riiml™; ¢ mg mi*;  mg; ® nmol glucose released min" nmol glucose
released md protein mir-.

Figure 2.9 shows the 10 % SDS-PAGE results forptim#ication of the cellulosome of
C. bejerinckii using the affinity chromatography purification pealure. Various bands
were obtained, however these were not clear. H®&1S$4B5 fractions did not result
visible bands on the gel (S4B1 results shown oaré2.9). The gel therefore did not
show whether the cellulosomal proteins were presethe fractions. The purification
was repeated in order obtain improved separatiothefpeaks in the chromatogram as
well as to obtain a clearer SDS-PAGE result, wittrendistinct bands in the cellulosomal

and non-cellulosomal fractions.
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Figure 2.9 SDS-PAGE (10 %) results for the purification of tbellulosome ofC.
beijerinckii using the affinity chromatography purification pealure. M:
Molecular weight marker (Sigma 29- 205 kDa); BSAovihie serum
albumin; C: Crude extract; S: Supernatant; SAB: eédngtant after
cellulose binding; W: Wash; E: Elution; CE: Concated elution; S4B1.:
Sepharose 4B fraction 1.

Figure 2.10 shows the Sepharose 4B chromatogramuped from a repeat of the

purification procedure. Six peaks were observduclvwere better resolved or separated
than in the first purification (figure 2.8). Theg®aks were denoted S4B1-S4B6
(Sepharose 4B fractions 1-6). The fractions ctutstg each peak were pooled together
and cellulase and endoglucanase assays were pedaaumd the protein concentration

was determined.
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Figure 2.10 The second Sepharose 4B chromatogram of a cellm®scontaining
fraction fromC. beijerinckii. Column dimensions, 15 x 1.0 cm and flow
rate, 20 ml H.

Table 2.3 shows the purification table for the wlekes of the&C. beijerinckii cellulosome
using the affinity chromatography purification pedcire. The specific activities and fold
purification values were dramatically higher instipurification than that of the previous
purification. As it was found in the previous gigation, S4B5 had a higher total protein
value than S4B3. This was not expected as the.fAreading was higher for S4B3 than
S4B5. This may be due to a lower tyrosine or wppan content in the S4B5 fraction
and therefore a lower »8,m reading was obtained. The higher total proteitueva
indicates that the Bradford’'s assay was able teatie¢he protein present to a higher
degree. The highest specific activity was 146.®lngiucose released rifgrotein min*

in this purification, while in the first purificath it was 19.77 nmol glucose released'mg
protein min' (table 2.1). The highest fold purification valuas 14.19 fold for the
second purification (table 2.3) and 2.84 fold foe first purification (table 2.1).
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Table 2.3 Purification table for cellulases of the celldase ofC. bejerinckii SLMO1

Fraction Total Activity®  Protein Total Total Specific % Fold

Name Volumé Concentratioh Proteirf Activity® Activity"  Yield  Purification
Crude 480 1.584 0.153 73.44 760.4  10.35 100.0 1.00
Extract

Supernatant 472 2.266 0.168 79.30 1070 13.49 140.7 1.30
Supernatant 442 1.634 0.168 74.26 7221  9.720 95.0 0.94
after binding

Wash 63 1.601 0.015 0.945 100.8 106.7 13.3 10.31
Elution 123 3.801 0.020 2.460 467.5 190.0 61.5 a8.3
Concentrated 5 9.466 0.942 4.710 47.33  10.05 6.2 0.97
elution

S4B1 35 1.144 0.050 1.750 40.04 22.88 5.3 2.21
S4B2 28 1.348 0.043 1.200 37.73 31.34 5.0 3.03
S4B3 30 1.260 0.023 0.880 37.79 54.77 5.0 5.29
S4B4 58 1.469 0.010 0.580 85.18 146.9 11.2 14.19
S4B5 39 1.991 0.028 1.090 77.66 71.11 10.2 6.87
S4B6 20 1.463 0.017 0.340 29.26 86.07 3.8 8.32

2 ml; ® nmol glucose released mliml™; © i*: ¢ mg; ® nmol glucose released rifin' nmol glucose

released mg protein mir'.

mg m

Table 2.4 shows the purification table producedrepeating the purification procedure
of the endoglucanases froth beijerinckii. The specific activities and fold purification
values were higher in this purification than thatlee previous purification (table 2.2).
The highest specific activity was 93.51 nmol glieosleased mtprotein min* in this
purification, while in the first purification it v 6.926 nmol glucose released ‘g
protein min' (table 2.2). The highest fold purification valuas 26.54 fold for the
second purification (table 2.4) and 4.03 fold fbe ffirst purification (table 2.1). The
purification of cellulases and endoglucanases waefore more successful in the second

purification attempt.
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Table 2.4 Purification table for endoglucanases of theuteiome ofC. beijerinckii

sLMO1
Fraction Total Activity®  Protein Total Total Specific % Fold
Name Volume Concentratioh Proteirf Activity® Activity"  Yield  Purification
Crude Extract 480 0.539 0.153 73.44 258.7 3.523 .00 1.00
Supernatant 472 0.319 0.168 79.30 150.6 1.899 58.2 0.54
Supernatant 442 0.292 0.168 74.26 128.9 1.735 49.8 0.49
after binding
Wash 63 0.297 0.015 0.945 18.71 19.80 7.2 5.62
Elution 123 0.842 0.020 2.460 103.5 42.08 40.0 11.94
Concentrated 5 9.076 0.942 4.710 45.38 9.635 175 2.73
elution
S4B1 35 4.675 0.050 1.750 163.6 93.51 63.2 26.54
S4B2 28 0.622 0.043 1.200 17.40 14.45 6.7 4.10
S4B3 30 0.567 0.023 0.880 17.00 24.63 6.6 6.99
S4B4 58 0.572 0.010 0.580 33.18 57.21 12.8 16.24
S4B5 39 0.506 0.028 1.090 19.74 18.07 7.6 5.13
S4B6 20 0.545 0.017 0.340 10.89 32.03 4.2 9.09

2 ml; ® nmol glucose released miiml™; ¢ mg mi*;  mg; ® nmol glucose released min" nmol glucose
released md protein mir-.

SDS-PAGE results of the repeat of the purificatdrihe cellulosome o€. beijerinckii
using the affinity chromatography purification pedcire were unsuccessful. There were
no bands present in the gel in any of the fractiersept the concentrated elution
fraction. This was unexpected as the activitied apecific activities during this
purification were high. The second purificatiorthteique was employed in order to
determine if this would improve the results, espigmwhether bands would be present in
the Sepharose 4 B fractions on 10% SDS-PAGE.
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2.4.5 Purification of the cellulosome from C. beijerinckii SLMO1 using the affinity
digestion procedure

The second purification procedure was based onotoqwl outlined by Moraget al.
(1992) whereby the cellulosome was purified usimg affinity digestion procedure. In
this procedure a larger column was used (30 x hhy amorphous cellulose instead of
crystalline cellulose was used during the purifarat procedure and there was an
overnight digestion step (section 2.3.6). Figurelhows the chromatogram obtained
from the affinity digestion procedure. The peaksrevwell resolved. Four peaks
resulted, designated as S4B1-4 (Sepharose 4Bdnacti-4). The fractions in each peak
were pooled and the cellulase and endoglucanassatiast and protein concentration

was determined.
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Figure 2.11 Sepharose 4B chromatogram of a cellulosome contaiinaction fromC.
beijerinckii. Column dimensions, 30 x 1.5 cm and flow ratep2o™.
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Table 2.5 shows the purification table for the Wlees of the&C. beijerinckii cellulosome
using the affinity digestion procedure. The spedifctivities and the fold purification
values of the Sepharose 4B fractions showed tlegpuinification was successful, as these

values were significantly higher than of the credé&act.

Table 2.5 Purification table for cellulases of the celldase ofC. beijerinckii SLMO1

Fraction Total Activity® Protein Total Total Specific % Fold

Name Volumé® Concentratioh Proteirf  Activity®  Activity' Yield  Purification
Crude 961 0.770 0.056 53.82 740.0 13.75 100.0 1.00
Extract

Supernatant 818 0.704 0.028 22.90 575.9 25.14 77.8 1.83
Supernatant 773 0.649 0.009 6.957 501.7 72.11 67.8 5.24
after binding

Digested and 13 3.025 0.440 5.720 39.33 6.875 5.3 0.50
Dialysed

S4B1 74 0.583 0.007 0.518 43.14 83.29 5.8 6.06
S4B2 54 0.583 0.010 0.540 31.48 58.30 4.3 4.24
S4B3 62 0.611 0.014 1.166 37.85 43.64 5.1 3.17
S4B4 58 0.534 0.010 0.580 30.97 53.40 4.2 3.88

2 ml; ® nmol glucose released mliml™; © mg mi*; ¢ mg; ® nmol glucose released nin' nmol glucose
released mg protein mirt'.

Table 2.6 shows the purification table of the erdcanases of the&. beijerinckii

cellulosome using the affinity digestion procedur&he specific activity and the fold
purification were low for all of the Sepharose 4Bctions. The activity decreased
dramatically from 1.936 nmol glucose released hinl™* in the digested and dialysed
fraction to 0.006 nmol glucose released Timl?, indicating that most of the activity

was lost during the Sepharose 4B chromatograplpy ste
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Table 2.6 Purification table for endoglucanases of theuteiome ofC. beijerinckii

sLMO1
Fraction Total Activity® Protein Total Total Specific
Name Volume Concentratioh Proteirf Activity®  Activity' Yield  Purification
Crude 961 0.253 0.056 53.82 243.1 4.518 100.0 1.00
Extract
Supernatant 818 0.033 0.028 22.90 27.00 1.179 11.1 0.26
Supernatant 773 0.017 0.009 6.957 12.76 1.834 5.2 0.41
after binding
Digested and 13 1.936 0.440 5.720 25.17 4.400 10.4 0.97
Dialysed
S4B1 74 0.006 0.007 0.518 0.444 0.857 0.2 0.19
S4B2 54 0.012 0.010 0.540 0.648 1.200 0.3 0.27
S4B3 62 0.011 0.014 1.166 0.682 0.786 0.3 0.17
S4B4 58 0.012 0.010 0.580 0.696 1.200 0.3 0.27

2 ml; ® nmol glucose released miiml™; ¢ mg mi*;  mg; ® nmol glucose released min" nmol glucose
released md protein mir-.

The two large peaks obtained in the chromatogram figure 2.11), that is, the first and
the third peaks were denoted Sepharose 4B fradtigB4B1)- the cellulosomal fraction
and Sepharose 4B fraction 3 (S4B3)- the non-caturital fraction, respectively. These
peaks exhibited high cellulase specific activiti®8.29 nmol glucose released g
protein min* and 43.64 nmol glucose released npgotein min', respectively and the
highest endoglucanase specific activities obtaiwere also obtained in these fractions-
1.200 nmol glucose released fngrotein min* for each fraction. S4B1 and S4B3 were
subsequently used for the characterisation of #lkilosomal and non-cellulosomal

fractions ofC. beijerinckii.

Figure 2.12 shows the SDS-PAGE results obtainethipurification of the cellulosome
using the affinity digestion procedure. In the 34fBaction, there was one faint band
present at approximately 50 kDa (not visible irufg 2.13). This band is more clearly
shown in 2.14. However, obtaining only one bananca confirm whether S4B1 is the

cellulosomal fraction (therefore, the purificatiprocedure was repeated).
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Figure 2.12 SDS PAGE (10 %) of purification of the cellulosowfeC. beijerinckii
M: Molecular weight marker (Sigma 29- 205 kDa); Qwude extract; S:
Supernatant; SAB: Supernatant after cellulose hoidDAD: Digested
and dialysed; S4B1l: Sepharose 4B fraction 1; S48@pharose 4B
fraction 2; S4B3: Sepharose 4B fraction 3; S4B4ihfaeose 4B fraction 4.

The digested and dialysed fraction was the onlgtiva that exhibited clearing zones in
the zymogram (data not shown), showing endogluenasvity. This was because the
fraction contained the highest endoglucanase &¢({£i936 nmol glucose released fhin
ml™t) as compared to 0.253 nmol glucose released milt in the crude extract. The
other fractions did not contain high enough endoghase activity for detection by the
zymogram method. The bands were also not cledhenzymogram possibly due to
denaturation by acetone; however, it did confirmt tthdoglucanase activity was indeed

present.
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After characterisation of the cellulosomal and metlulosomal fractions, the subunits
obtained in the SDS-PAGE were identified. In ortedo this, N-terminal sequencing or
MALDI-TOF analysis can be employed. The purificatiwas repeated in order to obtain
fresh samples for analysis. Figure 2.13 illustatiee Sepharose 4B chromatogram
obtained. Three peaks resulted, with the firskkpéae cellulosomal fraction, being the

most prominent.
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Figure 2.13 The second Sepharose 4B chromatogram of a cellm®scontaining
fraction fromC. beijerinckii. Column dimensions, 30 x 1.5 cm and flow
rate, 20 ml H.

The cellulase and endoglucanase activities anaiprabncentration were determined in
order to complete the purification tables for botellulases (table 2.7) and
endoglucanases (table 2.8). The purification wasessful for the cellulases and as with
the previous purification (table 2.6) the endoghasse specific activities and fold

purification values were rather low in comparisorptevious purifications.
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Table 2.7 Purification table for cellulases of the celldase ofC. beijerinckii SLMO1

Fraction Total Activity®  Protein Total Total Specific % Fold

Name Volumé Concentratioh Proteirf Activity® Activity' Yield Purification

Crude 955 1.309 0.091 86.91 1250 14.38 100.0 1.00
Extract

Supernatant 863 1.023 0.055 47.47 882.8 18.60 70.6 1.29

Supernatant 789 0.501 0.022 17.36 395.3 22.77 31.6 1.58

after binding

Digested and 8 3.702 0.652 5.216 29.62 5.678 2.4 0.39
Dialysed

S4B1 64 0.699 0.101 6.464 44.74 6.920 3.6 0.48

S4B2 49 0.847 0.020 0.980 41.50 42.35 3.3 2.95

S4B3 36 0.737 0.012 0.432 26.53 61.42 21 4.27
2 ml; ® nmol glucose released mliml™; ¢ mg mi*; ¢ mg; ® nmol glucose released nin' nmol glucose

released mg protein mir.

Table 2.8 Purification table for endoglucanases of theuteiome ofC. beijerinckii

sLMO1
Fraction Total Activity® Protein Total Total Specific % Fold
Name Volumé Concentratioh Proteirf Activity®  Activity' Yield  Purification
Crude 955 0.446 0.091 86.91 4255 4.896 100.0 1.00
Extract
Supernatant 863 0.050 0.055 47.47 43.15 0.909 10.1 0.19
Supernatant 789 0.006 0.022 17.36 4.734 0.273 11 0.06
after binding
Digested and 8 2.250 0.652 5.261 18.45 3.451 4.3 0.70
Dialysed
S4B1 64 0.072 0.101 6.464 4.574 0.713 1.1 0.15
S4B2 49 0.006 0.020 0.980 0.271 0.300 0.06 0.06
S4B3 36 0.006 0.012 0.432 0.198 0.500 0.05 0.10

2 ml; ® nmol glucose released mliml™; ¢ mg mi*; ¢ mg; ® nmol glucose released nin' nmol glucose
released md protein mir-.

SDS-PAGE results showed clear defined bands (speefi2.14). The cellulosomal
fraction (S4B1) contained three bands, at abolk® 60 kDa and 40 kDa, respectively.
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Figure 2.14 SDS PAGE (10 %) of purification of the cellulosownfeC. beijerinckii
M: Molecular weight marker (Sigma 29- 205 kDa); Qwude extract; S:
Supernatant; SAB: Supernatant after cellulose hoidDAD: Digested
and dialysed; S4B1l: Sepharose 4B fraction 1; S48@pharose 4B
fraction 2; S4B3: Sepharose 4B fraction 3.

246 MALDI-TOF analysis

The samples that were sent for MALDI-TOF analysesavsubunits 1-6 (figure 2.15) of
the digested and dialysed (DAD) fraction (figur&4). Figures 2.16-2.18 illustrate the
MALDI-TOF mass spectra of a tryptic digest of suibu®y subunit 4 and subunit 5,
respectively. MALDI-TOF analysis for the other sults was not successful.
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Figure 2.15 Subunits analysed with MALDI-TOF. S1-S6 denotesusuiis 1-6.
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Figure 2.16 MALDI-TOF mass spectrum of a trypic digest of suibin
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Figure 2.17 MALDI-TOF mass spectrum of a trypic digest of suibdn
Method: HGD1000 Laser: 1465

Mode: Linear

Accelerating Voltage: 20000
Grid Yoltage: 80.000 %
Guide Wire Yoltage: 0.040 %
Delay: 100 OFF

PerSeptive Biosystems
Original Filename; ciwoyagerdatainoy] 18LMS. ms

(#EB: CWOYAGERDATAWOVT AEMOOTH.MS

Scans Averaged: 64
Fressure: 2.67e-07

Low Mass Gate: 350.0
Timed lon Selector: 24.9 OFF
Megative lons: OFF
Callected: 1171106 5:49 PM

Savitsky-Golay Order = 2 Points =19

Samnple: 33
6000— 79.09
5000+
4000+
2
S 3000+
=]
&)
2149.83
2000
2274.60
137778
1000 21382
Wil o
o
T T T T T T T
500 1000 1500 2000 2500 3000 3500
Mass (m/z)

Figure 2.18 MALDI-TOF mass spectrum of a trypic digest of suib@n
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For the MALDI-TOF analysis, the NCBI protein seamghs employed in order to obtain
the protein sequence of trypsin, exoglucanaseseaddglucanases in FASTA format,
these were then entered into the PeptideMass Expabkgnd the masses (m/z) produced
after digestion with trypsin were produced. Sitggsin also cleaves itself, its masses
would also be present in the MALDI-TOF mass speatrd this was taken into account.
The exoglucanases that were produced by the NCBweeprotein search belonged to
C. thermocellum, C. josui and C. cellulovorans. Exoglucanases belonging 1.
acetobutylicum or C. beijerinckii were not available and therefore the exoglucanates
the mesophiles@. josui and C. cellulovorans) were used. The masses of all three
subunits were compared with those of the exogluesmsand subunit 2 had the highest
percentage match with the 80 kDa exoglucanasg pfsui, which has the same modular
structure a<C. acetobutylicum (Doi et al., 2003). Endoglucanases were searched using
the NCBI protein search and various endoglucanaseduced byC. acetobutylicum
were obtained. The masses of all three subunit® wempared with those of the
endoglucanases and subunit 4 had the highest pageermatch with the 60 kDa
endoglucanase from the endoglucanase family 9.ur8ub had the highest percentage

match with the 41 kDa endoglucanase family 5.

For subunit 2, of the 13 masses produced (figut&)246.2 % matched with those of the
exoglucanase, 38 % matched with trypsin and thieofethe masses did not match with
either. Trypsin digested 80 kDa exoglucanas€.gbsui produces a total of 41 masses
ranging from 549.26 to 7013.26 (PeptideMass), &edproduced masses matched with
14.6 % of the total known masses of the exoglu@nas

For subunit 4, of the 14 masses produced in fiQui8, 57.1 % matched with those of

the 60 kDa endoglucanase ©f acetobutylicum, 28.5 % matched to trypsin and the rest
did not match with either. The trypsin digestedi@yiucanase contained a total of 31

masses ranging from 603.30 to 7873.52 (PeptideMasd)the produced masses matched
with 25.8 % of the total known masses of the endcmhase.

44



CHAPTER 2

For subunit 5, of the 13 masses produced in fiQui®, 46.2 % matched with those of
the 41 kDa endoglucanase ©f acetobutylicum, 15.4 % matched to trypsin and the rest
did not match with either. The endoglucanase doetha total of 25 masses ranging
from 577.30 to 4102.99, the produced masses thereiatched with 24.0 % of the total

known masses of the endoglucanase.

Figure 2.19 illustrates the relative molar amouottshe subunits of the cellulosome
(figure 2.15) isolated fron€. beijerinckii SLMO1. The molar amount of each band was
expressed relative to the S1 (subunit 1) band, wvias arbitrarily assigned a value of 1.
As the graph shows, subunit 4 had the highestivelabolar amount and therefore was

the most dense or concentrated subunit.
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Figure 2.19 Relative molar amounts of the subunits isolatednfitbe cellulosome of
C. beijerinckii
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2.5 DISCUSSION

A clostridial strain that contained the highestudake activity and was most affected by
increased additions of sulphide was selected fdoseguent purification of the
cellulosome. The anaerobe was identified usindigdat6S rDNA sequencing, where
500 bp of the region was PCR amplified, cloned in@EM-{° Easy and subsequently
sequenced. This was repeated using different psimeorder to obtain the complete 16S
rDNA region of about 1500 bp and a sequence of aft800 bp was produced (see
Appendix E). The sequences that were generateé emtered into the nucleotide-
nucleotide BLAST search and the resulting organisnth 99 % identity and 98 %
identity for the 500 bp and 1300 bp, respectivelgrav identified putatively as
Clostridium beijerinckii (Accession number X68180.1). Further identificati(e.g.
performing metabolic studies) is required in oreconfirm the identity of the organism.
Scanning electron micrograph (SEM) was performedriter to visualise the isolated

anaerobe.

After screening and identification, the organism&lulosome was purified using two
methods, the affinity chromatography purificatiorogedure (Lamed and Bayer, 1988)
and the affinity digestion purification procedurlqrag et al., 1992). The affinity
chromatography purification method exploits thecaiggon ability of the cellulosome to
crystalline cellulose, which is complex in strueturThis is followed by an elution of the
cellulosome from the cellulose using triethylam{&A), which elutes the proteins from

the cellulose. The eluent is concentrated andegpbd a Sepharose 4 B column.

The cellulose affinity step in the affinity digesti purification (Moraget al., 1992)

exploits the ability of the cellulosome dof. bejerinckii to adsorb to amorphous
(phosphoric acid-swollen) cellulose. This ensutest proteins that do not hydrolyse
cellulose are separated from those that are alddntbto the amorphous cellulose. The
next step in the procedure was the digestion dbloske by the cellulosome, which was
performed in order to clarify the cellulose suspemsand prevent the cellulosome from

binding to the cellulose thereby allowing the cleldome to be free in the suspension.

46



CHAPTER 2

The suspension was centrifuged and the supernattapplied onto a Sepharose 4B
column. Cellulosomes are known to be macromoleaittaictures that range from 650
000 Da to 2.5 MDa (Doet al., 2003). The Sepharose 4B column has a fractiomati
range between 60 000 Da and 20 MDa and is often uisethe purification of
cellulosomes (Moragt al., 1992; Boissett al., 1999).

The highest specific activities obtained for theifped cellulases and endoglucanases
were 146.9 and 93.51 nmol glucose released pmptein mir', respectively, for the
affinity chromatography purification procedure, aB8.29 and 1.200 nmol glucose
released mgq protein min', respectively, for the affinity digestion purifiben procedure.
Both methods were successful in purifying cellusagehich includes exoglucanases and
endoglucanases). The affinity digestion purificatiprocedure, however, was not as
successful in the purification of endoglucanases tlas affinity chromatography
purification procedure. In particular, most of thedoglucanase activity was lost after
the Sepharose 4B step; this was possibly due tdia@hl of the enzyme and leaching off
the column. Another reason that the endoglucaaaseity was low could be the fact
that a larger column was used in the second patific and this could have led to the
dilution of the endoglucanases. Cellulase actitywever, was retained, indicating that
Sepharose 4B chromatography was a sufficient sicegon medium for these enzymes.
The affinity digestion purification procedure proagd better resolved peaks in the
chromatograms (figures 2.11 and 2.13) than thatth&f affinity chromatography
purification procedure (figures 2.8 and 2.10). SBSGE results were more clearly
visible in the affinity digestion purification predure (possibly due to a higher yield of
protein) and there were also bands evident in #&lSraction using this procedure (see
figure 2.14).

Sabathét al. (2002) stated thaZ. acetobutylicum or C. bejeirinckii do not have cellulase
or exoglucanase activity, while the strain that wgdated in this studyQ. beijerinckii
sLMO01) showed high cellulase activity. Perrett al. (2004) indicated thatC.
acetobutylicum has very low endoglucanase activity, again thistrealicts our findings

as the endoglucanase activity, before Sepharoseh@matography was fairly high.
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Throughout the purification procedures, high celdd and endoglucanase activities were
observed. What is interesting is that Saba&tha. (2002) and Perre# al. (2004) state
that C. acetobutylicum contains a large cellulosomal gene cluster anddnbas the genes
that are required to produce cellulose-degradirgyraes. These genes are similar to
those found irC. cellulolyticum, which has been shown to contain both exoglucaaade
endoglucanase activity (Deat al., 2003; Desvaux, 2005). What Saba#hal. (2002)
have postulated is that maintenance of the ATCC<3&n in laboratory conditions for
several years, without a selective advantage fitulose hydrolysis, could have led to the
cellulosome defect. The€. beijerinckii strain that was used in this study was obtained

from environmental samples, which could help tolaixpthe difference in findings.

Due to problems with the equipment the MALDI-TOFtadavas not as reliable as
expected. The analysed isolated subunits prodpeecentage matches ranging from
46.2- 57.1 %. These percentages do not conclysindicate that the subunits obtained
are exoglucanases and endoglucanasé&s béjerinckii as they are not high enough to
indicate certainty. However, the molecular weigbitsubunits 2, 4 and 5 corresponded
with those of the exoglucanase and endoglucandsssthey obtained the highest
percentage match with. To improve the resultsffardnt MALDI-TOF matrix could be
used that is suitable for both low and high masgdso concentrating the protein further
may improve the results as subunit 4, which hadhighest relative molar amount, had
the highest percentage match. Alternatively, todpce more accurate results the N-
terminal sequencing method of identification of gireteins should rather be employed.
This method has been used widely in the cellulosdiekel (Kosugi et al., 2001;
Murashimaet al., 2002).
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2.6 CONCLUSIONS

C. bejerinckii sLMO1 was isolated from a biosulphidogenic biotea@nd identified
using 16S rDNA analysis. The cellulosome was pditsing affinity chromatography
purification and affinity digestion purification nteds. Both methods purified the
cellulosomal and non-cellulosomal enzymes succlgshowever, the affinity digestion
purification procedure resulted in very low endaginase activities in the cellulosomal
and non-cellulosomal fractions. The affinity digies method had better resolved and
separated peaks than that of the affinity chronragdyy purification method and it also
produced more defined bands on SDS-PAGE. The MALOF results were not
conclusive due in the error of the system used.e fidsults did, however, appear to
indicate that the subunits were a 80 kDa exoglusmna 60 kDa endoglucanase and a

41 Da endoglucanase.
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CHARACTERISATION OF THE CELLULOSOME OF CLOSTRIDIUM
BEIJERINCKII sLMO1

3.1 INTRODUCTION

C. beijerinckii sSLMO1 was isolated from a biosulphidogenic biotea@and because of
this environment, the characterisation of the ¢&dles and endoglucanases of the
cellulosomal and non-cellulosomal fractions@fbeijerinckii included determining the
effect of increased additions of sulphide, sulphatellobiose and glucose on these
enzymes. In a biosulphidogenic bioreactor or emrirent sulphate is reduced by the
sulphate reducing prokaryotes to sulphide (Mizehal., 1997). Cellobiose and glucose
are hydrolysis products obtained from the hydralysi cellulose (Malherbe and Cloete,
2002) and their effect on the cellulosome fackitatis therefore relevant. Further
characterisation of the cellulases and endogluesnas the cellulosomal and non-
cellulosomal fractions included a determinationtloéir pH and temperature optima.
These two physico-chemical parameters and thezceéin the activity of the enzymes is

very relevant to bioreactor design and processrogdtion.

3.2 AIMS

The overall objective of this chapter was to chiamase the cellulosomal and non-

cellulosomal fractions of. beijerinckii.

In order to achieve this, the following aims wedgli@essed:

a) to determine the effect of increased additions wptsde, sulphate, cellobiose,
glucose and acetate on the cellulase and endogiseamctivities of the
cellulosomal and non-cellulosomal fractiongbeijerinckii, and

b) to determine the pH and temperature optima of dilelases and endoglucanases

of the cellulosomal and non-cellulosomal fractioh€. beijerinckii.
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3.3 MATERIALS AND METHODS

3.3.1 Effect of additions of suitable amounts of sulphide, sulphate, cellobiose, glucose
and acetate on cellulase and endoglucanase activities of the cellulosomal and

non-cellulosomal fractions

The pooled protein fractions obtained in sectioA.2. which contained the highest
cellulase activity, were used to determine the céffef sulphide, sulphate, cellobiose,
glucose and acetate on the cellulase and endogiseaactivities of the cellulosome.
These fractions were denoted S4B1 (Sepharose 4Bainal- the cellulosomal fraction)
and S4B3 (Sepharose 4B fraction 3- the non-celufad fraction). The samples (100
pl) were pre-incubated at room temperature in r@adtibes containing 200 pl of 0.05 M
citrate buffer, pH 4.8 with a final concentratiofisulphide 0-600 mg (0-18.7 mM),
sulphate 0-600 mg'l(0-6.25 mM), cellobiose 0-600 mg (0-1.75 mM), glucose 0-600
mg I (0-3.33 mM) and acetate 0-600 mig(D-9.99 mM), for 15 minutes. A volume of
50 ul Avicel (for cellulase) and 50 ul CMC (endazfnase) substrates were added to
their respective tubes and the assays were perfousieg the DNS method (Millest

al., 1960). Samples were incubated at 50 °C for 30 afier which 200 pl DNS was
added and the samples boiled for 5 min and puterior 10 min. The absorbance at 540

nm was then determined.

3.3.2 Effect of sulphide and acetate on pH

The effect on pH of increased sulphide (Merck) aoetate (SIGMA) additions of a final
concentration of 0, 60, 120, 240, 300, 480 and ®@0I in 0.05 M citrate buffer (pH
4.8) was determined, where the final volume usesd Svanl. The pH was measured for
each concentration and the difference in pH betvéeemy I* sulphide and 60, 120, 240,
300, 480 and 600 m{ was determined.
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3.3.3 pH and temperature optima determination of the cellulase and the endoglucanase
activities in the cellulosomal and non-cellulosomal fractions of C. beijerinckii
sLMOL1.

The effect of pH and temperature on cellulase andoglucanase activities was
determined using fractions S4B1 and S4B3. In otdadetermine the pH optimum of
each fraction, the assays were performed as desciibsection 2.3.2 using Avicel and
CMC as substrates and buffers of varying pH. Tdilwing range of 0.05 M buffers

were used; citrate buffer (pH 3-6) and phosphatéebpH 6-8). Temperature optima
studies were performed on the fractions using theptima obtained and incubating the

reaction at varying temperatures (15-50 °C).

3.4 RESULTS

3.4.1 Effect of additions of suitable amounts of sulphide, sulphate, cellobiose, glucose
and acetate on cellulase and endoglucanase activities of cellulosomal and non-

cellulosomal fractions

Fractions S4B1 and S4B3 (section 2.4.5, figure )ndere used to determine the effect of
sulphide, sulphate, cellobiose, glucose and aeetit on the cellulase and endoglucanase
activities of the cellulosomal and non-cellulosorfralctions ofC. beijerinckii sSLMO1,
respectively. The activity, U, was expressed aolngiucose released minml™.
Figures 3.1 and 3.2 illustrate the effect of sullghand sulphate, and cellobiose and
glucose, respectively on the cellulase activityhaf cellulosomal fraction. As figure 3.1
illustrates, sulphide activated the cellulase agtithere was a 60 % increase in activity
at 120 mg T of sulphide and then a decrease in activity oetlrrAt 480-600 mg of
sulphide, the cellulase activity was stimulated diyphide. As figure 3.1 indicates,
increased additions of sulphate activated the lesbuactivity; however, not to the same
extent as additions of sulphide, as there was arll.5 % increase in activity at 600 mg

It of sulphate.
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Increased additions of cellobiose and glucose K@#gu3.2) inhibited cellulosomal
cellulase activity. Higher additions of glucoséilrited the cellulase activity more so
than cellobiose, at an addition of 240 rigckllobiose there was activity observed while
at 240 mg T glucose no cellulase activity was detected. Tigker inhibition by glucose
was due to the fact that glucose is a less complebecule than cellobiose and it is the
final product of cellulose hydrolysis. The produof hydrolysis of cellulose inhibit the
activity. At higher concentrations than 240 my df cellobiose, the enzyme was
inhibited completely and no further activity wasetged.

1.8
1.6
1.4
1.2

0.8 -
0.6

822§7§ n .

0 60 120 240 300 480 600

Cellulase Activity (U)
H

Effector concentration (mg | %)

Figure 3.1  The effect of increased additions of sulphies &nd sulphateo) on
cellulosomal cellulase activity @. beijerinckii. Values are expressed as
means = SDr=3).
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Cellulase Activity (U)

02 0 60 120 240 300 480 600

Effector concentration (mg | ™)

Figure 3.2 The effect of increased additions of cellobio=3 éand glucoses) on
cellulosomal cellulase activity @. beijerinckii. Values are expressed as
means = SDr(=3).

Figures 3.3 and 3.4 illustrate the effect of sulghand sulphate, and cellobiose and
glucose, respectively on non-cellulosomal cellulasgvity. As figure 3.3 illustrates,
increased additions of sulphide activated non-tedlhumal cellulase activity. There was
a dramatic increase between 240 mgulphide and 300 mg'Isulphide. The activity
was at its highest at 300 mg$ulphide resulting in a 202 % increase in nonutesiomal
cellulase activity. The activity remained high abdgan to decrease at 600 my |
sulphide; however the activation of the enzyme wtds127 % percent higher than at 0
mg ' of sulphide. Figure 3.3 illustrates that sulphatkibited the non-cellulosomal
cellulase activity; at 600 mg'lsulphate, the decrease in activity was 30 %. ebmed
additions of cellobiose and glucose also inhibttezlcellulase activity as shown in figure
3.4. The concentration at which no cellulase #gtiwas detected was 240 mg &and

480 mg 1" for cellobiose and glucose, respectively.
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Figure 3.3  The effect of increased additions of sulphige gnd sulphatex) on non-
cellulosomal cellulase activity @. beijerinckii. Values are expressed as
means = SDr=3).

Cellulase Activity (U)
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Figure 3.4  The effect of increased additions of cellobiaag §nd glucose=) on non-
cellulosomal cellulase activity @&. beijerinckii. Values are expressed as
means + SDr3).
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Figure 3.5 illustrates that increased additionsacétate inhibited the cellulosomal and
non-cellulosomal cellulase activities to some degreThe inhibition was slight and
complete inhibition of the enzyme did not occuheTcellulase activity was decreased by
18.6 % and 12.3 % at 600 mg for the cellulosomal and non-cellulosomal fraction
respectively. This shows that acetate has a higitebition effect on cellulosomal

cellulases than non-cellulosomal cellulases.

Cellulase Activity (U)

0 60 120 240 300 480 600

Acetate concentration (mg | %)

Figure 3.5 The effect of increased additions acetate on d¢ialosomal &) and non-
cellulosomal @) cellulase activities ofC. beijerinckii. Values are
expressed as means + SB3).

Figure 3.6 shows that sulphide activated cellulesoendoglucanase activity. The effect
was dramatic, a 700 % increase in endoglucanasétaavas evident at 300 mg-l
sulphide, which was the highest activity obtained)44 U.  Sulphate also increased
activity (figure 3.6), albeit not as dramatically sulphide. The maximal activity at 600
mg I was 0.011 U and that constituted a 50 % increasedoglucanase activity.
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As figure 3.7 shows, both cellobiose and glucosengly inhibited the cellulosomal

endoglucanase activities, at 60 rifgckllobiose concentrations and higher and at 120 mg

It glucose concentrations and higher, no furthewigtivas observed.
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0.05 -

0.04 - -§

0.03 +
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0 60 120 240 300 480 600

Endoglucanase Activity (U)

%
2%

Effector concentration (mg | ™)

Figure 3.6  The effect of increased additions of sulphids) and sulphatec) on
cellulosomal endoglucanase activity @. beijerinckii. Values are
expressed as means + SB&3).
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Figure 3.7 The effect of increased additions of cellobio=3 é&nd glucose=) on
cellulosomal endoglucanase activity &. beijerinckii. Values are
expressed as means + Si>3).
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Figure 3.8 shows that sulphide activated non-cedlminal endoglucanase activity. There
was a steady increase in activity with an incredssilphide and the highest activity was
observed at 600 m@'Isulphide (56.6 % increase in activity). Figur8 Blustrates that
increased additions of sulphate inhibited non-telomal endoglucanase activity
dramatically, where no endoglucanase activity weteated at sulphate concentratiens
120 mg *. Cellobiose and glucose inhibited the non-cefiafnal endoglucanase activity
in this fraction as well (figure 3.9). Figure 3.llQstrates that increased additions acetate
inhibited the cellulosomal and non-cellulosomal @gyldcanase activities to some degree.
The endoglucanase activities were decreased by%aéiid 10.4 % at 600 mg for the
cellulosomal and non-cellulosomal fractions, resipety. Acetate also has a higher

inhibition effect on cellulosomal endoglucanasemthon-cellulosomal endoglucanases.

i
% 0.03 . § N \ §

g 0.02 ] \ \ \
g 0.01 - \4_‘ \ \ \

Effector concentration (mg | %)

Figure 3.8  The effect of increased additions of sulphige gnd sulphateo) on non-
cellulosomal endoglucanase activity &. beijerinckii. Values are
expressed as means + Si>3).
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Figure 3.9  The effect of increased additions of cellobiaag gnd glucose=) on non-
cellulosomal endoglucanase activity &. beijerinckii. Values are
expressed as means + Si>3).
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Figure 3.10 The effect of increased additions acetate on d¢ialosomal &) and non-
cellulosomal @) endoglucanase activities Qf beijerinckii. Values are
expressed as means + SBJ)
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3.4.2 Effect of sulphide and acetate on pH

The pH values of the 0.05 M citrate buffer (pH 4c8htaining final concentrations of 0,
60, 120, 240, 300, 480 and 600 rifgof sulphide were 4.76, 4.93, 5.05, 5.40, 5.4765.9
and 6.45, respectively. The difference in pH befw@ mg T sulphide and 60, 120, 240,
300, 480 and 600 mg was 0.17, 0.29, 0.64, 0.71, 1.20 and 1.69 pH urgspectively.

The pH values of the 0.05 M citrate buffer (pH 4c8htaining final concentrations of 0,
60, 120, 240, 300, 480 and 600 rigdf acetate were 4.81, 4.78, 4.77, 4.76, 4.74, 4.73
and 4.72, respectively. The difference in pH betw® mg T acetate and 60, 120, 240,
300, 480 and 600 mg'lwas -0.03, -0.04, -0.05, -0.07, -0.08 and -0.09 yatits,
respectively.

34.3 pH and temperature optima determination of cellulase and endoglucanase

activities in the cellulosomal and non-cellulosomal fractions of C. beijerinckii.

Figure 3.11 shows the pH optimum profiles obtairfied cellulase activity for the
cellulosomal and the non-cellulosomal fractionggufe 3.11 illustrates that the observed
pH optima of cellulase activity of the cellulosonfedction were pH 5.0 and pH 7.5,
respectively (indicating that it possibly has hetgmeous enzyme composition) and in
contrast, a single pH optimum for the non-cellutoabfraction was observed at pH 7.5.
Figure 3.12 shows that the pH optima of endoglusarativity of the cellulosomal and

non-cellulosomal fractions were at pH 5.0 and pb] espectively.
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Cellulase Activity (U)
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Figure 3.11 pH profiles of cellulosomal =) and non-cellulosomal ] cellulase
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Figure 3.12 pH profiles of cellulosomals) and non-cellulosomals] endoglucanase

activities. Values are expressed as means :#1SB) (
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For temperature optima determination, cellulasesl @mdoglucanases containing
fractions S4B1 and S4B3 were incubated at thepeetsve pH optima. Figure 3.13
shows the temperature optimum profiles obtainedHercellulases for the cellulosomal
and non-cellulosomal fractions. Figure 3.14 shales temperature optimum profiles
obtained for the endoglucanases for the cellulo$and non-cellulosomal fractions.

The temperature optimum obtained for each enzyneaci fraction was 30 °C.
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Cellulase Activity (U)
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Temperature (C)

Figure 3.13 Temperature profiles of cellulosomanm)( and non-cellulosomal =}
cellulase activities. Values are expressed as me&is (1=3).
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Figure 3.14 Temperature profiles of cellulosomam)( and non-cellulosomal 2}
endoglucanase activities. Values are expressesassx SDr=3).

3.5 DISCUSSION

Sulphide activated the cellulase and endoglucaaetsaties in both the cellulosomal and
non-cellulosomal fractions (S4B1 and S4B3). Theeaffwas dramatic- for example
cellulosomal endoglucanase activity was activated@@) % at a level of 300 md lof
sulphide. Work performed by Watsenal. (2004) and Whitelewt al. (2002) have also
shown that increased additions of sulphide are @abéetivate the activity of hydrolases.

Whiteley et al. (2002) studied-glucosidases, which are not present in the celarite
complex; however, they do hydrolyse the hydrolyroduct of cellulose hydrolysis by
the cellulosome, cellobiose, once it is taken uptlhy cell (Coughlan, 1991).p-
glucosidases are one set of enzymes that are eassetpin the term “cellulases” and

therefore the results of the Whiteletyal. (2002) study are relevant to our findings.
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Watson and Pletschke (2006) reported activatiomgiicosidase activity with increased

additions of sulphide, they also found inhibitiohtlke enzyme with increased additions
of sulphate. This coincides with what this studyrfd with the non-cellulosomal fraction

where the cellulase and endoglucanase activities a&ivated by increased additions of
sulphide and inhibited by increased additions dplsate. The cellulosomal fraction,

S4B1, however, showed a slight increase in activitythe enzymes with increased
sulphate concentration, suggesting that the twetitmas are different in regards to the
sensitivity to sulphate. The characterisationhaf tellulosome in terms of activation or
inhibition by sulphide and sulphate is a novel obaton.

It was expected that cellobiose, a product of tedkel hydrolysis by the cellulosome, and
glucose, the hydrolytic product of cellobiose hygses by p-glucosidase, would inhibit
the cellulase and endoglucanase activitie€.obeijerinckii. Lamedet al. (1985) also
found that cellobiose inhibited the activity of teazymes irC. thermocellum. This is
because the hydrolysis products act through a tegdimhibition.

C. beijerinckii breaks down polysaccharides into acids such astacand butyrate and
also solventsncluding acetone, butanol and ethanol (Eeegl., 2006); hence the effect
of acetate was determined. It was determinedititca¢éased additions of acetate slightly
inhibited the activities of cellulosomal and nonkdesomal cellulases and
endoglucanases. This was possibly due to thetslggrease in pH that resulted from the
additions of acetate, however, given that the pttetese was only 0.09 pH units at 600
mg I'* the pH effect is not significant. The DNS celkgaassay is performed at pH 4.8
(Miller et al., 1960), which was close to optimal pH of 5 thatswdetermined for
cellulosomal cellulases and endoglucanases. Toeeakse in pH therefore moved away
from the optimal range.

Since sulphide may exert its effect via a changgHh the pH of sulphide at a final
concentration of 0-600 mg‘lwas determined. The results showed that theresligtst
increase in pH as the 0.05 M citrate buffer mamgdithe pH within a narrow range (pH
change of 1.69 pH units at 600 mgwas observed). This slight change suggests that p

is a potentially contributing factor in the activeat of the enzymes. Sulphide is also a
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reducing agent and this may be another way sulpkidéle to activate these enzymes.
Sulphide, like dithiothreitol (DTT) is a reducinggent and may act in reducing the
disulphide bonds in the enzymes, thereby stimuatm activating their activities.
Studies performed by Sa-Pereigaal. (2002) found that the reducing agent, DTT,
enhanced xylanolytic activity of Bacillus subtilis strain isolated from a hot-spring 2.5
fold. Lamedet al. (1985) showed that the thiol containing compouwydieine, activated
cellulase and endoglucanase activities of the lositume of C. thermocellum.  This
correlates with the findings in this study; howewre change in pH after addition of

cysteine was not monitored by these reports.

The cellulosomal and non-cellulosomal fractions BS4and S4B3) also differ with

regards to their pH optima. The cellulosomal fiacthad pH optima of 5.0 and 7.5 for
cellulase activity and pH 5.0 for endoglucanasévitgt while both sets of enzymes in

the non-cellulosomal fraction exhibited a pH optimwf 7.5. Hobson and Wheatley
(1993) indicated that previous studies@uostridia have shown that they grow over a pH
range of 6-8 and that the optima were about pH 7.%0 This correlates with the
determined pH optimum of 7.5. The temperature nopn for both fractions and

enzymes was 30 °C. This was expecte@.dseijerinckii is a mesophilic organism (Doi

et al., 2003), which was cultivated at 28 °C in our latory.

The standard pH for the cellulase assay is pH Ad at this pH the cellulases and
endoglucanases of the cellulosomal fraction wendopming in their optimal range,
while those of the non-cellulosomal fraction weg. nThis is due to the fact that the pH
optima of the cellulosomal fraction for the cellsg¢s were pH 5.0 and pH 7.5 and the pH
optimum for endoglucanase activity was pH 5.0. Thkulases and endoglucanases of
the non-cellulosomal fraction were not performingheir optimal pH as this was pH 7.5.
In the following chapter the pH of the anaerobioreactor used was pH 8 (a variation of
pH 7-8 was observed) and in this case the cellldaseendoglucanase enzymes with an
optimal pH of 7.5 were operating in their optimahge. These include the cellulosomal

cellulases, non-cellulosomal cellulases and nohHoslomal endoglucanases.
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3.6 CONCLUSIONS

The cellulosomal and non-cellulosomal fractionsevelaracterised with regards to their
pH, temperature and sensitivity to a variety of kegtabolites. Increased additions of
sulphide activated the cellulase and endoglucaaesgties up to 700 % (cellulosomal
endoglucanase activity), while increased additiafissulphate either increased the
activity slightly or inhibited it dramatically, depding on the cellulosomal and non-
cellulosomal fractions. Cellobiose and glucose hbanhibited cellulase and
endoglucanase activities. Increased additionscefate slightly decreased the cellulase
and endoglucanase activities of the cellulosomal aon-cellulosomal fractions. pH
optima of 5.0 and 7.5 were observed for cellulodarrlulases and 5.0 for cellulosomal
endoglucanases. The non-cellulosomal fractiontetead a pH optimum of 7.5 for both
cellulase and endoglucanase activities. Both ifyastexhibited a temperature optimum

of 30 °C for both cellulases and endoglucanases.
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THE EFFECT OF SULPHIDE ON THE RATE-LIMITING STEP IN
ANAEROBIC DIGESTION

4.1 INTRODUCTION

In chapter 3, it was established that sulphidevatds the cellulases and endoglucanases
of the cellulosomal and non-cellulosomal fracti@fsC. beijerinckii SLMO1. In this
chapter, this knowledge was applied to anaerobgeddion using serum bottles and
subsequently using bench scale bioreactors. Theadation of cellulose in anaerobic
digestion comprises the rate-limiting step (Mataakkzet al., 2000) and in this chapter
sulphide is used in an attempt to accelerate ttep.s This addressed the overall
hypothesis that sulphide is able to increase tkeelmaiting step. The previous chapter
served to prove this fundamentally and this chapgitds on this by utilising an
anaerobic digestion system. In other words, tliastitutes the application of the

fundamental knowledge gained thus far.

Two studies were performed, a serum bottle study atioreactor study. The serum
bottle study served as the preliminary study fa lioreactor study. This was done in
order to optimise the parameters for the bioreastady. Various changes in the
operating parameters were made from the informatiotained from the serum bottle

study in order to improve the running of the anb&raligester or bioreactor.

The parameters that were determined in each stedg the same, that is: cellulase and
endoglucanase activities, reducing sugar concemiai{glucose equivalents), chemical
oxygen demand (COD), sulphide concentrations, piHvaratile fatty acid (VFA) levels.

Various tests and controls were conducted and padmeter was included to determine

the exact effect of sulphide on the anaerobic laicte.
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4.2 AIMS

The overall objective of this chapter was to detaanthe effect of sulphide on anaerobic
digestion containing putativ@. beijerinckii SLMO1.

To achieve this objective, the aims were to deteemand monitor the following
parameters during the course of each study:

a) cellulase and endoglucanase activities

b) reducing sugar concentrations

c) chemical oxygen demand (COD)

d) sulphide concentrations

e) pH, and

f) volatile fatty acids (VFAS)

4.3 MATERIALS AND METHODS
4.3.1 Set-up of serum bottles for serum bottle study

Four sets of duplicate serum bottles were set Gpass was selected as the substrate
since it's a major constituent of solid wastes. e@et contained 5 % (w/v) milled and
dried Kikuyu grassKennisetum clandestinum), which was the substrate, 0.1 M phosphate
buffer, pH 8 and 300 mg'lfinal concentration of sulphide. The 300 my final
concentration of sulphide was selected becausbkearfundamental studies in chapter 3
maximal activation of cellulase and endoglucanaseifies were at this concentration of
sulphide or greater. The serum bottles were buabbléth nitrogen, sealed and
autoclaved. A culture of. beijerinckii sSLM01 was added using a sterile syringe to a
final concentration of 10 % (v/v). The second aeserum bottles contained 5 % (w/v)
milled grass and 0.1 M phosphate buffer, pH 8,ldbitles were bubbled with nitrogen,
sealed and autoclaved. T@e beijerinckii sSLMO1 culture was inoculated under sterile

conditions to a final concentration of 10 % (v/vl.he third set contained 5 % (w/v)
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milled grass and 300 m{ final concentration of sulphide. The fourth set@ined only

5 % (w/v) milled grass. These were then bubbléti witrogen, sealed and autoclaved.

The final total volume in all the bottles was 126 ms figure 4.1 illustrates, the bottles
were covered in foil in order to prevent photoswsik from occurring within the serum
bottles during the study. Sterile syringes weezgtl on the top of the bottles and set at 1
ml in order to measure any gas emissions duringstbdy. The serum bottles were
incubated at 28 °C for 13 days with shaking atr®0 on an orbital shaker.

Figure 4.1  Serum bottles used in preliminary studigs) Syringe;(B) Serum bottle
containing 5 % (w/v) milled gras§,. beijerinckii and 300 mg*t sulphide
(test), or 5 % (w/v) milled grass ar@ beijerinckii (control 1), or 5 %
(w/v) milled grass and 300 mg kulphide (control 2), or 5 % (w/v) milled
grass (control 3). All were made in 0.1 M phosphatffer, pH 8 and in
duplicate.
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4.3.2 Set-up of bench scale bioreactors for bioreactor study

Due to the results obtained in the serum bottleystsections 4.4.1 to 4.4.6, several
changes were made. Three bench scale bioreactoyes set up. One contained 2 %
(w/v) milled and dried Kikuyu grass, 0.1 M phosghauffer, pH 8 and 600 md final
concentration of sulphide. The bioreactor was bedbwith nitrogen, sealed and
autoclaved. A culture of. bejerinckii was added under sterile conditions to a final
concentration of 10 % (v/v). The second bioreactmmtained 2 % (w/v) milled grass,
and 0.1 M phosphate buffer, pH 8, it was bubbleth witrogen, sealed and autoclaved.
C. beijerinckii culture was added under sterile conditions taal ftoncentration of 10 %
(v/v). The third bioreactor contained 2 % (w/v)lled grass and 0.1 M phosphate buffer,
pH 8, bubbled with nitrogen, sealed and autoclavéde final volume in all bioreactors
was 2 |. Figure 4.2 shows that the bioreactorseeveewered in foil and connected to a

zinc acetate trap (5 % ZnAc, w/v) in order to collany release of hydrogen sulphide.

Figure 4.2  Representative bioreactor set up for degradatiadies. (A) Bioreactor
with 2 % (w/v) milled grassC. beijerinckii and 600 mgt sulphide, 2 %
(w/v) milled grass andC. beijerinckii (control 1), or 2 % (w/v) milled
grass (control 2). All bioreactor components werade in 0.1 M
phosphate buffer, pH §B) Zinc acetate trap.
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4.3.3 Cdlulase and endoglucanase assays

Serum bottle or bioreactor samples (100 ul) frorheday of the studies were added
reaction tubes containing 0.05 M citrate buffer, #/8 and were incubated at 50 °C for
30 min with 50 pl of 2 % (w/v) Avicel (for cellulay and 2 % (w/v) CMC (for
endoglucanase). The experiments were conductddpiicates. DNS (200 ul) was
added and the samples were boiled for 5 min andpute for 10 min. The absorbance
at 540 nm was then determined. Controls whereubstgate was added were performed
and the reducing sugars present were taken intwuatc Appendix A illustrates a typical

glucose standard curve.

4.3.4 Reducing sugars determination

DNS was added to each sample obtained from the stod these were boiled for 5 min

and put on ice for 10 min. The absorbance at $4@vas then determined.

4.3.5 Chemical Oxygen Demand (COD) determination

COD determines the amount of organic compoundseptesThe COD Spectroquént
test was performed as described by the Spectrogjiént The measuring range that was
used was 500- 10 000 mg COD. The COD readings were read using a Speardfu

reader.

4.3.6 Sulphide concentration determination

The sulphide test was performed using N,N-dimegiphenylene diamine
dihydrochloride solution, where 1 g of this saltsadissolved in 250 ml concentrated
HCI. Ferric chloride solution was made by dissodvid g in 250 ml 6.0 M HCI. Zinc
acetate solution was made by adding 5.22 g ofatetate to 500 ml distilled water. The
sulphide stock solution was made by adding 0.150djum sulphide nonahydrate in 200
ml distilled water to give a final concentration b g I*. The standards used were 0,

71



CHAPTER 4

0.2, 0.4, 0.6, 0.8 and 1.0 mg héulphide. The assay was carried out as deschiped
Reeset al. (1971) where 100 pul zinc acetate was added inéstatube, a diluted sample
of final volume 5 ml was added, followed by 500qfifferric chloride solution, 500 pl of
N,N-dimethylp-phenylenediamine dihydrochloride solution was added the reaction
mixture was allowed to stand for 1 hour and theodiEnce at 670 nm was determined.

Appendix C illustrates a typical sulphide standeudve.

4.3.7 pH determination

The pH of each sample during the two studies waasored.

4.3.8 \Volatilefatty acids (VFASs) determination

A spectrophotometric determination of VFAs was ewgpd. A 50 % (v/v) sulphuric
acid solution was made where sulphuric acid wasaddbowly with constant stirring to
100 ml distilled water and it was allowed to cood 18 % (w/v) sodium hydroxide
solution was made by dissolving 45 g sodium hydtexn 200 ml distilled water, it was
cooled and diluted to 250 ml with distilled waterAcidic ethane diol reagent was
prepared by mixing 30 ml ethane diol with 4 ml &f % (v/v) sulphuric acid. This
reagent was prepared freshly each day. A 10 %) (Wydroxyammoniun sulphate
solution was made by adding 10 g hydroxyammoniulphsie to 80 ml of distilled water
and then diluted to 100 ml with distilled water.hig reagent was stored at 4 °C. The
hydroxylamine reagent was made by mixing 20 mI&®A (w/v) sodium hydroxide with

5 ml of 10 % (w/v) hydroxyamonnium sulphate. Thesagent was prepared freshly.
Acidic ferric chloride reagent was made by dissadviO g ferric chloride hexahydrate in
250 ml distilled water, 10 g sulphuric acid was ediénd diluted with water to 500 ml
and stored at 4 °C. The stock acetic acid soluias made by adding 2 g glacial acetic
acid to about 100 ml distilled water and diluted2@ ml using distilled water to give a
final concentration of 10 000 md lacetic acid. The standards used were 0, 250, 500,
1000, 2500, 5000 and 10 000 nigelcetic acid.
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For the analysis of the samples and standardsub@® the samples were pipetted into
dry test tubes, then 1.7 ml acidic ethane diol eeagvas added and mixed. The tubes
were heated in a boiling water bath for 3 min andled immediately in cold water.
Then 2.5 ml hydroxylamine reagent was added aneaixThe tubes were left to stand
for 1 min and 1.88 ml of each sample was pipetted fresh test tubes and 4 ml acidic
ferric chloride reagent was added, this was mad® d® ml by adding 4.12 ml distilled
water. The tubes were shaken vigorously and aliowestand for 5 min with the stopper
removed. The absorbance at 500 nm was determidghendix D shows a typical

acetic acid standard curve.

4.4 RESULTS

Preliminary studies of the serum bottle study

4.4.1 Cdlulase and endoglucanase activities in the serum bottle study

The activity, U, was expressed as nmol glucoseasele mift mlI™*. Figures 4.3 and 4.4
show the cellulase activities in the serum botthet contained 5 % (w/v) substrat@,
beijerinckii and 300 mg "} sulphide and 5 % (w/v) substrate afd beijerinckii,
respectively during the 13 day incubation perio@he activities decreased as time
progressed in both cases. The activity in thersebottles that contained 5 % (w/v)
substrateC. beijerinckii and 300 mg't sulphide was slightly higher than that containing
the 5 % (w/v) substrate ar@l beijerinckii after day 7. As shown in chapter 3, sulphide
activated cellulase activity and this was also entchere. This, however, wasn't true for
days 1 and 3 where the activity in the serum betttntaining 5 % (w/v) substrate aGd
beijerinckii was higher than in the bottles containifg beijerinckii and 300 mg*
sulphide.
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Figure 4.3  Cellulase activity in the serum bottles that cam¢di 5 % (w/v) substrate,
C. beijerinckii and 300 mgt sulphide during the 13 day incubation
period. Values are expressed as means iSB) (
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Figure 4.4  Cellulase activity in the serum bottles that camedi 5 % (w/v) substrate
andC. beijerinckii during the 13 day incubation period. Values are
expressed as means + Si>3).
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As expected, the serum bottles that contained 5rif (w/v) substrate and 300 mg |
sulphide and 5 % (w/v) substrate did not exhibltutase activity. Figures 4.5 and 4.6
illustrate the endoglucanase activities in the sehottles that contained 5 % (w/v)
substrate,C. beijerinckii and 300 mgt sulphide and 5 % (w/v) substrate a@d
beijerinckii, respectively during the 13 day incubation peridaitially, the serum bottles
that contained 5 % (w/v) substrate a@dbeijerinckii exhibited higher endoglucanase
than that containing 5 % (w/v) substrafe beijerinckii and 300 mgt sulphide (days 1-
5). From days 9 to 13 the serum bottles that coata5 % (w/v) substrateC.
beijerinckii and 300 mg't sulphide exhibited endoglucanase activity while gerum
bottles with 5 % (w/v) substrate af@dbeijerinckii exhibited no endoglucanase activity.
The inhibition of endoglucanase activity was duethe presence of cellobiose and
glucose, the products of cellulose hydrolysis. Titabition effects of cellobiose and
glucose on endoglucanase activity were highlightedhapter 3 and this may help to

explain the inhibition of the enzyme at day 7.
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Figure 4.5 Endoglucanase activity in the serum bottles thattaioed 5 % (w/v)
substrate,C. beijerinckii and 300 mg 1 sulphide during the 13 day
incubation period. Values are expressed as me&i3 {@=3).
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Figure 4.6  Endoglucanase activity in the serum bottles thattained 5 % (w/v)
substrate an€. beijerinckii during the 13 day incubation period. Values
are expressed as means + 8B83).

The serum bottles that contained only 5 % (w/v)statle and 300 mg'Isulphide and 5
% (w/v) substrate did not exhibit endoglucanaséviigtduring the 13 day incubation

period.
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4.4.2 Reducing sugar concentrations in the serum bottle study

The concentration of reducing sugars found in sebattles that contained 5 % (w/v)
substrateC. beijerinckii and 300 mg't sulphide (figure 4.7) were similar to those found
in the serum bottles that contained 5 % (w/v) salstandC. beijerinckii (figure 4.8)
during the 13 day incubation period. The seruntlémtthat contained only 5 % (w/v)
substrate and 300 mg kulphide (figure 4.9) and the serum bottles thattained 5 %
(w/v) substrate (figure 4.10) exhibited a simileentd to those of figures 4.7 and 4.8.
However, the concentrations found in these seruttielso(figures 4.9 and 4.10) were
lower. This indicated that more reducing sugarseweleased during the incubation
period in the serum bottles that contair@dbeijerinckii. As figures 4.7-4.10 indicate
there is a decrease in reducing sugars during 8lags5 of the study. This decrease is
more pronounced in figures 4.7 and 4.8, which heeldioreactors that contained 5 %
(w/v) substrateC. beijerinckii and 300 mgt sulphide and 5 % (w/v) substrate a@d
beijerinckii, respectively. This could be due to t@stridium sp. utilising the reducing
sugars at a faster rate than producing them. Hexyégures 4.9 and 4.10 also show this

trend, albeit not as dramatically.
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Figure 4.7 Reducing sugars present in the serum bottles tatlaimed 5 % (w/v)
substrate,C. beijerinckii and 300 mgt sulphide during the 13 day
incubation period. Values are expressed as me&i3 @=3).
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Figure 4.8 Reducing sugars present in the serum bottles tataimed 5 % (w/v)
substrate an€. beijerinckii during the 13 day incubation period. Values
are expressed as means + 8B83).
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Figure 4.9 Reducing sugars present in the serum bottles thatimed 5 % (w/v)

substrate and 300 md Isulphide during the 13 day incubation period.
Values are expressed as means *1$£3)
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Figure 4.10 Reducing sugars present in the serum bottles tatamed 5 % (w/v)
substrate during the 13 day incubation period. u¥slare expressed as
means = SDr=3).

4.4.3 Chemical oxygen demand (COD) removal in serum bottle study

Figure 4.11 shows the removal of COD from eacloéskerum bottles during the 13 day
study and table 4.1 shows this in % removal of COI3. both figure 4.11 and table 4.1
show, there was higher COD removal from the serottiebthat contained 5 % (w/v)
substrateC. beijerinckii and 300 mg't sulphide than that containing 5 % (w/v) substrate
and C. bejerinckii. As section 4.4.1 shows, sulphide activated Edki and
endoglucanase activities and this was confirmedipusly in the partial characterisation
of the cellulosomal and non-cellulosomal fractiafi<C. beijerinckii (chapter 3). There
was no COD removal evident in the serum bottlesdbatained 5 % (w/v) substrate, and
300 mg I* sulphide and 5 % (w/v) substrate. There was hdti¢@OD reading in the 5 %
(w/v) substrateC. beijerinckii and 300 mg't sulphide, probably due to the COD content

of the growth media that was used to grow the noigganism.
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Figure 4.11 COD removal in the serum bottles over the 13 daulbation period.
Substrate + sulphide €. beijerinckii (w); substrate . beijerinckii (o);
substrate + sulphidw); substratez).

Table 4.1 Percentage COD removal in the serum bottle study

Sample % COD removal
Substrate + sulphide @. beijerinckii 28.5

Substrate €. beijerinckii 26.6

Substrate + sulphide 0

Substrate 0
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4.4.4 Sulphide concentration in serum bottles study

Sulphide concentrations were much lower than eepgedfigure 4.12), where the
concentrations varied from 5-13 mYy ivhere 300 mg sulphide was added. The colour
of the sample was a dark brown and this may haeefered with the colorimetric assay.
Due to this, the amount of sulphide added in tlwrdaictor studies was increased to a
final concentration of 600 mg'Isulphide. No sulphide was evident in the seruitids

that did not contain sulphide (as expected).
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Figure 4.12 Sulphide concentrations in the serum bottles dutte 13 day incubation

period. Substrate + sulphide €. beijerinckii (w); substrate +C.
beijerinckii (o); substrate + sulphida); substratez).
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4.45 pH inthe serum bottle study

The pH of each serum bottle was determined anadigul3 shows the variation in pH
during the 13 day incubation period of the studire 0.1 M phosphate buffer was able to
buffer the pH in the serum bottles effectively digrthe study.

Time (Days)

Figure 4.13 pH in the serum bottles during the 13 day incuraperiod. Substrate +
sulphide +C. beijerinckii (m); substrate +C. bejerinckii (z); substrate +
sulphide 4); substrates).

4.4.6 \Volatilefatty acidsin the serum bottle study

Figure 4.14 shows the volatile fatty acids (VFAg2gent in the serum bottles during the
study. There was no definite trend, however, #gmults show that there were VFAs
present in all the serum bottles (including thetoaa that contained nG. beijerinckii).

This indicated that there were residual VFAs presethe grass or substrate.
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Figure 4.14 Volatile fatty acid concentrations in the serunttles during the 13 day
incubation period. Substrate + sulphideC+beijerinckii (w); substrate +
C. beijerinckii (o); substrate + sulphid); substratez).

Bioreactor studies

The bioreactor studies were performed over 28 das, (w/v) substrate instead of 5 %
(w/v) was used and a final concentration of 600 hgsulphide was used where
appropriate. At 5 % (w/v) substrate, the majoatyhe substrate formed clumps and was
not well suspended in the medium, therefore, thestsate concentration was decreased
to 2 % (w/v) in the bioreactor study. The increfisen 300 mg T to 600 mg T sulphide
was due to the low concentrations of sulphide datezd in section 4.4.4. The control
including sulphide and n@. beijerinckii was eliminated in this study as it behaved much
like the control that contained only substrate.
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4.4.7 Cdlulase and endoglucanase activities in the bioreactor study

The activity, U, was expressed as nmol glucoseaselé miit ml*. Figures 4.15 and
4.16 show the cellulase activities in the bioreextbat contained 2 % (w/v) substrate,
beijerinckii and 600 mg} sulphide and 2 % (w/v) substrate a@d beijerinckii,
respectively during the 28 day incubation periddhe activities varied during the period
of the study. The activity observed in the bioteathat contained 2 % (w/v) substrate,
C. beijerinckii and 600 mgt sulphide was higher than that with the 2 % (wibstrate
andC. beijerinckii as figures 4.15 and 4.16 indicate. Figures 4rkb416 also show a
trend where the activity increased at day 2 and thexreased at about day 6. This may
have been due to the inhibition of the cellulaseysres of C. beijerinckii by the
hydrolysis products (e.g. glucose and cellobiog&)this stage the microorganisms take
up the reducing sugars and then the cellulaseigciincreases at about day 13 in order to

use more of the remaining substrate.
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Figure 4.15 Cellulase activity in the bioreactor that contairgébo (w/v) substrateC.
beijerinckii and 600 mgt sulphide during the 28 day incubation period.
Values are expressed as means *1$£3)
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Figure 4.16 Cellulase activity in the bioreactor that contair®e#o (w/v) substrate and
C. bejerinckii during the 28 day incubation period. Values agressed
as means = SInE3).

There was no cellulase activity evident in the &smtor that contained only 2 % (w/v)
substrate. Figures 4.17 and 4.18 illustrate tlimglucanase activities evident during the
28 day bioreactor study. The bioreactor that doeth 2 % (w/v) substrateC.
beijerinckii and 600 mg t sulphide (figure 4.17) contained higher endoglasan
activities than the bioreactor that contained 28&) substrate an@. beijerinckii (figure
4.18). The bioreactor that contained 2 % (w/v)ssratte andC. beijerinckii exhibited no
endoglucanase activities until day 15 of the studyis indicates the extent to which
sulphide acts on the endoglucanases. In chaptég®e 3.5 showed that sulphide
dramatically activated endoglucanase activity. éwologlucanase activity was detected

in the bioreactor that contained only 2 % (w/v) Sudite.
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Figure 4.17 Endoglucanase activity in the bioreactor that coeth 2 % (w/v)
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Figure 4.18 Endoglucanase activity in the bioreactor that doeth 2 % (w/v)

substrate an€. beijerinckii during the 28 day incubation period. Values
are expressed as means = 8B3)).
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4.4.8 Reducing sugarsin the bioreactor study

Figures 2.19, 2.20 and 2.21 illustrate the conegiotis of sugars present in the
bioreactor that contained 2 % (w/v) substré&tebeijerinckii and 600 mgt sulphide, 2 %
(w/v) substrate an€. beijerinckii and 2 % (w/v) substrate, respectively. A higlexel

of reducing sugars was evident in the bioreactat tontained 2 % (w/v) substrate,
beijerinckii and 600 mgt sulphide than the bioreactor that contained 2 %)(substrate
and C. bejerinckii. The bioreactor that contained the substrate d¢hgyure 2.21),

showed a stable concentration of reducing sugaosighout the study.
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Figure 4.19 Reducing sugars present in the bioreactor thatagoed 2 % (w/v)

substrate,C. beijerinckii and 600 mg 1 sulphide during the 28 day

incubation period. Values are expressed as me&i3 @=3).
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Reducing sugars present in the bioreactor thatagwmed 2 % (w/v)
substrate an€. beijerinckii during the 28 day incubation period. Values
are expressed as means + 8B3).

Figure 4.21
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Reducing sugars present in the bioreactor thatagmed 2 % (w/v)
substrate during the 28 day incubation period. u¥slare expressed as
means = SDr=3).
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To give a clearer indication of the reducing sugaesent in the bioreactors during the
study the control values, i.e. the bioreactor tmattained substrate only, were subtracted
from the values of the bioreactors that contairZe® (w/v) substrateC. beijerinckii and
600 mg " sulphide and 2 % (w/v) substrate aad beijerinckii. As figure 4.22
illustrates, there were higher concentrations @fucing sugars in the bioreactor that
contained 2 % (w/v) substrat@, beijerinckii and 600 mg't sulphide than the bioreactor

with 2 % (w/v) substrate ard. beijerinckii.

One trend that is evident in figure 4.22 is thdtigh concentration of reducing sugars
was released on day 1 and then there was a grddaoedase in reducing sugars during
the 28 day incubation period in the bioreactor ttattained 2 % (w/v) substrat€,
beijerinckii and 600 mg't sulphide. This bioreactor always had a higherceatration
of reducing sugars than the bioreactor with 2 %)wlUbstrate an€. beijerinckii and

this was more pronounced on days 1-6.

The second trend observed was that the reducingrsugleased in the bioreactor that
contained 2 % (w/v) substrate afd beijerinckii, where there is a gradual increase of
reducing sugars, which peaked at day 11 and dexiefas the rest of the incubation
period. The cellulases therefore gradually hydretly the substrate, releasing reducing
sugars and then their activities were inhibitedthg high concentrations of reducing
sugars and therefore the decrease was dug teijerinckii assimilating the reducing

sugars.
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Figure 4.22 Actual reducing sugar concentrations present in Ii@eactor that
contained 2 % (w/v) substrat€, beijerinckii and 600 mg'} sulphide &)
and 2 % (w/v) substrate ar@l beijerinckii (o) during the 28 day study.
Values are expressed as means + 1$3)

449 Chemical oxygen demand (COD) removal in the bioreactor study

Figure 4.23 shows the removal of COD from eachdaotor during the 28 day study and
table 4.2 shows this in % removal of COD. As biighre 4.23 and table 4.2 show, there
was a higher COD removal from the bioreactor tlmattained 2 % (w/v) substrat€.
beijerinckii and 600 mgt sulphide than that containing 2 % (w/v) substratel C.
beijerinckii. There was a larger difference between the % C€&boval rates between
the two bioreactors compared to the previous pieny study (section 4.4.3). In the
preliminary study the serum bottles that contaibe® (w/v) substrateC. beijerinckii
and 300 mgt sulphide had a 1.9 % higher % COD removal rate tha serum bottles
that contained 5 % (w/v) substrate a@d beijerinckii. In the bioreactor study the
bioreactor that contained 2 % (w/v) substrae beijerinckii and 600 mgt sulphide
exhibited a 17.7 % higher % COD removal rate thenbioreactor that contained only 2
% (w/v) substrate andC. beijerinckii. There was no COD removal evident in the

bioreactor that contained only 2 % (w/v) substrate.
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Figure 4.23 COD removal in the bioreactors over the 28 dayuliation period.
Substrate + sulphide €. beijerinckii (w); substrate . beijerinckii (o);
substratex).

Table 4.2 Percentage COD removal in the bioreactor study

Sample % COD removal
Substrate + sulphide @. beijerinckii 39.7

Substrate €. beijerinckii 22.0

Substrate 0

4.4.10 Sulphide concentration in the bioreactor study

Figure 4.24 illustrates the sulphide concentratipresent in the bioreactors during the
study. The sulphide concentrations were not asdewin section 4.4.4 as 600 my |
sulphide was used instead of 300 nigsuiphide. As expected no sulphide was evident

in the bioreactors that contained only 2 % (w/vhbstate andC. beijerinckii and 2 %
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(w/v) substrate. The bioreactor that contained 2w#) substrateC. beijerinckii and
600 mg 1* sulphide contained sulphide concentrations varyfilogn 250-300 mg %
sulphide. This was about half of the sulphide thats added into the bioreactor, this
indicates that the assay is not sensitive or thetetare inhibitors of the assay present in

the bioreactors.
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Figure 4.24 Sulphide concentrations in the bioreactors duthmg 28 day incubation
period. Substrate + sulphide €. beijerinckii (w); substrate +C.
beijerinckii (o); substrate).

4.4.11 pH determination in the bioreactor study

The pH of each bioreactor was determined and figu2®& shows the pH during the 28
day study. The 0.1 M phosphate buffer was ablbufber the bioreactors effectively
during the study; however, the bioreactor that amed 2 % (w/v) substrateC.
beijerinckii and 600 mg} sulphide had pH values of about 1 pH unit highemtthe
other bioreactors. This is due to the pH effedwphide as described in section 3.4.2.
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Figure 4.25 pH in the bioreactors during the 28 day incubafp@mniod. Substrate +
sulphide +C. beijerinckii (»); substrate €. beijerinckii (o); substrate).

4.4.12 Volatile fatty acids in the bioreactor study

Figure 4.26 shows the levels of volatile fatty ac{¥FAs) during the bioreactor study.
The bioreactor that contained 2 % (w/v) substrateitained the baseline VFA
concentration, that is, the residual VFAs that weméally present. The difference
between the VFAs concentrations determined in thireactor to the other two
bioreactors were the VFAs produced®ybeijerinckii. Slightly higher concentrations of
VFAs were produced in the bioreactor that contaipéd (w/v) substrateC. beijerinckii

and 600 mgt sulphide than the bioreactor that contained 2 %)(wubstrate anc.

beijerinckii.
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Figure 4.26 Volatile fatty acid concentrations in the bioreast during the 28 day

incubation period. Substrate + sulphideC+beijerinckii (w); substrate +
C. beijerinckii (o); substratez).
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4.5 DISCUSSION

Most anaerobic digestion studies are performed wittonsortium of microorganisms
that are typically present, such as the study ped by Yuet al. (2002). These include
fermentative bacteria, acidogens, acetogens, siglphducing bacteria and methanogens
(Novaes, 1986). In this study, however, sinceitfterest was in the activation of the
hydrolases produced by the fermentative bacteriamaty the cellulases and
endoglucanases, no other microorganism was adtled. study therefore focuses on the

first step, the rate-limiting step, of anaerobigedition.

In the serum bottle study, the serum bottles tloattained 5 % (w/v) substrat€.
beijerinckii and 300 mgt sulphide had higher cellulase activities thanséeim bottles
that contained 5 % (w/v) substrate a@d beijerinckii during the 13 day incubation
period. Sulphide activated the cellulase actisitie the serum bottles; this was also
shown by the fundamental studies in chapter 3. &ttevities decreased over time in
both cases, possibly due to more reducing sugdrgy beleased. Data in chapter 3
showed that cellobiose and glucose inhibited tHeilese and endoglucanase activities
and this was possibly what occurred. The negaiwdrols, that is, the serum bottles that
contained only 5 % (w/v) substrate and 300 fhgulphide and 5 % (w/v) substrate did
not exhibit cellulase activity. This was expected, there were no microorganisms
available to produce the enzymes present in thensdottles. Sulphide also activated
the endoglucanase activities during the study. Thgative controls exhibited no

endoglucanase activities.

Higher concentrations of reducing sugars were selgaluring the incubation period in
the serum bottles that contained 5 % (w/v) substi@t beijerinckii and 300 mg
sulphide and 5 % (w/v) substrate a@hdbeijerinckii than the negative controls. This was
as a result of the enzyme activity exhibited by @testridium sp. in the serum bottles

that contained the microorganism.
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Since sulphide activated the activities of theutales and endoglucanases in the serum
bottles, the COD removal rate was higher in thersebottles that contained 5 % (w/v)
substrateC. beijerinckii and 300 mg't sulphide than that containing 5 % (w/v) substrate
andC. bejerinckii. The percentage removal rate however, was oBlyd higher. This
could have been due to the fact that at 5 % (whbhssate, the availability of the
substrate within the medium was insufficient. Henthe substrate concentration was
decreased to 2 % (w/v) in the bioreactor study. eXpected, no COD removal was

evident in the negative controls.

Sulphide concentrations were much lower than exoeand therefore more sulphide was
added in the bioreactor studies to a final conegiom of 600 mgt sulphide and also
because this was the level of sulphide observduldreactors used previously (Watson
and Pletschke, 2006). The pH range of all the rsebottles was around 7.5-8.0.
Hydrogen sulphide has g4oof 6.89 and a pH range of 1-7, therefore at pHiesk 7,
sulphide is converted to hydrogen sulphide (Detaa., 2006). That is why pH 8.0 was
selected, to ensure that sulphide was not lostydsogen sulphide during the study.
Hobson and Wheatley (1993) stated that clostridimvgover a pH range of 6-8 and that
the optimum growth conditions were about pH 7.0 %. The bioreactor pH employed
in this study fell within this range. The VFAs ults indicated that there were residual
VFAs present in the grass used, perhaps from nmesrabat had been growing on the

grass prior to use in the study.

The bioreactor studies were performed over 28 daysich was a longer period
compared to the above study) 2 % (w/v) substrate weed instead of 5 % (w/v) and a
final concentration of 600 mg'Isulphide was used where appropriate. The ceélulas
activities in the bioreactor that contained 2 %vjvsubstrateC. beijerinckii and 600 mg

It sulphide were higher than that exhibited with 2Wv) substrate an€. beijerinckii,

as was found in the preliminary serum bottle studye control exhibited no cellulase
activity. The activation of endoglucanases in lih@eactor that contained 2 % (w/v)
substrateC. beijerinckii and 600 mg't sulphide was evident as it contained much higher

endoglucanase activity than the bioreactor thatatoed 2 % (w/v) substrate ar@l
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beijerinckii. The bioreactor that contained 2 % (w/v) substrabd C. beijerinckii
exhibited no endoglucanase activities until dayof3he study. The control did not
exhibit endoglucanase activities as expected, sioamicroorganism was inoculated into
the medium. There was a higher concentration @dfigiag sugars in the bioreactor that
contained 2 % (w/v) substrat@, beijerinckii and 600 mg't sulphide than the bioreactor
that contained 2 % (w/v) substrate a@d beijerinckii. This was due to the higher
cellulase and endoglucanase activities in the forrdaee to the activation effect of
sulphide.

There was higher COD removal from the bioreactat ttontained 2 % (w/v) substrate,
C. beijerinckii and 600 mgt sulphide than that containing 2 % (w/v) substite C.
beijerinckii. The former bioreactor had 17.7 % higher % CODaeal rate than the
bioreactor that contained 2 % (w/v) substrate @ndbeijerinckii. There was no COD
removal evident in the control. This % COD remorate was 15.8 % higher than that
obtained in the serum bottle study. This was duesdveral factors; the study was
performed for 28 days instead of 13, the substai® at a lower concentration therefore
facilitating a more homogenous suspension and tifghsle concentration was higher
than that of the serum bottle study with a rang25&-300 mgt sulphide (as determined
by the sulphide assay). It is recommended théiture experiments to measure biomass
or cell numbers during the serum bottle and bidmestudies. The determination of cell
numbers can be compared with the COD removal materder to provide a more
complete assessment of the studies. Hobson anatléi€1993) stated that clostridia
have been found to grow over a pH range of 6-82tke (w/v) substrateC. beijerinckii
and 600 mgt sulphide had pH values of about 8.5 throughousthdy. This was about
1 pH unit higher than the other bioreactors dught addition of sulphide to a final
concentration of 600 mg') however this is only 0.5 pH units above the reammded

range and therefore the pH did not appear to haverabitory effect orC. bejerinckii.
C. beijerinckii produced VFAs as the results indicated (figure2¥.3Slightly higher

concentrations of VFAs were produced in the biamathat contained 2 % (w/v)

substrateC. beijerinckii and 600 mgt sulphide than the bioreactor that contained 2 %
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(w/v) substrate an€. beijerinckii. C. beijerinckii or C. acetobutylicum converts sugars
and polysaccharides to acids (acetate and butyaae)solvents (acetone, butanol and
ethanol) (Sabathé al., 2002; Perrett al., 2004) and this would explain the production
in VFAs during the study. It was shown in cha@dhat increased additions of acetate
slightly inhibited the cellulosomal and non-cellstonal cellulase and endoglucanase
activities. The 0.1 M phosphate buffer was ablébtdfer the bioreactors effectively
during the study and therefore there was no deereapH as was seen in chapter 3.
Figures 4.19 and 4.20 show that there was no deeneacellulase activity during the
bioreactor study and although figures 4.22 and /héRate a decrease in endoglucanase
activity during the study, this cannot be attrilsut® the production of butyrate and
acetate alone. Other factors such as the levakddficing sugars present could be
inhibiting the enzymes.

4.6 CONCLUSIONS

Both the preliminary serum bottle study and therdmctor study showed that sulphide
stimulated the rate-limiting step, the hydrolysisps Sulphide activated the cellulases
and endoglucanases produced @y beijerinckii sSLMO1. There was also a higher
concentration of reducing sugars present in theehwor that contained sulphide,
substrate and the microorganism. Sulphide thezefttmulated COD removal, where the
COD removal rate was higher in the bioreactor dairtg sulphide, substrate and the
microorganism. This effect was more pronouncethe bioreactor study. The 0.1 M
phosphate buffer buffered the bioreactor efficigintl both studies. Higher volatile fatty
acids concentrations were evident in the bioreamataining sulphide, substrate and the

microorganism.
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OVERALL CONCLUSIONS AND FUTURE RECOMMENDATIONS

5.1 OVERALL CONCLUSIONS

This study set out to determine the effect of sulphon the cellulases and
endoglucanases of cellulosomal and non-cellulosdraations of putativeClostridium
beijerinckii SLMO1 and the effect of sulphide on the rate-lingtstep ofanaerobic
digestion. This was done by purifying the celloioge ofC. beljerinckii and determining

its cellulase and endoglucanase activities. Thas @wone by isolating th€lostridium
anaerobe from a biosulphidogenic bioreactor and #oeeening for the isolate with the
highest cellulase activity. Identification of th@aerobe was then performed using 16S
rDNA analysis. The purification of the cellulosommiethe anaerobe was performed.

The next objective was to partially characterise ¢ellulosomal and non-cellulosomal
fractions of C. beijerinckii. This was accomplished by determining the effett
increased additions of sulphide, sulphate, cellediglucose and acetate on cellulase and
endoglucanase activities of cellulosomal and ndhosomal fractions of C.
beijerinckii. The pH and temperature optima of the cellulas®$ endoglucanases of
cellulosomal and non-cellulosomal fractions ©f beijerinckii were also determined.
This provided the fundamental evidence requiredth@ design and analysis of the

bioreactor study.

The next objective was to determine the effectubplsde on anaerobic digestion where
C. beijerinckii was the microorganism used. The parameters thigg determined during
this study were cellulase and endoglucanase aesiyiteducing sugar concentrations,
chemical oxygen demand (COD), sulphide concentiatipH and volatile fatty acid
(VFA) levels.
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5.1.1 Isolation of C. bejerinckii sLMO1, purification of its cellulosome and

determination of cellulase and endoglucanase activities

C. bejerinckii was isolated from a biosulphidogenic bioreactat afentified usingl6S
rDNA analysis. The partial 16S rDNA sequence wiaa 300 bp region of the 1500 bp
gene. The cellulosome was purified using affinibyanatography purification and the
affinity digestion purification procedures. Thds® methods were used in order to find
the most suitable method for purification of thdlldesome ofC. beijerinckii. Both
methods purified cellulases successfully. The dsghspecific activities for cellulases
were 146.9 and 83.29 nmol glucose released' mmptein min', for the affinity
chromatography purification procedure and the affidigestion purification procedure,
respectively. The affinity digestion purificationrgeedure resulted in very low
endoglucanase activities in the cellulosomal and-callulosomal fractions; the highest
specific activity observed was 0.786 nmol glucasleased m{ protein min* compared
to 83.29 nmol glucose released grotein min' of the affinity chromatography
purification procedure. The affinity digestion gimation procedure yielded better
resolved peaks than that of the affinity chromatpyy purification and it also yielded
more defined and clearer bands on SDS-PAGE. ThdDAOF analysis of the
isolated subunits indicated that the subunits waer@0 kDa exoglucanase, a 60 kDa
endoglucanase and a 41 Da endoglucanase, the$ts kgsre not conclusive, however.
N-terminal sequencing should be performed in otdeobtain an accurate and reliable

identification of the proteins.

5.1.2 Characterisation of cellulosomal and non-cellulosomal fractions of C. beijerinckii
sLMO01

The cellulosomal and non-cellulosomal fractionsevelaracterised with regards to their
sensitivity to sulphide, sulphate, cellobiose, gke and acetate, and the pH and
temperature optima were determined. Increasedtiadsli of sulphide activated the
cellulase activity of the cellulosome and non-dedomal fractions up to 700 %, while

increased additions of sulphate either increased attivity slightly or inhibited it
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dramatically. Sulphate slightly activated the wlalée and endoglucanase activities of the
cellulosomal fraction, while it inhibited the cdlise and endoglucanase activities of the

non-cellulosomal fraction.

Cellobiose and glucose both inhibited the cellulasé endoglucanase activities of both
the cellulosomal and non-cellulosomal fractiondisTwas expected as these compounds
are the hydrolytic products of cellulases (i.e.pglMcanases, endoglucanases @nd
glucosidases). Increased acetate levels sligimitybited the cellulosomal and non-
cellulosomal cellulases and endoglucanases; théspwasibly due to the decrease in pH

caused by the addition of the acids.

pH optima of 5.0 and 7.5 for cellulosomal cellulased 5.0 for cellulosomal
endoglucanase were observed. The non-cellulosivawdion exhibited a pH optimum of
7.5 for both cellulase and endoglucanase activitigsth fractions and enzymes exhibited

a temperature optimum of 30 °C, this was expedtezkshe anaerobe is a mesophile.

5.1.3 The effect of sulphide on anaerobic digestion

Two studies were performed; the preliminary seruttlé study and the bioreactor study.
Both studies showed that sulphide stimulated the-lnaiting step, i.e. the hydrolysis
step. This is because sulphide activated thelasts and endoglucanases produced by
C. bejerinckii sSLMO1. The fundamental studies from chapter 3 d#tbthat sulphide
activated the cellulosomal and non-cellulosomatticms ofC. beijerinckii sSLMO1 and

the effect of sulphide was confirmed when it wagligg to the bioreactors.

There was also a higher concentration of redudings in the bioreactor that contained
sulphide, substrate and the microorganism. Thss avee to higher enzyme activities due
to the action of sulphide. Sulphide also stimwa@OD removal, where the COD

removal rate was higher in the bioreactor with bidp, substrate and the microorganism
than the one with substrate and the microorgani$iis effect was more pronounced in

the bioreactor study where the difference in % Q®@mDoval rates was much higher than
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that of the serum bottles study. This was duest@mal factors that were optimised after
the serum bottles study such as the incubatiorogédthis was increased from 13 to 28
days), substrate concentration (this was decrefised 5 % (w/v) to 2 % (w/v)), and
sulphide concentration (increased from 300 to 6@DITnfinal concentration). Higher
volatile fatty acids concentrations were evidentthe bioreactor containing sulphide,
substrate and the microorganism, indicating that rificroorganism was growing at a
faster rate, possibly due to the activated enzypneducing higher concentrations of the
hydrolytic product.

515 Summary

The hypothesis that sulphide increases the ratéidgnstep of anaerobic digestion was
validated. This can be applied into various indestthat utilise glucose or cellobiose, as
cellulose will be utilised at more efficient rateSince cellulose is a renewable resource,
there is unlimited potential in the applicationstioé¢ findings of this study to industries
such as the bioethanol, methane, solid waste maraggepulp- and paper- and the food
industry. Since sulphide can be removed, the misduould still be utilisable.

5.2 FUTURE RECOMMENDATIONS

In this study, the cellulosomal and non-cellulosbrfinactions of C. beijerinckii were

purified and the cellulases and endoglucanases wargally characterised. Future
recommendations therefore would be to charactéresether hydrolytic enzymes present
in the cellulosome. These include cellulosomal aod-cellulosomal hemicellulases
(xylanases and mannanases) and pectin lyasese{labi, 2003). Characterisation of
these enzymes will include the determination oirthel and temperature optima, as well
as determining the effect of sulphide on theinaiiéis. In this manner, a more complete
picture of the effect that sulphide has on theubedlomal and non-cellulosomal fractions

of C. bejerinckii will be established. Although cellulose is the sin@bundant
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polysaccharide on earth (Bayetral., 1998a) it is important to study all the enzymes

associated with the cellulosome.

Studies on pectin lyases (Tamaru and Doi, 2001 )panticularly on xylanases have been
conducted (Kosuggt al., 2001; Murashimat al., 2003; Haret al., 2004), however, the

effect of sulphide on the enzymes has not beerstigaged.

Determining the mechanism of action of sulphidetbe enzymes is also important.
Along with pH effects, determining whether the reidg properties of sulphide are a
contributing factor in the activation of the enzysrshould be established. Lameidhl.
(1985) showed that the thiol containing compoundtape activated cellulase and
endoglucanase activities of the cellulosomeCofthermocellum. Cysteine is also a
reducing agent and like sulphide contains a throug. One method of determining
whether the reducing properties of sulphide leachdtvation of the enzymes is by
comparing it with other reducing agents such akiatitreitol (DTT). For instance
studies performed by Sa-Pereieqa al. (2002) found that the reducing agent, DTT,

enhanced the xylanolytic activity ofBacillus subtilis strain.
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APPENDIX C
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Appendix E

Table E.1 shows the volumes and final concentratised for each reagent in the PCR
reaction. Table E.2 shows the PCR conditionswieae used.

Table E.1  Volumes added and final concentrations of reagesesl in PCR reaction

Reagent/component Volume (ul) Final Concentration
MgCl,, 25mM 2 1.5mM

10x buffer 3.5 1x

PCR nucleotide mix 0.7 200 pM each
(10mM each)

9F primer (10mM) 2 0.57 uM
1541R primer (10mM) 2 0.57 uM
Template DNA 1 0.5 pg/35ul
Nuclease free distilled 23.55

water to final vol. 35ul

Taqg polymerase 0.25 1.75 U/35ul

* All reagents were purchased from Promega exaapthe primers, which were purchased from Ingaba

Biotech.

Table E.2  PCR conditions used for 16S rDNA amplification

Conditions

Temperature (°C)

Duration (min)

Initial denaturation
Denaturation
Annealing
Extension

Final extension

94
94
55

72
72

2
1
1
15
10

The number of PCR cycles performed using the SP@R machine were 30.
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Figure E.1 illustrates the 1500 bp 16S rDNA rediuat was PCR amplified.

Figure E.1

Bp
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250

Agarose gel (1 %) showing PCR products. M; Molecwaight marker
(O'GeneRule 1 kb DNA ladder); 1; negative control; 2; SamplPQR
amplified 16S rDNA of isolated anaerobe; 3; Dupkc®#CR amplified
16S rDNA of isolated anaerobe; 4; Positive contrtbmega).

112



APPENDICES

Figure E.2 shows the 16S rDNA sequence produced.

101

201

301

401

501

601

701

801

901

1001

1101

1201

1301

TTTGATCCTG
TCGAGCGATG

ACACGTGGGT
TTAATACCCC

AATCCGCTAT
GGCTCACCAA

ATTGGGACTG
TATTGCACAA

CGGICTTCGG
TGAGGAGGAA

GGTGGCAAGC
TATTTAAGNG

AAACTGGATA
GONGGAAATG

CTGGGACTGN
TTAGATACCC

GITGTCATGA
GANTACGGTC

AGCAGCGGAG
GACTNGACAT

GAAGACAGGT
TTAAGICCCG

TGAGCACTCT
ACGTCAAATC

GGCTGGNACA
CAGICTCAGT

TGCTAGTAAT

GCTCAGGACG
AATCTCCTTC

AACCTGCCTC
ATAAGATTGT

GAGATGGACC
GGCGACGATG

AGACACGECC
TGGGEEEEAC

ATTGTAAAGC
GCCACGCCTA

GITGTCCGGA
GGATGTGAAA

TCTAGAGTGC
CGTANAGATT

AACTGACACT
TGGTAGTCCA

CCTCTGICCC
GCAAGATTAA

CATGIGGITT
CTCCTGAATT

GGTGCATGGT
CAACGAGCGEC

AGCGAGACTG
ATCATGCCCC

GAGAGATCGCT
TCGGATTGNA

AACGCTGEECG
GGAAGTGGAT

ATAGAGGEGGA
AGTGCCGCAT

CGCGI CGCAT
CGTAGCCGAC

CAGACTCCTA
CCTGATCCAG

TCTGICTTCA
ACTACGTGCC

TTTACTGECC
TACTCNGGCT

ANGAGAGGAA
AGGAAGAAAA

GAGGCTCGAA
CGCCGTAAAC

GCCGCTAACG
AACTCAAAGG

AATTCGAAGC
ACCCTTAATC

TGTCGTCACC
AACCCTTATT

CCCGGGTTAA
TTATGICTAG

AAACCGCNAG
GGCTGAAACT

GCGTGCTTAA
TAGCGGCGGA

ATAGCCTTTC
GGCATAGCAA

TAGCTAGITG
CTGAGAGGGT

CGGGAGCCAG
CAACGCCECG

GGGACGATAA
AGCAGCCGCG

GTAAAGGCGAG
TAACCTGGEGN

AGTAGAATTC
CCAGTGCCGA

AGCGNGGGGA
GATGAATACT

CATTAAGTAT
AATTGACCEG

AACGCGAAGA
GGGGAAGCCC

TCGIGTCGTIG
GITAGITGCT

CCNGGAGGAA
GCGCTACACAC

GTGGAGCCAA
CGCCTACATG

CACATGCAAG
CGGGTGAGTA

GAAAGGAAGA
TTAAAGGAGT

GTGAGGTAAC
GATCGGCCAC

CAGTGGGGAA
TGAGTGATCGA

TGACGGTACC
GTAATACGTA

CGTAGGTGGA
GCTGCATTCC

CTAGTGTAGC
AGCCGACTTT

GCAAACAGGA
AGGTGTAGGG

TCCCCCTAEEG
GGCCCGCACA

ACCTTACCTA
TTCGGGGECAG

AGANGTTGCGG
ACCATTTAGT

GGTGGEGGATG
GIGCTACAAT

ACTTNAAAAC
AAGCTGGAGT

Figure E.2

The 16S rDNA sequence of the isola@dstridium anaerobe.
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