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ABSTRACT

A genomic library of Ruminococcus flavefaciens 186 was constructed using the
lambda vector ANM1149. It constituted 2.1 x 10° recombinant clones which was large
enough to represent the entire genome of this bacterium. From this library, 26 CMC*
clones were identified after screening about 2500 recombinant clones. These CMC' clones
were divided into four groups according to their insertion fragment size. Partial restriction
maps of these clones have been achieved. Eight representative clones from these four
groups showed different mapping patterns. One of the three 9 kb insert clones (ACM903)
was selected for further study based on its ability to express’all three types of cellulase

activities.

The locations of endoglucanase and exoglucanase genes in ACM903 were deter-
mined. Two separate fragments from ACM903 were subcloned and named ACMEHI1
(CMC") and ACMEH2 (MUC"). Cross hybridization experiment using cel/A gene of C.
thermocellum and the 26 recombinant clones showed no significant homology. However,

different degrees of homology were found among the 26 ruminococcal clones.

The difficulty of subcloning the ruminococcal DNA fragments into plasmid vectors
was one of the major obstacles in the study of cellulase gene in foreign hosts. Vectors with

different functions were tried but all the recombinant plasmid clones showed instability.

The cellular location of cellulase enzymes in E. coli cell was determined. Most of
the endo- and exo-glucanases were found in the periplasmic space. Partial purification of
these cellulase enzymes from E. coli cells using chromatography was then performed and

the characterization of these enzymes was achieved.

Using ExollI deletion, the locations of endoglucanase and exoglucanase genes were
determined in ACM903. The internal HindIII-HindIII fragment of 7.3 kb from ACM903

was sequenced. Five ORFs were detected using computer software (UWGCG) analyses.



The first ORF which coded for an endoglucanase gene (renA) was 2157 bp long with
putative 680 amino acid residue. The SD sequence and promoter sequence were present.
The best fitting cellulase gene tested was that of the cenA gene of Ce. fimi. An unusual
structure of Pro-Thr-Ser rich region, which had 38 out of 42 a.a. residue of proline,
threonine or serine, was found in the N-terminal of the putative peptide. The second ORF
which was 1821 bp long coded for an exoglucanase gene (rex). The putative amino acid
sequence had 572 a.a. residue, also a SD sequence and a promoter sequence were found.
A Pro-Thr-Ser rich region, which was highly conserved with PTS of renA, was found at
the C-terminal of the putative peptide. Again, the cellulase gene, cex gene of Ce. fimi
showed the best similarity. It is suggested that the gene structure of cellulase in R. flave-
faciens strain 186 was similar to cellulase genes in family A‘as described by Ong et al,
1989. The third ORF was found overlapping with ORF1 uéiﬁg the transcriptional second
reading frame. This ORF had a putative SD sequence but lacked a promoter sequence. The
coding region of this ORF has the characteristics of a B-glucosidase gene which was 1300
bp long (a putative sequence of 443 amino acid residues). The fourth ORF which used
the second reading frame was 1300 bp long with a SD sequence 5’ upstream of the ATG
codon, overlapped with ORF1 gene. This ORF coded for a protease gene. The fifth ORF
located closely to the 3’ erd of the 7.3 kb fragment used the second reading frame. This
OREF had both putative SD sequence and promoter sequence. It was 1080 bp long with
putative 341 amino acid residues and showed the structure of a xylanase gene. A short

PTS region was also found in this ORF.

ii
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CHAPTER 1 INTRODUCTION

1-1 Introduction

For a long-term solution to our resource problems of
energy, chemical and food, cellulose should be considered
because it is a renewable carbon source and the most abundant
organic molecule in nature. Cellulose is the major structural
component of higher plants which is synthesized efficiently as
a result of photosynthesis. Decomposition of cellulolytic
materials in industry is processed normally by harsh physical
or chemical treatments which could result in the pollution of
the environment and low yield of substrate. Bioenergy technolo-
gy, which is often called "soft energy paths" as opposed to the
types of energies that are commonly used, is an alternative way
to overcome these problems. It is the technology which uses
microbial enzymes to degrade biomass into products that could
be directly or indirectly used as energy, chemical, feedstock
or food.

Cellulose decomposition in nature is a complex process,
involving mixed populations of many microorganisms. It 1is
carried out by fungi, unicellular bacteria and actinomycetes
(Waksman and Skinner, 1926; Alexander, 1961; Imsenecki, 1968).
In general, fungi are the initial and principal decomposing
microorganisms and these are followed by the bacteria and
actinomycetes (Waksman and Skinner, 1926; Tribe, 1960). The
cellulolytic fungi include several ascomycetes, (orders
Eurotiales and Sphaerials), or their imperfect counterparts
such as Penicillium, Aspergillus, Trichoderma, Fusarium, and
Chaetomium (Mandels, 1981). Basidiomycetes are also involved
in cellulose decomposition, especially as wood-rotters
(Gilbertson, 1980), and the white rot fungi (eg. Phanaero-
chaete) have been implicated in lignin decayj Cellulolytic
bacteria include the aerobes Cytophaga, Sporocytohaga, Cell-
vibrio, Cellulomonas, Pseudomonas (Imsenecki, 1968), Erwinia
(Kotoujansky et al, 1985) and Bacillus (Murphy et al, 1984),
the anaerobic mesophiles Clostridium (Hungate, 1944), Rumino-
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coccus (Hungate, 1966), Bacteroides (Groleau and Forsberg,
1981) and Acetivibrio (Patel et al, 1980), and the thermophiles
Clostridium thermocellum (Viljoen et al, 1926; McBee, 1948),
Caldocellum saccharolyticum (Love et al, 1987) and Thermomono-
spora sp. (Stutzenberger, 1987; Hu and Wilson, 1988). Each can
easily be isolated from most decomposing samples of cellulose.

The rumen is a very specific microenvironment for
cellulose decomposition. Most polysaccharides entering the
rumen can be considered as belonging to one of two general
types: plant storage polysaccharides, or structural polysac-
charides. The structural polysaccharides constitutes the
greater part of all plant cell walls and are loosely considered
to form the fibrous component of animal feedstuffs. Storage
polysaccharides can function as food reserves and as such must
be readily mobilised when required by the plant. As a conse-
quence they are easily degraded by plant hydrolytic activities
and are susceptible to attack by enzymes secreted by rumen
microorganisms. The structural polysaccharides have a skeletal
function in the 1living plant and are far more resistant to
microbial attack. However, it is the ability to utilise such
materials as an energy source that provides ruminants with
their particular ecological niche, and the ability of rumen
microorganisms to degrade plant polysaccharides efficiently is

of paramount importance.

Recent progress in recombinant DNA methodology has made
it possible to "genetically engineer" bacteria so that they are
capable of performing functions very different from those of
the wild-type strains. There is great potential for applying
this technique to enzyme technology to improve the production
of enzymes or to study the regulation of the‘expression of
particular genes in industrial microorganisms.
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1-2 Cellulolytic microorganisms

A summary of cellulolytic microorganisms which have been
studied is shown in Table 1-1.

Table 1-1. Cellulase-producing microorganisms

Bacteria Fungi

Acetivibrio cellulolyticus
Bacillus spp.

Cellulomonas fimi
Cellvibrio fulvus

C. gilvus

C. vulgaris

Clostridium thermocellum
C. chartabidum

C. thermocellulaseum

C. thermomonospora

Erwinia chrysanthema
Fibrobacter cellulosolvents
F. succinogenes
Pseudomonas fluorescens
Ruminococcus albus

R. flavefaciens

Actinomycetes

Streptomyces griseus
Thermoactinomycete spp.
Thermomonospora curvata
T. fusca

Agaricus bisporus
Aspergilus spp.
Botryodiplodia mxp.
Chaetomium thermop
Eupenicillium javenicum
Fusarium solani

Humicola insolens
Macrophomina pseudolina
Myrothecium verrucaria
Myceliophthora thermophila
Pellicularia filamentosa
Penicillium spp.
Pestalotiopsis westerdijkii
Polyporus spp.

Poria spp.

Sporotrichum spp.
Talaromyces emersonii
Thermoascus aurantiacus
Thielavia terrestris
Tranetes sanguinea
Trichoderma spp.
Trichosporon spp.

based on Coughlan, 1985

1-2-1 Fungi

i

Although several fungi (eg. Aspergillus sp., Penicillium

sp.) which degraded cellulose were found very early, the study
of cellulase production from these fungi other than the genus
Trichoderma reesei was limited.

1-3
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Trichoderma reesei (formerly T. viride)

The ascomycetous, brown-rot fungus T. reesei 1is well
studied and probably the most efficient cellulase producer. Its
enzyme system consists of three different hydrolases: endoglu-
canase, cellobiohydrolase and B-glucosidase which act synergis-
tically in the degradation of crystalline cellulose. However,
knowledge about the pathway of cellulase formation and

secretion in this organism is limited.

Although the mechanism of secretion of cellulase in T.
reesei 1is not yet clear, what is known is summarized as
follows: the primary peptide with its core carbohydrate (0O-
linked) attached to asparagine residues is synthesized in the
endoplasmic reticulum. In the Golgi, carbohydrates are added
to serine and threonine residues and the glycoprotein is then
packaged into secretory vesicles and transported to the plasma
membrane. The vesicles fuse with the membrane and the enzymes
are released into the medium. (Merivuori et al, 1985, Salovuori
et al, 1987; Messner and Kubicek, 1988).

Several mutation and <cloning studies to improve the
productivity of this organism have been done and considerable
success has been achieved. The genealogy of these mutants has
been summarized by Montenecourt (1983).

1-2-2 Bacteria
Three major sources of cellulolytic bacteria occur: soil,
hot springs and the rumen. Some of the representative genera

or species from these environments are described below:
j

Clostridium thermocellum

C. thermocellum was first isolated from manure. It is Gram

positive, rod shaped (5.0 x 0.4 um), produces oval shaped
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spores (0.9 x 0.6 um), and has irregular colonies when grown
on agar (Viljoen et al, 1926). All C. thermocellum strains are
able to ferment cellulose and its hydrolysis product, cello-
biose. Also it degrades xylan, but the resulting xylose and
xylobiose are not fermented and accumulate in the broth (Gordo,
1981) .

The cellulase of C. thermocellum is active and stable in
the absence of substrate from 37 °C to 70 °'C, but loses all its
activity in a short time at 80 *C. It shows resistance to
cellobiose inhibition when growing on artificial celluloses
such as dyed Avicel (Ng and Zeikus, 1981), but is strongly
inhibited by cellobiose when growing on Avicel (Johnson et al,
1982) . Cellobiose is converted into glucose 1l-phosphate and
glucose by the enzyme cellobiose phosphorylase produced by this
organism (Alexander, 1972; Swisher et al, 1964).

Cellulomonas fimi

Ce. fimi 1is a cellulolytic, Gram positive coryneform
bacterium of 72 mol% G+C (Stackerandt and Kandler, 1979). Only
part of the extracellular activity responsible for the hydroly-
sis of <cellulose is present in the supernatant of grown
cultures, and the remainder is bound to cellulose (Beguin et
al, 1977). Three extracelluar cellulases have been purified
(Beguin and Eisen, 1978). One was found in the cell-free
supernatant and two were found to be bound to the cellulose.
Endoglucanase (CenA) and exoglucanase (Cex) have been ident-
ified by binding to cellulose (Langsford et al, 1984; Gilkes
et al, 1984).

Bacillus sp.
Cellulolytic Bacillus sp. were very easy to isolate from
soil or cellulosic substrates (Priest, 1977). Several species

have been reported including B. subtilis (Lo et al, 1988;

1-5
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Robson and Chambliss, 1984), alkalophilic Bacillus (Fukumori
et al, 1987; Horikoshi et al, 1984), and anaerobic Bacillus
cellulosae dissolvens (Khouvine, 1923). The general characte-
rization is rod shaped (2.0 x 0.4 pum), oval shaped spores (2.0

X 2.5 Um), Gram positive and containing about 42 mol% G+C.

The first case of bacterial cellulase used in commercial
and industrial applications was that from alkalophilic Bacillus
sp. (Kawai et al, 1988).

Fibrobacter succinogenes (formerly Bacteroides succinogenes)

F. succinogenes, first described by Hungate (1950), is now
considered to be one of the most widespread cellulolytic
bacteria of the rumen. The characteristic of this organism was
Gram negative, rod shaped to lemon shaped or oval, 0.8 to 1.6
Um in diameter, occurring singly or in short chains. The major
substrates fermented are listed in Table 1-2. Valerate, iso-
butyrate, CO,, NH,", Na', K', cCa'?, Mg'’ and PO, are essential
for growth; biotin is usually essential.

The cellulases of F. succinogenes and its mode of attack on
plant cell walls have been reviewed by Chesson and Forsberg
(1988) . Their action is in the hydrolysis of highly ordered
celluloses such as cotton fibres (Halliwell and Bryant, 1963)
and plant materials (Dehority and Scott, 1967; Stewart et al,
1979; Morris and Van Gylswyk, 1980; Morris, 1984; Kolankaya et
al, 1985; Graham et al, 1985; Chesson et al, 1986). When the
cell attaches to cell walls of plant materials, F. succinogenes
exhibits a tight adhesion, frequently conforming to the surface
of the material being digested (Forsberg et al, 1981; Cheng et
al, 1983,1984). ‘

Ruminococcus

The name Ruminococcus flavefaciens was conferred by
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Table 1-2 Fermentation characteristics of Ruminococci and Fibrobacterium.

R. albus R. flavefaciens F. succinogenes

Acid from:
starch = i
cellulose
xylan
pectin
maltose
cellobiose
sucrose
D-xylose
L-arabinose
glucose
fructose
galactose
mannose
lactose
mannitol
glycerol
lactate

(o Ny o Ao Ty o Moo Ao Yo L | + +
Qoo Ry QA+ | + +
IL+1 11+ +2

Q.
[0}
I

Aesculin hydrolysis
H,S production = - =
Nitrate reduction = = =
Fermentation product:
Major AE AS AS
Minor/some strains FL FL FPiV
Gas produced H,,CO, H,

Abbreviations: A, Acetate; E, ethanol; F, Formate; L, Lactate; P,
Propionate; S, Succinate; iV, isovalerate; d, reaction varies between
strains; blank, no test.

From: Stewart and Bryant, 1988.

Sijpesteijn (1951) on Gram-positive, non-motile, cellulolytic
streptococci with cells 0.8-0.9um in diameter, which occurred
singly, in pairs and chains. A yellow pigment was produced,
particularly during growth on cellulose. The species R. albus
and R. flavefaciens are among the most active bacteria involved
in plant cell wall digestion in the rumen (Dehority and Scott,
1967; Stewart et al., 1979; Morris and Van Gylswyk, 1980;
Morris, 1984; Dehority, 1986; Bryant, 1986; Stewart, 1986;
Chesson et al., 1986).

Ruminococcus flavefaciens

The morphological characteristics of R. flavefaciens are
as described above. Almost all strains are cellulolytic, and
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additional fermentation characteristics are summarised in Table
1-2. Trace amounts of branched-chain fatty acids are required
for growth and NH; is essential (Bryant, 1986).

The role of R. flavefaciens in plant cell wall breakdown,
established in a series of studies on ruminococci and other
rumen bacteria, has been further elucidated by scanning
electron microscopy. When incubated with leaves of perennial
ryegrass, R. flavefaciens mainly colonised the cutting edges
of the epidermis, sclerenchyma and phloem cells (Latham et al,
1978) . When incubated with orchard grass and bermuda grass
leaves and the distribution and activity of the bacteria
studied, the digestion of epidermis and parenchyma bundle-
sheath cells was accomplished by attached bacteria. However,
bacteria did not become attached either to the readily degraded
mesophyll cells or to the indigestible xylem vessels. Trans-
mission electron micrographs (TEM) of R. flavefaciens strain
186 attached to Avicel (unpublished data, Asmundson) indicate
a similar mode of cellulose attach (Fig. 1-1).

Figure 1-1 TEM of R. flavefaciens attach to Avicel.
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Ruminococcus albus

A simple way to distinguish R. albus and R. flavefaciens
is the colony colour when growing on cellulose: white and
yellow, respectively. R. albus typically ferments cellulose,
cellobiose and glucose, and may ferment a range of other
carbohydrates (Table 1-2) together with rhamnose, and salicin
(Bryant, 1986).

R. albus has attracted particular interest as a result of
its production of high-molecular weight, cell-bound cellulases
(Wood et al, 1982; Wood and Wilson, 1984), cellobiosidase
(Ohmiya et al, 1982) and P-glucosidase (Ohmiya et al 1985).
Cultivation of R. albus on different substrates influenced the
production of ©polysaccharide depolymerases (Williams and
Withers, 1982). It has been shown that the 3-phenylpropanoic
acid (PPA) required for growth of some strains (Hungate and
stack, 1982) enhances the production of vesicular structures
by the bacterium and increases the association of the cellulase
enzyme with the cells in a high molecular-weight form (Stack
and Hungate, 1984). This requirement for PPA is shared by type-
strain 7 and strain 8 of R. albus, but not by R. flavefaciens
(Stack and Cotta, 1986). In the presence of PPA, phenylacetic
acid further enhances cellulose digestion by R. albus strain
8 (Stack et al, 1983).

1-3 Biochemical studies of cellulose degradation
1-3-1 Cellulose structure

Cellulose is a linear polymer of up to 14000 anhydro-
glucose residues in a chair configuration held Fogether by B-
(1,4)- linkages. Each residue is rotated 180 degrees about the
main axis with respect to its neighbouring residues (Fig. 1-2).
The basic recurring unit is cellobiose. Cellulose chains are
held together by hydrogen bonding and orientated in parallel

and staggered with respect to their partners to form insoluble
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fibrils. The hydrogen-bonding network consists of inter- and
intramolecular bonds between successive and adjacent dextrose
residues (Fig.1-2) (Gardner and Blackwell, 1974; Winterburn,
1974; Rees et al., 1982). The intramolecular bonds help to
maintain the rigidity of the cellulose chain. Bundles of
fibrils aggregate to form the inert, insoluble fibres of great
strength characteristic of the primary and secondary cell walls
of higher plants (Ree et al., 1982; McNeil et al., 1984) (Fig.1-
3). Within cellulose fibres there are areas of complete order
(crystalline regions) and also less well-ordered or amorphous

regions.
1-3-2 Cellulolytic systems

The numerous published papers dealing with cellulase have
been reviewed by many authors, notably by Bailey, Enari and
Linko (1975), Sternberg (1976), Gong and Tsao (1979), Ryu and
Mandels (1980), Natick programme (Anonymous, 1981), Bisaria and
Ghose (1981), Linko et al (1983), Wiseman et al (1985), Russell
et al (1985), Kennedy et al (1987), Chynoweth et al (1987),
Lamed and Bayer (1988), Hobson et al (1988) and Ong et al,
(1989) .

Several cellulase enzymes with different specificities and
modes of action are produced by cellulolytic organisms. Three
types of cellulase enzymes are suggested to be involved in the
degradation of cellulose based on substrate specificity:
endoglucanase (C,, EC 3.2.1.4) referred to as carboxymethyl-
cellulase (CMCase), exoglucanase (C,, EC 3.2.1.91) also
referred to as methylumbelliferylcellulase (MUCase), Avicelase,
or cellobiohydrolase, and p-glucosidase or cpllobiase (EC
3.2.1.21). Inprinciple, the endoglucanase hydrol&zes cellulose
by randomly breaking down internal P-(1,4) glycosidic bonds.
The exoglucanase removes cellobiose units from the reducing end
of the cellulose chain. Finally, PB-glucosidase breaks the final

B-(1,4) linkage of cellobiose. The conversion of cellulose to
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Figure 1-2 Cellulose chains showing the B-1,4-linked residues
rotated through 180 degrees with respect to their neighbours
in the chain. Intermolecular hydrogen bonds tightly crosslink
adjacent chains within a microfibril. Intramolecular hydrogen
bonds stabilize each chain. (From: Alberts et al, 1983)
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glucose is the combined effect of all three activities (Fig.
1-4) .

Overall, the enzymatic degradation of cellulose can be

divided into two steps: adsorption and hydrolysis.

1-3-2-1 Adsorption

Factors affecting the adsorption of cellulases to
cellulose may include the nature of the substrate, its purity,
pretreatment, the extent of <crystallinity or amorphous
cellulose content, the enzyme/substrate ratio, the affinity of
the multicomponent enzyme system used, the topography of the
substrate which changes as digestion proceeds, factors causing
inactivation of the bound or free enzyme, and the effects of
reaction products or other substances that might promote or
inhibit adsorption. However, the adsorption of cellulase

usually parallels the rate of hydrolysis of cellulose.

Endoglucanase and exoglucanase adsorb at distinctly
different sites on cellulose, these sites correspond to the
sites of hydrolysis. The addition of exoglucanase to substrate
to which endoglucanase is bound causes the latter to speed up
its action and bring about its desorption. Conversely,
endoglucanase on binding to cellulose speeds up the rate of
scission by exoglucanase and brings about its desorption (Ryu
et al., 1984; Fig. 1-5). Each enzyme is generally found to
exist in several forms and these forms may differ in substrate
specificity, ability to adsorb to the substrate and in their
capacity to interact synergistically with other enzymes in the

system. ‘
IS
4

Synergism is most marked when highly crystalline sub-
strates are used, is low with amorphous cellulose and absent
with soluble derivatives (Wood and McCrae, 1979). A separated

endoglucanase in a single filtrate may or may not act synergis
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tically or equally synergistically with the exoglucanase frac-
tion from the same filtrate (Eriksson, 1975; Wood, 1975). The
two cellobiohydrolases I and II from Trichoderma reesei exhibit
different substrate stereospecificities, each attacking one of
the two different non-reducing end groups that may be found in
the substrate (Fig. 1-6). Removal of cellobiose units from one
type of non-reducing chain end could expose, on an adjacent
chain, a non-reducing end of the other type from which the
second stereospecific cellobiohydrolase would remove cello-
biose. The successive operation of each enzyme on the adjacent
chains could then explain the observed synergism (Wood, 1975,
1980) .

1-3-2-2 Hydrolysis mechanism

The N-terminal sequence of an endoglucanase (EGI) of
Schizophyllum commune (Yaguchi et al., 1983), from Glu-33 to
Tyr-51 was homologous with the active-site sequence of hen egg-
white lysozyme including the lysozyme catalytic residues (Glu-
35, Asp-52) and the substrate-binding residue, Asn-44. Also,
the sequence of active site region, residues Glu-65 to Asp-74
in an exocellobiohydrolase produced by Trichoderma reeseil is
homologous with the catalytic sequence Glu-11 to Asp-20 in the
lysozyme produced by phage T4 (Paice et al., 1984). These
similarities support the hypothesis that cellulases and

lysozymes utilize a common catalytic mechanism (Fig. 1-7)

The hydrolysis of cellulose by bacterial systems is illus-
trated in Fig.1-8. The cell-associated high-molecular-weight
entity, the cellulosome which is a multienzyme complex, 1is
thought to be responsible for adherence of the bacterium to the
substrate, and the endoglucanase and exogluéanase in the
cellulosome are to permit extensive hydrolysis (Hofsten and
Berg, 1972; Wood, et al., 1982; Lamed et al, 1983,1988).
Cellobiose and short chain oligosaccharides produced by the

cellulosome are metabolized by P-glucosidases or cellobiose
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Figure 1-6 Substrate stereospecificity of two exoglucanase
(based on Wood, 1985)
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Figure 1-7 Proposed mechanism for the endoglucanase-catalysed
cleavage of B-1,4-linkages in cellulose (from: Yaguchi et al,
1983)
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phosphorylase in the periplasmic space and glucose or glucose-
l-phosphate enters intracellular metabolism via an ATP-
dependent permease or phosphorylase and hexokinase (Hernandez,
1982; Ng and Zeikus, 1982; Lamed and Zeikus, 1980).

1-4 Genetic studies of cellulase genes

1-4-1 General concept of gene manipulation

Gene manipulation has been defined as the formation of new
combinations of heritable material by the insertion of nucleic
acid molecules, produced outside the cell, into any virus,
bacterial plasmid or other vector system and allowing their
incorporation into a host organism in which they do not
naturally occur, but in which they are capable of continued
propagation (0Old and Primrose, 1985). This technology enables
genes to be transferred between species where there is no natu-

ral exchange.

Cloning of genes involves a number of basic procedures
which are exemplified schematically by Figure 1-9. Initially,
total cellular DNA is extracted from the host organism. The DNA
is then treated with a restriction endonuclease that cleaves
it at specific sites to give fragments of different sizes.
These cleaved DNA fragments are inserted into a plasmid or
bacteriophage vector that will replicate in the host bacterium
into which the desired gene is to be cloned. This collection
of DNA fragments inserted in a vector forms a "library",
ideally containing in total a complete genome. The "“Library"
of cells can be screened for the gene of interest by plating
cells on appropriate selective media.

Escherichia coli is the most commonly usea organism for
the bacterial expression of cloned genes, and the general prin-
ciples for gene expression in this organism will apply when
dealing with genes cloned into its original host. Synthesis of

a functional protein depends upon transcription of the
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Figure 1-9 A general diagram of gene cloning procedure
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appropriate gene, transcript stability, efficient translationof
the mRNA and post-translational processing and correct
compartmentalization or extracelluar secretion of the nascent
polypeptide. Stability of the foreign protein in the presence
of the host bacterium’s proteases may also become an important
factor. Because the genes often reside on a plasmid, plasmid
stability is also a critical factor. Assuming the gene has
already been cloned, the desired level of activity of the gene
product can be achieved by having the gene under the control
of an appropriate promoter for RNA transcription. In many cases
this may be the original promoter present on the gene. A higher
synthesis rate could put an excessive demand on the cell and
lead to a slower rate of growth.

Instability of foreign proteins coded for by cloned genes
has been observed in E. coli, and the cellular location of the
proteins was shown to affect stability. Talmadge and Gilbert
(1982) measured the half-life of rat preproinsulin molecules
synthesized in E. coli and found it to be 2 min for molecules
in the cytoplasm, but over 20 min for those molecules in the
periplasm. Various strategies have been developed to reduce the
instability of foreign proteins caused by proteolytic degrada-
tion in E. coli (Carrier et al., 1983), including in-frame
fusion of the foreign gene with a host gene. Typically, the
host gene has been modified using the entire E. coli lacZ gene
(Itakura et al, 1977) or a small fragment of the lacZ gene with
convenient restriction enzyme sites for cloning or
translational fusion in the correct reading frame (Guo et al,
1984; Stark, 1987). This approach would require selection of
a suitable promoter to avoid overproduction of the fusion
protein. Whether or not the fused protein produced active
biological activity depended on the copy ngmber, correct

reading frames and other physiological factors.

The use of E. coli mutants lacking the lon protease (the

major protease for degradation of abnormal proteins) is another
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avenue to reduce post-translational degradation (Carrier et
al., 1983). Simon et al., (1983) have developed a strategy
based on the observation that during a T4 bacteriophage
infection of E. coli, turnover of proteins continued, but
there was a marked decrease in the degradation of abnormal
proteins. They cloned the T4 protease inhibition gene (pin)
responsible for reduced proteolysis and inserted it into an
expression vector. They found that labile eukaryotic proteins
encoded by genes cloned in E. coli were stabilized in cells in

which the T4 pin gene was being simultaneously expressed.

Plasmids used as vectors for foreign genes usually repli-
cate 1in the cytoplasm independently of the chromosomal
replication cycle. Each plasmid replicates on average once
every cell cycle. The number of plasmid copies within cells may
differ from six to eight per chromosome for a low-copy-number
plasmid to 50 per chromosome for the high-copy-number plasmid
vector, which is commonly used for cloning experiments (0ld and
Primrose, 1985), to 100 or more per chromosome for small

plasmids (Vieria and Messing, 1982).

Recombinant plasmids containing inserts of foreign DNA
often tend to be eliminated or lost during the growth and
division of microorganisms. The stable maintenance of a plasmid
is dependent upon the host phenotype, the plasmid phenotype and
copy number, and on the environmental conditions (Carrier et
al., 1983, 01ld and Primrose, 1985). Low-copy-number plasmids
have a lower probability of segregating equally between
daughter cells (Chruchward et al., 1983). It has also been
reported that the presence of a gene expressing a heterologous
protein is liable to increase the incidence of plasmid-free
cells (Imanaka et al, 1980). A conventionai approach to
maintenance of a recombinant plasmid is to use a selectable
mechanism e.g. resistance to an antibiotic (0ld and Primrose,
1985).



CHAPTER 1 INTRODUCTION

A technique that also may be used to stabilize plasmid
born genes to be expressed in bacteria is to have on the
plasmid of interest, a gene that codes for a function missing
on the bacterial host chromosome. For example, inserting a
recombinant plasmid with the pyrE gene into E. coli which
enables the synthesis of uracil, thereby allowing the cell to
grow in a uracil-free medium. Another possibility would be to
introduce plasmids coding for bacteriocin production and
immunity into these strains. This would have two advantages;
it would enable the introduced bacteria to compete with the
indigenous bacteria in the environment, and cells that lose the
plasmid and therefore immunity to the bacteriocin would be

killed by the bacteriocin-producing cells.

Another type of vector system which was often used is
lambda vectors. The ever increasing use of bacteriophage lambda
as a cloning vector both for genomic and cDNA has led to the
development of techniques for the manipulation of lambdoid
phage. The development of the phage Achromosome as a receptor
for fragments of DNA was made by staggering cuts within
specific DNA sequences (targets) to produce discrete fragments
with short cohesive ends (Hedgpeth et al, 1972; Mertz and
Davis, 1972; Bigger et al, 1973) such that the fragments of DNA
could be spliced into the severed arms of a A vector molecule.
Two types of vectors, insertion and replacement, have been
constructed. A A genome with some nonessential DNA deleted, but
retaining a single target for a restriction enzyme, is known
as an insertion vector; replacement vectors are phages that
retain two targets flanking a replaceable segment of DNA
(Murray, 1983).

The efficiency of cloning being sufficientl§ high to allow
the recovery of a complete library and rapid high density
screening techniques make lambda vectors a very convenient
system to use. Also the lytic growth of lambda recombinants

overcomes the problem of secretion, thus making screening of
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the library easier. A limitation of lambda vector systems 1is
the maximum amount of foreign DNA that can be accommodated
(approximately 23 kb) and the difficulty of direct sequencing
from these vectors due to the difficulty of preparing large
quantities of DNA and handling of large number of samples
(Murray, 1983). In many cases, the capacity of insertion was
not really critical. The large scale preparation of DNA from
a large number of samples was solved by a method described by
Manfioletti and Schneider (1988). This improvement allows the
use of lambda vector for general cloning and directly through
to sequencing without the necessity for laborious subcloning

steps.
1-4-2 Genetic manipulation in cellulase genes

The cloning of cellulase genes, the determination of their
nucleotide sequences, and the analysis of the amino acid
sequences predicted from the nucleotide sequences have led to
a greatly increased understanding of some of these important
enzymes (Aubert, et al 1988). Several cellulase genes from

different microorganism have been cloned and studied.

Over 20 apparently distinct DNA fragments coding for
cellulase have been cloned from C. thermocellum into E. coli.
(Millet et al, 1985; Schwarz et al, 1985; Romaniec et al,
1987). The clones containing the genes celA, celB, celC, celD
and celE have been extensively characterized and the DNA
sequences of the coding and control regions determined (Beguin
et al, 1985; Grepinet and Beguin, 1986; Joliff et al, 1986;
Hall et al, 1988). Also, the xylanase gene xynZ (Grepinet et
al, 1988) and P-glucosidase gene (Kadam and Demain, 1988) have
been cloned, characterized and the DNA sequenée of xynZ was
determined.

Supernatant from cultures of Ce. fimi contained up to 10

components with cellulase activity (Langsford et al, 1984) . The
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clones containing the genes cenA, cenB, cenC and cex have been
identified and sequenced (O’Neil et al, 1986; Wong et al, 1986;
Owolabi et al, 1988, Moser et al, 1989).

Extracelluar B-glucanases and xylanase are produced by
many members of the genus Bacillus (Priest, 1977). Cellulase
cloning in this genus has had good progress. The endoglucanase
and xylanase of B. subtilis have been cloned in E. coli or
other species of Bacillus (Nakamure et al, 1987; MacKay et al,
1986; Robson and Chambliss, 1987; Koide et al, 1986; Hinchlif-
fe, 1984; Kim and Pack, 1988; Bernier Jr. et al, 1983). Cloning
from alkalophilic Bacillus sp. has also been done (Fukumori et
al, 1989; Kim et al, 1987; Sharma et al, 1987, Fukumori et al,
1986; Sashihara et al, 1984). Cloning work from other cellulo-
lytic Bacillus sp. was achieved (Park and Pack, 1986;Yang et
al, 1988; Sandhu and Kennedy, 1986; Panbangred et al, 1983;
Yang et al, 1989).

The cellulase gene from F. succinogenes has been cloned
(Taylor et al, 1987; Gong et al, 1989; Sipat et al, 1987; Irvin
and Teather, 1988; McGavin et al, 1989). A xylanase gene from
F. ruminicola also has been cloned (Whitehead and Hespell,
1989).

Cloning studies of cellulase genes from ruminococci also
have given exciting results. The endoglucanase gene, exoglucan-
ase gene, xylanase gene and B-glucosidase gene of R. albus and
R. flavefacliens have been cloned (Romaniec et al, 1989; Honda
et al, 1988; Flint et al, 1989; Barros and Thomson, 1987,; Ware
et al, 1989; Howard and White, 1988; Kawai et al, 1987; Ohmiya
et al, 1988; Huang et al, 1989). From the data of our labora-
tory (Unpublished data, Asmundson), more thén 15 protein
components have been found which purify with cellulase activi-
ty. Also at least 8 non-homologous clones have been identified
(this study, Huang et al, 1989).
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Other cellulase genes have been cloned from Pseudomonas
fluorescens (Lejeune et al, 1986, 1988; Gilbert et al, 1987,
1988),; yeast (Nebreda et al, 1986; Leclerc et al, 1986);
Erwinia chrysanthemi (Brestic-Goachet et al, 1989; Boyer et al,
1987; Gijsegem et al, 1985; Kotoujansky et al, 1985; Aymeric
et al, 1988); Cryptococcus albidus (Morosoli and Durand, 1988);
Thermomonospora fusca (Hu and Wilson, 1988; Lin and Wilson,
1988; Ghangas and Wilson, 1988; Collmer and Wilson, 1988);
Streptomyces sp. (Coppolecchia et al, 1987; Jaurin and
Granstrom, 1989, Nakai et al, 1988),; Caldocellum saccharo-
lyticum (Love et al, 1987); Agrobacterium sp. (Wakarchuk et al,
1988) and ripe avocado fruit (Tucker et al, 1987).

Several successful cloning studies of fungi, particularly
T. reesei, have been reported (Chen et al, 1987; Sim et al
1988; Teeri et al, 1983, 1987; Shoemaker et al, 1983; Arsdell
et al, 1987; Saloheimo et al, 1988).

1-4-3 Cellulase gene structure

A given microorganism will produce a number of cellulases
which differ in overall amino acid sequence but which may share
short conserved sequences. Cellulases can be grouped into fam-
ilies on the basis of these conserved sequences (Table 1-3;
Beguin, et al 1989; Henrissat et al, 1989). The location of
conserved sequences within the enzymes of a family suggests
that the family of genes arose by region or domain shuffling.
In bacteria, the conserved sequences of a particular enzyme
family occur in more than one genus and the conserved sequences
occur in both Gram-positive and Gram-negative genera. Such
sequence conservation implies an important function for the
different enzymes. The sequences form discréte functional

domains within the enzymes.

The enzyme family of Cellulomonas fimi, which includes both

an endoglucanase (CenA) and an exoglucanase (Cex), contain two




Table 1-3

Families of cellulases

CHAPTER 1

Family Organi sm Fpnzymes
A Cellulomonas fimi exoglucanase and
endoglucanase A

Microbispora bispora endoglucanase A
Clostridium thermocellum xylanase 2

B T'richoderma reesel cellobiohydrolase 1 and II,

and endeglucanase I and III

Phanaerochaete chrysosporium endoglucanase

C C. thermocellum endoglucanase E
C. cellulolyticum endoglucanase A

D C. thermocellum endoglucanase D
Pseudomonas fluorescens endoglucanase
var. cellulosa

) A Erwinia chrysanthemi endoglucanase Y
Ce. uda endoglucanase

3 E. chrtysanthemi endoglucanase 2
C. acetobutylicum endoglucanase
Bacillus subtilis endoglucanase
alkalophillc Bacillus sp.

strain N-4 endoglucanase A and B
strain 1139 endoglucanase F

From: ©Ong et al, 1989.

conserved segments: (1) a sequence of about 100 amino acids (at
the N-terminus ends of CenA but at the C-terminus ends of Cex)
is 50% conserved, and (2) a conserved sequence of 20 amino
acids containing only proline and threonine, the Pro-Thr box,
which separates the former conserved region from the rest of

the protein (Fig. 1-10)

CenA and Cex from Ce. fimi bind tightly to cellulose.
Two major fragments were released from both CenA and Cex. One
fragment has catalytic activity, but does not bind to cellul-
ose. The second, smaller fragment binds to cellulose, but is
catalytically inactive. The site of cleavage in both enzymes
is at the C-terminus of the Pro-Thr box. Therefore, the con-
served sequences in CenA and Cex constitute the cellulose-
binding domains of these enzymes (Gilkes et al,1988).

Another enzyme family includes two endoglucanases, EGI
and EGIII, and two cellobiohydrolases, CBHI and CBHII, from the
fungus Trichoderma reesei (Knowles, et al, 1987). A 70%

conserved sequence of about 35 amino acids occurs in all four

1-27
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enzymes, at the N-terminal ends of EGIII and CBHII, but at the
C-termini of EGI and CBHI. In all four, this conserved sequence
is linked to the remainder of the polypeptide by a stretch of
amino acids rich in proline and hydroxyamino acids (Fig. 1-10;
Teeri, et al, 1987).

CBHI and CBHII of T. reesei also bind to cellulose.
Papain cleaves about 80 amino acids from the N-terminus of
CBHII and about 70 amino acids from the C-terminus of CBHI. The
truncated proteins retain catalytic activity but no longer bind
to cellulose. Thus the conserved sequences in CBHI and CBHII
constitute the cellulose-binding domains of these enzymes
(Tomme et al, 1988). The C-terminal fragment released from CBHI
still binds to cellulose, as does a synthetic peptide of 36
amino acids which corresponds to the 70% conserved sequence at

the C-terminus of the enzyme (Johnson, et al, 1989).

Cleavage of cellulases appears to occur naturally. The
culture filtrate obtained after growth of T. reesei on
cellulose contains a catalytically active form of EGIII which
lacks the first 61 amino acids at the N-terminus of the native
enzyme. Unlike the native enzyme, the truncated form does not
bind to cellulose (Stahlberg, et al 1988). The protease-
susceptible site in the T. reesei enzymes are in the proline
and hydroxyamino acid rich sequences connecting the conserved

sequences to the catalytic domains.

From both cases, Cellulomonus and Trichoderma, a short
sequence of amino acids which is rich in proline and hydroxy-
amino acids is significantly more protease-susceptible than the
bulk of the protein. Small-angle X-ray scattering shows that
the T. reesei CBHI and CBHII and Ce. fimi CegA enzymes are
tadpole-shaped, whereas the catalytically active cores produced
by proteolysis are ellipsoidal (Schmuck et al, 1986; Teeri et
al, 1987; Abuja et al, 1988, ; Ong et al, 1989). The distal
end of the "tail’ is the CBD (cellulose binding domain), the
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Figure 1-10 The organization of functional domains in two
cellulase families (from: Ong et al, 1989)

d CenA

Cex [

The organization of functional domains in two cellulase families (a) the C. fimi
(CenA and Cex) and M. bispora (MbCelA) cellulases; (b) the T. reesei
cellulases. ||, catalytic domain; B8 proline- and hydroxyamino acid-rich
linker region; EZZ4 cellulose binding domain. V and ¥ are the primary sites of
hydrolysis by C. fimi protease and papain, respectively; *indicates the amino
terminus of the truncated form of EGII found in culture filtrate. In both
families, a cellulose-binding domain is joined to a catalytic domain by a
sequence of amino acids which is proline- and hydroxyamino acid-rich, and
protease-susceptible.

t
i
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proximal end is the proline-hydroxyamino acid rich linker. A
sequence such as a Pro-Thr box probably assumes a very extended
configuration within a protein (Radford, et al, 1989). The
presence of such terminal domains in cellulases from C.
thermocellum also has been reported, suggesting that these
functionally related enzymes might have a similar architecture
(Henrissat et al, 1989).

1-5 Aim of this study:

Enzyme-production costs represent 40-60% of overall
costs of processes designed to saccharify cellulosic substrates
and ferment the products (Ryu and Mandels, 1980). The poor
enzyme productivity of fungi, a result of the relatively
prolonged fermentation times required, might be solved by
isolation of new organisms, mutants of existing species or
cloning the cellulase genes in rapidly dividing bacteria which
synthesize more efficient cellulases or exhibit enhanced enzyme

productivity.

Other prospects of genetic manipulation of micro-
organisms for use in programmes aimed at improving biomass
conversion, fermentation resource or improvement in animal

physiology has also led to interest in cloning cellulase genes.

The rumen is among the most abundant source of cellulolytic
microorganisms. Ruminococcus flavefaciens, R. albus, Butyrivi-
brio fibrisolvens and Bacteroides succinogenes are the four
major cellulolytic bacteria found in the rumen (Bryant 1973).
Ruminococcus flavefaciens is one of the most important species
of rumen bacteria and is capable of degrading plgnt cell walls
(Pettipher and Latham 1979). Also, R. flavefaciens degrades
crystalline cellulose more efficiently than R. albus (Bryant
1973).
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Ruminococcus flavefaciens strain 186, which was
isolated from a bovine rumen in New Zealand, expressed all
three types of cellulase activity and showed effective

cellulose degradation.

The aim of this study was to clone, sequence and
characterize the cellulase genes and gene products from
Ruminococcus flavefaciens strain 186, and in particular a 9 kb
clone which expressed all three types of cellulase activities

and showed effective cellulose degradation.
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2-1 Bacterial strains and vectors

Bacteria and vectors used are summarized in Table 2-1.

Table 2-1. Bacterial strains and vectors

Strains

Genotype or Phenotype

Source or Reference

Ruminococcus flavefaciens

strain 186

Escherichia coll
BHB2600

POP-13

JM109

LE392
MB406

Q358
0359

Bacillus subtilis
4712

Vectors
ANM1149

AGeml1
puCl9
pGem3-blue
pOU71
pCK17
pBD64

Recombinant clones
ACM200- series
ACM300- series
ACM400- series
ACM900- series
ACMEE- series
ACMEH- series
ACMHH- series
AdGCM- series

Wild type

SupE, SupF, hsdR, hsdM, r,”, m.*

SupE, hsdR, r,”, m*,p2

reclh, hsdR, SupE, endAl, gyrhA, thi, relhl,
A,a(lac-proh,B),F’trab, Proh,B,laclq®,
aM1S

F-, hsdR (r,,m,}, supE, supF, lacY, salk,
galT, metB, trpR,A”

supE, recB2l, recC22, sbcB, hfilh, hflB,
hsdR”

hsdR,”, hsdM,', supF, ¢80~

hrdR,~, hsadM,*, supF, $80*%, P2

AroB2, Trp2Z, Tyrhl, HisH2

Ab358, srIA3 , imm434, srIA4 , shndI1IA6 , ~
srIA5

Amp*
Amp
Amp”
Cm'km*
Cin"km*

r

2 kb cellulase gene inserts

3 kb cellulase gene inserts

4 kb cellulase gene inserts

9 kb cellulase gene inserts
EcoRI-EcoRI fragment of ACM3Y03
EcoRI-HindI11 fragment of ACM903
HindIII-HindIII fragment of ACM903
deletions of subclones

Asmundson and Kelly 1987

ftfohn and Murray 1977
fiohn and Murray 1977
Messing et al. 1981

Murray 1977
Murray 1977

Karn et al. 1980
Karn et al. 1980

NZDRI

Murray 1983

Premega, USA
Celeste et al. 1985
Promega, USA
Larsen et al. 1984
Gasson et al. 1986
Gryczan et al. 1980

this study
this study
this study
this study
this study
this study
this study
this study

NZDRI, New Zealand Dairy Research Institute culture cellection
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2-2 Media and growth conditions

The Ruminococcus isolate was grown using the medium shown
in Table 2-2 with rubber sealed test tubes or bottles under 100
$ CO, at 37 'C (Kelly et al. 1987). E. coli was grown in Luria
Broth (LB) (0.5 % w/v NaCl, 0.5 % w/v yeast extract and 1.0 %
w/v tryptone) with 0.2 % (w/v) maltose and 20 mM MgSO, at 37 °C
with shaking. When needed, LB medium was solidified with 1.5
% (w/v) agar (Davis, Christchurch, New Zealand) . Overlay agar
contained 0.7 % agar in LB medium. Bacillus subtilis was grown
in LB broth with shaking at 37 ‘C. M9 medium (Table 2-3) was
prepared for substrate specificity assay (Maniatis et al.
1982).

Table 2-2. Rumen fluid cellobiose medium for culture of Ruminococcus sp.

Na,CoO, 0.4 g Salt A° 7.5 ml
Trypticase 0.1 g Salt B° 7.5 ml
Yeast extract 0.1 g Resazurin 0.1 ml
Cellobiose 0.2 g Rumen fluid 20 ml
{or cellulose so0l’n20 ml) Distill water make up to 100ml
*, Salt A: K,HPO, 0.6 % w/v
Salt B: KH,PO, 0.6 % w/v
{NH,},SO, 1.2 % w/v
NaCl 1.2 % w/v
MgS0,. 7H,00.25 % w/v
CaCl,.2H,00.16 % w/v
Table 2-3. M9 minimal medium
per liter:
A: Na,HPO, 6 g B: 1 M Mgso, 2 ml
KH,PO, 3 g 1 M CcacCl, 0.1 ml
NaCl 0.5g
NH,C1 1 g

Adijust pH of solution A to 7.4, autoclave, cool and then add solution B.

2-3 Enzymes and chemicals

Restriction enzymes, proteinase K, RNase A, T4 DNA ligase
and Lambda packaging extracts were purchased from either
Bethesda Research Laboratories (Gaithersburg, Md, USA) or
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Promega Biotech (Madison, Wis, USA) and used under the
conditions described by the suppliers. Agarose, mutanolysin,
carboxymethyl-f-cellulose (CMC), 4-methylumbelliferyl-f-D-
cellobioside (MUC), 4-methylumbelliferyl-fB-D-glucoside (MUG),
para-nitrophenyl-B-D-glucoside (pNPG), para-nitrophenyl-f3-D-
cellobioside (pNPC), Avicel (PH101), 1lichenan and other
chemicals were purchased from Sigma Chemical Co. (St. Louis,
Mo, USA), BDH Chemicals Ltd., (Poole, UK) and FMC Corporation
(Philadelphia, Pa, USA).

2-4 Molecular biological methods
2-4-1 Gel electrophoresis
2-4-1-1 Agarose gel for DNA

DNA was mixed with gel-loading buffer (0.25 % bromophenol
blue, 40 % sucrose in H,0) and was analyzed by electrophoresis
on 0.8 $ to 1.5 % horizontal agarose slab gels using TBE buffer
(89 mM TRIS-borate, 89 mM boric acid, 2 mM ethylenediamine-
tetraacetate (EDTA), pH 8.0). The gels were stained with 0.5
ltg/ml ethidium bromide and DNA was detected with a short
wavelength UV transilluminator. DNA fragments of Lambda phage

digested with Hind III were used as a molecular size standard.
2-4-1-2 Polyacrylamide gel for protein

Ten percent gels with a discontinuous SDS buffer system gel
in a cooled vertical slab gel apparatus was used (Hames, D.
1982). Resolving gel was prepared by adding 10 ml of acryl-
amide-bisacrylamide stock solution (30%:0.8%, w/v), 3.75 ml of
3.0 M Tris.HCl pH 8.8, 0.3 ml of 10 % SDS, 1.5 ml of 1.5 %
ammonium persulphate, 14.45 ml of water and 0.015 ml of TEMED
and degassing before pouring into mounted glasstplates (0.5 mm
gap) . After the resolving gel was set, stacking gel containing
2.5 ml of acrylamide-bisacrylamide stock solution, 5 ml of 0.5
M Tris.Hcl Ph 6.8, 0.2 ml of 10 % SDS, 1.0 ml of 1.5 % ammonium
persulphate, 11.3 ml of water and 0.015 ml of TEMED was mixed,
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degassed and added to the top of the gel with the comb
inserted. Protein sample was mixed with gel-loading buffer
(0.0625 M Tris.HCl pH 6.8, 2 % SDS, 5% 2-mercaptoethanol, 10
% glycerol and 0.002 % bromophenol blue) and boiled for 2 min
or left unboiled before loading into gel. The running condition
was set as constant voltage at 100 V until the dye front

reached the end of the gel.

Three of the staining and blotting procedures used were as

follows:

(1) Coomassie blue R250 staining: Dissolve Coomassie blue

R250 (0.1%) in water:methanol:glacial acetic acid (5:5:2 by
volume) and filter through a Whatman No.l filter paper to
remove any insoluble material before use. Each gel was placed
in a plastic tray filled with stain solution and left for at
least 4 hr at room temperature. After staining was complete,
excess stain was removed, the gel was transferred to the
destain solution (12.5 % isopropanol, 10 % acetic acid) and the
destain solution was simply renewed as stain leached out of the
gel over a period of about 24 hr at room temperature with

gentle rocking.

(2) Silver staining: Bio-Rad Silver Stain kit was used

according to instructions supplied by the company. The solution
was added in the following order (per gel): Fixation solution
(40% methanol, 10 % acetic acid (v/v)), 200 ml, 30 min; (10%
ethanol, 5% acetic acid (v/v)), 200 ml, 15 min; (10% ethanol,
5% acetic acid (v/v)), 200 ml, 15 min; Oxidizer (potassium
dichromat and nitric acid. store at 4°C), 100 ml, 5 min;
Deionized water, 200 ml, 5 min; Deionized water,2200 ml, 5 min;
Silver reagent (silver nitrate, store at 4 °C), iOO ml, 20 min;
Deionized water, 200 ml, 1 min; Developer (sodium carbonate and
para-formaldehyde, store at 4 °C), 100 ml, until brown precipi-
tate appeared; Stop solution (5% acetic acid (v/v)), 200 ml,

5 min.
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(3) Zymogram staining: The probing gel was prepared by
dissolving 1.5% (w/v) of agar in PC buffer (50 mM K,HPO,, 12 mM
citric acid, pH 6.0) containing 0.5% CMC, MUC or MUG and
pouring into the same size glass plate assembly (1.5 mm thick).

After the electrophoresis gel was partially dried (37 C for 15

min), the probing gel was put on the top and wrapped with
plastic membrane. The sandwich was gently pressed with a roller
to prevent bubbles remaining between the two gels. Then the
sandwich was incubated at 30 °‘C for 1 hr (CMCase) or 2 min
(MUCase and MUGase). The probing gel was removed and stained
with the Congo red method (CMCase) or immediately detected
using fluorescence under UV light (MUCase or MUGase) .

2-4-1-3 Polyacrylamide gel for DNA sequencing

Six percent polyacrylamide gels were used for sequencing.
The gel was prepared by mixing 50 g of urea, 15.8 ml 40 %
acrylamide-bisacrylamide (38 g acrylamide and 2 g bisacrylamide
to 100 ml H,0), 10 ml of 10 x sequencing buffer (1.35 M Tris
base, 25 mM EDTA and 450 mM boric acid) and making to 100 ml
with H,0. After vacuum degassing, 1.2 ml 5 % ammonium per-
sulphate and 15 pl TEMED were added, mixed well gently and
poured into assembled glass plates (BRL model S2) with the flat
edge of the sharktooth comb inserted in position. After the gel
was set, the comb was removed and reinserted with the shark-

tooth just inserting the gel by 1-2 mm.
2-4-1-4 Preparation and assembly of glass plates

To prevent formation of bubbles when pouring the gel, the
plates were cleaned thoroughly with a scourer, washed well, and
wiped with ethanol. The inside of the top plate &as siliconised
with Sigmacote, and the plates were wiped and polished dry with
paper towels. After checking that the plates were spotlessly
clean, the spacers were placed on the sides of the back plate

and the top plate was placed on top of the back plate. The
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plates were wrapped with "Sleek" tape ensuring no gaps. The
sides were then clamped and a line was drawn from the top of
the top plate as a guide for the comb.

2-4-2 Preparation of DNA
2-4-2-1 Chromosomal DNA

Ruminococcus cells were cultured and lysed by Mutanolysin
treatment (Asmundson and Kelly, 1987) as described below. R.
flavefaciens strain 186 was cultured in 1200 ml of rumen fluid
cellobiose broth described above. Cells were harvested by
centrifugation at 10,000 rpm for 20 min. After washing twice
with TP7 buffer (10 mM K,HPO,, 0.1 % Triton X-100, pH 7.0), the
cells were resuspended in 10 ml of 10 mM K,HPO, and 1.2 ml
Mutanolysin (5000 U/ml), 600 pl proteinase K (5 mg/ml) and 300
H1l RNase A (5 mg/ml) added. The mixture was incubated at 55°C
for 5 min, then diluted with 50 ml of 10 mM K,HPO,, pH 7.0
containing 25 mM EDTA to complete lysis. The volume of mixture
was measured and 1.028 x V grams of CsCl and 0.11 x V of 5
mg/ml ethidium bromide solution added. After the CsCl had
dissolved, the cell debris were removed by centrifugation at
15,000 rpm for 15 min. The preparation was spun in an ultra-
centrifuge (VTi50 rotor, Beckman, USA) for 18 hr at 25 °C. The
DNA band was harvested and the ethidium bromide was removed by
extraction with CsCl saturated isopropanol. CsCl was removed
by dialyzing four times against 1000 ml TE buffer (10 mM
Tris.HCl, 1 mM EDTA, pH 8.0). The DNA was extracted with
phenol, phenol-chloroform and chloroform and was precipitated
with 2.5 x V of cold ethanol. Finally, The precipitated DNA was
washed with 70 % ethanol, dried under vacuum and dissolved in
1 ml of distilled water (Asmundson and Kelly 1987).

2-4-2-2 Phage DNA

The ANM1149 vector DNA was isolated by a method modified
from Maniatis et al.(1982). The phage was concentrated by



CHAPTER 2 MATERIALS AND METHODS

polyethylene glycol 6000 precipitation and dialyzed against SM
buffer (0.1 M NaCl, 10 mM MgSO,, 10 mM TRIS-Cl, 0.1 % gelatine,
pH 7.4). The concentrated phage solution was lysed by 1 %
sodium dodecyl sulphate in TE buffer and incubated at 80 °C for
10 min. After phenol-chloroform extraction, the vector DNA was
precipitated with cold ethanol, dried and resuspended in TE
buffer containing 50 pg/ml of RNase A.

AGem- serial phage DNA was isolated by the method modified
from Manfioletti and Schneider (1988).

(1) DE52 exchanger preparation: The weighed ion exchanger
was stirred into 15 volume of 0.5 N HCl and left for at least

30 min. After filtering off the supernatant liquor in a funnel
and washing with H,0 until effluent reached pH 4 or above,
another 15 volumes of 0.5 N NaOH were added and stirred for a
further 30 min. The slurry was washed with distilled water in
a funnel until the filtered effluent was near neutral, 0.8
volume of TE buffer (pH 8.0) containing 0.01 % sodium azide was
added and the slurry stored at 4 °C. Before using in phage
clearing steps, the treated ion exchanger was washed in LB

broth twice and resuspended in 0.4 volume of LB.

(2) Phage lysate preparation: Semiconfluent lysis plates

were prepared by adding phage into bacteria soft agar plates
with a multiple of infection (M.0.I) at 0.5. After about 5 hr
incubation at 37 °C, 5 ml per plate of SM buffer were added and
gently shaken in a platform shaker overnight in a cold room
(4 °C) . The supernatant was collected after centrifugation at
5000 x g for 10 min. To 10 ml of phage lysate, gelatine was
added to a final concentration of 50 pg/ml. An gqual volume of
DE52 was added and the mixture was shaken by invérting the tube
for 10 min at room temperature. The DE52 resin was spun down
and the supernatant was filtered through glass fibre. The phage

lysate was then ready for DNA extraction.
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(3) DNA extraction: One ml of <cleared phage lysate was

transferred into 1.5 ml Eppendorf tube and a final concentra-
tion of 20 mM EDTA and 50 pg/ml proteinase K was added. After
incubation at 45°C for 15 min, 20 pl of cetyl-trimethyl
ammonium bromide (CTAB) from stock solution (5 % CTAB in 0.5
M NaCl) was added and further incubated at 68 °C for 3 min. The
pellet was collected with centrifugation at 8000 x g for 10
min, and resuspended in 0.2 ml of 1.2 M NaCl. The DNA was then
precipitated with 2.5 x V of ethanol and dissolved in H,O0.

2-4-2-3 Plasmid DNA

Vector DNA from pUCl9, pOU71, pGem3-blue and pCK1l7 were
prepared by the method modified from Monstein and Geijer
(1986) . Bacterial strains carrying vectors were cultured
overnight in 100 ml LB broth with antibiotics at 37°C. The
cells were centrifuged at 5000 x g for 10 min and resuspended
in 10 ml TELT buffer (50 mM Tris.HCl pH 7.5, 62.5 mM EDTA, 0.4
% Triton X-100 and 2.5 M LiCl). After adding 1 ml of freshly
prepared lysozyme (10 mg/ml in H,0), the cells were heated in
boiling water for 2 min and immediately centrifuged at 10,000
x g for 30 min at room temperature. The supernatant was mixed
with an equal volume of isopropanol. The pellet, collected by
centrifugation at 10,000 x g at 4 °C for 10 min, was dissolved
in 400 pl TE buffer. The solution was loaded in a Sephadex G-50
column, prepared by equilibration with TE buffer in a 1 ml
syringe, and spun down at 2000 x g for 10 min. The eluent was
transferred to a new sterile Eppendorf tube. Ten pl of RNase
A (20 pg/pl) was added and the tube was incubated at 37 C for
30 min. SDS and proteinase K were added to a final concentra-
tion of 0.5 % and 1 mg/ml, respectively, and the mixture was
incubated at 37 °C for a further 1 hr. After phe%ol—chloroform
extraction, the DNA was precipitated with 2.5 x V ethanol at

-20 °C for 3 hr, dried under vacuum and resuspended in H,O.

Vector pBD64 DNA was prepared by the method of Hardy
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(1985). The culture was grown in 1.5 ml LB broth to 0.D.g, of
about 1.0. (Ideally the culture should be in the logarithmic
phase of growth.) The cells were harvested by centrifuging for
1 min in a microcentrifuge tube. After resuspending the pellet
in 100 Ml of solution I (50 mM Glucose, 10 mM EDTA, 25 mM
Tris.HC1l pH 8.0) containing 2 mg/ml lysozyme, the mixture was
left on ice for 15 min. Then 200 pul of solution II (0.2 M NaOH,
1% w/v SDS) was added and the solution left on ice for 5 min.
Another 150 pl of solution III (3M sodium acetate pH 4.8) was
added to the mixture which was vortexed and left for 1 hr on
ice. After centrifuging for 5 min at 4 °C at full speed in a
microcentrifuge, the supernatant was removed into a fresh tube,
1 ml of ethanol was added and it was left at -70 'C for 10 min.
The mixture was centrifuge again, the supernatant was carefully
removed and the pellet was resuspended in 100 pl of solution
IV (0.1 M sodium acetate, 50 mM Tris.HC1l pH 8.0). 250 pl of
ethanol was added to precipitate the DNA and the mixture was
centrifuged for a further 10 min at 4 C in a microcentrifuge.
The pellet was washed with 400 pl of ethanol and centrifuged
for 2 min at 4 °C in a microcentrifuge. The pellet was dried in
a desiccator and then resuspended in 30 Hl1 of TE buffer.

2-4-3 Extraction of DNA from agarose gel
2-4-3-1 Electroelution method

The dialysis tubing was prepared according to the method
of Maniatis et al 1982. The dialysis tubing was cut into 15 cm
lengths and boiled in a large volume of 2% (w/v) NaHCO, and 1
mM Na,EDTA for 10 min. The tubing was rinsed thoroughly in
distilled water, submerged in distilled water and autoclaved
for 10 min at 15 1b (72 kPa) pressure. After cooling, the
tubing was stored at 4 C. ' ‘

DNA fragments were electroeluted by cutting out the band
from agarose gel, transferring the gel into a dialysis bag with
as little TE buffer as possible and the DNA was run out of the
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gel with an electric field of 100 V (5 V/cm) for 1 hr followed
by field reversal for 2 min. The DNA solution was carefully
collected, and purified by extracting twice with phenol-chloro-

form and then precipitated with ethanol.
2-4-3-2 DEAE membrane binding method

The gel was sliced in front of the required band and a
piece of NA45 membrane (Schleicher and Schuell), which was just
large enough to fit, was placed into the slit. After running
the gel at 100 mA until the band has completely stacked up on
the membrane, the membrane was carefully removed, rinsed in TE
buffer (pH8.0) and placed into an Eppendorf tube with 0.4 ml
of 1 M NaCl and 0.05 M arginine (free base). The tube was
incubated at 70 C for as long as necessary to elute the DNA.
One hour was usually sufficient for fragments around one to two
kb. After elution, the membrane was removed and ethanol was
used to precipitate DNA as usual. The pellet was resuspended

in water and was then ready for use.
2-4-4 Restriction digestion

Enzyme digestion was carried out with type II restriction
endonucleases. One volume of 10 x restriction enzyme buffer
was mixed with eight volume of DNA (about 1 Hg) in H,0. Another
one volume of restriction enzyme (1 U) was added into the
mixture and incubated at 37 °C or the optimal temperature for
restriction enzyme reaction for 1 hr. One tenth of the volume
was loaded into agarose gel to check for reaction completion.
When satisfied of completion, the reaction mixture was heated
at 65 °C for 10 min. EcoRI, BamHI, HindIII, Xhol, Smal, Clal,
PstI, Kpnl, Sall and BglIl were the restriction enzymes used.

The conditions used were those specified by the supplier.
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2-4-4-1 Dephosphorylation of DNA

The method used for dephosphorylation was described by
Maniatis et al. (1982). After completed digestion with restric-
tion enzyme, the DNA was extracted once with phenol-chloroform
and precipitated with ethanol. The pellet was dissolved in a
minimum volume of 10 mM Tris.HC1l pH 8.0 (usually 5 Hl). One
volume of 10 x CIP buffer (0.5 M Tris.HC1l pH 9.0, 10 mM MgCl,,
1 mM ZnCl,, and 10 mM spermidine) was added to nine volume of
H,0. Two additions of calf intestinal alkaline phosphatase
(CIP, 0.01 U per 1 pmole of 5’ ends of DNA) were made, one
initially and again at 30 min. The reaction was stopped by
adding 40 pl of H,0, 10 pl 10 x STE buffer (100 Mm Tris.Hcl Ph
8.0, 1 M NaCl and 10 mM EDTA) and 5 pl of 10 % SDS and heating
at 68°C for 15 min. The reaction mixture was extracted twice
with phenol-chloroform and passed through a spun column of
Sephadex G-50 equilibrated in TE. The DNA was precipitated with
ethanol and dissolved in H,O0.

2-4-5 Construction of recombinant phage library

The chromosomal DNA of R. flavefaciens 186 was partially
digested with EcoRI and separated on a 0.8 % preparative gel.
DNA fragments of 2-10 kb were electroeluted and the DNA
solution was carefully collected. The DNA was purified with two
phenol-chloroform extractions and precipitated with ethanol.
The isolated DNA fragments were ligated to EcoRI digested
vector ANM1149 DNA. One volume of 10 x ligation buffer (0.66
M Tris.HCl1l pH 7.5, 50 mM MgCl,, 50 mM dithiothreitol and 10 mM
ATP) was added into nine volume of DNA solution. One unit of
T4 DNA ligase per Hg DNA was then added. The reaction mixture
was allowed to react at 4 ‘C overnight. The ligated DNA was
packaged into lambda packaging extract according to the
conditions of the supplier. Up to 5 pg of DNA in 10 pl was
added to thawed packaging extract. After incubation at 22 °C for
2 hour, 0.5 ml of SM buffer and 25 pl of chloroform were added
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and mixed well. The packaged lambda DNA was transfected into
E. coli host POP-13 and amplified by harvesting the lysate and
reinfection into the same host (Maniatis et al, 1982).

2-4-6 Screening of recombinant for cellulase activities

The Congo red dye method was used to screen for CMCase
(endoglucanase) activity (Teather and Wood 1982). Plaques of
recombinant phages on a LB plate were overlaid with soft agar
containing 0.5 % CMC in PC buffer (50 mM K,PO,, 12 mM citric
acid, pH 6.5). After incubation at 37°C until the plaque
appeared (usually 5-8 hr), the plate was flooded with 0.5 %
Congo red solution (0.5 % w/v Congo red in water) and left to
stain for 15 min. The stained plate was then washed with 1 M
NaCl.

The method of methylumbelliferone method (fluorescent
method) was used for screening of MUCase and MUGase activities
(exoglucanase and p-glucosidase, respectively). The genomic
library in lambda was diluted, preinfected on POP-13 and plated
onto LB plate containing 0.1% of MUC or MUG. The plate was
incubated at 37°C until plaques were formed and the fluor-
escence immediately detected under long-wave UV light in the
dark.

2-4-7 Hybridization

The DNA of ACM903 (a 9 kb clone described later) right-hand
side (ACMEH1, encoding CMCase) and left-hand side (ACMEH2,
encoding MUCase) were prepared as probes. Hybridizations were
carried out using Chemiprobe (Organic Ltd, Yavne, Israel), a
kit system for non-radioactive tagging of D&A probes and
visualization of the tagged probes after hybridizations. The
kit was used according to the instructions of the supplier as
described below.
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2-4-7-1 Denatured salmon sperm DNA

DNA was dissolved in H,0 at a concentration of 10 mg/ml and
sheared by passing it several times through an 18 gauge
hypodermic needle. The DNA was boiled for 10 min and chilled
on ice quickly. This DNA could be stored at -20°C for 1 year.
Before using the DNA for hybridization, the DNA was heated for
5 min in a boiling water bath and then chilled immediately on

ice.
2-4-7-2 Preparation of probe

DNA was diluted in distilled H,0 to a final concentration
of 5 pg/ml. The DNA was denatured by boiling for 5 min and then
chilled quickly on ice. 0.5 volume of Modified solution A
(basically sodium bisulfite) and 0.125 volume of Modified
solution B (basically methylhydroxylamine) were added to DNA
solution and the mixture was incubated overnight at 25°C. The

modified DNA probe could be stored at -20 C for up to 1 year.
2-4-7-3 Dot hybridization

DNA was boiled for 5 min and immediately chilled on ice.
After diluting the DNA in 10 x SSC (1.5 M NaCl, 0.15 M Sodium
citrate) and spotting onto a nitrocellulose membrane, the
membrane was baked at 80 C for 2 hr under vacuum. The membrane
was then prehybridized with 100 pg/ml of denatured salmon sperm
DNA in 6 x SSC, 0.1 % SDS and 5 x Denhardt’s solution (1 %
Ficoll 400, 1 % polyvinylpyrolidone (MW:360,000), and 1 % BSA)
for 2 hr. The same solution as used for prehybridization was
used for hybridization with denatured modified probe and
hybridization was carried out overnight at 68°Ct The membrane
was then washed wusing a washing procedure as follows: (1) 2
x SSC, 0.1 % SDS at room temperature for 5 min. (2) 2 x SSC,
0.1 % SDS at 68 C for 30 min. (3) 0.1 x SSC, 0.1 % SDS at room

temperature for 5 min.
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2-4-7-4 Immunological visualization

Preparation of blocking solution by adding 3 g of powdered
milk to 10 ml of diluent (25 mM NaCl, 50 mM Tris.HCl pH 7.5,
1 mM EDTA, and 0.3% Tween 20) and mixed well until completely
dissolved. The hybridized membrane was transferred to a plastic
bag and 50 pl of blocking solution per each cm? of membrane was
added. The bag was sealed and incubated for 1 hr at 25 °C with
gently agitation. With a final dilution of 1:250, the mouse
monoclonal antibodies (antimodified DNA) was added and the
membrane was incubated for another 1 hr at 25°C with gentle
shaking. The membrane was washed three times for 5 min with
washing solution (0.5 M NaCl and 0.5% Brij 35T), and trans-
ferred to another bag. The alkaline phosphatase antimouse
immunoglobulin conjugate solution diluted 1:250 with blocking
solution was added. After incubation at 25°C for 1 hr with
shaking, the membrane was washed three times for 10 min each
in 0.5 M NaCl and 0.3 % Brij 35T. A freshly prepared substrate
solution (1.5 mg nitro blue tetrazolium, 13.5 mg glucose, 0.2
mg 5-bromo-4-chloro-3-indolylphosphate in 100 mM Tris.HCl, pH
9.5, 100 mM NaCl and 5 mM MgCl,) was then added and the
membrane incubated at 37°C for 30 min to 3 hr under dim
lighting wuntil a Dblue color, indicating hybridization,
appeared. The membrane was then placed between two sheets of

3MM paper to dry out.

2-4-8 Subcloning of insert fragment
2-4-8-1 Transformation

(1) Competent cell preparation: A single colony of JM109

was inoculated into 5 ml Psi broth (5 g yeast extract, 20 g
tryptone, 4 g MgSO,, 0.75 g KCl and KOH adijust %o pPH 7.6) and
incubated at 37 ‘C with shaking until Agype= 0.3. To 100 ml of psi
broth, 1 ml of JM109 culture was added and shaking continued
at 37 'C until Agye= 0.5. The cells were chilled in an ice-water
bath for 15 min and centrifuged at 5000 x g for 5 min at 4°C.
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The pellet was resuspended in 30 ml chilled TfP1l buffer (30 mM
KOAc, 50 mM MnCl,, 100 mM RbCl, 10 mM CaCl, and 15 % glycerol
(stored at 0 °C)) and left in the ice-water bath for a further
15 min. The cells were centrifuged again at 2500 x g for 5 min
at 4 C. The competent cells were gently resuspended into 4 ml
of chilled TfB2 buffer (10 mM NaMOPS (sodium salt of 3-N-
morpholinopanesulfonic acid) pH 7.0, 75 mM CaCl,, 10 mM RbCl,
and 15% glycerol, (stored at 0 °C)). The competent cells were
then transferred into a thin-walled glass tube (0.2 ml per
tube) and stored at -70°C for up to 3 month without decrease
in efficiency (Maniatis, 1982).

(2) Transformation: Up to 50 ng of DNA in 10 pl was added

to 0.2 ml thawed competent cells and the mixture was left on
an ice-water bath for 20 min. After heating at 42 °C for 2 min,
the competent cells were immediately chilled on ice-water for
2 min. Four volumes of psi broth were added and the cells
incubated at 37 °C with gentle shaking for 1 hr. The transfor-
mant was poured onto a LB plate with LB soft agar containing

antibiotics.
2-4-8-2 Bacillus transformation (protoplast transformation)

A few colonies from a fresh plate of the strain was inocu-
lated to 50 ml of LB broth and grown with vigorous aeration to
an 0.D.4o of 0.4. The cells were centrifuged for 10 min at 5000
r.p.m. in the Sorvall GSA rotor. The cells were resuspended in
5 ml of SMMLBP buffer (0.5 M sucrose, 20 mM sodium maleate, 20
mM MgCl,, pH 6.5, 10 g tryptone, 5 g yeast extract, 5 g NaCl,
40 g polyvinylpyrolidone) and 260 Hl1 of 20 mg/ml lysozyme
(freshly prepared in SMMLB and filter-sterilised) were added.
During incubation at 37 °c, samples were taken ag intervals and
examined by phase-contrast microscopy to check how many
protoplasts had been formed. When 99% or more of the cells had
been converted to protoplasts, 1-5 Hg of DNA dissolved in 10
1l of TE and 1.5 ml of 40% (w/v) polyethylene glycol were



CHAPTER 2  MATERIALS AND METHODS

added. The mixture was mixed gently and left for 2 min at room
temperature. Five ml of SMMLBP were added, mixed gently and
centrifuged at 3000 r.p.m. for 10 min in the Sorval SS-34
rotor. The protoplasts were resuspended in 1 ml SMMLBP and
incubated at 37°C for 90 min with gentle shaking. An aliquot
(0.1 ml) was spread onto protoplast regeneration medium, (DMP)
composed of 0.3 M disodium succinate, 8 % (w/v) polyvinyl-
pyrolidone (MW=40,000) pH 7.3; 1 % (w/v)agar, 0.5 % (w/v)
casamino acids, 0.5 % (w/v) yeast extract; 11 mM KH,PO,, 20 mM
K,HPO,; 0.5 % (w/v) glucose; 20 mM MgCl, (autoclaved separately
and then mixed together) and containing the appropriate
antibiotics (1 mg/ml Kanamycin, 5 Mg/ml chloramphenicol (Hardy,
1985)).

2-4-8-3 Transfection

A colony from a fresh culture (LE392, MB406, Q358 or Q359)
was inoculated into 2 ml LB broth and incubated with shaking
at 37°C for about 2-3 hr (A,,=0.6). The culture was chilled in
an 1ice-water bath for 15 min, and the cells were then
centrifuged at 5000 x g for 5 min at 4 °C. After resuspending
in 1 ml of CMT solution (50 mM CaCl,, 10 mM MgSO,, and 50 pg/ml
of thymidine, freshly prepared and kept at -20°C for 5 min
before use), the cells were left in the ice-water bath for a
further 5 min and centrifuged again. The competent cells were
gently resuspended in 150 pl of CMTT buffer (CMT solution + 0.1
M Tris.HC1l pH 8.0) containing 100 ng/ml of phage DNA or ligated
recombinant DNA and transferred into a thin-walled glass tube
in an ice-water bath. The mixture was kept for 45 min in the
ice-water bath, then heated at 42 °C for 2 min. The entire heat-
shock treated mixture was immediately plated onto a LB plate

with LB soft agar. 3

2-4-9 DNA deletion

DNA deletion for preparation of sequencing and gene
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location was carried out by a commercial package, Erase-a-Base
(Promega, USA). DNA (5 png) was digested with EcoRI or HindIII
and then extracted once with phenol-chloroform, precipitated
with ethanol and resuspended in 1 x Klenow buffer (20 mM Tris-
HCl pH 8.0, 100 mM MgCl,). A mixture of 40 puM a-phospho-
rothioate dNTP, 1 mM DTT (dithiothreitol) and Klenow DNA
polymerase to 50 U/ml was added and incubated at 37 °C for 10
min. The reaction was heated at 70°C for 10 min to inactivate
the Klenow DNA polymerase. Then the DNA was extracted again
with phenol-chloroform, precipitated with ethanol and suspended
in H,0. The second restriction enzyme digestion (HindIII or
EcoRI) was then performed. After digestion, phenol-chloroform
extraction and precipitation, the DNA was dissolved in 60 pl
of 1 x ExoIII buffer (66 mM Tris.HCl pH 8.0, 0.66 mM MgCl,).
Meanwhile 25 small tubes with 7.5 pl of S1 mix solution (172
pl H,0, 27 pl 7.4 x S1 buffer (0.3 M potassium acetate pH 4.6,
2.5 M NaCl, 10 mM ZnS0O, and 50% glycerol) and 60 U S1 nuclease)
each were prepared and left on ice. The DNA tube was warmed to
37 °C in a water bath. There was a 30 sec lag for the reaction
to begin. After adding 150 U of Exo0III and mixing as rapidly
as possible, 2.5 pl samples were removed at 30 sec intervals
into the S1 tubes on ice, pipetting up and down briefly to mix.
When all samples had been taken, tubes were placed at room
temperature for 30 min. One Ml of S1 stop buffer (0.3 M Tris
base, 0.05M EDTA) was added and tubes were heated at 70°C for
10 min to inactivate the S1 nuclease. To determine the extent
of digestion, 2 pl (about 40 ng DNA) samples were removed from
each time point for analysis on an agarose gel . When satisfied
with the DNA lengths achieved, the time point tubes were
transfer to 37 C, and 1 pl Klenow mix (30 pl 1 x Klenow buffer,
3 U Klenow DNA polymerase) was added to each and incubated at
37 °C for 3 min. Then 1 pl of the dANTP mix was added and further
incubated for 5 min at 37 °C. The reaction mixture was moved to
room temperature and 40 pl ligase mix 890 pl H,0, 100 pl 10 x
ligase buffer (500 mM Tris.HC1l pH 7.6, 100 mM MgCl,, 10 mM
ATP), 10 pl 100 mM DTT and 5 U T4 DNA ligase) was added to each
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sample, mixed well and left to ligate at 4 °C overnight. The
ligated DNA was then ready for transfection.

2-4-10 DNA sequencing analysis

Two Hg of the lambda DNA was used for each sequencing
reactions. The DNA was mixed with 100 ng of oligonucleotide
primer (SP6 or T7, Promega) in a final volume of 10 ul of
water. The sample was boiled for 4 min and then snap frozen in
dry ice/ethanol. The sample was then left to defrost on ice.
In a separate tube, always on ice, the indicated volumes of
reagents from the Sequenase Kit (Tabor and Richardson,
1987) (USB, Cleaveland, Ohio, USA) were added in the following
order: 2 ul DTT (0.1 M), 0.5 ul *S-a-dATP (sp.act. >1000
Ci/mmole (DuPont)), 0.7 pl of the diluted Sequenase labelling
mix (1.5 UM dANTP-dATP), 2 M1 of sequencing buffer (200 mM
Tris.HCl pH 7.5, 100 mM MgCl, and 250 mM NaCl) and finally 2.5
L1l of diluted Sequenase (1:8 dilution of the stock enzyme in
TE buffer). This mixture was then transferred into the tube
containing the lambda DNA and primer, treated as above. The
reaction was incubated at room temperature for 5 min. After
this time 4 N1 were removed and added to 2 Ul of each termina-
tion mix (80 UM dNTP, 8 UM of the relevant ddNTP, and 50 mM
NaCl) which was prewarmed at 37 °C for one min. The reaction was
stopped after 2-3 min by adding 4 pl of Stop solution ( 50
formamide, 20 mM EDTA, 0.05 % bromophenol-blue and 0.05 %
xylene-cyanol) . After heating at 90 °C for 3 min, 2 Ul of each

o

reaction were loaded on a sequencing gel.
2-4-10-1 Assembly and analysis of sequence data

Compilation of the sequencing data, anglysis of the
compiled sequence to determine ORF’s and comparison of sequence
data to the known cellulase genes was performed using the
programs available through the University of Winsconsin

Genetics Computer Group (UWGCG) sequence analysis software
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package installed on a Vax 750 computer (Devereux et al. 1984).

2-5 Biochemical methods
2-5-1 Partial purification of cellulase enzymes

2-5-1-1 Preparation of crude enzyme extract

To partially purify the cellulase, the recombinant phage
lysate was mixed with an equal volume of pebble-milled paper
(PMP) solution (0.5 % pebble-milled Whatman No.l filter paper
in water) on ice water for 10 min. The PMP was harvested by
centrifugation at 4 °C and resuspended in 1/4 original volume
of H,0. The solution was incubated at 42 °C for 30 min with
shaking and then was centrifuged again for 2 min at 40°C. The
supernatant containing cellulase protein was withdrawn and

concentrated by freeze-drying.
2-5-1-2 Gel filtration chromatography

Gel filtration chromatography was carried out on a series
of Bio-Gel P polyacrylamide gels: P-2, P-6, P-60, P-100 and P-
300. The column sizes chosen were 3.8 cm I.D. X 25 cm, 3.8 cm
I.D. x 60 cm and 2.5 cm I.D. x 75 cm. The beads were prepared
by rehydrating in water with stirring overnight, using at least
22 ml of liquid for each gram of dry gel. The buffer chosen was
water. The water used was purified by a Millipore Milli-Q
system which included an Organex-Q cartridge and a 0.22 um
filtration step (Millipore Corp.). The chromatography system
was composed of a LKB peristaltic pump (12000 varioperpex), an
ISCO model UA-5 monitor and recorder and a Gilson microfrac-
tionator. Crude enzyme preparations (10 ml) were eluted through
P-series columns with water. Fractions (1 ml/tube) were
collected and assayed for protein and enz&me activity.
Fractions with cellulase activities were freeze-dried to

concentrate the proteins.
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2-5-2 Biochemical assay of cellulase activities
2-5-2-1 Assay of endoglucanase activity
2-5-2-1-1 Preparation of CMC substrate

To prevent contamination by small sugar (monomers and
oligomers), carboxylmethylcellulose was purified as follows
ten percent CMC (w/v)in water was mixed well with two volumes
of ethanol, and left standing for 30 min. After centrifuging
at 5000 rpm for 10 min, the pellet was dried under vacuum. A
2% (w/v) purified CMC in water was tubed, autoclaved and stored
at 4 °C.

Endoglucanase activity was analyzed by measuring the
release of reducing sugar using the p-hydroxybenzoic acid
hydrazide (HBAH) method (Koziol 1981). The sample was added to
1 $ CMC solution in PC buffer pH 6.5 and incubated at 30 °C for
3 hour. One volume of mixture was added to two volumes of HBAH
reagent (1 % w/v of HBAH dissolved in 100 mM HCl, 50 mM
Na,citrate, 100 mM Na,SO;, and 1.5 M NaOH) . The reaction mixture
was boiled for 5 min or cooked with full-powered microwave for
20 second then immediately cooled in an ice-water bath. A,, was
measured by spectrophotometer within one hour and reducing

sugar determined from a standard curve.
2-5-2-2 Assay of exoglucanase and [-glucosidase activities

Exoglucanase activity and PB-glucosidase activity were
detected qualitatively by scoring for fluorescence under UV
light or quantitatively either using an Aminco spectrofluorome-
ter (SPF-500 Aminco, MA, USA) (Millet et al. 1985) or by
measuring the release of p-nitrophenol from pNPC or pNPG,
respectively (Ohmiya et al. 1985). One fifth v&lume of sample
was added into four fifth volume of 0.1 % MUC or MUG in PC
buffer pH 6.5. After incubation for 15 min at 30°C, the

X

fluorescence was read with emission set at 450 nm and

excitation set at 370 nm. Another method was performed by
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adding 10 mM pNPC or pNPG to sample and incubating for 3 hour
at 30 ‘C. Absorbance was read immediately at BA,;,. One unit (U)
of activity was defined as that releasing 1 pmol of glucose
equivalent of reducing sugar, 1 pmol of p-nitrophenol or 1 pumol

methylumbelliferone per minute per milligram of protein.
2-5-2-3 Protein concentration

Protein concentration was measured by the Coomassie blue
binding assay (Sedmak and Grossberg 1977) using bovine serum
albumin as standard. Equal volumes of sample or serial diluted
sample and 0.06 % Coomassie blue G-250 in 3 % perchloric acid
(twice filtered with Whatman No.l filter) was mixed together
and immediately read by spectrophotometer at Agy.

2-5-2-4 Substrate specificity assay

Activity against 1 % CMC, 1 % lichenan, 1 % cellobiose and
1 % xylan was tested by measuring reducing sugar as described
above using appropriate standard. The assay for degradation of
Avicel (PH101) and PMP were tested as follows. After preinfec-
tion at 37 °C, the phage-infected bacteria solution was added
into M9 medium (Table 2-3) containing 0.1 % Avicel or 0.5 % PMP

\

as sole carbohydrate and incubated at 37°C for 1 week. One
volume of mixture was withdrawn, centrifuged and the
supernatant was transferred to another tube. Two volumes of
HBAH reagent were then added to the supernatant and the release

of reducing sugar measured as described above.
2-5-2-5 1Inhibition and activation assay

Partially purified endoglucanase, exogluéanase and B-
glucosidase were assayed for their optimal pH, temperature and
for inhibition by surfactants and other inhibitors. The optimal
pH was determined by mixing 1 pg of partially purified enzyme
with 1 ml of PC buffer over a range of pH (4.0-7.2). The
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optimal temperature was assayed with the same conditions as
above at temperatures from 15 °C - 45 °C. Solutions of glucose,
cellobiose, SDS, Triton X-100, Tween 80, iodoacetate, EDTA and
EGTA were mixed with enzyme to determine their effect on its

activity.

2-5-3 Cellular localization of enzymes in E. coli

The pGem3-blue (CMC') transformants were cultured in LB
broth containing 50 pg/ml ampicillin for 3 h at 37°C and were
harvested by centrifugation at 5,000 x g for 10 min. The
supernatants were mixed with 0.5% PMP solution as described
above and the partially purified cellulase protein was
obtained. Intracellular protein was released based on the
method of Ames et al. (1984). After centrifugation, the pellet
was resuspended in 1/100 volume of chloroform, vortexed well
and left at room temperature for a further 15 min. One tenth
initial volume of the 0.01 M phosphate buffer pH 6.0 was added
and centrifuged again at 5,000 x g for 20 min. The protein
released in supernatant was from the periplasmic space of the
cell. The pellet was extracted with phenol-chloroform once and
the aqueous layer was harvested as the sample of intracellular

protein.
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3-1 Introduction

Following the development of methods for cloning foreign
DNA into plasmids, researchers began to investigate means of
preparing gene banks representative of the entire genomic DNA
of both prokaryotes and eukaryotes. Plasmid vectors have the
theoretical capacity to accommodate fragments of unlimited
size, but the transformation efficiency of plasmids containing
greater than 10 kb of insert DNA is so low that their use in

constructing genomic libraries is not practical.

Lambda vectors were constructed to overcome this problem,
being able to incorporate up to 20 kb of insert DNA into the
region non-essential for replication and infection. An addi-
tional advantage of cloning larger inserts is the ease of
identification of overlapping fragments from the original

genome, as well as the isolation of intact genes and operons.

Two examples cf lambda vectors are AL47 and ANM1149. AL47
is a replacement vector which is able to insert up to 18.9 kb
of foreign DNA. This vector contains three unique restriction
enzyme sites (BamH1, EcoRI and HindIII) for the insertion by
ligation of Sau3A digested DNA and allows recombinant selection
by their Spi~ (sensitive to P2 interference) phenotype, in
which the central fragment contains the red and gam genes (the
product of which inactivates the potent exonuclease coded by
the host recBC system) is replaced by the insert, but the chi
gene, in the remaining arms, stimulates growth of recombinant

derivatives on a Rec’' host (Fig. 3-1).

ANM1149 is an insertion vector which allows the cloning
of fragments generated by either EcoRI or HindIII directly into
the cI gene of a Aimm434 hybrid phage. Space for the foreign
DNA 1is made available largely by the b538 deletion that
eliminates the phage attachment site and the int and xis genes.

Because of its enlarged genomes (up to 11 kb insertion) and its
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Figure 3-1 AL47 bacteriophage vector

clear plaque morphology, this vector has the advantage of easy
and efficient use as recombinant phages. The recombinants can
be selected on a Hfl™ host strain, which is defective 1in a
proteimxthat normally antagonizes to phage-repressor synthesis
and on which the native vector establishes repression so

effectively as to reduce the efficiency of plating (Fig. 3-2).

After the genomic library was constructed using DNA from
R. flavefaciens, the next step was to screen the library for
clones containing the cellulase genes, 1identifying and

isolating the positive recombinants.
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Figure 3-2 ANM1149 bacteriophage vector
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The screening strategy was to first screen for the CMCase
(endoglucanase) genre using the Congo red method. This method
is based on the strong interaction between polysaccharides
which contain contiguous B-(1,4)-1linked D-glucopyranosyl units
and Congo red (Teather and Wood, 1982). The other two enzymes
involved in the degradation (exo-glucanase and B-glucosidase)
were tested using the methylumbelliferone method. This method
used the specific substrate (methylumbelliferyl-cellobiose
(MUC) or methylumbelliferyl-pyroglucoside (MUG)) which linked
the methylumbelliferone (fluorescent compound under UV) and

cellobiose or gluccse with a PB-(1,4)-glycosydic bond.

In this section, the construction of a genomic library
which represented the whole genome of R. flavefaciens 186, and
the identification of recombinants encoding cellulase genes are

described.

3-2 Results
3-2-1 Construction of genomic library
3-2-1-1 Preparaticn of partially digested chromosomal DNA

As the first step in the construction of a genomic
library, the chromosomal DNA of R. flavefaciens 186 was
prepared as described in Materials and Methods. One Mg of
chromosomal DNA was digested with restriction enzyme Sau3A or
EcoRI (1U) at 37 € and 200 ng were withdrawn at 15 min
intervals. The partially digested DNA was immediately heated
at 65 C for 10 min to stop the reaction. After cooling in ice
and mixing with gel-loading buffer, the DNA was electrophoresed
on a 0.8% preparative gel. The incubation time for partial
digestion was determined as 30 min and 45 min, and large scale
preparation of partially digested DNA was performed by
digesting fifty {g chromosomal DNA under the same conditions.
After gel electrophoresis, the regions which corresponded to
the 2-10 kb size fragments were cut out with a scalpel under

long-wave UV light and the DNA was electroeluted and purified
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by phenol-chloroform extraction procedures as described in
Materials and Methods.

3-2-1-2 Ligation with vector DNA and packaging with lambda
packaging extract

The first vector used was AL47. The vector DNA was
purchased from Promega (Australia). One Hg vector DNA was
digested with the restriction enzyme BamHI (1U) for 1 hr at
37 C and immediately heated at 65 C for 10 min to inactivate
the enzyme. After phenol-chloroform extraction and ethanol
precipitation, the digested DNA was dephosphorylated (refer to
Materials and Methcds) .

The Sau3A treated chromosomal DNA was ligated with vector
DNA using T4 DNA ligase and packaged into lambda packaging
extract (Promega). E. coli Q359 was transfected with the
packaged phage by plating onto double-layered LB plates. After
incubation at 37 C overnight, recombinant clones were found on
the plate at a titer of 3 x 10? plaque forming unit (PFU)/ml.
Using the same conditions with E. coli genomic DNA instead of
ruminococcal DNA gave a high titer recombinant library (3 x 10°
PFU/ml) . It was thus decided that AL47 was not an effective

vector for cloning ruminococcal DNA.

DNA was prepared from another vector ANM1149 as described
in Materials and Methods. Ten Hg DNA was digested with EcoRI
(10U) for 1 hr at 37 C and then heated at 65 C for 10 min.
After phenol-chloroform extraction and ethanol precipitation,

the digested DNA was dephosphorylated.

Purified chromosomal fragments were ligated with EcoRI
digested vector DNA in a ratio of 1:2 (w/w) using T4 DNA ligase
and packaged using lambda packaging extract (Promega, Australi-
a) . The packaged lambda was transfected into E. coli host POP-
13 by plating in a double-layered LB plate and the resulting
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phage lysate (2.1 x 10? PFU/ml) was stored at 4 C or -70 C as
a gene library. The efficiency of packaging was slightly less
than that achieved with an E. coli genomic library (5 x 10°
PFU/ml), prepared in an identical manner. The amplification of
the genomic library was performed by the method described in
Materials and Metheds. A phage titre of 6.1 x 10!° PFU/ml of
the amplified library was achieved.

3-2-2 The genomic library of R. flavefaciens

Packaging into the bacteriophage heads imposed a size
selection on the recombinant inserts. The average insert size,
using ANM1149 was 5.5 kb. As the actual size of the R. flave-
faciens 186 chromosome was not known, an arbitrary value of
3,000 kb was set in order to determine the number of ANM1149
clones required for the desired probability of a given sequence
being present in the library. This was based on the known
chromosome size of Streptococcus lactis (3,000 kb) . The desired
probability (0.99) of a unique DNA sequence being represented
in the genomic library, was calculated using the equation of
Clark and Carbon (1979):

In (1-P)

In (1-1/n)

where P = the probability of a given sequence being in a
genomic library (0.99); N = the number of clones required in
the clone bank; and n = the size of the genome relative to the

average size of the cloned fragment.

In (1-0.99) -4.605
N = = = 2556
1In (1-1/545.45) -0.0018
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Therefore, based on the above formula, the 2.1 x 10°
recombinant clones achieved should be representative of the
entire genome of R. flavefaciens 186. If the genome is as large
as E. coli (4,100 kb), 4812 clones would be required to

maintain 99% probakility of a given sequence being present.

Several of the recombinant clones from the genomic library
were chosen at random, and the phage DNA was isolated, digested
with EcoRI, and anzlyzed by gel electrophoresis to determine
the percentage and size of insert DNA. In all cases, a fragment
of 21.6 kb, corresponding to the size of ANM1149 was present,
and in 4 out of 12 cases additional fragments, presumably
insert DNA, were also produced (Fig. 3-3). The total length of
insert DNA in the 12 recombinant clones was measured, and found
to vary from 2 to 9 kb, the mean being 5.5 kb. The total length
of DNA being packaged appears to be in the range of 23.6 to
30.9 kb. This corresponds well with the reported values for

size selectivity in lambda packaging in vitro (Hohn, 1979).

3-2-3 Screening the library for cellulase genes expressed in

E. coli

In order to establish whether the R. flavefaciens insert
DNA in the recombinrant clones was able to show expression of
cellulases in E. coli, a direct screening method (Congo red
method) was used. The genomic library was serially diluted,
preinfected E. coli POP-13 and plated onto a double-layered LB
plate in which the top thin layer contained 0.5% carboxyl-
methylcellulose (CMC). The plates were incubated at 37 C until
plagques appeared. Then the Congo red staining method was

applied as described in Materials and Methods.

In about 2500 recombinant clones, 26 clones were detected
with yellow-halo =zone surrounding the plaque (Fig. 3-4),
showing the degradation of CMC. After more than 3 rounds of

single plaque purification, the clones were considered pure.
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Figure 3-3 Gel electrophoresis of recombinants

A: Lambda DNA (Hindil digestion)

B: Mixture culture from library ( EcoRlI digestion)
C: A\CM201 ( EcoRl digestion)

D: A\CM301 (EcoRl digestion)

E: A\CM401 (EcoRlI digestion)

F: A\CM903 (EcoRl digestion)
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Figure 3-4 Congo red method for detection of CMCase clones

Figure 3-5 Methylumbelliferone- fluorescence method for
detection of MUCase and MUGase clones

3-8
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Phage DNA was extracted from these clones, digested with EcoRI,
and analyzed by agarose gel electrophoresis as described in
Materials and Methcds. All clones shared common DNA fragments
of 21.6 kb, and the four unique digestion patterns observed are
shown (Fig. 3-3).

To detect other cellulase enzyme activities, the genomic
library was also screened for exo-glucanase and B-glucosidase
using the methylumbelliferone method as described in Materials
and Methods. The genomic library was diluted, preinfected into
E. coli POP-13 and plated onto LB plates containing 1 mM of
methylumbelliferylcellobiose (MUC) or methylumbelliferyl-
glucoside (MUG). The plate was incubated at 37 C until plaques
were formed and the fluorescence was observed immediately under
long-wave length UV 1light in the dark. Large regions of
fluorescence were detected from both MUC or MUG containing
plates. It showed the positive reaction of degradation of MUC
or MUG into methylumbelliferone(MU), confirmed as exo-glucanase
or B-glucosidase activities. Because of the rapid diffusion of
MU, the intensities of positive clones in these plate assay was

rather low.

Another approach was based on the knowledge that the
combined action of endo- and exo-glucanase degrades cellulose
and thus the genes of endo- and exo-glucanase may be closely
linked. The 26 CMCase positive clones were further assayed for
MUCase and MUGase activities (Fig. 3-5). The 1lysate of 26
clones was added to 0.1% MUC or MUG in PC buffer (pH 6.0) and
incubated at 37 C for 30 min. Four MUCase positive and two
MUGase clones were detected from the 26 CMCase positive clones
(Table 3-1).

The phage DNA of the 26 clones was isolated and the size
of insertion was determined by digesting with EcoRI and
separating on an agarose gel. The clones fell into size classes
of 2, 3, 4 and 9 kb and these were named ACM200 series, ACM300
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Table 3-1. Cellulase activities of ACM clones.

Specific activities (mU)

Clones
CMCase MUCase pNPCase MUGase pPNPGase

ACM201 183 - - - -
ACM301 176 = = = =
ACM401 733 - - = -
ACM404 438 L: 6 1.0 = =
ACM407 455 3 .16 2.6 = =
ACM901 245 1.4 il 53 ~ =
ACM902 3316 - = Oill"S 0.18
ACM903 337 3.1 3.0 0.40 0.35

series, ACM400 series and ACM900 series, respectively.
3-2-4 Biochemical assay of cellulase activities

To prepare crude enzyme extract, the recombinant phage
lysate was treated with PMP solution, centrifuged and resus-
pended in H,0. After brief treatment at 42 C to release the
cellulase enzyme, PMP was removed by centrifugation and the
enzyme solution was concentrated by freeze-drying (re:
Materials and Methods) .

Each sample was then assayed for cellulase activity by
incubation at 37 C for 3 h in the presence of either 0.5% CMC,
0.5 mM MUC, 1 mM pNPC, 0.5 mM MUG or 1 mM pNPG. The results are
shown in Table 3-1. ACM200 and ACM300 series clones showed no
enzyme activity other than CMCase. In ACM400 series clones,
ACM404 and ACM407 showed both CMCase and MUCase activities. In
ACM900 series, three clones showed different patterns of enzyme
expression: ACM901 had both CMCase and MUCase activities;
ACM902 showed CMCase and MUGase activities; and ACM903
expressed all three types of cellulase enzyme (CMCase, MUCase
and MUGase) .
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Restriction maps of eight representative ACM-

clones
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3-2-5 The restriction mapping of recombinant clones

Restriction enzyme mapping provided a means to locate the
gene and also helped to determine which fragment to subclone.
After complete or partial digestion with EcoRI, the fragment
of inserted foreign DNA was separated with vector DNA on an
electrophoresis gel and purified. A set of restriction enzymes
(HindIII, BamHI, BglII, Clal, Smal, KpnI, Pstl and EcoRI) were
used to digest the DNA using the condition described in
Materials and Methods. The restriction maps of eight represen-
tative clones is shown in Fig. 3-¢. ACM201 had no internal
restriction sites for the restriction enzymes used while ACM301
had an internal PstI site. The clones ACM401, ACM404 and ACM407
showed different restriction patterns as did the clones of
ACM901, ACM902 and ACM903.

3-3 Discussion

3-3-1 Library construction

The production of a genomic library is an important step
in the investigaticn and analysis of the genetic structure of
R. flavefaciens. An understanding of its genetics will help to
enable alteration of regulation of gene expression which may
lead to the increase of the production of cellulase enzyme or

understanding of the biochemical characteristics of cellulase.

Based on the benefit of easy storage, large insert size
capacity and easy detection of the expression of genomic recom-
binants by 1lysis of the host, the lambda vectors (replace
vector (AL47) and insertion vector (ANM1149)) were chosen to
construct a gene library of R. flavefaciens 186. The protocol
for construction of the genomic library has been summarized in
Fig. 3-7. The library constructed with AL47 has a titer of 3
x 10?2 PFU/ml which was not large enough to represent the entire
genome of the bacteria. The reason for the low titer in this
library is still unknown. The library constructed with ANM1149
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Figure 3-7 A summary in construction of genomic library of R.
flavefaciens 186

Cos 21 Kb l 9 Kb cos

R. [lavefaciens strain 186 ANMT1149 veclor
genome DNA

EcoRI EcoRl
partial digestion complele digestion

isolate 2 - 10 Kb fragments

l

Tk ligase
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Gene library in E. coli POP-13



CHAPTER 3  GENOMIC LIBRARY

has an average insert size of 5.5 kb and a PFU of 6.1 x 10'%/ml
in the amplified library. According to the calculation shown
above, the number of clones in this genomic library should be

representative of the entire R. flavefaciens genome.

3-3-2 High copy number of cellulase genes and cellulase

families

Twenty six cellulase positive clones were isolated after
screening 2500 clones from the library. A frequency of more
than 1 % cellulase-positive clones indicated the high number
of cellulase gene copies in the R. flavefaciens 186 genome. A
high level of cellulase positive clones was also reported in
the cloning of R. albus 8 in ADASH with 0.33% (CMC'), 0.37%
(MUC') and 2.78% (O3R-HEC', ostazin brilliant red-hydroxyethyl
cellulose) (Howarc and White 1988). So far more than 20
different peptides have been found in C. thermocellum (Hazle-
wood et al, 1988). Different peptides or genes which encode
similar cellulase activities were also found in R. albus (Kawai
et al, 1987; Honda et al, 1988; Ohmiya et al, 1988; Romaniec
et al, 1989; Flint et al, 1989, Ware et al, 1989), R. flave-
faciens (Howard and White 1988), Ce. fimi (Beguin and Eisen,
1978; Whittle et al, 1982; Gilkes et al, 1984; Owolabi et al;
1988; Akhtar et al, 1988; Moser et al, 1989) and Bacillus spp.
(Sashihara et al, 1984; Hinchliffe, 1984; Park and Pack, 1986;
Fukumori et al, 1986, Koide et al, 1986; Robson and Chambliss,
1987, Sharma et al, 1987; Kim et al, 1987, Fukumori et al,
1989). Data from this work (Huang et al, 1989) showed eight
different representative CMCase clones with different restric-
tion enzyme patterns. This is in agreement with the proposition
that there is more than one gene coding for the degradation of
cellulose. Published data has also indicated cellulase is coded
as gene families (Millet et al, 1985; Hazlewood et al, 1988).

Howard and White (1988) reported the detection of multiple

enzymatic activities in single clones from R. albus. A similar
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result with ACM903 which encoded CMC’, MUC' and P-glu’ activ-
ities has been shcwn. The three types of cellulase gene are
closely linked within a 9 kb DNA fragment. Subcloning data
showed that the [B-glucosidase gene might be located at the
central EcoRI site since digestion of ACM903 with EcoRI
resulted in the disappearance of this enzyme activity. In
addition, no P-glucosidase activity was detected at either end
of the ACM903 insert. The cellulase genes might be expressed

as a unit under a type of operon control.

3-4 Short summary

A functional genomic library of Ruminococcus flavefaciens
186 was constructed using the lambda vector ANM1149. It consti-
tuted 2.1 x 10% recombinant clones which was large enough to

represent the entire genome of this bacterium.

From the library, 26 CMC' clones had been identified after
screening from about 2500 recombinant clones. These CMC’ clones
were divided into four groups according to the size of their
inserts (2, 3, 4 and 9 kb). The partial restriction maps of
these clones have been achieved. Eight representative clones
showed different mapping patterns. One of the 9 kb insert
clones (ACM903) was selected for further study based on its

expression of three type of cellulase activities.



Chapter IV

CHARACTERIZATION OF R. FLAVEFACIENS CELLULASE GENES AND THEIR

GENE PRODUCTS

Table of contents

Sections

4-1

4-2

4-3

4-4

Introduction . . .« . . . . . L L 4w 0 e e e e -
Results . . . . . R - . e e e e
4-2-1 Locallzatlon of cellulase genes in KCM903 S e .

4-2-1-1 ¢The difficulties of subcloning the cellulase genes of KCMQOB

into plasmid vectors . . . . . . . . . . o . . .
4-2-1-2 Localization of CMCase and MUCase genes in ACM303

4-2-2 Homology studies of ACM- and celA gene of €. thermocellum

4-2-3 Localization of enzymes in E. coli cells . . . . . . . . .

4-2-4 ExolIIl deletion of ACM903 . . . . . . . . e e e e

4-2-5 Examination of endoglucanase, exoqlucanase and B-glucosidase
expression . . . . . . ¢ . . . 0 0 . ..

4-2-6 Partial purification of cellulases from KCMQOB

4~2-7 Characterization of cellulase gene products e e e e e s
4-2-7~1 Endoglucanase . . . - - - .+ .« 4« + .+ .
4-2-7-2 Exoglucanase . . . . - . 4 4 & « 4 4 o4 4 e W
4-2-7-3 @B-Glucosidase e e e e e e e e

4-2-8 Substrate specificity assay C e e e e e e e e

Biscussion . . . . . L . L 0 0 0L L L e h e e e e e e e e e

4-3-1 Substrate degradation

4-3-2 Plasmid instability . .

4-3-3 Enzyme expression . P e s s e e s

4-3-4 Choice of deletion method De e e e .

4-3-5 Enzyme purification and characterization of gene products
Short summary . . . . . . . . o . 4 . e e e e e e

gene



CHAPTER 4 CELLULASE GENES CHARACTERIZATION

4-1 Introduction:

The ACM903 clone had been shown to express all three types
of cellulase enzyme within a 9 kb fragment. The next step was
to localize the genes within this fragment by subcloning. The
first chosen vector for subcloning was pUC1l9, which is a high
copy number vector in E. coli. Also different function vectors,
such as the temperature controlled low copy number vector pOU71

and the shuttle vector pCKl7, were tried.

Restriction analysis of the fragments revealed too few sites
to enable accurate identification of a smaller region carrying
the cellulase genes and therefore deletion was chosen as the
method to physically map the exact location of the genes. At
the same time, the deletion clones could be used directly in

sequencing experiments.

The deletion method chosen was the ExoIII method. This
enzyme catalyses the stepwise 3’-> 5’ removal of 5’ mononucleo-
tides from double stranded DNA carrying a 3’-0OH end or blunt
end, while leaving a 3’ protruding end or o-phosphorothioate
filled end intact (Fig. 4-1; Weiss, 1976) . The uniform rate of
digestion by the enzyme allowed deletions to be made of
predetermined lengths by removing timed aliquots from the

reaction.

The gene products of ACM903 in E. coli were characterized
through a partial purification using gel filtration chromato-
graphy with several columns. The Bio-Gmx P-series resin was
chosen based on the size fractions and to avoid the binding
factor with which cellulase binds to celluloseibased resin.

The aim of this section of study was to localize the
cellulase genes, partially purify and characterize the gene
products and prepare the subclones by deletion for sequencing

work.
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A diagram of Exo0III deletion method
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4-2 Results:

4-2-1 Localization of cellulase genes in ACM903

4-2-1-1 The difficulties of subcloning the cellulase genes of
ACM903 into plasmid vectors

Since the cloning of cellulase genes into ANM1149 showed the
expression of the cellulase activities, it was important to
specify the location of the cellulase genes within these
inserts to enable further study of their structures. The insert
of ACM903 was first subcloned into the plasmid vector pUC19
after EcoRI digestion and transformation into E. coli JM109
(re: Materials and Methods). Various subclones could be
isolated from a 100 pg/ml ampicillin selective medium. However,
after 26 or 22 generations with or without antibiotic select-

ion, respectively, all the subclones lost the insert plasmid.

The insert of the ACM903 was then subcloned into other types
of plasmid vectors: pGem3-blue, pOU71 and pCKl7 after EcoRI
digestion and these were transformed into E. coli JM109 (re:
Materials and Methods) . After incubation for 15, 27 and 30
generations respectively without antibiotic selection, all
recombinant clones of pGem3-blue, pOU71 and pCK1l7 also lost
their plasmids. The results of adding antibiotic selection
during incubation showed similar results as those with non-
selection. Similarly, the subclones of pCK17 and pBD64 which
were transformed into B. subtilis lost their recombinant

plasmids and their cellulase activities after cultivation.
4-2-1-2 Localization of CMCase and MUCase genes in ACM903

Due to the difficulty of subcloning the R. flavefaciens DNA
into plasmid vectors, the subcloning of ACM903 iﬂsert fragments
and the localization of the cellulase genes were done in lambda
vector. ACM903 DNA was digested with EcoRI and HindIII, and the
resulting HindIII-HindIII or EcoRI-HindIII fragments were

subcloned to the AGem-11 vector through transfection (re:
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Materials and Methods). After analysis of the expression of
each subclone (ACMEEl, ACMEE2, ACMEH1, ACMEH2, ACMHH1, ACMHH2
and ACMHH3), the MUCase gene and CMCase gene were localized as
shown (Fig. 4-2). No subclones were found that would express
B-glucosidase activity except in the subclone of 4.5 kb
HindIII-HindIII fragment (ACMHH2) .

4-2-2 Homology studies of ACM- and celA gene of C. thermo-
cellum

The hybridization was performed using the Chemiprobe kits
(re: Materials and Methods)- a system for non-radioactive
tagging of DNA probes and for the visualization of the tagged
probes following hybridization reactions. The hybridization
data showed that the CMCase gene of ACM903 (ACMEH1) has varying
degrees of homology to the other CMCase positive clones.
Homology was also detected when the MUCase gene of ACM903
(ACMEH2) was hybridized to ACM404, ACM407 and ACM901. The re-
sults of cross hybridization of all eight representative clones
are shown in Table 4-1. The homology between C. thermocellum
celA gene (a gift from J.P. Aubert) and the clones of R.
flavefaciens was compared. No homology was detected using the

fragment of celA gene as probe (Table 4-1).
4-2-3 Localization of enzymes in E. coli cells

To determine the difference in the expression of cellulases
by R. flavefaciens and E. coli, the cellular locations of the
cellulase enzymes cloned in E. coli were determined. The insert
of the above ACM903 was subcloned into pGem3-blue after EcoRI
digestion and transformed into E. coli JM109. Both CMCase and
MUCase were expressed in the periplasmic spacé and cytoplasm
using recombinant pGem3-blue (CMC') or pGem3-blue (MUC') in E.
coli cells (Table 4-2). It showed a completely different
expression from R. flavefaciens which secretes the enzymes to

an extracellular space.
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4-2-4 Exo0III deletion of ACM903

To enable further localization and sequencing of the R.
flavefaciens 186 cellulase genes on the 7.3 kb HindIII-HindIII
fragment of ACM903, deletion of this DNA was carried out using
ExoIII. The DNA of ACMEH- series and ACMHH- series was prepared
using the DEAE method and digested with EcoRI or HindIII as
described in Materials and Methods. After protection of
protruding 5’ ends by filling in with a-phosphorothioate dNTP,
a second digestion with EcoRI or HindIII was performed. The
treated 20 Mg DNA was deleted with ExoIII enzyme at the
deletion rate of approximately 250 bp per minute from each end
(digestion at 37 C with 150 U of Ex0III and sampled at 30
second intervals). The deleted fragment was religated to
lambda vector DNA with T4 DNA ligase and transfected into E.
coli LE392. The deletion strategy is shown in Fig. 4-3.

4-2-5 Examination of endoglucanase, exoglucanase and -gluco-

sidase gene expression

The deletion subclones (AdGCM- series) were examined for
CMCase, MUCase and MUGase activities as described previously.
The resulting localization of the endoglucanase, exoglucanase
and B-glucosidase genes were determined within 250 bp accuracy
(Fig. 4-4).

4-2-6 Partial purification of cellulases from ACM903

The crude enzyme extract was prepared from ACM903 as
described in Materials and Methods using P-2 and P-6 columns
to exclude small peptides and salt. The protein eluent of the
P-6 column was passed through a P-60 column with 3.8 cm I.D.
X 25 ¢cm at a flow rate of 1 ml/min. The resulting two peaks of
activity were named peak A and B (Fig. 4-5). After assaying for
CMCase, MUCase and MUGase, peak B showed only CMCase. Peak A
had both MUCase and MUGase activities and weak CMCase activity.
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Table 4-1. Cross hybridization of ACM clones and celA of C.
thermocellum.

Probes

Clones

ACMEH1 ACMEH2 ACMHH1 ACM201 celA
ACM201 - - - +++ -
ACM301 - + - - -
ACM401 - ++ - + -
ACM404 + - - -
ACM407 - + -~ -
ACMI901 - ++ - + -
ACM902 ++ - + -
ACM903 4+ +++ 4+ + -
celA - - - - +4+
+, ++, +++, different degree of homology; -, negative;

, different results from duplicate experiment.

Table 4-2. Cellular locations of cellulase enzyme in E. coli.

Enzyme activity (mU)

Locations

CMCase MUCase pNPCase MUGase pNPGase
Intracellular 58 0.15 0.04 0.45 0.27
Periplasmic space 93 1.2 0.89 0.05 0.01
Extracellular ND ND ND ND ND

ND, not detectable.
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Figure 4-3 A deletion strategy of ACM903
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Peak A was passed through a P-100 column of 3.8 cm I.D. x 60
cm at a flow rate of 0.5 ml/min. The resulting three active
peaks were named peak C, D and E (Fig. 4-5). Peak C had both
MUCase and CMCase activities. Peak D had only MUGase activity.
Peak E showed both MUCase and MUGase activities. The fractions
of peak C were introduced to a P-300 column of 2.5 cm I.D.x 75
cm with a flow rate of 0.1 ml/hr. Two active peaks (F and G)
were recovered (Fig. 4-5). Peak F had CMCase and MUCase
activities. Peak G had MUCase activity and very weak CMCase
activity. The summary of partial purification is shown in Table
4-3.

4-2-7 Characterization of cellulase gene products

The protein sample partially purified from ACM903 clones
in E. coli by column chromatography was used for biochemical
characterization of endoglucanase (fraction B), exoglucanase

(fraction D) and PB-glucosidase (fraction G) .
4-2-7-1 Endoglucanase

With zymogram staining techniques, the molecular weight of
endoglucanase was estimated as approximately 45 kDa and two
small subunits of 10-13 kDa. The 45 kDa protein seems to be
identical to the purified enzyme from R. flavefaciens (a-
pproximately 42 kDa). The optimal pH and temperature of en-
doglucanase were 5.5 and 30 C (Fig. 4-6, 4-7), respectively.
More than fifty percent inhibition of activity was shown by 20
mM EDTA, 15 mM EGTA, 0.5 mM iodoacetate, 10 mM cellobiose or
25 mM glucose in phosphate buffer pH 5.5 at 30 C. Also, more
than fifty percent inhibition was given by the following
surfactants: 0.05 % SDS, 2 % Triton X-100 or 5.5 % Tween 80

with the same conditions as above (Table 4-4).
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Figure 4-5 Partial purification of cellulases from culture of
ACM903 with serial Bio-Gel P columns
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Table 4-3. Summary of partial purification of endoglucanase,
exoglucanase and P-glucosidase.

Purification Total Total specific Recovery of Purifica
step activity protein activity activity” tion'
(ftM/min) {mgi w} (%) (-fold)

£ndoglucanase

Crude extract 127.4 41.2 2.7 100

p-2, P-6 103.7 31.1 3.3 81 1.2
P-60 (peak B) 48.8 5.6 8.7 38 3.2
Exoglucanase

Crude extract 61.36 47.2 1.3 100 -
P-2, P-6 55.98 31.1 1.8 91 1.4
P-60 (peak A) 39.2 19.6 2.0 64 1.5
P-100 (peak C) 18.6 9.3 2.0 30 1.5
P-300 (peak G) 3.7 1.2 3.1 6 2.4
B-glucosidase

Crude extract 28.32 47.2 0.6 100 -
p-2, P-6 24.9 31.1 0.8 88 1.3
P-60 (peak RA) 15.7 19.6 0.8 55 1.3
P-100 (peak ®) 3.4 2.6 1.3 12 2.2

., &8s a % total (crude extract as 100%).
#, as a ratio at specific acitvity in crude extract.

4-2-7-2 Exoglucanase

The estimate of the polypeptide molecular weight from SDS~
PAGE zymograms was 90 kDa. The optimal pH and temperature of
exoglucanase were 5.2 and 36 C (Fig. 4-6, 4-7), respectively.
More than fifty percent inhibition of activity was shown by 30
mM EDTA, 20 mM EGTA, 0.1 mM iodoacetate, 10 mM cellobiose or
15 mM glucose in phosphate buffer pH 5.2 at 36 C. Also, more
than fifty percent inhibition was given by the following
surfactants: 0.075 % SDS, 1.5 % Triton X-100 or 2 % Tween 80

with the same conditions as above (Table 4-4).
4-2-7-3 [p-Glucosidase

The molecular weight of the enzyme in the presence of SDS-
PAGE was estimated to be 76 kDa. The optimal pH and temperature
of P-glucosidase were 6.3 and 33 C (Fig. 4—6/ 4-7), respec-
tively. More than fifty percent inhibition of activity was
shown by 20 mM EDTA, 20 mM EGTA, 0.25 mM iodoacetate or 30 mM
glucose in phosphate buffer, pH 6.3, at 36 C. Also, more than
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fifty percent inhibition was given by the following surfact-
ants: 0.05 % SDS, 2.5 % Triton X-100 or 2.5 % Tween 80 with the

same conditions as above (Table 4-4).
4-2-8 Substrate specificity assay

Activity against 1% CMC, 1% lichenan, 1% cellobiose, 0.1%
Avicel (PH101), 0.5% PMP and 1% xylan was tested by measuring
the level of reducing sugar as described in Materials and
Methods. The activities against specific substrates are shown
in Table 4-5. Lichenan is a substrate for assaying degradation
of B-(1,4)- and PB-(1,3)-glycosidic bonds. Five out of eight
representative clones showed a positive reaction. Avicel and
PMP have different degrees of crystallization. Particularly,
Avicel is the specific substrate for assaying exo-glucanase due
to its high degree of crystallinity. Three out of the eight
clones showed hydrolysis of Avicel, in agreement with the assay
of MUCase. Also, cellobiose hydrolysis confirmed the reaction
with MUGase of ACM902 and ACM903. Three out of eight clones had
xylanase activity, again supporting the proposition that the
genes coding for enzymes involved in biomass degradation

arelocated closely in the genome.

4-3 Discussion

4-3-1 Substrate degradation

In detection of enzymatic degradation of different subs-
trates (CMC, lichenan, cellobiose, Avicel and PMP), it was
shown that the clones ACM404, ACM407 and ACM903 could degrade
Avicel. Since these three clones showed both CMCase and MUCase
activities, it has been suggested that the compined reaction
of endoglucanase and exoglucanase could be imﬁortant in the
degradation of Avicel. However, ACM901 which has both CMC' and
MUC' activities did not degrade Avicel. Also, all the clones
did not show the ability to degrade PMP which had a different

degree of crystallinity to that of Avicel. Further investiga
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Table 4-4. Inhibition factors of cellulase enzyme.

Inhibitors’ Endoglucanase Exoglucanase B-glucosidase

Surfactants (mM)

SDS 0.5 0.075 0.05
Triton-100 2.0 1.5 2.5
Tween 80 2.5 2.0 2.5
Chelate agents (%)

EDTA 20 30 20
EGTA 15 20 20
Iodoacetate 0.5 0.1 0.25
Feed-back products (mM)

glucose 25 15 30
cellobiose 10 10 -

*, more than 50 % inhibition when compared with non-treatment
sample

Table 4-5. Specific substrate degradation by ACM clones

Substrate
Clones
CMC Lichenan Cellobiose Avicel PMP Xylan

ACM201 + - - - - -
ACM301 + - - - - -
ACM401 + + - - - -
ACM404 + + - + - +
ACM407 + + ~ + - -
ACM901 + + - - - +
ACM902 + - + ~ - -
ACM903 + + + + + +
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tion in the sequences and their expression of these genes and
the structural differences between the two type of substrate
may help to explain this discrepancy.

The degradation of lichenan by ACM401, ACM404, ACM407,
ACM901 and ACM903 showed that the cloned cellulase not only
hydrolyzed the B-(1,4)- linkage but also the B-(1,3) - linkage.
In C. thermocellum some CMC' clones showed degradation of xylan
(Hazlewood et al. 1988). It is possible that the cloned
cellulase might have a non-specific reaction with lichenan and
xylan or the clones might contain more than one gene in the

fragment.
4-3-2 Plasmid instability

Subcloning and expression of the cellulase genes from
R. flavefaciens 186 using plasmid vectors in E. coli and B.
subtilis were unstable but lambda vectors were stable. We
experienced difficulties in recovering the recombinant plasmids
after a short period of cultivation or in long-term frozen
storage (-70 C). The plasmid vectors chosen were pUC1l9 (high
copy number vector), pGem3 (high copy number with primer
sequence), pOU71 (low copy number with temperature control
sequence) and pCK17 (shuttle vector of E.coli and B. subtilis).

The pUC19 and pGem3 vectors were chosen because of their
high copy number, ease of transformation and their use in
direct sequencing. The instability of these recombinants may
have been caused by high level of expression of the cellulase
gene in the cytoplasm and periplasmic space (0’Neill et al,
1986; Joliff et al, 1986; Schwarz, et al, 1987).

The low copy number vector pOU71 was chosen to overcome the
problem of overproduction. Below 37 C the plasmid is present
at one copy per chromosome, whereas at 42 C the copy number

increases to more than 1000 plasmid molecules per cell (Larsen
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et al., 1984). If the clones in this vector were stable at
30 C, a temperature change could be used to regulate the
expression of target gene. Unfortunately, the subclones in this
vector also showed instability indicating that clones were
unstable even at low copy number. This indicated that the
problem may be lie in the expression of gram positive genes in
E. coli.

A possible test of this thought was to use a shuttle vector
which is functional in both Gram-positive and Gram-negative
hosts. A vector, pCKl7, which replicated in both E. coli and
B. subtilis was chosen for the cloning experiment. The plasmid
PCK17 combined the replication regions of a Streptococcus
cryptic plasmid with the antibiotic resistance genes (kana-
mycin and chloramphenicol) from Bacillus vector pBD64. Again,
instability of recombinant plasmids was found in both hosts (E.
coli and B. subtilis). The last attempt at subcloning in
plasmid vectors was the use of plasmid pBD64. Plasmid pBD64 can
be used for cloning DNA fragments in B. subtilis and has
selectable phenotype of chloramphenicol resistance and
kanamycin resistance in Bacillus (Gryczan et al., 1980). This
was to test if the cloning of genomic DNA from Gram-positive
to Gram-positive host would be easier than that of Gram-
negative host. However, no stable recombinant clones could be
isolated. The results indicated that the gene regulation
systems or enzyme restriction modification systems of Rumino-
coccus and Bacillus were different. The problem of plasmid
instability has been investigated recently with respect to that
of difference in G+C ratio (Paradis et al, 1987), ion factor
(Ohmiya et al, 1988), nutritional factor (Ohmiya et al, 1988)
and temperature factor (Son et al, 1987). Further study of the
expression of cellulases in foreign hosts will reveal the

complexity of regulation of these genes.
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4-3-3 Enzyme expression

From the data of R. flavefaciens (unpublished data, Asmund-
son), cellulase enzymes were secreted into medium, while in E.
coli with plasmid vector, the cellulase enzymes were found
mainly in the periplasmic space and cytoplasm. It was very
difficult to detect any cellulase activities in the medium. Due
to the instability of recombinant plasmids which contained the
cellulase genes has made the enzyme location a difficult task.
Normally, after transforming the recombinant plasmid and
plating onto selective plates, the positive recombinants which
showed as small colonies on plates were immediately transferred

into Eppendorf tube and extracted the enzymes from different
fractions.

The endoglucanases and exoglucanases of Ce. fimi(Langsford,
et al, 1987; Paradis, et al, 1987; Guo et al, 1988; Curry, et
al, 1988; Wong et al, 1988; Gilkes, et al, 1989), C. thermo-
cellum (Cornet et al, 1983; Sacco et al, 1984, Schwarz et al,
1986; Joliff et al, 1986) and Bacillus spp. (Robson and
Chambliss, 1986; Lee and Pack, 1987; Lo et al, 1988; Kawai et
al, 1988) were glycoproteins but the proteins which were
expressed from recombinants in E. coli were non-glycosylated.
Since the endoglucanases purified from R. albus(Kawai et al,
1987; Ohmiya et al, 1988) and R. flavefaciens FD1 (Gardner et
al, 1987) were glycosylated, it is suggested that glycosylation
is important for efficient secretion and gene expression.
Glycosylation could be involved in the protection of enzyme
against protease (Langsford et al, 1987). So far, glycosylation
was not detected from cellulases which were purified from
culture of R. flavefaciens strain 186 (unpublish data, Asmund-
son) . Further study on the glycosylation of c%llulases will
improve the stability of the cloned cellulase genes in foreign
hosts.
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4-3-4 Choice of deletion method

Although site specific mutagenesis with transposon is the
common way of localization of genes, other considerations (eg.
the size of the fragment, the screening method and the method
of sequencing) may affect the use of this method. The method
of choice for the study of cellulase genes was the use of
ExoIII deletion which has the benefit of locating the gene and
also allowing the use of the deleted clones for sequencing
analysis.

The growing use of bacteriophage lambda as a cloning vector
both for genomic and cDNA has led to the development of novel
techniques in the manipulation of lambda phages for cloning and
sequencing of DNAs. New method such as the one described by
Manfioletti and Schneider (1988), had opened a way to do direct
sequencing of DNA in lambda vector, which avoided laborious
mapping and subcloning steps and was of particular benefit for
the problematic subcloning of DNA from Gram positive bacteria

into the Gram negative microorganism E. coli.

4-3-5 Enzyme purification and characterization of gene
products

CMCase, MUCase and MUGase from lysate of ACM903 culture were
partially purified. The MW of CMCase, MUCase and MUGase was
estimated as 45 kDa, 90 kDa and 76 kDa, respectively. Several
native cellulases from ruminococci were also purified (Petti-
pher and Latham, 1979; Ohmiya et al, 1982; 1985, 1987). The
endoglucanase, exoglucanase and B-glucosidase purified from R.
albus strain F40 had estimated MW of 50 kDa, 110 kDa and 82
kDa, respectively (Ohmiya et al, 1982; 1955; 1987). 1In
addition, endoglucanase purified from strain 67 of R. flave-
faciens was 89 kDa (Pettipher and Latham, 1979), whereas in
strain FD-1 the exoglucanase was about 118 kDa (Gardner et al,

1987). So far, the only reported recombinant gene product of
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CMCase from R. albus SY3 strain was 56 kDa (Romaniec et al,
1989) . When compared with the partially purified CMCase of
strain 186 of R. flavefaciens (62 kDa; unpublish data,
Asmundson), the recombinant gene products was about 7 kDa
shorter than the native protein. The size of cellulases from
recombinant clone in E. coli correlated to the size of native

proteins.
4-4 Short summary

The locations of the endoglucanase, exoglucanase and JB-
glucosidase genes in ACM903 were determined. Two separate
fragments were subcloned and named ACMEH1 (CMC') and ACMEH?2
(MUC*) . Cross hybridization between celA gene of C. thermo-
cellum and 26 recombinant clones of R. flavefaciens was
performed and showed no significant homology. However,
different degrees of homology were found among the 26 rumino-

coccal clones.

The difficulty of subcloning the ruminococcal DNA fragments
into plasmid vectors was their stability in the new hosts.
Different vectors with different functions were tried but all
recombinant plasmid clones showed instability in E. coli and
B. subtilis.

The cellular location of enzymes in E. coli cell was determ-
ined. Most of the endo- and exo-glucanase were found in the
periplasmic space. Partial purification of these cellulase
enzymes from E. coli cells using chromatography was performed.
The pH optimum, temperature optimum, inhibition and molecular
weight characterization of these cellulase2 enzymes was

4

achieved.
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Nucleotide sequencing and analyses of a 7.3 kb cellulase
gene fragment
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CHAPTER 5 SEQUENCE OF CELLULASE GENES

5-1 Introduction

The development of improved sequencing methods for determin-
ing the order of nucleotide bases in deoxyribonucleic acid has
led to the rapid increases in the number of genes sequenced and
also there is a wide application of computer in the processing
of information on biological systems contained in these
sequences. Several sequencing procedures have been developed
(Maxam and Gilbert, 1977, 1980; Sanger et al, 1977; Messing et
al, 1981; Guo and Wu, 1982; Yanisch-Perron et al, 1985; Prober
et al, 1987; Berchtold, 1989) which were based on two types of
methods: the chemical degradation method and the dideoxy chain
termination method. Recently, the M13 phage single-stranded
vector system has k2come the most common protocol for cloning
and sequencing using the chain termination method because of
its simplicity and rapidity. Lambda sequencing is a newly
improved method which overcomes the difficulty of subcloning
DNA fragment by plasmid vectors. The genomic library con-
structed in lambda phage are sequenced directly using this
technique.

In this section the sequence data of a 7.3 kb fragment from
ACM903 is presented and analyzed with UWGCG package.

5-2 Results:
5-2-1 Nucleotide s=2quence results

The deletion clores (AdGCM- series) of the 7.3 kb fragment
were sequenced by the dideoxy termination sequencing method
using lambda vector. Both strands were sequenced completely
using overlapping clones. Preliminary sequence data obtained
for the 7.3 kb fragment was assembled using the computer
programmes GELSTART, GELENTER and GELASSEMBLE (UWGCG; Staden,
1980). The resultart completed DNA sequence showing the main
restriction enzyme sites is presented in Fig. 5-1.

In order to identify potential coding regions, the sequence
data was analyzed using FRAMES (Devereux et al., 1984), CODON-
FREQUENCY, CODONPREFERENCE and TESTCODE (Fickett, 1982). From
these results and +“hose presented below (presence of Shine-
Dalgarno sequences and promoter sequences), five separate open
reading frames (ORFs) were predicted to be the coding regions
(Fig. 5-2).
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5-2-3-1 First open reading frame

The first ORF was identified as the structural gene for the
R. flavefaciens endoglucanase gene (designated ren A : Rumino-
coccus endoglucanase) because it corresponded to the region of
deletion map showing endoglucanase activities . The sequence
of this ORF, the 5’ upstream sequences and the deduced amino
acid sequence is shown in Fig. 5-3. The ORF has a coding region
of 2157 bp, starting with an ATG codon at position 829 and
ending with a TGA stop codon at position 2871.

The nucleotide seguences upstream of the 5’ end of ORF1l were
screened for sequenrces complementary to the 3’ end of tmx 16S
rRNA of B. subtilis and E. coli (Shine and Dalgarno, 1974;
Moran et al., 1982; Stormo et al., 1982). A strong Shine-
Dalgarno (SD) sequence (CGGGGA) containing 5 C/G’s was located
at position -10 to -5, 4 bp upstream of the ATG initiation
codon (Fig. 5-3, Table 5-1). The region upstream of this
presumptive translational start site was analyzed for potential
promoter sequences homologous to E. coli, Ce. fimi and C.
thermocellum consensus sequences (Hawley and McClure, 1983;
Wong et al, 1986; Begiun et al, 1985) using BESTFIT (Smith and
Waterman, 1981) and GAP (Needleman and Wunsch, 1970). Putative
promoter sequences *TTTACA™®! and *?TACGAA™®* were found as -10
and -35 regions, respectively. The distance (17bp) between -10
and -35 was similar to the consensus distance (17bp) of E. coli
(Fig. 5-3, Table 5-1, Hawley and McClure, 1983). At the 3'-
terminal end of the gene downstream of the stop translation
codon, several inverted repeat sequences were identified (Fig.
5-3) that had the potential to form stem-loop structures which
may be involved in rho-factor-independent transcriptional
termination. The resulting DNA sequence of the ORF was analyzed
using CODONFREQUENCY and CODONPREFERENCE (Devereux et al.,
1984) revealing a strong bias towards codons containing dG+dC
(71.7% G+C, Table £5-2; Fig. 5-4).

The ORF was sufficient in size to code for an unmodified
protein of 680 amino acid residues, which consists of 65 acidic
amino acid (Asp + Glu; 9.0%); 171 basic a.a. (Arg + Lys;
23.8%); 10 aromatic a.a. (Phe + Trp + Tyr; 1.4%) and 232
hydrophobic a.a. (aromatic + Ile + Leu + Met + Val; 32.5%) with
a calculated MW of 75.8 kDa. This predicted molecular weight
of the translated protein was far larger than the minimum size
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51
101
151
201
251
301
351
401
451
501
551
601
651
701
751
801
851
901
951

1001
1051
1101
1151
1201
12150
1301
1351
1401
1451
1501

AATTCGGAGG
AGATCGCGCT
TGATCGCGCT
CGAGAGATCG
CGGTATCGGC
CAATATATAA
GATCGGCTAC
ATCCGCTTAC
CGGAAAAACG
TACGCGCGCC
GGCGCTGGAA
GATTCCCGAT
AAGCTACGAT
ACGATCGGCC
CGCTCAGCTA
CCGATACGAT
GCCTTTATAT

Kpnl

GATCGGGTAC

ACGTCGCCCA
GTCGCCAGCG
CACCTGCGTG
CGGCACCAAT
CCACGCGGTG
TCCGTGGCGC
CCACGGCGTG
CGGGCTCGTT
GTCGGCGAGA
CCGCGGGACC
TGTACACGGC
CTCGGGATCG

HindIII

AGCTTTGACC

CCCTGGATTT
AGCGATTCTC
TTAACTCTCG
GCTTTCCCGA
TCTCGATCGC
AGCTCTTTTA
AGCTCGATTT
GAAGCTCGCT
ATCGCTCGAT
TACGAGAAAA
TTATATTAGA
CGCGGCTCAG
CGGTACACAG
TTTTTGAAAA
GGCTACTATC
CGTACGGAAT
ATACGATTCG
CCCATCGAGC

CCCCGCCTTC GCCTTCG"XxC

TCACCGCGCT
CCACGCAGAC
GCGACGCCCG
GTACGCGACG
TTGTCACGGG
CTGCACTTGA
CCGGTGGTTC
CCAATCCCGG
GGGAACAACC
GGGGGCCGAG
GCGTGTACGG
CCCCCGACCG

TAGCTAGCTC
CAGAGCTAGC
TATAGCTACG
TCAATTATCG
CTACCTACGC
TACTTACGAT
ACGCTCGCTT
TATACGCTTC
CGGGCCTCAG
GGGGGCCCCC
GATAGATCGC
CGCGGCTTCG
CATAGATCGA
AAGCTCGATC
TGGATATATT
ACGAATTACC
GGGATACGAT
TCGCCTCCGA

CGCCTACGGT
GCACGTACCG
CCTCCGGGGC
ACGGCCTGGG
CCATCTGTTC
ACTTGTGGGA
GAGGGGTTCC
CCGCGACGGG
AGGCGGTCAC
GCGTACGTGG
GACCACCGTG
ACAACGGGCT

CHAPTER 5

CCCTTTTTTA
TCGATTTCGA
ATCGAGTCGA
AATAGATCGC
TAGCAATATA
TTACGATTCC
ATGAAAAGCT
AGCGGGCTAT
CGCTTATACT
CCCCCTTTAT
TCAGGCTACG
ATCGCTCGGT
CTATTCATCA
GCTTACGCTC
CAmMxGAGAGA
Pstl
GCTGCAGAGG
GGTAACCAGC
CTTCACCTAG
GAATCCAGCC
GCGCTGCCGC
CAGGTCGCGG
CGCCACCGCC
TCCACACCAA
ACCGCGCCGA
CAACTCGTCC
GGCGCCGCCC
CACTGGTTCA
CAACCCCACG
GCAACTCCAA
ACGGCCCATC
GTGCGACGCC

SEQUENCE OF CELLULASE GENES

Nucleotide sequence of 7.3 kb of ACM903

AAGGAATCGT
TCTATTCGCT
AGCTAGATAG
GGGATACATC
TATTACCAAT
CTCTCGCTAC
ACGCATCGGC
CGAGAGAAAT
CAGCCGCGAT
TCATCGGCTC
CTTACTTCGC
ACTTGAGCTC
ATCGACTACT
GATTCGAAGG
GCTCGCGCGT
CATTTACAGG
GAAAGCGCTC
TCCCAGCCCT
CTACTCCCTC
GAAGCGGTAG
GCGCGACCCG
CGCGGCTGGG
CGCGACTGTG
TTGGCACCAA
ATCCGCAGTC
CCCCGTGATC
GCTCCCCCTT
ACGCCGACGC
TCCCGCCGTC
CGACGGCAGA
AACGGGGACG
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1551
1601
1651
1701
1751
1801
1851
1901
B9Sil
2001
2051
2101
2151
2201
2251
2301
2351
2401
2451
2501
2551
2601
2651
2701
2751
2801
2851
2901
255
3001
3051
3101

(continue)
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AAGGCACCGA CTCGTGGACC GCCGGGTGCG GCCTCGGGAA CAACCGGTGC
CGCGGGTTCG CCAACGCGGT CCGGGGGTGC GGGCGCACGA ACACCGCCGA
CGGCGCGGCC CGCTTGCGGG TGACCTGGTG GAACGCGCGC AAGCCGCTCA

CCCGCGTTCC
ACCGCGTGGG
GCTGGTCGAG
ACACCGAGCG
GCGTGCCTTC
CATCCGGGGC
CGTACéE&GG
TGGGGCCGCG
GTCGTCCCCC
TCGGCCGGGG
GTCGGGCTGT
CGCCGTCACG
GCTACGGGTA
CGGACGCTAT
CTACCCCGCG
TGTCCGGCTA
GCGCCGACGT
GGTACTGAGC
CGCTACGGTG
GAAGCGACCC
GCTACTCGCG
CCACAGGCGC
GATCGGGCTC
AGCGGCCAAA
CTCTAGCTCG
AGCGAGCGGA
TCGAGCGATA
TATGCTCGAT
AGCACGCGTC

GTGCAGCGCG
TGCGCAGGGC
AACGCGGGCG
GAAGGCCGAC
CGGTCTCCAG
C3CGGCGGCC
TCCCGCGCGC
GGGCGGCGGC
TCCGGCGCCG
GTCTCCCACC
GCGGGGCTCC
TGGACGCGAC
CTGGTACACC
GGGAGCTCGC
GGGCGCGGGC
CCCCGCGTCC
CGTCCGCGCA
GAGCTGAGCT
GGCCGCGTTA
CCACCGCAGC
ACGCTGCCGG
GCCGCGGCGAa
GGGCGATACG
CGACAGCCTG
CGTACGAAGT
TCGTAGCTGG
CGAGCGATCG
CGTACGAGTC
AGGCAGCGAG

Clal

AACCGATCGA

CGTGGGGCAC
TGCTCAACGA
GGGAAGCATC

TCACGGTGGT
GAGAAGATCG
ATCCGGCGCG
CCTCGGCCTA

HindIII

CGACGACAAG

CTTCGGCGGT

GCCGGAAGGA
CGCAAGCAGG
GTCGGCAGGC
GTCTGGACGC
GGGCTACTCC
CGGCAAGATG
GGCGGGCCAG
AACTGCGGCG
GCGCACCCGAa
TAGCCAAGGA
GCCGCGACAG
CGTCGGCTAC
ACGTCGCGTC
CGGTCCGAGG
CACGGTACGC
GGTGCGAGCG
CCCGAGGCAC
TCCGGCGCGG
ATCTATATCG
CTACGCGTAC
AGCTTCGCGA
TATCGACGTT
GTACGTATCG
CTACAGCAGA

CGGGATCTCC
CGCGTCCGGC
TACGCGTCTC
GATCGTGCGG
GCGCGGGCAC
ACCGTGCGCG
GGTCGGCGGG
GGAAGCTACG
TCCACTGGGG
CACCGGCGGG
TCGTGCCCAA
GTACGCGCCG
CACGAGCGGC
CTGCTTCAGG
GCGCCCAACA
GGCCTCGGCG
CGGCCGACAA
GACGCGGGGG
TACG£X¥TCT
AGCGATACGC
GCTGGCAGCA
CGATCCATCG
TTCGAGCGTA
GCTATCGCGA

CGGGAACTAC
TGGCGACGGT
GTGGTCGGCT
CGAGCGCGGG
GGAACAACGG
AACGTCGCGC
CAACGGCGTG
TGCGCTACGT
ACTGTCACGC
CCGCACCGGT
AGACCTACGG
ACCGGCCCCAa
GGCCAGCGTC
CGGTGTCAGG
ACCGCACTGC
CGAGACACTC
GGGCGCTGCC
GCCGCCGTCG
GAGCGCGTCC
TGTCCACCGA
AACAACGCGT
GAAACGCGCC
AGCCATCGCT
GGATATAAAG
GAGCGTAGCT
TCGAGCGCGA
AGTACGATCG
CTTACCCCTG
GCAGCGATCG
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33451
3201
3251
3'816:L
3351
3401
3451
3501
8551
3601
3651
3701
3751
3801
3851
3901
3951
4001
4051
4101
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4201
4251
4301
4351
4401
4451
4501
4551
4601
4651
4701
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AGTCGAGCTA TACTATATAT CGCGCTATAT ATACGGCGGC CGTCGCGCGC

CTACTACGGC
AGCTACGCGC
CGCGCGTACG
ACGCCCGTAC
TATATACTAT
ACATTTATAT
CTTGCAATTT
AGATTATATA
CAGAGCGCTC
CGGGGTCCTC
GTCTCGACCA
CACGACCTGC
CCGGGACGAT
CTGTCCCGGA
CGCGTCGACG
GCGCCCGGAG
GGGCCGACTC
TGGTGCCGGC
CACAGGCCGG
TGCACCAAGC
GACCTCAACG
GGACTCGCAC
CAGTCCTGAG
CTGCCGCGAC
CGAGCGATTG
CCGCAGCGCT
TCAACGAGGG
HindIII

AAGCTTCGCA
TGGACCAATC
GACCTGTCGG
CCCCCAGCGG

ATTACCCTAT
TATCGGTCGA
CGCGTACTAT
GGGCGGATCG
CGGAGAGAGT
AAATGGTATT
AAGCGTAGCA
CAGAGCGTGT
AGCGTGAGCG
CGGCTCGCTT
GCACGTAGCC
TCGGCGTGGC
CCCGCGGACA
GGAGGTCGAC
CGCTCCAGCA
GTCGCGCGAC
GCAAGACGAC
TCCTCACGGT
CAGGCCGACG
CGAAGACGGC
TCTCCCGCGA
GACCTCCAGC
ACTCGACGGC
AAGACCACGA
GCATCGGGAC
CCTGGAAGAC
TGGACTCGCC
AGGCTCGAGG
ACAGCTCGAC
TGGAGGACCA
GTCGAGCGCG

TCAGCGAATT
GGCGATACAG
GGAGAGTACT
GCGTAGCGCG
CTCTCCCGAG
TACGGCGTAG
ACGTTAGCGA
AAAATCTATG
GGTCCACGAC
CGGACGAGCA
GTGGAGGGGC
GGCTCGCGTC
GGGAGCAGCC
CAGGGGGCAG
CTCCGGACTG
ACCTTGACGA
ACACAGGACT
CCGCGGCCAT
AACAGGACGC
GGCGCCCTTT
CGATCATTCG
GTGCCCTCCA
GACCACCTCG
CGACTCCGCA
ACCACCCGGA
GAGGCACACG
GGACCAGGAG
ACGTCCAGGG
CCGCAGGACG
CGGGCAGAGG
CTGACGGGCT

TGCGCAGCGT
AGAGGACTAC
CGACGATCGT
CGATCGGATA
CTACGCGACC
CTCCAGCAAG
ATCGAAGGAA
GGGCGATGCG
CTCGACCTAG
GCACGGCCGA
GGGACCACGA
TCGGACGAGC
CCGCCCGGAC
CGAGCGACGG
TCCCAACAGC
GGACGGCAGG
CGAGACTCCA
GTCGACCCGG
CGGCGACGAG
CCCGTCAGCC
GTCGAGCGGC
AGACCAGGAC
ACGACCCGGT
CAGGATCACC
CCTCCGTTCG
TGGTGGGGCA
AGGGGTGACC
GGACGAAGCA
GGCTCAGGGT
GACGCCCTGT
TGACGTCTGC

ATATTACGCT
GCTACGTCTA
ATATACAGCT
GCGACTACTA
GAGCTCAGCT
CTACGACACT
AGAATCGTAA
GCAAGACACC
ACCCGGTCAG
TCCGTTGACG
CCTCTCGGCC
CGCTACTCTA
GGGCGACAGG
TCACGACCTC
ACGACCGCGG
ACGGTCCTCA
GCTTCTAGCG
TGGTGGCTCA
CTGCCCAGCG
CGATCACCTG
GACTGGACCA
CGGCTCGCGG
GGGCGTCCAG
GATCGCAGGG
GAGCAGGTCA
CCAAGCATCC
ACCCGGATCG
CGGCTCGACG
CGCGGACCCT
GCCAGTCAGA
CTCCGACACT
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4751
4801
4851
4901
4951
5001
5051
5101
5151
5201
5251
5301
5851
5401
5451
5501
5551
5601
5651
517011
5751
5801
5851
5901
9931
6001
6051
6101
6151
6201
6251
6301
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GTTCGACCGC ACCCAGCTCG TCGCCTCCAT CTACTCCTAC GCCCAGCAGC
ACGACCCCCA CCCCTAGCTC CTCAGTATCT TCCGTACCTA CACCGAGCTC

GCCCGATTCA
AGGTGGACCT
GTGGATCACT
CCAGTCCCTC
AGCAGCTTGA
GACGCACCTC
CCTACAGCAG
ACGGCGGCCG
PTCGATGAGG
GTAAGGCTAA
GEATCGGTAT
CCEDAGCCET
TTTCGCGTAC
ATATTACGCG
ACGCTCATCG
TCGGCTACTA
CGTACGCAGC
ATATGCAGCG
TATCGCGTTA
TTATATATAT
ACGATCTGCG
GCTTTACTAT
ATACTACGCT
TCGGCTATAT
TACGATCGGA
ACCTTACAAA
GCGTCTTCAG
TCGCGTAGCG
TTCTATTGGC
GCACTCCGGC

CCGTCGCCTA
GCACGACCAG
CGCTGGGCGA
CGGCAGCAGG
CGCTGTCGAC
TGTCGCAGCT
GTGCGCGACG
CGACCACGAG
CACACCCCCA
GCGACTTATC
ATTAGCGCGC
ATTACGTACG
GCGAGCGCGT
TATATTTACA
GCTACTCAGC
GCCAGCAGAG
TAGCATACGT
CTTACGGCGA
TACTCGCGTA
ATTCGCATTA
ATCGAGTATA
CGGCTACGCG
ATATTACAGC
ATGGCATACA
GCGATCGGCA
AGCTCAGTTC
CGCTATCGCG
CATACAGCAA
GGCAGATGCG
CAACCAGGGG

CGGACCACGC
CGCGGCGACG
GGACGTGCGC
AGCTCAGCCA
CCGGATCGCT
CCAGGCTGTG
TCGATCACGA
CAGCTCCACC
GCCAGGAGCA
AGGCGCTAGC
GAATTAAATT
GCTATACGGC
ACGCTATTAC
GCTATACCTA
GCTACGCGCA
TTCATACATA
ACGATCGGCT
TCGGCTACGT
TATTTCGCTT
TCGAACGGCC
AAGCGCATTA
TTTCCCCCGT
TATCTACAGC
GCATTATATA
TACTACGCGC
ATACGCGTTA
CGGTCTACGT
TTAGTCAGAT
CTCAGTCCGT
GCGAAAGGCG

CCGCTCGGGG
CGGCCGGTCT
CTCGCCGACG
CGACGAGCTC
CAGCGCAGGG
GCACAATCGG
CGACGTCGTG
GCTTGGACAC
ATCAGCGATC
GTCGATTAGC
TCGGGCCCTA
GATTAGCGAT
AGATGCGATT
CGGATTCGAT
GCAAGCGCTA
TACGGCGCCA
ACGCGCTATC
ATCGGATCGT
CGGCATATAT
GTTATATACG
TATTTCGCTA
TACGTACTCG
GAGCGATATT

Pstl

CGTATCTGCA

ATTTATATAC
CCGCGCGCGT
CTACGCGTTA
TTCACTTAAG
CCTCGGGGTC
CCAACTCGGC

GACCAGCATG
CCACGACCAG
GAGACGGAGA
AGGGTGGGAG
TGTGGAGCAG
ACGCAGCTGA
GCTGGTGAGG
GATCCCAGTC
GGCTACGATC
GATGCGATAC
TTTTAATCGG
TCGCAGCGTA
ACAATCGGCT
CGTAGCGCGT
TATTCGGCGA
TTCGATCGTA
GGCATGCGCG
GCGCGATCGG
TATCGCGATA
CATCTGGTCT
AAAGCGATCG
TATACGGGTC
CGATCGTATA
GTGCGTCGTA

Kpnl

GTCGTCAGGT
CGGGTATGGA
AACGCGCGTA
TGCGAGTACG
CACGACGGCA

GACCGGCCTA



Figure 5-1

6351
6401
6451
6501
6551
6601
6651
6701
6751
6801
6851
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6951
7001
7051
7101
7151
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7251
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GACGCCAGCG CGCTACCGCT CAAGACGCGG GGCGCGCCGT CCGGGCACGT
ACCGACGATC GTGCTCGGGG TCACCAACCA GGGCGTCCTT CCCGGCGTCG
CGGCTGCGGC GACACGCGCG GCCCGGCCGA CGCGCGGACG

CGGCTACGGT
CGCGCGATCG
CCAGGCGCAG
GGTCGCTGAA
GGCGCGGGCA
GCACGAGCGG
CGGCCGGCCA
GCGGCCTCGG
CCGCGTCGGG
CTCAGGGGAT
CTCGCGGCCG
CCCCGCGCGC
CCCCccCGGeCeT
GAGTCCCGCG
AGCTCGCCTC
TTCGCCTTCG
CCGGCGGTGC
CGAT

GCCGCGGGAC
GCGAGCCTCC
TGCGGCGTCC
ACGAGGTCCA
ACGCTGGCGC
CGCGACCTCC
CGACGTGGCA
TCGGTCGTGA
CTCGTGGGCC
CCCTCGGCCA
GAGTGCGAGC
GTGGCTCTCC
TCGGCACCGG
CGACTTCACC
GTCAACGACC
CGTGCCGCTG

GGCCTCCGCG
CCGACACGGG
AACACGACGG

ATCGGCCACG
CGCCAGCGCC
CTCTCGCGAC

HindIII

CGTCTCGAAG

TGGCGACAGC
GGCAAGACCG
CAGGTGGGGC
ACGACCCGAG
TCGACGCACA
GGACACGGGC
ACGCGGTCGA
AGCGGCGCGC
GTGCTCGGCC
TAGTCCCAGC
GGCCTCGGCC
CGTCGATACG

CTTCCCACGT
TGCGGCCGCT
GGCCGCTGAC
GAGCCGCTCG
CGACCTCTGC
CGGGAGGGCT
TCGGCCGTGG
GGCGCGCGTG
TCTCGCCCGA
TGCGCGGCTC
CCTACGTCGC
TCGGGCCCCC
CTCGGTCGTA

CGCAGCGCAC
GGGATCGCCC
GGAGCGCAAC
CGCAGGCCCA
GCGGCTGGCG
GCTCGGCGCC
CGGGGCGCGT
ACCAACGGCA
GGAGGAGTGG
ATGGCTCGGT
TGCTCGGCGT
GAGGCCCCAC
GACCCCATCG
CCACcCccTCC
TCGATCGGCA
GCATACGCTA
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Fig. 5-3 Nucleotide and deduced amino acid sequences of ORF1

712 GCTACTATCTGGATATATTCAAGGAGAGAGCTCGCGCGTCCGATACGATCGTACGGAATA 771
=35 . . =10 . . -Sp .

7l CGAATTACCGCTGCAGAGGCATTTACAGGGCCTTTATATATACGATTCGGGGATACGATG 831
el i M

832 GTAACCAGCGAAAGCGCTCGATCGGGTACCCCATCGAGCTCGCCTCCGACTTCACCTAGT 891
V T § E S A R S NG TSSPENSESESE SPISPENTNSRSRINS

892 CCCAGCCCTACGTCGCCCACCCCGCCTTCGCCTTCGACCGAATCCAGCCCTACTCCCTCG 951
BRSNS EASTIENS IS ERNTESS PR DI S IS PR IS RRETE ) EISSTINS ISP P IS

952 TCGCCAGCGTCACCGCGCTCGCCTACGGTGCGCTGCCGCGAAGCGGTAGCACCTGCGTGC 1011
N TRSRRTo e V R C R E A V A P A C

1012 CACGCAGACGCACGTACCGCAGGTCGCGGGCGCGACCCGCGGCACCAATGCGACGCCCGC 1071
H A DA RTA ASGURG RDPRHQC D A R

1072 CTCCGGGGCCGCCACCGCCCGCGGCTGGGCCACGCGGTGGTACGCGACGACGGCCTGGGT 1131
L R GR HRUPIRULGWHA AUV V R DD GTUL G

1132 CCACACCAACGCGACTGTGTCCGTGGCGCTTGTCACGGGCCATCTGTTCACCGCGCCGAT 1191
P H Q RDCUV U RGACMHGU®P S V HRAD

1192 TGGCACCAACCACGGCGTGCTGCACTTGAACTTGTGGGACAACTCGTCCATCCGCAGTCC 1251
W H Q P R R A AL E L V G QL V H P Q S

1252 GGGCTCGTTCCGGTGGTTCGAGGGGTTCCGGCGCCGCCCCCCCGTGATCGTCGGCGAGAC 1311
G L v P v v R G v P A P P P IR D K R R D

1312 CAATCCCGGCCGCGACGGGCACTGGTTCAGCTCCCCCTTCCGCGGGACCGGGAACAACCA 1371
Q S R P R R A L V QL P L P R D R E Q P

1372 GGCGGTCACCAACCCCACGACGCCGACGCTGTACACGGCGGGGGCCGAGGCGTACGTGGG 1431
G G H Q P HDADA AV HGG GG R G V R G

1432 CAACTCCAATCCCGCCGTCCTCGGGATCGGCGTGTACGGGACCACCGTGACGGCCCATCC 1491
Q L Q S R R P R D RURV R DH R D G P S

1492 GACGGCAGAAGCTTTGACCCCCCCGACCGACAACGGGCTGTGCGACGCCAACGGGGACGA 1551
D G R S F D P P DR QR AV R R Q R G R

1552 AGGCACCGACTCGTGGACCGCCGGGTGCGGCCTCGGGAACAACCGGTGCCGCGGGTTCGC 1611
R H R L V DRR V R PURE QP V P RV R

1612 CAACGCGGTCCGGGGGTGCGGGCGCACGAACACCGCCGACGGCGCGGCCCGCTTGCGGGT 1671
Q R G P G V R A HEUHRI R RIR RGP L A G

1672 GACCTGGTGGAACGCGCGCAAGCCGCTCACCCGCGTTCCGTGCAGCGCGAACCGATCGAT 1731
DL V ERAQA A AMHBUPW RSV QR EPTID

1732 CACGGTGGTCGGGAACTACACCGCGTGGGTGCGCAGGGCCGTGGGGCACGAGAAGATCGT 1791
H G G R E L # R V GA Q GR G A R E DR

1792 GGCGACGGTGCTGGTCGAGAACGCGGGCGTGCTCAACGAATCCGGCGCGGTGGTCGGCTA 1851
G D GA GR E RGIRAAQI RTIURIRGGRL

1852 CACCGAGCGGAAGGCCGACGGGAAGCATCCCTCGGCCTACGAGCGCGGGGCGTGCCTTCC 1911
H R A E G R R EA SL GL R A R G V P S

1912 GGTCTCCAGCGACGACAAGCTTCGGCGGTGGAACAACGGCATCCGGGG&GGCGGCGGC&G 1971
GLSIE O )R 'RE @ A 'Isi A VvV B @ R4HIP @ /R R R P



CHAPTER 5 SEQUENCE OF CELLULASE GENES
Figure 5-2 (continue)

1972 CCGGAAGGACGGGATCTCCAACGTCGCGCCGTACCCGGGTCCCGCGCGCCGCARGCAGGE 2031
P EGRDTZLTGOQT RTP RTA AVYVT PGCST RTATPO QA AG

2032 GCGTCCGGCCAACGGCGTGTGGGGCCGCGGGGCGGCGGCGTCGGCAGGCTACGCGTCTCT 2091
A S G Q R RV G P RGG G V G R L R V S

2092 GCGCTACGTGTCGTCCCCCTCCGGCGCCGGTCTGGACGCGATCGTGCGGACTGTCACGCT 2151
AL R V V P L R RUR S G R DU RADCUHA

2152 CGGCCGGGGGTCTCCCACCGGGCTACTCCGCGCGGGCACCCGCACCGGTGTCGGGCTGTG 2211
R P G VvV S H R ATUPIRGHU®PHI RCRA AV

2212 CGGGGCTCCCGGCAAGATGACCGTGCGCGAGACCTACGGCGCCGTCACGTGGACGCGACG 2271
R G S R Q DD R AIRDTU LI RIRIRUHBV DAT

2272 GCGGGCCAGGGTCGGCGGGACCGGCCCCAGCTACGGGTACTGGTACACCAACTGCGGCGG 2331
A G Q G R RDIRUP QL R VL V HOQUL R R

2332 GAAGCTACGGGCCAGCGTCCGGACGCTATGGGAGCTCGCGCGCACCCGATCCACTGGGGE — 2391
E A T G QR PDAUMG AT RTATGHT PTIEHMWG

2392 GGTGTCAGGCTACCCCGCGGGGCGCGGGCTAGCCAAGGACACCGGCGGGACCGCACTGCT 2451
G V. R L P RG AR AS QG HRIRDIRT A

2452 GTCCGGCTACCCCGCGTCCGCCGCGACAGTCGTGCCCAACGAGACACTCGCGCCGACGTC 2511
V R L P RV R R D S R A Q R DT R A DV

2512 GTCCGCGCACGTCGGCTACGTACGCGCCGGGGCGCTGCCGGTACTGAGCGAGCTGAGCTA 2571
V R A R RLRTIRURG A AGTE R A E L

2572 CGTCGCGTCCACGAGCGGCGCCGCCGTCGCGCTACGGTGGGCCGCGTTACGGTCCGAGGC 2631
R R V H ERIRIRIRIRATV G R V T V R G

2632 TGCTTCAGGGAGCGCGTCCGAAGCGACCCCCACCGCAGCCACGGTACGCGCGCCCAACAT 2691
c F R E RV R S D P H R S H G T R A Q H

2692 GTCCACCGAGCTACTCGCGACGCTGCCGGGGTGCGAGCGGGCCTCGGCGAACAACGCGTC 2751
V H R A TQR DA AW AGUV R AGU LG E Q R V

2752 CACAGGCGCGCCGCGGCCACCCGAGGCACCGGCCGACAAGAAACGCGCCGATCGGGCTCG 2811
H R R A A A T R G T G R Q E T R R S G S

2812 GGCGATACGTCCGGCGCGGGACGCGGGGGAGCCATCGCTAGCGGCCAAACGACAGCCTGA 2871
G DT S GAGTZRTGTG ATITR ATSTG G OQTT A *

2872 TCTATATCGTACGAATTCTGGATATAAAGCTCTAGCTCGCGTACGAAGTCTACGCGTACA 2931

2932 GCGATACGCGAGCGTAGCTAGCGAGCGGATCGTAGCTGGAGCTTCGCGAGCTGGCAGCAT 2991

2992 CGAGCGCGA 3000




CHAPTER S5 SEQUENCE OF CELLULASE GENES

Table 5~1 Comparison of consensus of promoter sequence and SD sequence

Promoter sequence

Bacteria Gene SD sequence
-10 Distance -35
E. coli/B. subtilis® cons’ AAGAAG TATAAT 17 bp TTGACA
Ce. fimi cenA?  ““AGGGAGCT-* -S8PTTCCT *? 16 bp -82PCGCGCCG™®
cex’ “12AGGAGGA"¢ -10SpPGGCT-100 16 bp -121p ATCGA1??
B. subtilis PAP115¢% EG" -*AAGGAGG™*? -$STACAAT-* 17 bp ~88TAGACA"*’
C. thermocellum’ cela -12AGGAGG™’ -S2TATAAT™Y 22 bp ~1PTGeS
F. succinogenes $85%° cel-3 -!AAGAGG™® -43TATA 22 bp ~TPTTACA-%¢
Streptomyces sp.’ casa -*AGGAAGGA™* -12PTACCGT-*¢ 16 bp -9 TCACC*
R. flavefaciens ren -1%CGGGGA"* -36pTTACA-Y! 17 bp ~S9TACGAA-**
rex “*ATGGGG™® -3PATATA?¢ 17 bp “S4TCGAAG™
rbg -*TCCCGG™* NF NF
cons, consensus; EG, endoglucanase
From: 1. Hawley and McClure, 1983, 2. Wong et al, 1986. 3. O’Neill et al, 1986.
4, MacKay et al, 1986. 5. Beguin et al, 1985. 6. McGavin et al 1989.

7. Nakai et al, 1988.

estimated on the basis of SDS-PAGE zymograms (42 kDa + 10-13
kDa).

The available nucleotide sequences of other endoglucanase
genes were compared to the ORF1l using the programmes FASTA
(Pearson and Lipman, 1988). Results of these comparisons showed
that there were no obvious homologies to known endoglucanase
sequences (C. thermocellum celA, B, C, D and E (Beguin et al,
1985; Grepinet and Beguin, 1986; Schwarz et al, 1988; Joliff
et al, 1986; Hall et al, 1988), C. acetobutylicum (Zappe et al,
1988), Ce. fimi cenA (Wong et al, 1986), Bacillus sp. (Fukumori
et al, 1986; MacKay et al, 1986; Nakamura et al, 1987; Fukumori
et al, 1989), Pseudomonas fluorescens subsp. cellulosa (Hall
and Gilbert, 1988), Erwinia chrysanthemi (Aymeric et al, 1988),
Agrobacterium sp. (Wakarchuk et al, 1988), T. reesei (Chen et
al, 1987; Shoemaker et al, 1983; Teeri et al, 1987) and Avocado
(Tucker et al, 1987)). Since the Streptomyces casA (Nakai et
al, 1988) and Caldocellum saccharolyticum cellulase (CMCase and
MUCase, Love et al, 1988) nucleotide sequences were not in the

data bases, these were added separately. No obvious homology
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Table 5-2 codonfrequency of cellulases

Fraction
AmAcid Codon
ORF1 CRF2 ORF3 ORF4 ORFS5 CFCEN® CFCEX" CSCEL*

Gly GGG 0.23 0.31 0.38 0.33 0.20 0.14 0.10 0.19
Gly GGA 0.11 0.15 0.10 0.17 0.10 0.02 0.00 0.27
Gly GGT 0.22 0.15 0.05 0.33 0.16 0.08 0.08 0.45
Gly GGC 0.45 0.38 0.47 0.17 0.54 0.77 0.82 0.09
Glu GAG 0.24 0.82 0.93 1.00 0.43 0.85 0.89 0.44
Glu GAA 0.76 0.18 0.07 0.00 0.57 0.15 0.11 0.56
Asp GAT 0.25 0.12 0.55 0.60 0.25 0.00 0.00 0.68
Asp GAC 0.75 0.88 0.45 0.40 0.75 1.00 1.00 0.32
val GTG 0.37 0.39 0.15 0.16 0.47 0.26 0.33 0.09
val GTA 0.17 0.08 0.42 0.58 0.00 0.00 0.00 0.41
val GTT 0.13 0.04 0.03 0.11 0.00 0.00 0.00 0.40
val GTC 0.33 0.49 0.39 0.16 0.53 0.74 0.67 0.09
Ala GCG 0.34 0.25 0.51 0.45 0.27 0.53 0.51 0.23
Ala GCA 0.16 0.29 0.09 0.14 0.20 0.03 0.03 0.41
Ala GCT 0.33 0.22 0.17 0.28 0.37 0.03 0.03 0.28
Ala GCC 0.17 0.24 0.23 0.14 0.17 0.41 0.44 0.08
Arg AGG 0.04 0.16 0.02 1.00 0.02 0.07 0.06 0.33
Arg AGA 0.01 0.07 0.05 0.00 0.02 0.03 0.00 0.41
Ser AGT 0.05 0.00 0.04 0.08 0.14 0.02 0.00 0.35
Ser AGC 0.23 0.25 0.35 0.19 0.14 0.23 0.31 0.2
Lys AAG 0.00 0.75 0.57 1.00 0.00 0.93 0.95 0.30
Lys AARA 0.00 0.25 0.43 0.00 0.00 0.07 0.05 0.70
Asn AAT 0.00 0.00 0.29 1.00 0.00 0.00 0.00 0.69
Asn AAC .00 1.00 0.71 0.00 1.00 1.00 1.00 0.31
Met ATG 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Ile ATA 0.40 0.17 0.43 0.40 0.50 0.00 0.00 0.45
Ile ATT 0.10 0.17 0.00 0.00 0.00 0.08 0.09 0.49
Ile ATC 0.50 0.67 0.57 0.60 0.50 0.92 0.91 0.06
Thr ACG 0.40 0.44 0.44 0.50 0.25 0.42 0.54 0.17
Thr ACA 0.07 0.22 0.09 0.19 0.00 0.00 0.02 0.62
Thr ACT 0.27 0.06 0.09 0.00 0.13 0.02 0.00 0.17
Thr ACC 0.27 0.28 0.38 0.31 0.63 0.57 0.44 0.04
Trp TGG 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
End Tmx 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.32
Cys TGT 0.50 0.40 0.00 0.83 0.00 0.14 0.00 0.86
Cys TGC 0.50 0.60 1.00 0.17 1.00 0.86 1.00 0.14
End TAG 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07
End TAA 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.61
Tyr TAT 0.67 0.33 0.22 0.50 0.33 0.00 0.09 0.67
Tyr TAC 0.33 0.67 0.78 0.50 0.67 1.00 0.91 0.33
Leu TTG 0.00 0.05 0.03 0.00 0.00 0.03 0.00 0.26
Leu TTA 0.03 .00 0.09 0.00 0.11 0.00 0.00 0.33
Phe TTT 0.50 0.33 0.00 0.00 0.50 0.00 0.00 0.84
Phe TTC 0.50 0.67 1.00 1.90¢ 0.50 1.00 1.00 0.16
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Table 5-2 (continue)

Fraction
AmAcid Codon
ORF1 ORF2 ORF3 ORF4 ORFS CFCEN’ CFCEX* CSCEL*

Ser TCG 0.30 0.42 0.25 0.35 0.38 0.41 0.44 0.07
Ser TCA 0.07 0.11 0.06 0.08 0.14 0.02 0.00 0.14
Ser TCT 0.07 0.04 0.06 0.08 0.05 0.00 0.00 0.14
Ser TCC 0.30 0.18 0.23 0.23 0.14 0.32 0.25 0.06
Arg CGG 0.32 0.23 0.25 0.36 0.33 0.17 0.31 0.04
Arg CGA 0.18 0.18 0.22 0.15 0.17 0.10 0.11 0.14
Arg CGT 0.15 0.09 0.15 0.15 0.14 0.00 0.11 0.08
Arg CGC 0.30 0.27 0.31 0.33 0.31 0.62 0.40 0.00
Gln CAG 0.22 0.80 1.00 1.00 0.41 1.00 1.00 0.47
Gln CAA 0.78 0.20 0.00 0.00 0.59 0.00 0.00 0.52
His CAT 0.08 0.09 0.00 0.00 0.00 0.25 0.08 0.75
His CAC 0.92 0.91 1.00 0.00 1.00 0.75 0.92 0.25
Leu CTG 0.18 0.21 0.29 0.45 0.21 0.38 0.29 0.13
Leu CTA 0.32 0.08 0.41 0.36 0.00 0.00 0.00 0.14
Leu CTT 0.12 0.08 0.00 0.18 0.00 0.00 0.00 0.12
Leu CTC 0.35 0.57 0.18 0.00 0.68 0.59 0.71 0.01
Pro CCG 0.45 0 43 0.27 0.40 0.15 0.67 0.59 0.28
Pro CCA 0.11 0.09 0.09 0.00 0.28 0.06 0.05 0.49
Pro CCT 0.19 0.20 0.09 0.12 0.38 0.00 0.05 0.22
Pro CcccC 0.24 0.29 0.55 0.48 0.20 0.28 0.31 0.01

*, CFCEN, Ce. fimi cen A (Wong et al, 1986); CFCEX, Ce. fimi cex (O'Neill et al, 1986); CSCEL,
Ca. saccharolyticum cellulase gene (personal contact, Soul).

was detected to the casA nucleotide sequence from Streptomyces
or the cellulase gene of Caldocellum. Also, no obvious homology
was detected to any DNA sequence in the Genbank (V. 60.0) or
European Molecular Biology Laboratory (EMBL: V. 19.0) DNA
sequence data or to the National Biochemical Research Founda-
tion (NBRF) Nucleotide sequence Data Library (V. 35.0).

The deduced amino acid sequence of the ORF1l was also
compared to the amino acid sequences of the other cellulase
proteins and those within the NBRF resource data base (release
21.0) using FASTA. No obvious homology was detected at the
amino acid level. A similar result was found when comparing the
N-terminal amino acid sequence of Exo A of R. flavefaciens FD-
1 (Gardner et al, 1987) with ORF1l using BESTFIT. The protein
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with the greatest similarity to renA was that encoded by the
cenA gene of Ce. fimi with 32.1 % similarity in 485 a.a.
residues (Fig. 5-5). The similarity with other cellulase genes
is summarized in Teble 5-3.

An unusual sequence region from position 853 to position
978, 22 bp down stream of putative initiated codon (ATG), coded
for a polypeptide about 42 amino acids long which was composed
mainly of proline, threonine and serine (PTS; 38 out of 42
a.a.). This region was located close to the N-terminal end of
ORF1 (Fig. 5-3).

5-2-3-2 Second open reading frame

The second ORF was identified as the structural gene for the
R. flavefaciens exoclucanase gene (designated rex: Ruminococcus
exoglucanase) since that region of the deletion map corre-
sponded to exoglucanase activity. The sequence of this ORF, the
5’ upstream sequence and the deduced amino acid sequence is
shown in Fig. 5-6. This ORF consisted of a coding sequence of
1821 bp, starting with an ATG codon at position 3586 and ending
with a TAA stop codon at position 5304.

The nucleotide sequence upstream of the 5’ end of ORF2 was
screened for SD and potential promoter sequences. A SD sequence
(ATGGGG) containing 4 C/G’'s was located at position -8 to -3,
3 bp upstream of the ATG initiation codon (Fig. 5-6, Table 5-
1). Also sequences TATATA and TCGAAG was the putative -10 and -
35 promoter sequence (Fig. 5-6, Table 5-1). Several inverted
repeat sequences were identified downstream of the stop codon
(Fig. 5-6). The nucleotide sequence of the ORF contained 67.3%
G+C showing a strong bias towards codons containing dG+dC
(Table 5-2; Fig. 5-4).
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Comparison of ORF1l (renA) with cenA of Ce. fimi
using ‘Bestfit’ of UWGCG
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Table 5~3 Summary of homology percentage of ren with other cellulase gene

Name Code Length' Homology (%)
Bacillus sp. (strain 1139) endoglucanase 800 28.5
Bacillus sp. (PNK1l) endoglucanase 488 29.3
Bacillus sp. (pNK2) endoglucanase 409 28.9
B. subtilis endoglucanase 508 29.7
B. subtilis endoglucanase 499 29.9
Clostridium thermocellum celA 477 29.0
C. thermocellum celB 563 27.17
C. thermocellum celD 649 26.9
C. acebutylicum endoglucanase 448 27.3
Cellulomonas fimi cenA 449 32.1
Trichoderma reesei EGI 459 27.9
T. reesei EGIII 471 30.9

*, amino acid length

The deduced protein size of this ORF was 572 amino acid
residues with an estimated MW of 67 kDa. This predicted
molecular weight of the translated protein was smaller than the
size estimated on the basis of SDS-PAGE (90 kd).

The nucleotide sequences of other exoglucanase genes were
compared to the ORF2 which showed no obvious homologies to the
exoglucanase sequences Ce. fimi cex (O’Neill, et al, 1986),
Agrobacterium sp. (Greenbert et al, 1988), T. reesei CBHI
(Shoemaker et al, 1983) and Caldocellum saccharolyticum
cellulase (CMCase and MUCase, Love et al, 1988). Also no
obvious homology was detected to any DNA sequence in the
Genbank, EMBL DNA sequence data or NBRF Nucleotide sequence
Data Library.

When compared with other exoglucanase proteins, the ORF2
deduced amino acid sequence showed no obvious homologies. A
similar result was found when comparing the N-terminal amino
acid sequence of Exo A of R. flavefaciens FD-1 (Gardner et al,

1987) with ORF2. The best similarity of exoglucanase gene was

5-17
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Fig. 5-6 Nucleotide and decuced amino acid sequences of ORF2

s 3 ¥ . . ~3§ . ‘
3481 CTCCAGCAAGCTACGACACTCTTGCAATTTAAGCGTAGCAACGTTAGCGAATCGAAGGAAAGAATCGTAA 3550
N . sD . . . .
3551 AGATTATATACAGAGCGTGTAAAATCTATGGGGCGATGCGGCAAGACACCCAGAGCGCTCAGCGTGAGCG 3620
M R Q D T Q S A Q R E R

3621 GGTCCACGACCTCGACCTAGACCCGGTCAGCGGGGTCCTCCGGCTCGCTTCGGACGAGCAGCACGGCCGA 3690
V H DL DL D PV S GV L RULA ASUDTETUGQUHGR

3691 TCCGTTGACGGTCTCGACCAGCACGTAGCCGTGGAGGGGCGGGACCACGACCTCTCGGCCCACGACCTGC 3760
s vD GL DQHV AV E GRDHUDTU LS A H DL L

3761 TCGGCGTGGCGGCTCGCGTCTCGGACGAGCCGCTACTCTACCGGGACGATCCCGCGGACAGGGAGCAGCC 3830
G W A A MR V IS Db B PSS, L W R D sBrFP YA DI R E' 1@ #B

3831 CCGCCCGGACGGGCGACAGGCTGTCCCGGAGGAGGTCGACCAGGGGGCAGCGAGCGACGGTCACGACCTC 3900
R P DGR QA UV P EEV D QG A ASDGHDL

3901 CGCGTCGACGCGCTCCAGCACTCCGGACTGTCCCAACAGCACGACCGCGGGCGCCCGGAGGTCGCGCGAC 3970
R vV DAL QH S GL S Q QHDRGURUPE V A RH

3971 ACCTTGACGAGGACGGCAGGACGGTCCTCAGGGCCGACTCGCAAGACGACACACAGGACTCGAGACTCCA 4040
L D EDGRTUVL RADSOQDDTOQD S R L Q

4041 GCTTCTAGCGTGGTGCCGGCTCCTCACGGTCCGCGGCCATGTCGACCCGGTGGTGGCTCACACAGGCCGG 4110
L L A WCWRILZULTWVURGHV D P V V A HT G R

4111 CAGGCCGACGAACAGGACGéCGGCGACGAGCTGCCCAGCGTGCACCAAGCCGAAGACGGCGGCGCCCTTT 4180
Q A D EQDAGDETLUP SV HOQAETDSGSGA ATL S

4181 CCCGTCAGCCCGATCACCTCSGACCTCAACGTCTCCCGCGACGATCATTCGGTCGAGCGGCGACTGGACCA 4250
R Q P D HL DULNUV S RDUDH S V ERRUL DQ

4251 GGACTCGCACGACCTCCAGéGTGCCCTCCAAGACCAGGACCGGCTCGCGGCAGTCCTGAGACTCGACGG& 4320
D s HDUL QR ALOQD QD RULA AR AUWVLIRTILDG

4321 GACCACCTCGACGACCCGGTGGGCGTCCAGCTGCCGCGACAAGACCACGACGACTCCGCACAGGATCACC 4390
D H L DD PV GV QL P R QDHDD S A Q D H R

4391 GATCGCAGGGCGAGCGATTéGCATCGGGACACCACCCGGACCTCCGTTCGGAGCAGGTCACCGCAGCGCT 4460
S Q G E RL AS G HWHUPDULI RS EOQV T A AL

4461 CCTGGAAGACGAGGCACAC.TGGTGGGGCACCAAGCATCCTCAACGAGGGTGGACTCGCCGGACCAGGAG 4530
L EDEAH V7 V GH QA S S TRV DS P D Q E

4531 AGGGGTGACCACCCGGATCGAAGCTTCGCAAGGCTCGAGGACGTCCAGGGGGACGAAGCACGGCTCGACG 4600
R G DH P DR S F A RULEUDV QG DEAIRTUL DV

4601 TGGACCAATCACAGCTCGACCCGCAGGACGGGCTCAGGGTCGCGGACCCTGACCTGTCGGTGGAGGACCA 4670
b s QL D?P QD GULIRUVADUPUDTUL S V E DH

4671 CGGGCAGAGGGACGCCCTGTGCCAGTCAGACCCCCAGCGGGTCGAGCGCGCTGACGGGCTTGACGTCTGC 4740
G Q RDALCOQSDUPQRV ERA ADGULDUVC

4741 CTCCGACACTGTTCGACCGCACCCAGCTCGTCGCCTCCATCTACTCCTACGCCCAGCAGCACGACCCCCA 4810
L R H C S T A P S S S PPt 4S T, JP~ R P .S S T < ..p__.TB

4811 CCCCTAGCTCCTCAGTATCTTCCGTACCTACACCGAGCTCGCCCGATTCACCGTCGCCTACGGACCACGC 4880
B SENE ST SREAVENIS B S IR VARS BRSNS BRSNS BN SN RPSSR DS INEANIS NP D H A

4881 CCGCTCGGGGGACCAGCATCAGGTGGACCTGCACGACCAGCGCGGCGACGCGGCCGGTCTCCACGACCAG 4950
R §S G D O H EV DULHUD QRGDA AW AGTULUHDQ

4951 GTGGATCACTCGCTGGGCGAGGACGTGCGCCTCGCCGACGGAGACGGAGACCAGTCCCTCCGGCAGCAG& 5020
v D H S L GEDV RULADSGUDGDOQS L R Q Q E

5021 AGCTCAGCCACGACGAGCTCAGGGTGGGAGAGCAGCTTGAGGCTGTCGACCCGGATCGCTCAGCGCAGGG 5090
L) .S "H--Dis Bl Sp. R V.G E Q:'L /E “A° WV ‘D. P ip R, 'S AFOL'G

5091 TGTGGAGCAGGACGCACCTCTGTCGCAGCTCCAGGCTGTGGCACAATCGGACGCAGCTGACCTACAGCAG 5160
VA SEFSeUED! AL P L S L@F L (@S2 VT Ay @ 'S, DN A WA, 4D L @0

5161 GTGCGCGACGTCGATCACGACGACGTCGTGGCTGGTGAGGACGGCGGCCGCGACCACGAGCAGCTCCACC 5230
V R DV DHDDV V A GEDGGIRDUHE QUL H R

5231 GCTTGGACACGATCCCAGTCTTCGATGAGGCACACCCCCAGCCAGGAGCAATCAGCGATéGGCTACGATé 5300
L. D STE T, PYSV 'F D [EF A JHL. P~ Q@ B G A, I S D R LR[S
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5301 GTAAGGCTAAGCGACTTATCAGGCGCTAGCGTCGATTAGCGATGCGATACGCATCGGTATATTAGCGCGC 5370
* M T4 A —

(continue)
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5371 GAATTAAATTTCGGGCCCTATTTTAATCGGCGCTA 5405
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QNGVTFQQPN
RLE.DVQGDE

401
.d..pa.v..
YAKKPAYAA.
. .GDRMPVV.
TQFKKATSGG
CQSDPQRVE.

451
..ttptpss.
TPTTPT....
EFPATMPAPA
VRGSCSTSSG
SSTTPTPSSS
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Figure 5-7 (continue)
452 501
cons V...ptp.s. esp.p..h.. ..nqg.e..dl .........a g...gvd.q.
Cex «+..PTPTS. .GPAGCQVLW GVNQWN.TGF TA..NVTVKN TSSAPVD.GW
Agro VSDVKTDIGW EVYAPALHTL VETLYERYDL PECYITENGA CYNMGVENGE
Tri V.....PAQV ESQSPNAKVT FSNIKF.GPI GS..TGNPSG GNPPGGNRGT
Orf2 VSSVPTPSSP DSPSPTDHAR SGDQHE.VDL HD..QRGDAA GLHDQVDHSL
502 551
cons t...r.adg. ¢..s.....1 shdg...... «...V....8 .....IS..9
Cex TLTFSFPSgQ it etsmss snsassenras oo QUVTQAWS STVTQSGSAV
Agro VNDQPRLDYY AEHLGIVADL IRDGYPMRGY FAWSLMDNFE WAEGYRMRFG
Tri TTTRRPATTT G..SSPGPTQ SHYG...... ceeessens CGGIGYSGPT
Orf2 GEDVRLADGD GDQSLRQQEL SHDE...... ..LRVGEQLE AVDPDRSAQG
552 601
cons VvV..ap..qV ..V..S8G... @.l..cc0ee 2eGV.e.g.e.G cieeseaa L
Cex TVRNAPWN.. GSIPAGGT.. AQF....... «.GFNGSHTG TNAAPTAFSL
Agro LVHVDYETQV RTVKNSGKWY SALASGFPKG NHGVAKG
Tri VCASGTTCQV LNPYYSQC
Orf2 VEQDAPLSQL QAVAQSDA.. ADLQQVRDVD HDDVVAGEDG GRDHEQLHRL
602
cons ...P.
Cex NGTPC
Orf2 DTIPV

Cex, Ce. fimi; Agro, Agrobacterium sp.; Tri,

Ce. fimi cex gene with 33.8% homology and 567 a.a.

Trichoderma reesei CBHI

residues

(Fig. 5-7). The percent similarity with other exoglucanases was
T. reesei, 29.2% and Agrobacterium sp., 31.8%.

A proline, threonine and serine rich region similar to the
PTS rich region of renaA, from position 389 to position 429,
about 40 amino acids, was also found. This region was 433 bp

away from the C-terminal and formed

a highly conserved
sequencewhen compared with the corresponding regions of ORF1
and ORF2 (Fig. 5-8). This ORF could be divided into three
domains: N-terminal domain, PTS domain and C-terminal domain.
5-2-3-3 Third open reading frame

The third ORF was an overlapping reading frame with ORF1,
transcribed using the second reading frame and identified as
the structural gene for the R. flavefaciens f-glucosidase
(designated rbg : Ruminococcus (3-glucosidase) because of its
correspondence to activity of the deletion subclones. The
sequence of this ORF together with the 5’ upstream sequences

and the deduced amino acid sequence is shown in Fig.5-9. This

5-20
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Nucleotide sequence

ORFS
ORF2
ORF1

. . . .

TCG...ACC&CATCGAGC*CGCCTCCGACTTCACCTAb1LLLAbLLLLALbLLbCCCACCCCTC...CTTCGCCTTCG
TCG...ACCGCACCCAGCTCGTCGCCTCCATCTACTCCTACGCCCAGCAGCACGACCCCCACCC. . . CTAGCTCCTCAGTATCTTCCGTACCTACACCGAGCTCGCCCGATTCACCG. . . TCGCCTACG
TCGGGTACCCCATCGAGCT . . . CGCCTCCGACTTCACCTAGTCCCAGCCCTACGTCGCCCACCCCGCCTTCGCCTTCGACCGAATCCAGCCCTACTCCCTCGTCGCCAGCGTCACCGCGCTCGCCTACG

cons® TCG ACCcCAtCgAGCTcg.CgCCteC. tCt.CtccTac.ccCagecac.aCG.CccClaCeC. . .CTtcgeCtTCg.. ... .TCC. . .CCTAC.CC. .. .TCGCC.G. . TCACCG. . . TCGCCTACG

ORFS S TPSSSPPTSPSPSPTSPTP PSPS

ORF2 S TAPSSSPPSTPTPSSTTPT PSSSVSSVPTPSSPDS PSPT
ORF1 SGTPSS.SPPTSPSPSPTSPTPPSPSTESSPTPSSPASPRSPT
cons® S TpsSSePps p ps t pt PSpS S PTPSSP S SPT

~N\

Deduced amino acid sequence

cons, consensus sequence

Figure 5-8 Alignment with PTS rich regions of ORF1l, ORF2 and
ORF5

G Y¥ILAYHO

SENED FSYINTIZIO 40 IONINOIS
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Fig. 5-9 Nucleotide and deduced amino acid sequences of ORF3

2072 TCGGCAGGCTACGCGTCTCTGCGCTACGTGTCGTCCCCCTCCGGCGCCGGTCTGGACGCGATCGTGCGGA 2141
2142 CTGTCACGCTCGGCCGGGGETCTCCCACCGGGCTACTCCGCGCGGGCACCCGCACCGGTGTCGGGCTGTG 2211
sD . . . . . .
2212 CGGGGCTCCCGGCAAGATGACCGTGCGCGAGACCTACGGCGCCGTCACGTGGACGCGACGGCGGGCCAGG 2281
M ?'"W R E @I ¥ 66 A Vv " W T RR R R A R
2282 GTCGGCGGGACCGGCCCCAGCTACGGGTACTGGTACACCAACTGCGGCGGGAAGCTACGGGCCAGCGTCC 2351
vV 6 G T GP S ¥ G Y WY TNUGCG G XKTUL RA AS VR
2352 GGACGCTATGGGAGCTCGCGCGCACCCGATCCACTGGGGCGGTGTCAGGCTACCCCGCGGGGCGCGGGCT 2421
T L W EULA AWIRTWRSTGA AV S G Y P A G R G L
2422 AGCCAAGGACACCGGCGGGACCGCACTGCTGTCCGGCTACCCCGCGTCCGCCGCGACAGTCGTGCCCAAC 2491
A XK DTG G T AL L S G Y P A S A ATV V P N
2492 GAGACACTCGCGCCGACGTCGTCCGCGCACGTCGGCTACGTACGCGCCGGGGCGCTGCCGGTACTGAGCG 2561
E T L A P T S S A HV G Y V RAGA ATULUP VL S E
2562 AGCTGAGCTACGTCGCGTCCACGAGCGGCGCCGCCGTCGCGCTACGGTGGGCCGCGTTACGGTCCGAGGC 2631
L S Y VA S T S G A AV AL R WA AULR S E A
2632 TGCTTCAGGGAGCGCGTCCSAAGCGACCCCCACCGCAGCCACGGTACGCGCGCCCAACATGTCCACCGAG 2701
AL S'G'S Ay 8 B AT P T A KA T W R A.E N M .§ T E
2702 CTACTCGCGACGCTGCCGGGGTGCGAGCGGGCCTCGGCGAACAACGCGTCCACAGGCGCGCCGCGGCGAC 2771
L L ATULUPGU CEW RA ASA ANNASTGA AUPIRRP
2772 CCGAGGCACCGGCCGACAAGAAACGCGCCGATCGGGCTCGGGCGATACGTCCGGCGCGGGACGCGGGGGA 2841
E A P A D K K R A DR ARA ATIRUPA AIRUDA AGE
2842 GCCATCGCTAGCGGCCAAACGACAGCCTGATCTATATCGTACGAATTCTGGATATAAAGCTCTAGCTCGC 2911
P S L A A K RJO P D E ¥ R N S G ¥ K A L Ay R
2912 GTACGAAGTCTACGCGTACAGCGATACGCGAGCGTAGCTAGCGAGCGGATCGTAGCTGGAGCTTCGCGAG 2981
V R S LRV QR Y A S V A S E R I V A G A S R A
2982 CTGGCAGCATCGAGCGCGATCGAGCGATACGAGCGATCGTATCGACGTTCGATCCATCGAGTACGATCGT 3051
G S I E R D RATIIRATI VSTV FDUP S S TTIV
3052 ATGCTCGATCGTACGAGTCGTACGTATCGTTCGAGCGTACTTACCCCTGAGCACGCGTCAGGCAGCGAGC 3121
¢c S I vV RV v R I V R A YL PUL S TR Q A A S
3122 TACAGCAGAGCTATCGCGAGCAGCGATCGAGTCGAGCTATACTATATATCGCGCTATATATACGGCGGCC 3191
Y S R A I A S s DRV EUL Y Y I S R Y I Y G G R
3192 GTCGCGCGCCTACTACGGCATTACCCTATTCAGCGAATTTGCGCAGCGTATATTACGCTAGCTACGCGCT 3261
R A P TTA AUL P Y S A NULIRS VY Y A S Y A L
3262 ATCGGTCGAGGCGATACAGAGAGGACTACGCTACGTCTACGCGCGTACGCGCGTACTATGGAGAGTACTC 313131
S VE A I Q R G L R Y VY A RTR VL WR V L

3332 GACGATCGTATATACAGCTACGCCCGTACGGGCGGATCGGCGTAGCGCGCGATCGGATAGCGACTACTAT 3401
Ry
D DRI Y S Y ARTG G S A *

3402 ATATACTATCGGAGAGAGT TCTCCCGAGCTACGCGACCGAGCTCAGCT 3450
LTl Lo
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ORF started with an ATG codon at position 2072 and ended with

a TAG codon at position 3376 and consisted of a coding sequence
of 1300 bp.

After screening upstream of the 5’ end of ORF3 for SD and
promoter sequences, a SD sequence (TCCCGG) was located at
position -10 to -5, 5 bp upstream of the ATG initiation codon
(Fig. 5-9) but no promoter sequence was found. Several inverted
repeat sequences were identified downstream of the stop codon
(Fig. 5-9). The nucleotide sequence of the ORF contained 66.6
$ G+C revealing a strong bias towards codons containing dG+dC
(Table 5-2; Fig. 5-4).

The available nucleotide and amino acid sequences of other
f-glucosidase genes were compared to the ORF3 which showed no
obvious homologies. Sequence comparison showed a similarity of
29.2%, 45.3% and 32.6% to the B-glucosidase gene of E. coli bgl
(Schnetz et al, 1987), Aspergillus wentii (Bause and Legler,
1980) and Candida pelliculosa (Kohchi and Toh-e, 1985)(Fig. 5-
10) .

The ORF coded for a polypeptide of 382 amino acid residues
with a calculated MW of 44.8 kDa. The size was smaller than
the peptide estimated from PAGE of 76 kDa.

5-2-3-4 Fourth open reading frame

The fourth open reading frame was found in the reverse
transcription frame which was 690 bp long and overlapped with
the first ORF (Fig. 5-11). This ORF had putative SD sequence
of ~CGCTAG?® and ©promoter sequences of “'TATAGA?® and
“TAGAGC™*.

Two of the enzymes this ORF may code for either a transferase
or a protease which was presumed to be coproduced with the
cellulase complex. When compared with the known nucleotide and
amino acid sequences of transferase and protease from GenBank
and EMBL library, no significant homologies were found.

However, a region from 104 to 125 of the deduced peptide
sequence of this ORF was highly conserved with the signal
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Fig. 5-10 Comparison of ORF3 (rbg) with other B-glucosidase genes.
1 50
cons l....cc000 teee.@Xee ceeeeVpPe. oS..fy.t.. gl gk.g
Eco LFAEMGFTCL RISIZWARIF PQGDEVEPNE AGLAFYDRLF D.....EMAQ
Clh LVLSQAALVN TSAPCASN.. .....DDPFN HSPSFYPTPQ GGRINDGKWQ
Orf3 MTVRETYGAV TWTRRRAR.. .....VGGTG PSYGYWYTNC G.....GKLR
51 100
cons A....l.el. ...8....8. y..g.Glak. ....ntGg.. ..a.l.....
Eco AGIKPL.... .....VTLSH YEMPYGLVK. ....NYGGWA NRAVIG....
Clh AAFYRARELV DQMSIAEKVN LTTGVGSASG PCSGNTGS.. .VPRLNISSI
Orf3 ASVRTLWELA RTRSTGAVSG YPAGRGLAK. ....DTGG.. .TALLS....
101 150
CONS .+vvsvssnas @.@.7¥V... ..a..88a.. g.i...a.av .se.....a.
Asp AZL GF...ZGF.V MSDWAAHHAG
Eco eesess HFE HYARTVFTRY QHKVALWLTF NEINMSLHAP FTGV.GLAEE
Clh CVQDGPLSVR AADLTDVFPC GMAASSSFNK QLIYDRAVAI GSEF.K..GK
Orf3 eeseee.GYP ASAATVVPNE TLAPTSSAHV GYVRAGALPV LSEL.SYVAS
151 200
cons .sgA.vgl.y gam...aa.g Sa.€...... .l...n.... lla.l....t
Asp VSgALA LBM GSMPGAVBYB S....... GT SYWGTNLTIS LWVNGT...V
Eco SGEAEV...Y QAIHEQLV.A SARAVKACHS LLPEAKIGNM LLGGLVYPLT
Clh GADAILGPVY GPMGVXAAGG RGWEGHGPDP YL......EG VIAYLQ...T
Orf3 TSGAAVALRW AALRSEAASG SASEATPTAA TVRAPNMSTE LLATLP...G
201 250
CONS C..9S...388 teeeXeeeee seeelgesPe oo.ra.rd.. i........
Asp PZW
Eco CQPQDMLQAM EENRRWMFFG DVQARGQYPG YMQRFFRDHN I..TIEMTES
Clh IGIQSQGVVS TAKHI....:. «....IGNEQE HFRFAKKDKH .¢:eeeeees
Orf3 CERASANNAS TGAPR..... ....RPEAPA DKKRADRARA IRPARDAGEP
251 300
cons ..a.k..p.. £.£.S5.¥.ee cieFiiieee @ie@Bieeses +..8...5.€
Eco DAEDLKHTVD FISFSYYMTG CVSHDESINK NAQGNILNMI PNP.HLKSSE
Clh . .AGKIDPGM FNTSSSLSSE IDDRAMHEIY LWPFAEAVRG GVSSIMCSYN
Orf3 SLAAKRQPDL YRTNSGYKAL ARVRSLRVQR YASVASERIV AGASRAGSIE
301 350
CONS +eeele@ees eoosvossse ssseseless ssssleSss. ahA,.8...d.
Eco WGWQIDPV.. ....GLRVLL NTLW.DRYQK PLFIV.ENGL GAKDSVEADG
Clh KLNGSHACQN SYLLNYLLKE ELGFQGFVMT DWGALYSGID AANAGLDMDM
Orf3 RDRAIRAIVS TFDPSSTIVC SIVRVVRIVR AYLPL.STRQ AASYSRAIAS
351 400
CONS S.veaYeees saes-nneee ssssssssss «+.8r.i¥Y.g .h.p......
Eco SIQDDY..:.e¢ coeerseses sssssssssse sos RIAYLN DHLVQVN...
Clh PCEARQYFGGN LTTAVLNGTL PQDRLDDMAT RILSALIYSG VHNPDGPNYN
Orf3 SDRVELY.::: cceeceeeees essssssseaes «YISRYIYGG RRAPTTA...
401 450
CONS  t4eveesecs sansesasas olese..vrs ..y.s.a... .l..8ve...
ECO teeteeeeee eseecensese EAIADGVDI MGYTSWGPID LV..SASHS.
Clh AQTFLTEGHE YFKQQEGDIV VLNKHVDVRS DINRAVA... .LRSAVEGVV
Orf3 eesessesse sssscssses +LPYSANLRS VYYASYA... .L..SVEAI.
451 500
CONS  vee@eeeIlY: cossreanes sasessREK V.r.....vi ..r..s....
Eco ...QMSKRYG FIYVBRDDNG EGSLTRTRKK SFRMVCAEVI KTRGLSLKKI
Clh LLKNEHETLP L.::.es22s «es0s..GREK VKRI....SI LGQAAGDDSK
Orf3 ...QRGLRYV Y....:¢¢¢¢ «esee..ARTR VLWR....VL DDRIYSYART
501
cons g.S
Eco T
Clh GTS
Orf3 GGS

cons, consensus sequence; Eco, E coli K-12 bglB gene (Schnetz et al, 1987);
Clh, Candida pelliculosa (Kohchi and Toh-e,

1985).
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Fig. 5-11 Nucleotide and deduced amino acid sequences of ORF4

. . . . . =35 . .
4356 GCTACGCTCGCGTATCGCTGTACGCGTAGACTTCGTACGCGAGCTAGAGCTTTATATCCAGAATTCGTAC 4425
~10 . . SD . . .
4426 GATATAGATCAGGCTGTCGTTTGGCCGCTAGCGATGGCTCCCCCGCGTCCCGCGCCGGACGTATCGCCCG 4495

M A P P R P A P DV S P E

4496 AGCCCGATCGGCGCGTTTCTTGTCGGCCGGTGCCTCGGGTCGCCGCGGCGCGCCTGTGGACGCGTTGTTC 4565
P DR RV S CRPV PRV A AAIRTLWTRC S

4566 GCCGAGGCCCGCTCGCACCCCGGCAGCGTCGCGAGTAGCTCGGTGGACATGTTGGGCGCGCGTACCGTGG 4635
P R P A RT P A A S RV A RWTCWA ARV P W

4636 CTGCGGTGGGGGTCGCTTCGGACGCGCTCCCTGAAGCAGCCTCGGACCGTAACGCGGCCCACCGTAGCGC 4705
L RW G S L RT R SUL XK QP RTUV TR P TV A R

4706 GACGGCGGCGCCGCTCGTGGACGCGACGTAGCTCAGCTCGCTCAGTACCGGCAGCGCCCCGGCGCGTACG 4775
R R R R S W TR RS S A R S V P A A P RR V R

4776 TAGCCGACGTGCGCGGACGACGTCGGCGCGAGTGTCTCGTTGGGCACGACTGTCGCGGCGGACGCGGGGT 4845
S R R A R TT S A RV S R WAIRTULSRRTR G

4846 AGCCGGACAGCAGTGCGGTCCCGCCGGTGTCCTTGGCTAGCCCGCGCCCCGCGGGGTAGCCTGACACCGC 4915
S R T A VR SRR CUPWILARA API RGSULT P P

4916 CCCAGTGGATCGGGTGCGCGCGAGCTCCCATAGCGTCCGGACGCTGGCCCGTAGCTTCCCGCCGCAGTTG 4985
Q W I G C A RAUPTIASGRW PV A S RR S W

4986 GTGTACCAGTACCCGTAGCTGGGGCCGGTCCCGCCGACCCTGGCCCGCCGTCGCGTCCACGTGACGGCGC 5055
¢c T s T R S w G R S R R P W P A V A S T *

5056 CGTAGGTCTCGCGCACGGTCATCTTGCCGGGAGCCCCGCACAGCCCGACACCGGTGCGGGTGCCCGCGCG 5125
A3, S oh bl AL A )

5126 GAGTAGCCCGGTGGGAGACCCCCGGCCGAGCGTGACAGTCCGCA 5170
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sequence of protease III gene of E. coli (Claverre-Martin etal,
1987) and the 5’ terminal sequence of the E. coli capR (ATP-
dependent protease) gene (Gayda et al, 1988) (Fig. 5-12).
Also, several regions were found with homology to the signal
sequences of Bacillus sp. protease gene (Henner et al, 1988;
Sloma et al, 1988; Wong et al, 1984), protease enhancer gene
(Tanaka and Kawata, 1988) and Streptomyces griseus protease A
gene (Henderson et al, 1987).

5-2-3-5 Fifth open reading frame

The fifth ORF was found near to the 3’ end of the 7.3 kb
fragments using the second reading frame. The ORF was
identified as the structural gene for the R. flavefaciens
xylanase gene (designated rxy: Ruminococcus xylanase) based on
the deletion clone assay. The sequence of this ORF together
with the 5’ upstream sequences and the deduced amino acid
sequence was shown in Fig.5-13. This ORF consisted of a coding
sequence of 1080 bp», starting with an ATG codon at position
6266 and ending with a TAG codon at position 7291.A SD sequence
(GGCGGC) containing 6 C/G’'s was located at position -8 to -3,
3 bp upstream of the ATG initiation codon (Fig. 5-13). Also a
putative promoter sequence was found (Fig.5-13). Several
inverted repeat sequences were identified downstream of the
stop codon (Fig.5-13). The nucleotide sequence of the ORF
contained 74.3% G+C. The resulting DNA sequence revealed a
strong dG+dC bias. (Table 5-2; Fig. 5-4).

The ORF was sufficient in size to code for an unmodified
protein of 341 amino acid residues with a calculated MW of 40
kDa. The available nucleotide and peptide sequences of other
xylanase genes were compared to this ORF. Results of these
comparisons showed that there were no obvious homology to the
xylanase sequences of C. thermocellum xynZ (Grepinet et al,
1988), Bacillus sp. (Hamamoto et al, 1987; Fukusaki et al,1984;
Yang et al, 1988) and Cryptococcus albidus partial nucleotide
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Fig. 5-12 Comparison of ORr4 with other signal sequences of proteases

E. coli (K12) ptr gene (Claverre-Martin et al, 1987)

ORF4 104 RVRSRRARTTSARVSRWARLSR 125

ol e e e 0L

1 MPRSTWFKALLLLVALWAPLSQ 22

E. coli capR gene (Gayda et zl, 1988)

ORF4 10 VSPEPDRRVSCRPVPRVAARARLWTRCSP..RPARTPAASRVARWTCWARV 57
PO I ISP I T I I EEE T S T ]

1 MNPERSERIEIPVLPCAMW/FIRTWSSPYLSGGKNLSVVWKRRWTMIKKL 50

ORF4 58 PWLRWGSL 65
N

51 CWSRRKKL 58
B. subtilis alkaline protease (aprE) gene (Henner et al, 1988)

ORF4 105 VRSRRART 112

[ 5.

1 VRSKKLWI 8
B. subtilis iep gene (Tanaka and Kawata, 1988)

ORF4 56 RVPWLRWG 63
Jeees |

1 RLAFY*AG 8

B. subtilis extracellular protease (epr) gene (Sloma et al, 1988)

ORF4 16 RRVSCRPVPRVAAARLWTRCSPRP 39
PN N T IR T

2 KNMSCKLVVSVTLFFSFLTIGPLA 25
B. subtilis sSprE gene (Wong et al, 1984)

ORF4 50 RWTCWARVPWLRWGSLRTRSLKQPRTVTRPTVARRRRRSWTRRSSARSVP 99
(RS B T | 3 O (O O

2 RRG*RVRSKKLWISLLFALTL...vceeseseeesss . IFTMAFSNMSAQ 34

ORF4 100 A 100

35 A 35

B. amyloliguefaciens sacQ gene (Yang et al, 1986)

ORF4 107 SRRARTTSARVSRWARLSRERTRGSRTAVRSRRCPWLARAPRGSLTPPQWI 156
A A I K B Y| [ I

2 EKKLEEVKQLLFRLENDIRETTDS............LRNINKSIDQLDKF 39

ORF4 157 GCAR 160
ie].

40 SYAM 43

S. griseus protease A (sprA)} gene (Henderson et al, 1987)

ORF4 120 WARLSRRTRGSRTAVRSRRCPWLARAPRGSLTPPQWIGCARAPIASGRWP 169
FI X IRy N I EEE RS R

3 FKRFSPLSSTSRYA.......c000e0ce00.00..RLLAVASGLVAAAALA 32
ORF4 170 VAS 172
o1

33 TPS 35 , ¢, ., different digree of similarity of amino acid.
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Fig. 5-13 Nucleotide and deduced amino acid sequences of ORF5

. =35 . . ~10 . . sD . .
6209 CGCATACAGCAATTAGTCAGATTTCACTTAAGTGCGAGTACGTTCTATTGGCGGCAGATGCGCTCAGTCC 6278
M R S V R
6279 GTCCTCGGGGTCCACGACGGCAGCACTCCGGCCAACCAGGGGGCGAAAGGCGCCAACTCGGCGACCGGCC 6348
P R G P R R Q HS G Q P GG E R R QUL GDRP
6349 TAGACGCCAGCGCGCTACCGCTCAAGACGCGGGGCGCGCCGTCCGGGCACGTACCGACGATCGTGCTCGG 6418
R R Q R A T A Q D A G R AUV R AIRTUDDUR A R
6419 GGTCACCAACCAGGGCGTCCTTCCCGGCGTCGCGGCTACGGTCGGCTGCGGCGACACGCGCGGCCCGGCC 6488
G H Q P G R P S RRURGY G R LRI RHAIRUPG R

6489 GACGCGCGGACGCGCGCGATCGGCCGCGGGACGGCCTCCGCGATCGGCCACGCGCAGCGCACCCAGGCGC 6558
R A DA RDIRUPRDUGTU LR RUDIRUPRAARAMHUPG A
6559 AGGCGAGCCTCCCCGACACGGGCGCCAGCGCCGGGATCGCCCGGTCGCTGAATGCGGCGTCCAACACGAC 6628
G E P PR HGROQRIRDU RUZPUV AETCGUV Q H D
6629 GGCTCTCGCGACGGAGCGCAACGGCGCGGGCAACGAGGTCCACGTCTCGAAGCTTCCCACGTCGCAGGCC 6698
G S R D GA ORI RGIOQRGZPRTULEA ASUHUVAGP
6699 CAGCACGAGCGGACGCTGGCGCTGGCGACAGCTGCGGCCGCTGCGGCTGGCGCGGCCGGCCACGCGACCT 6768
A R A DAGAGD S CGIRTZ CGWIRGURPURDL
6769 CCGGCAAGACCGGGCCGCTGACGCTCGGCGCCGCGGCCTCGGCGACGTGGCACAGGTGGGGCGAGCCGCT 6838
R Q DR A A DAURU RRGTLGUD V A Q V GR A A
6839 CGCGGGGCGCGTCCGCGTCGGGTCGGTCGTGAACGACCCGAGCGACCTCTGCACCAACGGCACTCAGGGG 6908
R 46 A& R B Rl B!V ¢ R E R P |Efl R B L "fi Q@ R H S G iD
6909 ATCTCGTGGGCCTCGACGCACACGGGAGGGCTGGAGGAGTGGCTCGCGGCCGCCCTCGGCCAGGACACGG 6978
L vV G L D AHGIRA AGS GV ARG RUPRUPGHG
6979 GCTCGGCCGTGGATGGCTCSGTCCCCGCGCGCGAGTGCGAGCACGCGGTCGAGGCGCGCGTGTGCTCGGC 7048
L GR GW UL &6 PRAIRUVIRARGIRGA ARUVLG
7049 GTCCCCCGGCCTGTGGCTCTCCAGCGGCGCGCTCTCGCCCGAGAGGCCCCACGAGTCCCGCGTCGGCACC 7118
vV P R PV A L Q R RAULMA AREW AP RV PRI RUHR
7119 GGGTGCTCGGCCTGCGCGGCTCGACCCCATCGAGCTCGCCTCCGACTTCACCTAGTCCCAGCCCTACGTC 7188
V L G L R G [SEETESPENSINSNNSENSENSE LSS NS EINS P IS RN s

. . . .

7189 GCCCACCCCTCCTTCGCCTTCGGTCAACGACCGGCCTCGGCCTCGGGCCCCCTCGATCGGCACCGGCGGT 7258
P T P P S P S V N DR PR PR AP S I GT G G

7259 GCCGTGCCGCTGCGTCGATACGCTCGGTCGTAGCATACGCTACGAT 7304
AV P L R R Y A R S *
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sequence. The best similarity of xylanase gene was xylA gene
of alkaline Bacillus sp. strain C-125 (Yang et al, 1988) with
29.0% homology (Fig. 5-14).

A shorter Proline, Threonine and Serine rich region similar
to the PTS regiorns in renA and rexA was found, from the
position 7138 to position 7209 of about 24 amino acids. The
region was 82 bp upstream from the C-terminal. When comparing
this region with the PTS sequence of renA and rexA, a highly
consensus sequence of these regions was found (Fig. 5-8). The
ORF5 could be divided into three domains: N-terminal domain,

PTS domain and C-terminal domain.

5-3 Discussion

The sequence results of the 7304 bp fragment had five
largecomplete ORFs. The 5’ and 3’ noncoding regions were
enriched in adenine and thymine residues, as opposed to the
ORFs, which had high G+C content. The G+C content of the
nucleotide in renA, rex and rbg were 71.7 %, 67.3 % and 66.6%,
respectively, which is higher than that of C. thermocellum
(cela, celB, celC and celD, 39.4%, 39.8%, 35.5% and 40.3%,
respectively; Beguin et al, 1985; Grepinet and Beguin, 1986;
Schwarz et al, 1988; Joliff et al, 1986; Hall et al, 1988) and
Bacillus sp. (1139, 37.9%; pNK1l, 39.3%; pNK2, 39.7%; Fukumori
et al, 1986; MacKay et al, 1986; Nakamura et al, 1987; Fukumori
et al, 1989), but more closely related to that of Ce. fimi cenA
and cex (74.3 % and 71.8 %; Wong et al, 1986; O’'Neill et al,
1986) and T. reesei EGI and EGIII (61.4% and 51.2%; Chen et
al, 1987; Shoemaker et al, 1983; Teeri et al, 1987).
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Comparison of ORF5 (rxy) with other xylanase genes
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The ORF1l, which was identified as renA, started at nucleotide
712 of the DNA sequence. There is some evidence which supports
the contention that this ATG is in fact used as an initiation
codon. There is

(1) a Gram positive bacterial type of ribosome-binding

site, CGGGGA, which starts at -10, the optimum distance
for this ATG,

(ii) putative -10 and -35 promoter sequence was found

upstream of this ATG

(iii) Application of programs (TESTCODE and CODENPREFERENCE)

for prediction of a peptide coding region.
Similar structure were also found with ORF2, ORF3 and ORF4.

The codon used in ORF1l (ren) was very similar to that of Ce.
fimi cenA which also had a high G+C content. The cenA gene
showed the best similarity of the renA (32.1% with 485 a.a.
residues. Three domains (binding domain, PT box and catalytic
domain) were found in the Ce. fimi gene (Warren et al, 1986).
A similar high pro-thr-ser rich region located near to the N-
terminal of the peptide was found in renA and divided the
protein into two domains. This suggested that the renA gene of
R. flavefaciens could be grouped into family A of cellulase
genes (Ong et al, 1989).

The putative molecular weight of renA gene product was
75.8 Kd with 680 a.a. residues which was larger than the
peptide that was isolated from culture of clone ACM903. It
suggested that post-translational modification with protease
was involved as in the case with T. reesei, Ce. fimi and C.
thermocellum (Stahlberg et al, 1988; Gilkes et al, 1988; Lamed
and Bayer, 1988).

The unusual structure of the pro-thr-ser rich region in
renA, rex and rxy was compared. The PTS of renA and rex had
67.5% similarity. It showed the highly conserved sequence of

PTS in renA, and rex genes which is comparable to the PT boxes

5-31
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of Ce. fimi cenA and cex genes (Warren et al, 1986). The PT
region was a possible primary sites for protease or papain
which were reported in Ce. fimi and T. reesei (Ong et al,
1989). However, the protease cleavage site has not been
confirmed in the PTS regions of renA, rex and rxy. Also in Ce.
fimi, the PT box divided the cellulase gene into the binding
and catalytic domain. In the case of renA, the PTS was located
near the N-terminal end of the gene. This might indicated that
reshuffling of the gene would be required in renA to form the
general cellulase gene structure during the transcriptional
step. The function of PTS region needs further study.

The ORF4 was compared with other protease genes. Although
there is no obvious homology with the protease sequences from
GenBank and EMBL l:brary, the homology of this gene with the
signal sequence of E. coli protease III and 5’ end matured ATP-
dependent protease gene strongly suggested that this ORF coded
for a protease gene. Also homologies with other Bacillus sp.
and Streptomyces sp. protease sequences, supports this
suggestion. Further study to assay the protease activity and
to purify this enzyme will help to identify the gene product.

The rbg gene was found in the second reading frame
overlapping with renA gene and this suggested that the two
genes share some sequence perhaps important for gene regulat-
ion. The renA, rex and rbg genes were found in close proximity
along with ORF4, which has a protease gene characteristic.
These suggested that the cellulase genes could be under some
type of regulatory control as a whole, even though they were

all found having individual putative promoter sequences.

The noncellulosic degradation enzyme against xylan were
detected which had been described in the previous chapter. The
rxy gene was sequenced and was located close to the cellulase
genes. The structure of rxy gene showed some similarity to the

cellulase genes which contained three domains. In particular,
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a short sequence of PTS rich region was found in this gene. The
study of xylanase gene from R. flavefaciens strain 17 has been
reported (Flint et al, 1989). Although the sequence of xylanase
gene from strain 17 is still unavailable, the finding of PTS
rich region in rxy gene has not been reported in other known

xylanase gene sequences.

5-4 Short summary

A fragment of 7.3 kb HindIII-HindIII fragment within the
ACMI903 insert was sequenced. Four ORFs were found and analyzed
using computer software (UWGCG).

The first ORF corresponded to subclones showing endoglu-
canase activity and was designated as the structured gene for
endoglucanase gene (renA). It was 2157 bp long with a putative
680 residues amino acid. SD and promoter sequences were found.
cenA gene of Ce. fimi gave the best fit from 20 known endoglu-
canase sequences. An unusual structure of Pro-Thr-Ser (proline,
threonine or serine) rich region, in which 38 out of 42 a.a.

residues, was found near the N-terminus of the renA gene.

The second ORF which was 1821 bp long and was designated
as coding for exoglucanase gene (rex) since subclones of this
gene corresponded to MUCase activity. The putative protein
sequence had 572 amino acid residues, and SD and promoter
sequences have been found. A pro-thr-ser rich region, which has
highly conserved region to the PTS sequence of renA, was found
near the C-terminus of the putative peptide. Also, the most
similar cellulase gene was the cex gene of Ce. fimi. It
suggested that the gene structure of cellulase in R. flave-
faciens strain 186 belonged to the cellulase gene family A,
according to the classification of Ong et al, 1989.

The third ORF was found overlapping with ORF1l using the
second transcriptional reading frame. The ORF had a putative
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SD sequence but lacked of any clear promoter sequence. This ORF
coded for a f-glucosidase gene which was 1300 bp long (a

putative protein sequence of 443 amino acid residues).

The fourth ORF overlapped with ORF1l but used the reverse
transcriptional reading frame. This ORF was 690 bp long with
SD and promoter secuences upstream of the ATG codon. This ORF
ha the characteristic of a protease gene due to the homologies
of this sequence to signal sequences and 5’ terminal sequence
of certain protease genes.

The fifth ORF near the 3’ end of the 7.3 kb fragment was
identified as a xylanase gene which wused the second
transcriptional reading frame. This ORF was 1080 bp long with
SD and promoter secuences. A short PTS rich sequence was found
and showed highly consensus with PTS rich region of ORF1l and
ORF2.
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CHAPTER 6 FINAL DISCUSSION AND CONCLUSION

Techniques of molecular biology are important tools in
biological research. There has been a rapid development of
these techniques over the last 20 years and this development
has been responsible for a vast increase in the understanding
of the structure of genes and proteins in the biological world.
The aim of the work presented in this thesis was to use these
techniques to isolate and characterize genes coding for the
cellulases of R. flavefaciens.

6-1 Use of the E. coli lambda system in the study of rumen

microorganisms

The discovery and construction of host/vector systems has
caused a revoluticn in the understanding of genes at the
molecular level. Construction of gene libraries, screening of
recombinants for specific protein products, restriction
endonuclease mapping of the genes, and subcloning fragments of
a particular gene into vectors for expression or sequencing has
been the usual procedure in the investigation of gene structure
and function. The ease of isolation, wide range of selection
markers and varied choice of vectors have made plasmids the
most commonly used vectors. However, in some cases, instability
of plasmid and low transforming frequency of plasmid systems
can be problematic in practice. In this study, instability of
ruminococcal DNA inserts in E. coli plasmid vectors has made
cloning studies using these types of vectors impossible.
Several attempts at cloning ruminococcal DNA by Gram positive
and Gram negative plasmid vectors were unsuccessful. It is thus
suggested that plasmid vectors are not suitable for cloning
studies with ruminococcal DNA.

The increasing use of bacteriophage lambda as a cloning
vector has led to recent development of techniques for its
manipulation. Most of the classical problems which limited the
use of lambda vector such as difficulties in isolation of

recombinants, high cost of packaging, laborious purification
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of DNA and lack of sequencing protocol, have been solved. In
this study, the gernomic library was constructed in the lambda
vector NM1149, the insert fragments were subcloned into AGemll
and the subsequent deletion clones were sequenced using the
dideoxy chain termination method. Ease of screening and
stability of the cl»ones have made the lambda cloning system the
best system for th:s type of genetic study.

6-2 The cellulase of ruminococci

The cellulase of C. thermocellum is thought to occur as
a complex of cellulase activities and this complex has been
called a cellulosome (Lamed and Bayer, 1988). A similar
structure may be presented with R. flavefaciens 186 growing on
Avicel as shown by TEM (re: Fig. 1-1). The enzyme purified from
R. flavefaciens 18¢ consistently showed about 15 polypeptides
of which only a small number showed CMCase activity (four
bands, the smaller of which are probably products of
proteolysis), MUCase activity (1-2 bands) or MUGase activity
(1 band) (unpublished data (Asmundson) and data from this study
(not shown)). The cellulases of R. flavefaciens have been shown
to exist in three different forms:mx high molecular weight
complex with MW > 3 x 10°® Da and smaller forms with MW about 8
x 10° Da and about 89 x 10° Da (Pettipher and Latham, 1979).
The cellulase complex of R. flavefaciens is thus composed of
a number of polypeptides, only a number of which are glycosi-
dases.

The predicted molecular weights of the glycosidases
sequenced in this work and the molecular weight of the enzymes

determined from other studies are compared in Table 6-1.

The lack of agreement between the estimated molecular
weight of isolated proteins and proteins predicted from DNA
sequences may be due to non-correspondence of the genes cloned
with the isolated form of glycosidase (since there are several
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Table 6-1 Summary of the characterization of R. flavefaciens
gene products and deduced peptides and comparison with other
cellulase proteins.

native gene
protein product deduced T, ., PHope
Endoglucanase
R. albus
strain F40! 50 kd 44 6.8
strain SY32 - 56 kd - -
R. flavefaciens
strain 673 89 kd 45 6.4
strain 186 62 kd’ 45 kd 75.8 kd 30 5.5
Exoglucanase
R. albus* 110 kd 37 6.8
R. flavefaciens
strain FD1°® 118 kd 39-45 5.0
strain 186 90 kd 67 kd 36 5.2
B-glucosidase
R. albus
strain F40% 82 kd 30-35 6.5
strain 186 76 kd 44.8 kd 33 6.3

1, Ohmiya et al, 1987; 2, Romaniec et al, 1989; 3, Pettipher
and Latham, 1979; 4, Ohmiya et al, 1982; 5, Gardner et al,
1987; 6, Ohmiya et al, 1985; 7, Asmundson, unpublish data.

classes of non-homologous genes present) or due to post-
translational processing, either intracellularly, during
transport or due to extracellular proteolysis. The latter
cannot explain the situation where the observed protein is
larger than the predicted form, but may explain that where it
is smaller, as with the endoglucanase. Also, the methods chosen
to determine the molecular weight of active protein may not be
the same as the result observed by SDS-PAGE. The molecular
weight of gene product in this study was determined by native
gel or SDS-PAGE at a single polymer concentration without
boiling the samples, which can only give an approximate
estimate of molecular weight.
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6-3 The cellulase gene system in ruminococci

Although this is the first report on sequencing of more
than one cellulase gene from a single clone of R. flavefaciens
(Summary in Table 6-2), several cloning studies of endoglu-
canase genes from R. albus and R. flavefaciens have been
published recently as described in the Introduction. Several
general principles resulting from these studies are described

in the following sections.

Table 6-2 Summary of ORFs of 7.3 kb fragment

ORF1 ORF2 ORF3 ORF4 ORFS
Code Endoglucanase Exoglucanase f-glucosidase protease! xylanase
renhA rex rbg rxy
NT Length (bp) 2157 1821 1300 690 1080
SD CGGGGA ATGGGG TCCCGG CGCTAG TGGCGG
Promoter (-10) TTTACA TATATA NF? TATAGA TTAAGT
(-35) TACGAA TCGAAG NF? TAGAGC TACAGCA
G+C (%) 71.7 67.3 66.6 70.9 74.7
PTS’ YES YES NO NO YES
aa Length* 680 572 382 196 341

1, Putative coding

2, Not found

3, Proline-threonine-~serine rich region
4, deduced amino acid length

(1) Multiple genes coding for the cellulase

This work showed that from about 2500 recombinants, 26
CMCase' clones were found, indicating a high frequency of
CMCase genes in R. flavefaciens 186, assuming that the library
presents a homogeneous distribution of the entire genome.
Homology studies indicated that there were at least 8 different
CMCase gene classes within the 26 positive clones. This is in
agreement with the reports from R. albus strain 8 (Howard and
White, 1988), F-40 (Ohmiya et al, 1988; Kawai et al, 1987),
AR67 and AR68 (Ware et al, 1989) and R. flavefaciens FD-1
(Barros and Thomson, 1987). A high percentage of cellulase

positive clones was also reported in R. albus 8 using ADASH
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vector with 0.33% (CMC'), 0.37% (MUC') and 2.78% (OBR-HEC")
(Howard and White 1988). So far more than 20 different non-
homologous cellulase genes have been found in C. thermocellum
(Hazlewood et al, 1988; ). Also, non-homologous cellulase genes
were found in R. albus (Kawai et al, 1987; Honda et al, 1988;
Ohmiya et al, 1988; Romaniec et al, 1989; Flint et al, 1989;
Ware et al, 1989), E. flavefaciens (Howard and White 1988), Ce.
fimi (Beguin and Eisen, 1978; Whittle et al, 1982; Gilkes et
al, 1984; Owolabi et al; 1988; Akhtar et al, 1988; Moser et al,
1989) and Bacillus spp. (Sashihara et al, 1984; Hinchliffe,
1984; Park and Pack, 1986; Fukumori et al, 1986; Koide et al,
1986; Robson and Chambliss, 1987; Sharma et al, 1987; Kim et
al, 1987; Fukumori et al, 1989) showed different genes coding
for the similar function of cellulase activity. Homologous
studies of R. albus clones have identified at 1least 10
different cellulase genes (Howard and White, 1988). Two CMC'
clones and three CMC' clones which were isolated by different
laboratories (Ohmiya et al, 1988; Kawai et al, 1987) from R.
albus F-40 showed ne homology. Four non-homologous recombinant
CMC*' phages were isolated from AR67 and AR68 (Ware et al,
1989), also in FD-1, two colonies with CMCase activity were
isolated from 4400 transformants (Barros and Thomson, 1987).

Enzyme purification data and genetic data have both
strongly indicated the presence of multigenes coding for the
cellulase enzymes in ruminococci. This is also observed in
other cellulolytic bacteria such as Cellulomonas sp.,
Clostridium sp., Bacillus sp. and Fibrobacter sp.(re: Introdu-
ction).

(ii) The genes coding for cellulases form a gene cluster

ACM900 series and ACM400 series from R. flavefaciens in
this report and at least four clones of R. albus strain 8 were
found to express more than one type of cellulase activity

(Howard and White, 1988). Four clones of recombinant phage
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isolated from strain 8 showed CMCase and pNPCase. Also another
four clones showed CMCase, pNPCase and pNPGase. The 7.3 kb
fragment of ACM903 which has been sequenced in this work, coded
for all three types of cellulase genes within a close proximity
(within 5 kb). In particular, the endoglucanase and [3-gluco-
sidase genes shared the same DNA at different reading frames.
Although the regulation of these genes is still unclear,
clustering of the genes suggests a coordinated regulation
mechanism.

Similar results were found in Clostridium thermocellum and
Caldocellum saccharolyticum (Soul, personal contact), in which
a single gene fragment coded for both CMCase and MUCase. In C.
thermocellum, several clones had both CMCase and MUCase (Millet
et al, 1985) and one fragment of DNA, on which two ORFs were
found, coded for endoglucanase and xylanase (Hall et al, 1988).
This suggests that cellulases are clustered and hence, along
with the cellulosome concept (a complex of activities), that
there may occur some system for the coordinated expression of
these enzymes to degrade cellulose.

(iii) The recombinant gene products are located in the peri-

plasmic space and intracellularly

Cultures of ruminococci normally secreted their cellul-
ases, whereas in E. coli the cellulases were detected
intracellularly or in the periplasmic space (This study; Ohmiya
et al, 1988; Kawai et al, 1987). Differences in secretion
mechanisms or post-translational modification may explain these

differences.

The relationship of glycosylation and post-translational
modification by protease during secretion and the stability of
cellulase had been studied in Clostridium (Lamed and Bayer,
1988) and Cellulomonus (Gilkes et al, 1989). In Ce. fimi, the

binding domain was excised from CenA or Cex by proteolytic
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cleavage immediately adjacent to the carboxyl terminus of the
PT box. The amino-terminal fragment (p20) of CenA and carboxyl-
terminal fragment (p8) of Cex were retained in cellulose
columns due to binding to cellulose while the corresponding
fragments, p30 from CenA and p35 from Cex, which were unable
to bind to cellulose, contained catalytic domains (Gilkes et
al, 1988). The p30 and p35 fragments were generated by papain
or a-chymotrypsin and was used in the test for stability. The
results showed no change of the fragments indicating that the
catalytic domain adopts a tightly folded conformation affording
protection from proteolytic attack (Gilkes et al 1989). Similar
results of EG2 on Bacteroides succinogenes, in which a 118 kDa
enzyme is composed of a 51 kDa catalytic domain and a highly
antigenic 43 kDa substrate-binding domain after processing by
protease (McGavin and Forberg, 1989) and an endoglucanase from
Bacillus subtilis, in which a 52.2 kDa proenzyme was cleaved
progressively to a product of about 32 kDa (Lo et al, 1988).

Also, glycosyleted cellulases from Ce. fimi were compared
with their non-glycosylated counterparts synthesized in E.
coli. The glycosyleted enzyme was protected from attack by a
Ce. fimi protease when bound to cellulose, whereas the non-
glycosylated enzymes were active, truncated products with
greatly reduced affinity for cellulose (Langsford et al, 1987).
Also, using various truncated forms of CenA, it has been shown
that the C-terminel half of the binding domain, which is
adjacent to glycosylated site, is more important in cellulose
binding than the N-terminal half (Ong et al, 1989). This is in
agreement with the observation in Trichoderma reesei that O-
linked but not N-linked glycosylation is necessary for the
secretion of endoglucanase I and II (Kubicek et al, 1987).
Although there are no significant homologies between the
cellulose binding domains of fungal and bacterial enzymes,
there are similarities in the distribution of hydrophobic and
hydroxyamino acids and low charged residues in both fungi and
bacterial cellulose binding domains.
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Generally, in E. coli, there is no glycosylation of the
expressed gene products which might explain their instability
in this host (Kane and Hartley, 1988). In addition, protease
that cleaved cellulases into smaller peptides which would
facilitate the action of transferase but this expression could
be lethal to the E. coli host. Further study of the action of
proteolytic processing and glycosylation of cellulases in R.

flavefaciens is needed.

Several strategies have been used to overcome the problem
of secretion of foreign protein in E. coli. Overproduction has
been reported with recombinant exoglucanase of Ce. fimi in
which the exoglucanase gene was fused to a synthetic ribosome-
binding site and placed under the control of the leftward
promoter of lambda phage. The overproduced exoglucanase can
be isolated easily in an enriched form as insoluble aggregates
and exoglucanase activity can be recovered by solubilization
of the aggregates in 6 M urea or 5 M guanidine hydrochloride
(O'Neill et al, 1936). Another experiment using a high copy
number plasmid containing a lac promoter to replace the
promoter sequence of cenA caused an increase of some 800-fold
in expression. Accumulation of a protein to a high level in the
periplasm may destabilize the outer membrane of E. coli,
resulting in the leakage of periplasmic protein to the medium
(Gatz and Hillen, 1986; Abrahmsen et al, 1986). In addition,
high level expression of Clostridium thermocellum cellulase
genes can be achieved in E. coli by subcloning in a tempera-
ture-regulated vector which contains the leftward promoter of
lambda and using thermal inactivation of the heat-sensitive
lambda cI857 repressor. Overexpression of the celA gene would
resulted in a decrease in cell viability concomitant with the

accumulation of endoglucanase A in the membrane fraction.

(iv) Cellulase ¢ene consists of different domains

A general structure of cellulase gene has been reported
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which contains at 1least three domains (cellulose binding
domain, catalytic domain and a connecting domain which is rich
in proline, threonine and serine; Ong et al, 1989). In this
report, the ORFs coding for endo- and exo-glucanase all had PTS
rich regions separate from the sequences of the other two
domains. However, this concept did not completely fit with the
renA gene where the PTS rich region was close to the start
codon ATG (21 bp downstream of ATG). Also West et al (1989)
reported that the homologous catalytic domains of Ce. fimi
found in fungi and Bacillus sp. apparently evolved by reshu-
ffling of catalytic domains and several substrate-binding
domains. When comparing the binding domain of cenA and cex with
ORFl1 and ORF2 in this study, homologous regions of the N-
terminal end of ORF1l and ORF2 were found. Also the catalytic
domains were found by comparing the catalytic domains of cenA
and cex, which indicated the region between PTS rich region and
the binding regior in ORFl and the region near to the C-
terminal end in ORF2 were the catalytic domains (summarized in
Fig. 6-1). Wong et al (1988) suggested that the function of PT
box of celA and cex was to separate the binding and catalytic
domains. The case in renA, a different structure of cellulase
gene is shown in wihich the PTS rich region is outside of the
catalytic and binding domains. Further study of the function

of PTS rich region is needed.

(v) High G+C content of cellulase genes

The G+C content of the nucleotide in rena, rex and rbg
were 71.7 %, 67.3 * and 66.6%, respectively, which is higher
than that of C. thermocellum (celA, celB, celC and celD, 39.4%,
39.8%, 35.5% and £0.3%, respectively; Beguin et al, 1985;
Grepinet and Beguinr, 1986; Schwarz et al, 1988; Joliff et al,
1986; Hall et al, 1988) and Bacillus sp. (strain 1139, 37.9%;
pPNK1l, 39.3%; pNK2, 39.7%; Fukumori et al, 1986; MacKay et al,
1986; Nakamura et al, 1987; Fukumori et al, 1989), but close
to that of Ce. fimi cenA and cex (74.3 % and 71.8 %; Wong et
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al, 1986; O’'Neill et al, 1986) and T. reesei EGI and EGIII
(61.4% and 51.2%; Chen et al, 1987; Shoemaker et al, 1983;
Teeri et al, 1987).

6-4 Applications of cellulases and cellulase genes

Several potential uses of cellulases have been reviewed
(Coughlan 1985; Forsberg et al, 1986; Kennedy et al, 1987;
Russell and Wilson, 1987; Hazlewood and Teather, 1988)
particularly in the area of hydrolysis of polysaccharide during
brewing and in the extraction of fruit juice and other products
of plant origins. Alkalophilic cellulase has been used in
detergent (Kawai =t al, 1988). The specific activity of
cellulase has been improved through molecular biology studies
of cellulase producing microorganisms such as Trichoderma
(Coughlan, 1985).

A novel usage of cellulase gene was based on the specia-
lized function of the catalytic domain and the cellulose
binding domain of cellulase gene. This property has been used
to construct hybrids in which a cellulose binding domain is
fused to the N- or C-terminus of a heterologous protein (Ong
et al, 1989; Beldmen et al, 1987; Greenwood et al, 1989). This
concept has been further developed for broad applications in
protein purification and enzyme immobilization (Fig. 6-1, Ong
et al, 1989). This system used the cheap source of cellulose
as ligand and under appropriate conditions the binding of
fusion protein was strong enough to function as one form of
enzyme immobilization. In addition, the enzyme or the product
of enzyme reaction could be eluted from cellulose without

specific reagents.
6-5 Study of cellulase genes of rumen microorganisms

Investigation c¢f the molecular genetics of rumen microor-
ganisms offers greet potential for improvements in ruminant
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Figure 6-1 A diagram in application of binding domain of
cellulase gene (from: Ong et al, 1989)
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nutrition. Increased rates of cellulose digestion and changes
in amino acid composition of the microflora in rumen may be
aspects of ruminant nutrition particularly sensitive to
genetically altered bacteria. The study of the genetics of
anaerobic rumen microorganisms would greatly facilitate the
application of existing in vitro genetic techniques to these
microorganisms and the understanding of the control mechanisms

in these bacteria within this type of ecosystem.
6-6 Conclusion

This study, using a rumen microorganism to study the
cellulase genes involved in cellulose degradation, has provided
the first detailed molecular and genetical analysis of a
cellulase gene cluster which contained all three types of
cellulase enzymes. The cellulase gene structures of R. flave-
faciens fitted well with the general concept that cellulase
genes formed clusters. Further study of the regulatory system
of these gene clusters is needed. The function of PTS rich
region, the structure of binding domains and the function of

the protease gene need to be further characterized also.
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