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ABSTRACT 

A genomic library of Ruminococcus flavejaciens 186 was constructed using the 

lambda vector ANM1149. It constituted 2.1 x 104 recombinant clones which was large 

enough to represent the entire genome of this bactenum. 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 express1all 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 ACMEH1 

(CMC+) and ACMEH2 (MUC+). Cross hybridization experiment using celA 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 subc10ning 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 ExoIII deletion, the locations of endoglucanase and exoglucanase genes were 

determined in ACM903. The internal HindIII-HindIll fragment of 7.3 kb from ACM903 

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

i 



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 Ceo Jimi. 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 Ceo Jimi 

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 AJas described by Ong et aI, 
. .  

1989. The third ORF was found overlapping with ORFI usfng 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 p-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 ORFI gene. This ORF coded for a protease gene. The fifth ORF 

located closely to the 3' end of the 7.3 kb fragment used the second reading frame. This 

ORF had both putative SO 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. 

i i  
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1-1 Introduction 

CHAPTER 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, 

invol ving mixed populations of many microorganisms. It is 

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-
I 

chaete) have been implicated in lignin decay. 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-

1-1 



CHAPTER 1 INTRODUCTION 

coccus (Hungate, 1966) , Bacteroides (Groleau and Forsberg, 

1981) and Acetivibrio (Patel et aI, 1980 ) , and the thermophiles 

Clostridium thermocellum (Viljoen et aI, 1926; McBee, 1948) , 

Caldocellum saccharolyticum (Love et aI, 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 living 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 
i
expression of 

particular genes in industrial microorganisms. 
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1-2 Cellulolyt ic microorganisms 

CHAPTER 1 INTRODUCTION 

A s ummary of cellulolytic microorganisms whic h  have been 

s tudied i s  shown in Table 1 - 1 . 

Table 1 - 1 . Cellulase-produci ng microorgani sms 

Bacteria Fungi 

Acetivibrio cellulolyticus 
Bacillus spp . 
Cellulomonas fimi 
Cell vibrio 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 

base d  on Coughlan , 1 9 8 5  

1-2-1 Fung i 

Agaricus bisporus 
Aspergilus s pp . 
Botryodiplodia mxp. 
Chaetomium thermop 
Eupenicillium javenicum 
Fusarium solani 
Humicola insolens 
Macrophomina pseudolina 
Myrothecium verrucaria 
Myceliophthora thermophila 
Pellicularia filamentosa 
Penicillium s pp . 
Pestalotiopsis westerdijkii 
Polyporus s pp . 
Poria spp . 
Sporotrichum s pp . 
Talaromyces emersonii 
Thermoascus aurantiacus 
Thielavia terrestris 
Tranetes sanguinea 
Trichoderma s pp . 
Trichosporon s pp . 

Although s everal fungi ( eg .  Aspergillus s p . , Penicillium 

sp . ) which degraded cel lulose were found very early , the s tudy 

of c el lu lase production from the s e  fungi other than the genus  

Trichoderma reesei was limited . 

1 - 3  



Trichoder.ma reesei (formerly T. viride) 

CHAPTER 1 INTRODUCTION 

The ascomycetous, brown-rot fungus T. reesei is well 

studied and probably the most efficient cellulase producer. Its 

enzyme system consists of three different hydrolases: endoglu

canase, cellobiohydrolase and J3-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 is not yet clear, what is known is summarized as 

follows: the primary peptide with its core carbohydrate (0-

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 aI, 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: 
I 

C�ostridium ther.moce��um 

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

positive, rod shaped (5. 0 x 0. 4 Jlm) , produces oval shaped 
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spores (0. 9  x 0 . 6  �m) , and has irregular colonies when grown 

on agar (Viljoen et ai, 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 ai, 

1982) . Cellobiose is converted into glucose 1-phosphate and 

glucose by the enzyme cellobiose phosphorylase produced by this 

organism (Alexander, 1972; Swisher et ai, 1964) . 

Ce��u�omonas fimi 

Ceo fimi is 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 

ai, 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 ai, 1984; Gilkes 

et al, 1984) . 

Baci��us 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 ai, 1988; 
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Robson and Chambliss, 1984), alkalophilic Baci llus (Fukumori 

et aI, 1987; Horikoshi et aI, 1984), and anaerobic Baci llus 

cellulosae di ssolvens (Khouvine, 1923). The general characte

rization is rod shaped (2.0 x 0.4 �m) , oval shaped spores (2.0 

x 2.5 �m) , 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 Baci llus 

sp. (Kawai et aI, 1988). 

Fibrobacter succinogenes (formerly Bacteroi des succi nogenes) 

F. succi nogenes, 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 

�m in diameter, occurring singly or in short chains. The major 

substrates fermented are listed in Table 1-2. Valerate, iso

butyrate, CO
2
, NH4 +, Na+, K+, Ca+2, Mg+2 and P04 -3 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 aI, 

1979; Morris and Van Gylswyk, 1980; Morris, 1984; Kolankaya et 

aI, 1985; Graham et aI, 1985; Chesson et aI, 1986). When the 

cell attaches to cell walls of plant materials, F. succi nogenes 

exhibits a tight adhesion, frequently conforming to the surface 

of the material being digested (Forsberg et aI, �981; Cheng et 

aI, 1983,1984). 
I 

Ruminococcus 

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

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

Aesculin hydrolysis 
H2S production 
Nitrate reduction 
Fermentation product: 

Major 
Minor/some strains 

Gas produced 

R. albus 

+ 
+ 

+ 
d 
d 
d 
d 
d 

d 
d 
d 

d 

R. flavefac iens 

+ 
+ 

+ 
d 
d 
d 
d 

d 
d 

d 

F. succinogenes 

d 
+ 

d 
d 
+ 

+ 

d 

AS 
FPiV 

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 . 9�m 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. flavefaci ens 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. flavefaci ens 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 NH3 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 aI, 

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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A s imple way t o  di st ingu i sh R. a lb u s  and R. fl a ve fa c i ens 

i s  the c o l ony c o l our when growing on cellu l o s e : white and 

ye l l ow ,  respect i ve l y . R. a lb u s  typ i c a l l y  ferment s ce l lu l o s e ,  

c e l l ob i o s e  and glucose , a n d  may ferment a range o f  other 

c arbohydrate s  ( Table 1 - 2 )  t ogether with rhamn o s e , and s a l i c in 

(Bryant , 1 9 8 6 ) . 

R. a lb u s  has att ract ed part icular  interest a s  a result o f  

i t s  p roduct i on o f  high-mo l e c u l a r  we i ght , cell -bound cel lulases  

( Wood et  a I , 1 9 8 2 ;  Wood and Wi l s o n ,  1 9 8 4 ) , c e l l ob i o s i dase 

( Ohmi ya et  aI , 1 9 8 2 )  and P -gluc o s idase ( Ohmiya et al 1 9 8 5 ) . 

Cult ivat i on of R. a lbus on d i f fe rent sub s t rate s  i n f l uenced the 

product i on o f  polysacchar i de depol ymerases ( Wi l l i ams and 

Withe r s , 1 9 8 2 ) . It has been shown that the 3 -pheny lpropano i c  

a c i d  (PPA) requ i red f o r  g rowth o f  s ome stra i n s  ( Hungate and 

stack ,  1 9 8 2 ) enhances the product i on o f  ves i c u l a r  st ructures 

by the bacte rium and i ncre a s e s  t he a s s o c i at i on of the c e l lulase 

enz yme with the c el l s  i n  a h i gh mo lecular-we i ght form ( Stack 

and Hungate ,  1 9 8 4 ) . Thi s requi rement for  PPA is shared by t ype

s t r a i n  7 and strain  8 o f  R. a lb u s ,  but not by R. fl a ve fa c i ens 

( St a c k  and Cott a ,  1 9 8 6 ) . In the presence of PPA, pheny l acet i c  

a c i d  further enhance s  ce l lu l o se dige st i on by R. a lb u s  strain 

8 ( St a c k  et a I ,  1 9 83 ) . 

1 -3 Biochemical studies o f  cellulose degradation 

1 -3-1  Cel lulose structure 

Ce l lu lo s e  i s  a l inear po l ymer o f  up t o  1 4 0 0 0  anhydro

gluc o s e  res i dues i n  a cha i r  c o n f igu rat i on hel d  togethe r by P-
( 

( 1 , 4 )  - l inkage s . Each resi due i s  rot ated 1 8 0  deg
'
rees  about the 

ma in a x i s  with res pect to  i t s  ne i ghbouring res idues  ( F i g . 1 -2 ) . 

The b a s i c  recurring unit i s  c e l lob i o se . C e l lu lo se chains  are 

hel d  t ogether by hydrogen bondi ng and o ri ent ated in para l lel 

and s t aggered with respect to thei r  partners t o  f o rm i n s o luble 
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f ib ri l s . The hydrogen -bonding network con s ist s o f  int e r- and 

int ramo l e cu l ar bonds between succe s s i ve and adj a c ent dext rose  

r e s idu e s (Fig  . 1 - 2 ) ( Gardn e r  and Blackwe l l ,  1 9 7 4 ;  Wint e rburn , 

1 9 7 4 ;  Ree s  et a l . ,  1 9 8 2 ) . The int ramo l e cular bonds he lp t o  

maint a in t h e  r igidity of  t h e  cellulose  cha i n . Bundles of  

f ibri l s  aggregat e t o  form t he i nert , i n s oluble f ibres  o f  great 

s t rength cha ract e r i s t i c  of  the primary and secondary c e l l  wa l l s  

o f  h ighe r p l ant s ( Ree et a l . ,  1 9 8 2 ;  McNe i l  e t  a l . ,  1 9 8 4 )  (Fig . 1 -

3 ) . Within c e l l u l o s e  fibre s there a re areas o f  c omp l et e  order 

( c ryst a l l ine reg i on s )  and a l s o  l e s s  we l l -o rde re d  or amo rphous 

reg i on s . 

1 -3 -2 Cellulolytic systems 

The nume rous pub l i shed pape rs dea l ing with c e l lul ase  have 

been revi ewed by many aut ho r s , not ab l y  by Ba i l e y ,  Enari and 

L i nko ( 1 9 7 5 ) , Ste rnberg ( 1 9 7 6 ) , Gong and Tsao ( 1 9 7 9 ) , Ryu and 

Mande l s  ( 1 9 8 0 ) , Nat i ck programme (Anonymou s ,  1 9 8 1 ) , B i s ar i a  and 

Gho se ( 1 9 8 1 ) , Linko et al ( 1 9 8 3 ) , Wi seman et al ( 1 9 8 5 ) , Rus se l l  

e t  a l  ( 1 9 8 5 ) , Kennedy et a l  ( 1 9 8 7 ) , Chynoweth e t  a l  ( 1 9 8 7 ) , 

L amed and B ayer ( 1 9 8 8 ) , Hobson et a l  ( 1 9 8 8 )  and Ong et al , 

( 1 9 8 9 )  . 

S e ve r a l  cel l u l ase  enz ymes with d i f fe rent s pe c i f i c it i e s  and 

modes o f  a c t ion are produced by c e l l u l olyt ic o rgan i sms . Three 

t ypes o f  c e l lulase  enzyme s are sugge sted t o  be i nvo l ved in the 

degrada t i on of c e l lulose  based on substrate speci f i c it y : 

endogl ucanase  ( C l , EC 3 . 2 . 1 . 4 ) referred t o  a s  c a rb oxymethyl 

c e l lu l a s e  ( CMCa s e ) ,  exoglucanase ( Cx' E C  3 . 2 . 1 . 9 1 )  a l s o  

r e ferred t o  a s  met hylumbe l l i fe ry l ce l lu l a s e  (MUCa s e ) , Avi ce l ase , 

o r  ce l l ob iohydr o l a s e ,  and �-gluc o s idase or c .e l l obiase  (EC 
I 

3 . 2 . 1 . 2 1 )  . I n  princip l e , the endoglucanase hydr o lyz e s  ce l lulose  

b y  randomly breaking down i nt e rnal �- ( 1 , 4 )  g l y c o si di c  bonds . 

The exoglucanase removes c e l l ob i o s e  un i t s  from the  r educ ing end 

o f  t he c e l lu l ose chain . Fina l l y ,  �-gluc o s i dase breaks the final 

�- ( 1 , 4 )  l in k age of cel lobi o s e . The c onve r s i on of c e l lulose to 
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Figure 1-2 Cellulose chains showing the P-1,4-1inked 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 aI, 1983) 
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glucose  i s  t he c ombined e f fect o f  a l l  three act ivit ies  (Fig . 

1 - 4 )  . 

Over a l l ,  the enzymat i c  degradat i on o f  c e l lu l o s e  c an be 

divi ded i n t o  two steps : ads o rpt i on and hydrolys i s . 

1 -3-2-1 Adsorption 

Fact o r s  affect ing the adsorpt i on of c e l lu l ases  t o  

c e l lu l o s e  may inc l ude the n ature o f  the substrate ,  i t s  pur ity, 

pret reatment , t he ext ent of crystal l i nity or amorphous 

c e l l u l o s e  c ontent , the en zyme / subst rate rat io , the a f finity o f  

the mu l t i component enzyme system used,  the t opography o f  the 

sub s t rate  whi ch change s as dige st i on proceeds , f a c t o r s  c aus ing 

inact ivat i on of  t he bound or free  en zyme , and the e ffec t s  of 

reaction product s or  othe r substances  that m i ght promote or 

i nhibit ads o rpt i on . However ,  t he ads o rpt ion of c e l lulase  

usually para l le l s  the rate o f  hydro lys i s  o f  c e l lu l o s e . 

Endogluc anase  and exoglucanase ads orb at d i st inctly 

d i f fe rent s it e s  on cellul o s e ,  these s i t e s  corre spond to  the 

s ites  o f  hydrolys i s . The addit i on of exoglu can a s e  t o  subst rate 

to whi ch endoglucanase is bound c au s e s  the lat t e r  t o  speed up 

i t s  act i o n  and bring about i t s  de s o rption . Conversely,  

endoglucanase  on b inding to  c e l lulose  speeds up the rate of  

s c i s s i on by e xoglucanase and b r i ngs about its de s o rption ( Ryu 

et a l . ,  1 9 8 4 ;  F i g . 1 -5 ) . Each enzyme i s  genera l ly found to  

e x i s t  i n  several  forms and t he s e  forms may di f f e r  i n  subst rate 

spe c i fi c ity,  abi l ity t o  ads o rb t o  the sub strate and in the i r  

c apac ity t o  i nteract synerg i s t i c a l ly with othe r e nzyme s in  the 

sys t em . 

Syn e r g i s m  i s  most marked when h i ghly c rys t a l l ine sub

st r at e s  are u se d ,  i s  l ow with amorphous c e l lu l o s e  and absent 

with s o l ub l e  der i vat ive s  ( Wood and McCrae , 1 9 7 9 ) . A separated 

endoglucan a s e  in a s ingle f i l t rate may o r  may not act synergis  
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t i c a l l y  or  e qu a l ly s ynergist i c a l l y  with the exoglucanase frac

t ion f rom t he s ame f i ltrate ( E r i k s s on ,  1 9 7 5 ;  Wood,  1 9 7 5 ) . The 

t wo ce l l ob i ohydrolase s  I and I I  f r om Tri choderma ree s e i  exhibit 

d i f fe rent subst r ate stereospec i f i c it ie s ,  e ach att a ck i ng one o f  

t he two di f f e rent non-reduc ing e n d  groups that m a y  be found in  

t he subst rate ( F ig . 1 - 6 ) . Removal of  ce l l obiose  un i t s  from one 

t ype of non-reducing chain end c o u ld e xpose,  on an adjacent 

chain , a n o n-reducing end of t he other t ype from whi ch the 

s e c ond stere o spe c i f i c  cel lobi ohydro lase would remove ce l l o 

b i o se . The s u c c e s s ive operat i on o f  e ach enzyme o n  t he adj acent 

chains  cou l d  then e xp l a in the obs e rved s ynerg i sm ( Wood,  1 9 7 5 ,  

1 9 8 0 )  . 

1 -3 -2-2 Hydrolysis mechanism 

The N-t e rminal sequence o f  an endoglucan a s e  ( EGI) of  

Sch i zo phyl l um c ommune ( Yaguchi et a l . ,  1 9 8 3 ) , f rom Glu-3 3 to  

Tyr-5 1 was homo l ogous with the act i ve-s ite  s equence of  hen egg

white lys o z yme inc luding the l y s o z yme c at a l yt i c  re s i dues  ( Glu-

3 5 ,  Asp-52 )  and the subst rate-b inding res idue , Asn-4 4 . Al s o ,  

t he sequenc e  o f  act i ve site r e g i on , res i dues Glu- 6 5  t o  Asp-7 4 

i n  an exoc e l lobi ohydrol as e  produ c e d  by Tri ch o derm a  reesei i s  

h omologous w i t h  the c atalyt i c  s e quence Glu- 1 1  t o  Asp-2 0 i n  the 

l ys o z yme produced by phage T4 ( P a ice et al . ,  1 9 8 4 ) . These 

s imi larit i e s  support the hypothe s i s  that c e l l u l a s e s  and 

l ys o z yme s ut i l i z e  a c ommon c at a l yt i c  mechanism ( F i g . 1-7 ) 

The hydr o l y s i s  o f  c e l l u l o s e  b y  bacterial  system s  i s  i l lu s 

t rated in F i g . 1-8 . The ce l l-a s s o c i ated high-mo l e c u l a r-we i ght 

e nt it y ,  the c e l lulos ome whi ch i s  a mu lt ienzyme c ompl e x ,  i s  

t hought t o  b e  respon s ible for a dhe rence o f  the bacteri um to  the 

s ubstrate , and the endoglucanase  and e xogludanase  in  the 

c e l lu l o s ome are  to  permit ext en s i ve hydrolys i s  ( Ho f sten and 

B e rg , 1 9 7 2 ;  Wood,  et al . ,  1 9 8 2 ;  Lamed et a I , 1 9 8 3 , 1 9 8 8 ) . 

Ce l l ob i o s e  and short chain o l i g o sacchar i des produced by the 

c e l lu l o s ome are met abol i z ed by P-gl uc o s i dases o r  c e l l obiose  
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Figure 1-6 Substrate stereospecificity of two exoglucanase 
(based on Wood, 1985) 
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pho sphory lase  in  the per ip l a smic  space and glu c o s e  o r  glucose

I -pho sphate enters intracel lu l a r  met abol i sm via an ATP 

dependent permease or  phosph o rylase  and hexokin a s e  ( He rnande z , 

1 9 8 2 ;  Ng and Z e i ku s , 1 9 8 2 ;  L amed and Z e i ku s ,  1 9 8 0 ) . 

1 -4 Genetic studies of cel lulase genes 

1-4-1  General concept o f  gene manipulation 

Gene man ipulat ion h a s  been de f ined as the f ormat i on o f  new 

c omb inat i on s  o f  heritab l e  mat erial  by t he insert i on of nuc l e i c  

a c i d  mo l e cu l e s ,  produced out s ide the cel l ,  i n t o  a n y  virus , 

bact e r i a l  p l a smid or other vect o r  s ystem and a l l owing the i r  

incorporat ion into a h o s t  organ i sm in  whi ch they d o  not 

nat u ra l l y  occur ,  but in  which they are c apab l e  of cont i nued 

propagat i on ( Ol d  and P r imro s e , 1 9 8 5 ) . Thi s  techno l ogy enables  

gene s t o  be t r ansfe rred between spec i e s  where there is  no natu

ral e xchange . 

C l oning o f  genes i nvol ve s  a number o f  b a s i c  procedures 

whi c h  are exemp l i fied s chemat i c a l ly by F i gure 1 - 9 . I n it i al l y ,  

t ot a l  c e l lu l a r  DNA i s  e xt racted from the host o rgani sm . The DNA 

i s  t hen t reated with a rest r i ct i on endonuclease  that c l e aves 

i t  at spec i f i c  s ites t o  g i ve f ragment s o f  d i f ferent s i z e s . 

The s e  c l e aved DNA fragment s are inserted int o a p l a smid or  

bact e r i ophage vector that wi l l  rep l i c at e  in  the host bacte r ium 

int o whi ch the des i red gene i s  t o  be c l oned . Thi s  c o l l ection 

o f  DNA f ragment s ins e rted i n  a vect o r  f o rm s  a " l ibrary " , 

i de a l l y  c ont a in ing in t o t a l  a complete genome . The " Library " 

o f  c e l l s  can be s c reened f o r  the gene o f  int e r e st by p l at ing 

c e l l s  on appropri at e  s e l e c t i ve medi a . 

Escheri ch i a  c o l i  i s  the mo st  c ommonl y  u s e� organ i sm for 

the bacterial  e xpre s s io n  of c l oned gene s , and the general  prin

c ipl e s  f o r  gene expre s s ion  i n  this o rgani sm wi l l  app ly when 

dea l ing with genes c l oned into  i t s  or iginal hos t . Synthe s i s  o f  

a funct i onal prot e in depends upon t rans cr ipt i on o f  the 
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approp r i at e  gene , t ranscript s t ab i l it y ,  e f f i cient t rans lat i onof  

the mRNA and p o st -t ran s l at ional  proce s s ing and co rrect 

c ompartme nt a l i z at i on or  ext r a c e l l uar s e c ret ion of the nascent 

pol ypept i de . Stab i l ity of  the fo reign prot e in in t he presence 

of the host bacterium' S prot e a s e s  may a l s o  become an import ant 

f a ct o r . B e c au s e  the genes o ft e n  res i de on a p l a smid,  plasmid 

stab i l i t y  i s  a l s o  a crit i ca l  factor . As suming the gene has 

a l ready been c l oned,  the de s i re d  l eve l of activity of the gene 

product c an be achieved by having the gene under the cont rol 

o f  an appr op r i ate promoter for RNA t ran s c r ipt ion . In many cases  

thi s may  be  t he o r i ginal promoter  pre sent on the gene . A higher 

synthe s i s  rate could put an exce s s ive demand on the ce l l  and 

l ead to a s l ower rate o f  growt h . 

I n s t ab i l ity o f  fore ign prot e ins c oded for b y  c l oned genes 

h a s  been obs e rved i n  E. col i ,  and the c e l lular l o c at i on of the 

prot e i n s  wa s shown t o  affect s t abi l i t y . Talmadge and Gi lbert 

( 1 9 8 2 )  mea s u red the hal f- l i fe o f  rat preproin s u l i n  mo lecules  

s ynthe s i ze d  in  E .  c o l i  and found it t o  be 2 min f o r  mo lecules 

in  the c y t op l a sm ,  but over 20  m i n  for those m o l e c u l e s  i n  the 

p e r iplasm . Variou s  st rategi e s  h ave been developed t o  reduce the 

i n s t ab i l it y  o f  foreign prot e i n s  c aused by prot e o l yt i c  degrada 

t i on i n  E .  c o l i  ( Carrier e t  a l . ,  1 9 8 3 ) , inc luding in-frame 

fus i on o f  the fore i gn gene with a host gene . T yp i c a l l y ,  the 

host  gene h a s  been modi fied u s i n g  the ent i re E .  c o l i l a cZ gene 

( It akura et a I ,  1 9 7 7 )  or  a s ma l l  f ragment of the l a cZ gene with 

c onvenient rest r i ct i on e n z yme s it e s  for c loning or 

t rans l at i on a l  fus i on i n  the c o rrect reading frame ( Guo et a I , 

1 9 8 4 ;  S t a rk ,  1 9 8 7 ) . Thi s  approach wou l d  requ i re s e l ect i on of  

a suitable promote r  t o  avo i d  ove rproduction o f  t he fu s i on 

p rote i n . Whether o r  not t he fused prot e in Pl?oduced act ive 

b i o l og i c a l  activity  depended o n  the c opy nJmbe r ,  corre ct 

r e ading frames and othe r phy s i o l ogical  factor s . 

The u s e  of  E .  c o l i mut ant s l acking the l on protease (the 

ma j or prot e a s e  for degradat i on o f  abnorma l prote i n s ) i s  another 
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a venue t o  redu c e  post -trans l at i on a l  degradat ion ( Ca r r ier et 

a l . ,  1 9 8 3 ) . S im on et al . ,  ( 1 9 8 3 )  have developed a st rategy 

b a s ed on the observat i on that during a T4  b ac t e r i ophage 

i n fect ion o f  E .  c ol i , turnove r o f  proteins  c ont inued,  but 

t here was a marked decrease in t he degradat i on o f  abnorma l 

protein s . They c l oned the T4 protease inhibit ion gene (pi n )  

r e spon s ib l e  f o r  reduced prot e o l y s i s  and inserted i t  i nto an 

e xpre s s ion  vect o r . They found t hat l ab i l e  eukary ot i c  proteins 

encoded by gen e s  c l oned in E .  c o l i were stabi l i zed in c e l l s  in 

whi ch the T4 p i n  gene was be ing s imultaneous ly e xp re s sed . 

P l a smids u sed a s  vectors f o r  fore ign genes usua l ly rep l i 

c at e  in t he cytop l asm independent ly o f  the chromosoma l 

r ep l ication c y c le . Each plasm i d  r ep l i cates on average once 

every ce l l  c y c l e . The number o f  p l as mid c op i e s  with i n  c e l l s  may 

d i ffer from s i x  to  e ight per chromo some for a l ow-c opy -number 

p l a smid to 50 per c hromosome for the high-copy -numbe r plasmid 

vector ,  whi ch i s  commonly used for c l oning experiment s ( Old and 

P rimrose , 1 9 8 5 ) , t o  1 0 0  or more per chromos ome f o r  sma l l  

p l a smids (Vi e r i a  a n d  Mes s ing,  1 9 8 2 ) . 

Rec ombinant p l asmids c ont a i n ing ins e rts  o f  foreign DNA 

o ften tend t o  be e l iminated o r  l ost dur ing the growth and 

d i vi s ion o f  m i croorgani sms . The s t able maintenance o f  a pl asmid 

i s  dependent upon t he host phenotyp e , the pl asmid phenotype and 

c opy numbe r ,  and on the envi r onmental c ondit ions  ( Ca r rier et 

a l . ,  1 9 8 3 ;  O l d  and P r imrose , 1 9 8 5 ) . Low-copy-numb e r  p l a smids 

h ave a l owe r probabi l ity of s e gregat ing equal l y  between 

d aughte r  c e l l s  ( Chruchward et a l . ,  1 9 8 3 ) . It h a s  a l s o  been 

reported t hat t he pre sence of a gene e xpre s s ing a heterologous 

prot e in i s  l i ab l e  to incre a s e  the inc idence O f  p l a smid- free 

c e l l s  ( Imanaka et a I , 1 9 8 0 ) . A c onvent ional approach t o  

maint enance o f  a recombinant p l a smid i s  t o  use  a s e lectable 

mechanism e . g .  res i stance t o  an ant ib i ot i c  (Old  and P r imro s e ,  

1 9 8 5 )  . 
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A techni que t hat a l s o  may be used t o  st ab i l i z e  p l asmid 

born genes to be expre s s ed in bacteria  i s  to have on the 

p l a sm i d  of intere s t , a gene that c ode s for a funct i on m i s s ing 

on the bacte r i a l  host chromos ome . F o r  e xample , i n se rt i ng a 

recomb inant p l a sm i d  with the pyrE gene i nto E .  c o l i  which 

enab l e s  the synthe s i s  of urac i l ,  the reby a l l owing t he c e l l to 

grow in a ura c i l -f ree medium . Another pos s ib i l ity would be to 

int roduce p l a smids c oding for bact e r i o c i n  produc t i on and 

immuni t y  int o thes e  strains . Thi s would have two advant age s ;  

i t  would enab l e  t he int roduced bacter i a  t o  c ompete with the 

indigeno us bact e r i a  in the environment , and cel l s  that l o s e  the 

p l a sm i d  and t he refore immun ity t o  the bacte r i o c in would be 

ki l led by the bacteriocin-produc ing c e l l s . 

Another t ype of vector s y s t em whi ch was oft en us ed i s  

lambda vect o r s . The ever increas ing use of bact e r i ophage l ambda 

as a c l o n ing vect o r  both for genom i c  and cDNA has led t o  the 

deve lopment of t echn i que s for t he manipulat i on of l ambdoid 

pha ge . The deve l opment of the phage Achromosome as  a recept or 

for f ragment s of  DNA was made by st aggering c ut s  within 

spe c if i c  DNA sequences ( t a rget s )  to produce di s c rete fragment s  

with short c ohe s i ve ends ( Hedgpeth et  a I ,  1 9 7 2 ;  Me rt z and 

Davi s ,  1 9 7 2 ; B i gge r et a I ,  1 9 7 3 )  s uch t hat the f ragment s of DNA 

could be spl i ced i nto t he s evered a rms of a A vector molecule . 

Two t ype s of vectors , inse rt i o n  and repl acement , have been 

const ructed . A A genome with s ome none s sent ial  DNA de leted,  but 

ret a i n ing a s ingle t arget for a re st r i ct i on e n z yme , i s  known 

a s  an insert i on vect o r ;  replacement vect ors are phage s that 

ret a i n  two t a rget s  f l anking a rep laceab le segment of DNA 

( Murra y ,  1 9 8 3 ) . 

The eff i c iency of c lon i ng be i ng s uff i ci ent l� h i gh t o  a l l ow 

the recovery of a c omplete l ibrary and rapid high dens it y  

s c reening t e chn i ques make l ambd a  vectors  a very c o nvenient 

system t o  use . Al s o  t he l yt i c  growth of l ambda rec ombi n ant s 

over c omes the problem of secret i on ,  thus maki ng s c reeni n g  of 
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the l ibrary e a s i e r . A l imitat i on o f  l ambda vect or systems i s  

t he maximum amount o f  fore i gn DNA that can b e  accommodated 

( approximately 2 3  kb ) and the di f f i cult y  o f  direct s equencing 

from these vect ors due to the di f f i culty of preparing l arge 

quant it i e s  of  DNA and handl i ng o f  l a rge number o f  s amples  

(Murra y ,  1 9 8 3 ) . I n  many cas e s , the  capaci t y  o f  i n s ert i on was 

not rea l ly cri t i ca l . The l arge s ca l e  preparat i on of DNA from 

a l a rge number o f  s amp l e s  was s o lved by a method de scribed by 

Man f i o letti  and S chne ider ( 1 9 8 8 ) . Thi s improvement a l l ows the 

use of l ambda vect o r  for general cl oning and direct ly t hrough 

t o  s e quencing without the nece s s it y  for l aborio us s ubcloning 

steps . 

1-4-2  Genetic manipulation in  cellulase genes 

The cl oning o f  ce l l ulase gene s ,  t he determinat i on o f  the ir 

nucl e ot ide sequen ce s ,  and the anal y s i s  o f  the amino acid 

sequence s  predict e d  from t he nucl e o t i de sequence s have led to 

a great ly incre as e d  understanding of s ome of the s e  import ant 

enz ymes (Aube rt , et a l  1 9 8 8 ) . S evera l ce l lul ase  genes  from 

di f ferent microorganism have been cl oned and studied . 

Over 2 0  apparent l y  di st inct DNA fragment s coding for 

ce l l ul a se have been cloned from C. thermoce l l um into E. coli . 

(Mi l let et a I , 1 9 8 5 ;  S chwarz et a I ,  1 9 8 5 ;  Romaniec et a I ,  

1 9 8 7 ) . The cl ones  cont a in ing the gene s  celA, cel B ,  cel C ,  celD 

and celE have been e xtens ive l y  characteri z ed and the DNA 

sequence s  of t he coding and control reg i ons determined (Beguin 

et a I , 1 9 8 5 ;  Grepi net and Beguin ,  1 9 8 6 ; Jol i ff et a I ,  1 9 8 6 ;  

Ha l l  et a I ,  1 9 8 8 ) . Al s o ,  the xylanase gene xynZ ( Grepinet et 

a I ,  1 9 8 8 )  and � - g l uco s i dase gene ( Kadam and Dem�i n ,  1 9 8 8 )  have 

bee n  cl oned, cha ra cteri zed and t he DNA s equende o f  xynZ was 

det e rmined . 

Supernat ant from cult ures o f  Ce o fimi cont a i ned up t o  1 0  

comp onent s with ce l lula s e  act ivity ( Langs ford et a I , 1 9 8 4 )  . The 
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c l on e s  c onta in ing the genes cenA , cenB , cenC and cex have been 

i denti fied and s e quenc ed (O ' Ne i l  et a I , 1 986 ; Wong et  a I , 1 98 6 ;  

Owolabi e t  a I ,  1 988; Moser e t  a I , 1 98 9 ) . 

Extracellua r  �-glucanases and x y l anase a re produced by 

many members of the genus Ba ci l l us (Pr i e st,  1 9 7 7 ) . Cellulase  

c l on in g  i n  thi s  genus has  had good p rogre s s . The endoglucanase 

and xylanase o f  B .  s ubt i l i s  have been c loned i n  E .  c o l i  o r  

o ther spe c i e s  o f  B a c i l l us (Nakamure e t  a I , 1 987 ; MacKay et  a I ,  

1 986 ; Robson and Chamb l i s s , 1 987 ; K o i de e t  a I ,  1 98 6 ; Hinchli f 

f e , 1 984 ; K i m  and Pack ,  1 988; Bern i e r  Jr . et  aI , 1 983 ) . Clon ing 

from a l ka lophili c B a c i l l us sp . has a l s o  been done (Fukumo r i  et 

a I ,  1 98 9 ;  Kim et a I , 1 987 ; Sharma et  a I , 1 987 ; Fukumori et  a I , 

1 986 ; S ashihara et  a I , 1 984 ) . Cloning wor k  from other cell u l o 

lyti c B a ci l l us s p . was achi eved (Pa rk and Pack, 1 98 6 ; Yang e t  

a I , 1 988; S andhu and Kennedy , 1 98 6 ;  P anbangred et  a I , 1 983 ; 

Y ang e t  a I , 1 98 9 ) 

The cellulas e  gene from F .  s u c c i n ogenes has been c loned 

(Taylor et a I ,  1 987 ; G ong et  a I ,  1 98 9 ;  S ipat et a I , 1 987 ; I rvin 

and Teather ,  1 988 ; McGavin et a I ,  1 98 9 ) . A xylanase gene f rom 

F .  rumi n i co l a  a l s o  has been c loned (Whi tehead and He spe ll,  

1 98 9 )  . 

C l on i ng stud i e s  of  cellulase  gen e s  f rom ruminoc o c c i  a l s o  

h ave given exciti ng re sults . The endoglucanase gen e ,  exoglucan

ase  gen e ,  xylanase  gen e  and �-gluco s i da s e  gene of  R. a lb u s  and 

R .  fl a ve fa c i en s  h ave been c loned (Roma n i e c  et a I , 1 98 9 ; H onda 

e t  a I ,  1 988; F l int  et a I , 1 989 ; Barros  and Thomson , 1 987 ; Ware 

e t  a I ,  1 98 9 ; Howar d  and Whi te ,  1 988; K awa i et a I , 1 987 ; Ohmiya 

et a I , 1 988; Huang et  a I , 1 98 9 ) . F rom the data of  our labo r a 

tory (Unpubli shed data ,  Asmundson ) ,  more th�n 1 5  prote i n  

c ompo nents have been f ound which pur i fy w i th c e l l u l a s e  a c tivi 

ty . Al s o  at lea s t  8 non-homol ogous c l ones  have been i denti f i e d  

(th i s  s tudy , Huang e t  a I ,  1 98 9 ) . 
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Other cellulas e  genes have been c loned from Pseudomon a s  

fl u orescen s ( Le j eune e t  aI , 1 9 8 6 ,  1 9 8 8 ;  G i lbert et a I , 1 9 8 7 ,  

1 9 8 8 ) ; yeast (Nebreda et a I ,  1 9 8 6 ;  Lec le rc et a I ,  1 9 8 6 ) ; 

Erwi n i a  chrys a n them i  ( Brestic -Goachet et  a I ,  1 9 8 9 ;  Boyer et a I , 

1 9 8 7 ; G i j segem et a I ,  1 9 8 5 ;  Kotou j an s ky et aI , 1 9 8 5 ;  Aymer i c  

et a I , 1 9 8 8 ) ; Cryp t o c o c c u s  a lbi dus (Mo r o s o li and Durand , 1 9 8 8 ) ; 

Th erm omon o spora fusca ( Hu and Wils on , 1 9 8 8 ;  L i n  and Wils o n ,  

1 9 8 8 ;  Ghangas and Wi lso n ,  1 9 8 8 ;  Collme r  and Wi ls o n ,  1 9 8 8 ) ; 

St rep t omyce s  sp . ( C oppolecchia et a I , 1 9 8 7 ;  Jaurin and 

Granstrom , 1 9 8 9 ;  Nak a i  et a I , 1 9 8 8 ) ; Ca l doce l l um s a cch a ro 

lyt i cum ( Love e t  a I ,  1 9 8 7 ) ; Agroba c t eri um sp . (Wakarchuk e t  a I ,  

1 9 8 8 )  and r ipe avoc ado f ruit ( Tucker e t  a I ,  1 9 8 7 ) . 

Several succe s s fu l  cloning studie s  o f  fungi , part i cularly 

T .  reesei ,  have been reported ( Chen et a I , 1 9 8 7 ;  S im et al 

1 9 8 8 ;  Tee r i  et aI , 1 9 8 3 ,  1 9 8 7 ;  Shoemaker et aI , 1 9 8 3 ;  Ars de ll 

et a I ,  1 9 8 7 ; Salohe imo et a I ,  1 9 8 8 ) . 

1 - 4 -3 Cellulase gene structure 

A gi ven microo rgan i sm wi ll produ ce a number o f  cellulas e s  

whi ch di ffer i n  ove ra ll amino a c i d  sequence but whi ch may share 

short conserved sequenc e s . Cellulases  can be grouped into fam

i li e s  on the bas i s  of these conserved s equences ( Table 1 - 3 ;  

Begu in ,  e t  a l  1 9 8 9 ;  Henri s sat et aI , 1 9 8 9 ) . The loc at i on o f  

conserved s equences within the enzymes o f  a f am i ly sugge sts 

that the family of gen e s  arose by region o r  domai n  shuffli ng . 

I n  b acter i a ,  the c on s e rved s equences o f  a particular enzyme 

f am i ly o c cu r  in more than one genus and the c onserved sequences  

occur  i n  both Gram -pos itive and Gram-negative genera . Such 

s e qu ence conservati on i mpli e s  an imp o rtant functi on for the 
I 

di f ferent e n z yme s . The s equences f o rm d i screte functi onal 

doma ins within the enzymes . 

The enzyme fam i ly o f  Cel l u l omon a s  fimi , whi ch include s  b oth 

an e ndoglucanase ( CenA) and an exoglucanase (Ce x )  , c onta i n  two 
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T a b l e  1 - 3  

F a m i l y 

A 

B 

c 

D 

F. 

F 

F a m i l i e s  o f  c e l l u l a s e s  

Org a n i sm 

Ce l l ul omon a s  fi mi 

Mi crob i spora b i spora 
Cl ost r i di um the rmoce l 1 um 

1'r i choderma ree se .! 

Pha n a e roch a e t e  ch ry s o sp o r i um 

C. t h e rmoce l l um 
C .  ceJ l ul ol yt i cum 

C. t h e rmoce l l um 
Pseudomo n a s  f l u o rescen s 
v a r .  c e l l u l o s a  

Erwi n i .  c h r ysa n t hemi 
Ce o !leia 

R. c!J c ysan l !wm l 
C. a c(y t olJU t y l l cllm 
Ba c l l  I llS sllb t i l l s  
a l k a l oph i l i c  Baci l l us s p .  

s t ra i n  N - 4  
s t r a i n  1 1 3 9  

From : Ong e t  a I , 1 98 9 .  

e x o g l u c a n a s e  a nd 
e nd o g l u ca n a se A 
e ndog l u c a n a se A 
x y l a n a s e  Z 
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ce l J o b i o h y d r o l a se I a n d  I I ,  
a nd e n d og l u c a n a s e  I a n d  I I I  
e n d o g l u c a n a s e  

e ndog l u c a n a se E 
e nd o g l u c a n a se A 

endog l u c a n a s e  D 
e n d o g l u c a n a se 

e n d oq l u c a n o1 se Y 
endoq l u c a n a se 

(� ndoq J u ca n a se Z 
endog 1 u c a f l ':l se 
e ndog l u c a n a se 

e n d o g l u c a n a se A a l l d  B 
e n d o g l u c a n a s e  F 

c o n s e rved s egment s :  ( 1 )  a s equence o f  about 1 0 0 amino a c ids ( at 

t he N - t e rminu s  ends o f  CenA but at the C - t e rminus ends o f  Cex )  

i s  5 0 %  con s e rved ,  and ( 2 )  a conse rved s e quence o f  2 0  amino 

a c i d s  c ont a i n ing on l y  prol ine and threon i n e ,  t he P ro -Thr box,  

whi c h  s eparates  the fo rme r conserved reg i on f rom the rest of  

the protein  ( F ig . 1 - 1 0 ) 

CenA and Cex f rom Ce o fimi bind t ight l y  t o  c e l lulose . 

Two ma j o r f ragments we re released from both CenA and Cex . One 

f ra gment has catalyt i c  a c t i vit y ,  but doe s n ot bind to c e l l u l 

o s e . The s econd, sma l l e r  f ragment binds t o  cellulos e ,  but i s  

c a t a l y t i c a l l y  inact ive . The s i t e  of c l e avage i n  both enzyme s 

i s  at the C -t e rminus o f  the P ro -Thr box . Therefore ,  the con

s e rved sequences  in  CenA and Cex const itute the ce l lu l o s e 

b inding domains  of the s e  enzyme s ( G i lkes  e t  a l , 1 9 8 8 )  

Another enz yme f ami ly inc ludes two endoglucana s e s ,  EGI  

and E G I I I ,  and two c e 1 1obi ohydro l a se s ,  CBHI and CmU I ,  from the 

fungus Tri cho de rma ree s e i  ( Knowl e s , et aI , 1 9 8 7 )  A 7 0 %  

c o n s e rved s equence o f  about 3 5  amino acids  occurs i n  a l l  four 
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enzymes ,  at the N-termin a l  ends o f  EGI I I  and CBH I I ,  but at the 

C-t erm i n i  o f  EG I and CBH I . In a ll four, this  c on s erved s equence 

i s  linked t o  t he remainder o f  the polypept i de by . a stretch of 

amino a c i ds ri ch i n  proli ne and hydroxyamino a c i ds ( Fig . 1 - 1 0 ;  

Teeri , e t  aI , 1 987 ) 

CBH I and CBH I I  o f  T .  reesei als o  bind t o  cellulose . 

P apa i n  c le ave s about 80 ami n o  acids from t he N-terminus o f  

CBH I I  and about 7 0  amino a c ids  from the C-te rminus  o f  CBH I . The 

truncat e d  prote ins ret ain  catalyt i c  act ivity but no longer b ind 

t o  cellulo se . Thus the conserved sequences in CBH I and CBH I I  

con st i tut e the cellulose-b inding domai n s  o f  t he s e  enzymes 

( Tomme et  a I ,  1 988 ) . The C-te rminal fragment rele as ed from CBH I 

s t i ll binds t o  cellulo s e , a s  doe s  a s ynthet i c  pept i de o f  36 

ami n o  aci ds  whi ch corresponds to the 7 0 %  conserved sequence at 

the C-te rminus o f  the enzyme ( John s on ,  et a I ,  1 98 9 ) . 

Cleavage o f  cellula s e s  appears t o  o ccur n aturally . The 

culture f i lt rate obt ained a fter growth o f  T .  ree s e i  on 

cellulo s e  contains  a cat a lyt i cally active form o f  EGI I I  which 

lac k s  the f i rs t  6 1  amin o  aci ds  at the N-term i nus  o f  the nat ive 

enzyme . Unlike  the nat ive enzyme , t he truncat ed form does not 

bind t o  cellulo s e  ( Stahlberg, et al 1 988) . The protease

suscept ible s it e  in the T .  reesei enzymes are in the proline 

and hydroxyamino acid ri ch s e quences connect ing t he conserved 

sequence s to t he cat alyt i c  domain s . 

From both cas e s , Cel l ul om on us and Tri choderma , a short 

sequen c e  o f  amino acids whi ch i s  ri ch i n  proli ne and hydroxy

amin o  a c ids i s  s ign i fican t ly m ore proteas e-susc ept ible than the 

bulk o f  t he prot e in . Small-angle X-ray scatter�ng shows t hat 

the T .  reesei CBH I  and CBH I  I and Ce . fim i  Ce�A enzyme s are 

t adpo le-shaped ,  whereas  t he c atalyt i c a lly act ive core s  produced 

by pro t e o lys i s  are e llipsoidal ( Schmuck et a I , 1 986 ; Teeri et 

aI , 1 98 7 ; Abu j a  et aI , 1 988, ; Ong et a I , 1 989 ) . The di stal 

end of t he ' ta i l' is  the CBD ( ce llulose b i nding doma in ) ,  the 
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F i gure 1 - 1 0  The o rga n i z at i on o f  fun c t i on a l  doma i n s  i n  t wo 
ce l l u l a s e  f ami l i e s  ( f rom : Ong e t  a i ,  1 9 8 9 )  

a C e n A  

MbCelA 1.:!0tEI 

y 

b CBH I I  �'--_________ -' 

* 

EG I I I  ffiII----------------� 

C B H  I 

EG I 

Th e organiza tion o f  functional domains in t wo cellulase fam ilies (a) t f le  C. f i m i  
(CenA a n d  Cex) and M .  bispora (MIJCeIA) cellulases; (b) the T.  reese i  
cellulases. D, ca talytic dom ain; .. proline - and h yuroxyamillo acid-rich 
linker region; � cellulose bin ding domain. v a n d  T are the primary sites of 
h ydrolysis by C. f lmi  protease and pap a in, respectively; 'indicates the amin o  
termin us of t h e  tru ncated form o f  EGIII fo und ill ClIlwre fil tra te. I n  both 
fa m ilies, a cellulose-binding dom ain is joined to a catalytic domain b y a 
sequence o f  amino acids which is proline- a n d  h y droxyamiflo a cid· ricl!, an d 
protease-suscep tible. 
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p roxima l end i s  the proline -hydroxyamino acid r i ch l inke r . A 

s equence s uch a s  a P r o-Thr box probably a s s umes a very e xtended 

con figurat i o n  withi n  a prot e i n  ( Radford, et a I , 1 98 9 ) . The 

presence o f  s uch t e rminal doma ins  in ce l l ul a s e s  f rom C .  

th ermocel l um a l so has been reported, s ugge st i n g  t hat these 

funct i ona l ly related enzyme s might have a s im i l a r  architecture 

( Henr i s sat et a I ,  1 98 9 ) . 

1-5 Aim o f  this study : 

Enz yme-product i on cos t s  r epres ent 4 0 - 6 0 %  o f  overal l 

co st s o f  proce s ses  designed t o  s a cchari f y  ce l lulo s i c  s ub strates 

and ferment t he product s ( Ryu and Mande l s ,  1 98 0 ) The poor 

e n z yme product ivi t y  of fungi , a result of the rel at i vely  

p r o l onged f erment at ion t ime s required, might be s o lved by 

i s o l at i on o f  new o rgani sms , mut ant s o f  exist ing speci e s  or  

cl oning the ce l l ula s e  genes i n  r apidl y  dividing bact e r i a  whi ch 

s ynthe s i z e  more e f f i ci ent ce l lu l a s e s  o r  exhibit enhanced en z yme 

p roduct iv it y . 

Othe r prospect s  o f  genet ic man ipulat i on o f  micro

o rgani sm s  for use in programme s a imed at improving b ioma s s  

conve rs i o n ,  f erment at i on resour ce o r  improvement i n  an imal 

phy s i o l ogy h a s  a l s o  led t o  interest in cl oning ce l l ul a s e  gene s . 

The r umen i s  among the mo st  abundant s ource o f  ce l lulolytic 

m i croorgan i sm s . Rumi n ococcus fl a vefa ci e ns ,  R .  a l b u s ,  B u tyri vi 

bri o fibri s o l ven s  and Ba c t e ro i de s  s u c ci n ogen e s  are the four 

m a j o r  ce l l ul o l yt i c  bacteria  found in the rumen ( B ry ant 1 9 7 3 )  . 

R umi n o c o c c u s  fl a ve fa ci en s  i s  one o f  the most import ant speci e s  

o f  rumen bact e r i a  and i s  capable o f  degrading p lknt ce l l  wal l s  

( Pett ipher a n d  Latham 1 9 7 9 ) . Al s o ,  R .  fl a vefa ci en s  degrades 

cryst a l l i ne cel l ulo s e  more e f f i ci ent l y  t han R .  a lb u s  ( Bryant 

1 9 7 3 )  . 

1 - 3 0  



CHAPTER 1 INTRODUCTION 

Rum i n o co ccus fl a ve fa c i en s  strain 186 , whi ch was 

i s o l ated from a bovine rumen i n  New Zealand, e xp re s sed a l l  

t hree types o f  ce l lu l ase a ct ivity  and showed e ffect ive 

ce l lulose  degradat i on . 

The a i m  o f  thi s study was  to  cl one , s e quence and 

character i z e  t he ce l lul ase gen e s  and gene product s  from 

R umin oc o c c u s  fl a ve fa ci en s  strain  1 8 6 ,  and i n  part i cul a r  a 9 kb 

cl one whi ch expre s s ed a l l  three t ypes of ce l lu l a s e  a ct ivit ie s  

a n d  showed e ffect ive ce l lulose  degradat i on . 
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2 - 1  Bacterial strains and vectors 

CHAPTER ? MAtERIALS AND METHOf)S 

B a c t e r i a  a n d  v e c t o r s  u s ed a r e  s u mm a r i z e d i n  Tab l e  2 - 1 . 

T a b l e  2 - 1 . B a c t e r i a l  s t r a i n s  a n d  v e c t o r s  

S t r a i n s  

Rumi n ococcus fl a vefa ci ens 

s t ra i n  1 8 6  

Escheri chi a  col i 

BHB2 6 0 0  
POP - 1 3 
']M I 0 9  

LE 3 9 2 

M B 4 0 6  

Q 3 5 8  

Q3 5 9  

Baci l l u s subt i l i s  

4 7 1 2  

Vect o r s  
I..N M1 1 4 9  

AGeml l 

p U C 1 9 

pGe m 3 - b l ue 

pOU 7 1  

pCK 1 7 

pBD 6 4  

Recomb i n a n t  c l ones 
I..CM 2 0 0 - se r i e s  
AC M 3 0 0 - se r i e s  
I..C M 4 0 0 - s e r i e s  
I..C M 9 0 0 - se r i e s  
I..CMEE- s e r i e s  
I..CMEll- s e r i e s  
I..CMllll- s e r i e s  
AdGCM- s e r i e s  

Genot ype or Phenot ype 

W i l d  t ype 

SUpE , SupF , hsdH, hsdM, r,-, m: 
supt:, lisdH, r.- , m: , P 2  

1 ecl A , hsdH , Supi': , endAl , gyr A ,  t il i ,  re l A  I ,  
I.. - , A ( 1 a c-pr oA , B )  , F '  t r a D , P r oA , 13 ,  1 a cl q",  

AM1 5 
F - ,  hsdR ( r" m, ) , supE , supF , 1 a eY ,  ga l K ,  
ga l T ,  me t B , t rpH , I..-

sl1pE , recB2 1 ,  recC22 , sbcB, h f l A ,  h tl B ,  

li sdR-

hsdR, - , hsdM.' , s upF . $ 8 0  r 

hrdR. -, hsdM. ' ,  supF, $ 8 0  r, P 2  

AroB2 , Trp2 Z ,  TyrA l ,  IJi sH 2  

I..b 3 5 8 ,  srI I..3 , i mm4 3 4 ,  srT /...4 , sh ndI I Il.. 6 

srI A S 

Amp' 

Amp' 

Amp' 

Cm'kmr 

Crn'km' 

2 kb ce l l u l a se gene i n s e r t s  

3 k b  c e l l u l a se gene i n s e r t s 

4 kb c e l l u l a se gene i n s e r t s 
9 k b  ce l l u l a s e  gene i n s e r t s 

EeoR T -EcoR T f ra gment o f  I..CM9 0 3  

EcoR I - Hi nd I I I  f r agme n t  o f  AC M 9 0 3  

Hi nd I I I - Hi nd I I I  fr agme n t  o f  /...C M 9 0 3  

de l e t i on s  o f  subc l on e s  

N Z DR I , N e w  Z e a l a n d  D a i ry R e s e a rch I n s t i t u t e  c u l t u re c o l l e c t i o n  

2 - 1  

Source o r  Re ference 

A smund s o n  and Ke l l y 1 9 8 7  

i l o l m  a n d  M u r ray 1 9 7 7  

Hobn a nd M u r r a y  1 9 "1 7  

Me s s i ng e t  a l .  1 9 8 1  

M u r r a y  1 9 7 7  

M u r r a y  1 9 7 7  

K a rn e t  a l . 1 9 8 0  

K a rn e t  a l . ] 9 8 0  

N Z IJRI 

M u r ray 1 9 8 3  

P r orneg a ,  USA 

C e l e s t e  e t  a l .  1 9 8 5  

P r omeg a ,  U S A  

La rsen e t  a l . 1 9 8 4  

G a s s o n  e t  a l .  1 9 8 6  

G c y c z a n  e t  a l .  1 9 8 0  

t h i s  s t u d y  

t h i s  s t ud y  
t h i s  s t ud y  
t h i s  s t u d y  

t h i s  s t u dy 

t h i s  s t ud y 
t h i s  s t ud y  

t h i s  s t udy 
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2 - 2  Media and growth conditions  

The Rumi n o c o c c u s  i so late wa s grown u s ing the medium s hown 

i n  Tab l e  2 - 2 with rubber s e a l ed test tubes  or  bot t l e s  unde r 1 0 0  

% CO2 a t  3 7  � ( Ke l ly  e t  a l . 1 9 8 7 ) . E .  c o l i was grown in  Lu r i a  

B roth ( LB )  ( 0 . 5  % w / v  NaCl , 0 . 5 % w/v y e a s t  extract and 1 . 0 % 

w / v  t r ypt one ) with 0 . 2  % ( w/ v )  ma l t o se and 2 0  mM MgS 04 at 3 7 ·C 

with s hak ing . When needed , LB medium was  s o lidified with 1 . 5 

% ( w / v )  aga r ( D avi s ,  Chr i s t church , New Zealand ) . Ove r lay agar 

c ont a ined 0 . 7 % agar i n  LB medium . Ba c i l l us subt i l i s  was  g r own 

i n  LB broth wit h  shak ing at 3 7  "C .  M 9  mediuHl ( Table 2 - 3 )  wa s 

p r epared for  subst rate spe c i f i c i t y  a s s a y  ( Man i at i s  et a 1 . 

1 9 8 2 )  . 

T a b l e  2 - 2 . Rumen f l u i d  c e l l o b i o s e  med i u m  f o e  cu l t u r e  o f  R um i n ococcus sp . 

N a ,CO, 0 . 4  9 

Trypt i ca s e  0 . 1  9 

Y e a s t  e x t ract 0 . 1  9 

Ce l l ob i o se 0 . 2  9 

( o r  cel l u l ose s o l ' n 2 0  m l ) 

* S a l  t A :  K,HPO, 0 . 6  

S a l t  B :  KH,PO, 0 . 6  

( N H , )  ,SO, 1 . 2 

N a C l  1 . 2  

MgSO, . 7 11,OO . 2 5  

C aC I , . 2 t1,OO . 1 6  

T a b l e  2 - 3 . M 9  m i n i ma l  m ed i um 

pe r l i t e r :  

A :  N a ,llPO, 

K H ,PO. 

NaCl 

N H . C l  

% w / v  

% w / v  

% w / v  

% w / v  

% w / v  

% w / v  

6 9 

3 9 

0 . 5  9 

1 9 

B :  

S a l t  A '  

S a l t  B ' 

R e s a z u c i n  

Rumen fl u i d  

D i s t i l l  w a t e r  

1 M MgSO, 

1 M CaCI , 

7 . 5  m l  

7 . 5  m l  

0 . 1  ml 

20 ml 

make u p  t o  1 0 0 ml 

2 m 1  

0 . 1  m l  

Ad j u s t  p H  o f  s o l u t i on A t o  7 , 4 ,  a u t ocl a v e ,  c o o l  and t h e n  a d d  so l u t i on B .  

2 -3 Enzymes and chemicals 

Re st r i ct ion e n z yme s ,  prote inase  K ,  RNas e  A,  T4 DNA l i ga s e  

and L ambda packaging e xt ract s w e r e  purchased from e ither 

Bethe sda Resea rch L abo rat ories  ( Ga ithe rsburg , Md, USA)  o r  

2 -2 
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P romega B i ot ech ( Madi son , W i s ,  U SA )  and used unde r the 

c ondit i on s  de scribed by the s uppl i e r s . Agarose , mut ano l y s i n ,  

c a rboxymethy l -�-c e l l u l o se ( CMC ) , 4 -methylumbe l l i fe ry l - �-D

c e l l ob i o s i de ( MUC ) , 4 -methy lumbe l l i f e ry l - � -D-glucos i de ( MUG ) , 

para-nit ropheny l - �-D-glucos i de ( pNPG ) , p a ra-nit ropheny l - �-D

c e l l ob i o s i de (pNPC ) , Avi c e l  ( P HI 0 l ) ,  l ichenan and other 

chemic a l s  were purcha sed from S igma Chem i c a l  C o . ( St . Lou i s ,  

Mo , USA) , BDH Chem i c a l s  Lt d . , ( Poole , UK ) and FMC Corporat i on 

( Ph i l ade lph i a ,  P a ,  USA) . 

2 - 4  Molecular biologi cal methods 

2 - 4 -1 Gel electrophoresis 

2-4-1-1  Agarose gel for DNA 

DNA wa s mixed with ge l - loading bu f f e r  ( 0 . 2 5 % bromophenol  

b l ue , 4 0  % sucrose  i n  H20 )  and  wa s ana l y z ed by  e lect rophore s i s  

o n  0 . 8  % t o  1 . 5  % hori z ontal agarose s l ab g e l s  u s ing TBE bu f fe r  

( 8 9  mM TRI S -borate ,  8 9  mM boric  a c i d ,  2 mM ethy l enedi amine-

t et raacetate ( EDTA ) , pH 8 . 0 ) . The ge l s  we re s t a ined with 0 . 5 

).1g/ml ethidium b romide and DNA was dete cted with a short 

wave length uv t ran s i l luminat o r . DNA f ra gment s o f  Lambda phage 

d i ge s t e d  with Hind I I I  were u s ed as  a mo l ecular  s i z e  standard . 

2 -4 -1-2  Polyacrylamide gel for protein 

Ten percent ge l s  with a d i s cont inuou s S D S  buf fe r  system gel 

i n  a c oo led vert i ca l  s l ab ge l apparatus was u s ed ( Hame s ,  D .  

1 9 8 2 ) . Re s olving ge l was prepared b y  adding 1 0  ml o f  a c ry l 

amide -b i sacrylamide stock  s o l ut i on ( 3 0 % : 0 . 8 % ,  w/v ) , 3 . 7 5 m l  o f  

3 . 0  M T r i s . HCl p H  8 . 8 ,  0 . 3  ml o f  1 0  % S D S , 1 . 5 ml o f  1 . 5 % 

ammo n i um persulphate ,  1 4 . 4 5 ml o f  wate r  and 0 . 0 1 5  ml o f  TEMED 

and deg a s s ing bef o re pouring i nt o  mounted glass  
'
p l at e s  ( 0 . 5  mm 

g ap ) . A ft e r  the r es ol ving ge l was set , s t acking ge l cont a in i ng 

2 . 5  ml o f  acrylam i de -b i s acry l amide s t o c k  s o lut i on , S ml o f  0 . 5 

M Tris . Hc l  Ph 6 . 8 ,  0 . 2 ml o f  1 0  % SDS , 1 . 0 ml o f  1 . 5 % ammon ium 

persulphat e ,  1 1 . 3  ml o f  wate r  and 0 . 0 1 5  ml of TEMED was mixed,  

2 - 3  
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degas sed and added t o  the t op o f  the g e l  with the c omb 

i n s e rted . Protein s ampl e  was mixed with ge l - l o ading bu f fe r  

( 0 . 0 6 2 5  M Tris . HC l  p H  6 . 8 , 2 % SDS , 5 %  2 -mercapt oethanol , 1 0  

% g l ycero l and 0 . 0 0 2  % b r omophen o l  blue ) and boi led for  2 min 

or l e ft unbo i led be f o re l oading into ge l . The runn ing c ondi t i on 

was s et a s  constant voltage at 1 0 0 V unt i l  the dye front 

r ea ched t he end of the ge l . 

Three o f  the st a i n i ng and b l ott i ng proce dure s u se d  were a s  

f o l l ows : 

( 1 )  Cooma s s ie blue  R2 5 0  staining :  D i s s o lve Coomas s ie b lue 

R2 5 0  ( 0 . 1 % )  in wat e r : methano l : g l ac i a l  a cet i c  acid  ( 5 : 5 : 2 by 

v o l ume ) and f i lter t hrough a Whatman No . 1  f i lter  paper t o  

r emove a n y  i n s o lubl e  mat e r i a l  before u s e . Each gel w a s  p l aced 

i n  a p l a s t i c  t ray f i l l e d  with stain s o l ut i o n  and l e ft for  at 

l ea s t  4 h r  at room t emperature . After s t a i n ing was c omp l et e ,  

e x ce s s  s t a i n  was r emoved, the ge l w a s  t rans ferred to  the 

de s t a in s o lut i on ( 1 2 . 5  % i sopropan o l ,  1 0  % acet i c  a c i d )  and the 

destain  s ol ut i on was s impl y  renewed a s  s t a i n  leached out o f  the 

g e l  over a per i od o f  about 2 4  hr at room tempe rature with 

gent l e  r o ck ing . 

( 2 )  S i lver st a i n i ng : B i o -Rad S i lver Stain  k i t  was u sed 

a c c o rding t o  instruct i on s  suppl i ed by the c ompany . The s o l ut i on 

w a s  a dded in the fol lowing order (per ge l ) : Fixat i o n  solut i on 

( 4 0 %  methan o l ,  1 0  % acet i c  ac i d  ( v/v » , 2 0 0  ml , 3 0  min ; ( 1 0 %  

ethano l ,  5 %  acet i c  a c i d  (v/v » , 2 0 0  m l , 1 5  min i ( 1 0 %  ethano l ,  

5 %  acet i c  acid  ( v / v » , 2 0 0  ml , 1 5  m i n i Oxidi z e r  (pot a s s ium 

d i chromat and nit r i c  a c id . s t o re at 4 °C ) , 1 0 0  ml , 5 mini  

D e i on i z e d  wat e r ,  2 0 0  m l , 5 min i De i on i z e d  water " 2 0 0  ml , 5 min;  
\ 

S i l ve r  r eagent ( s i lver n itrat e ,  st ore a t  4 � ) , 1 0 0  ml , 2 0  min;  

D e i on i z e d  water ,  2 0 0  ml , 1 min ; Deve l oper ( s odium carbonate and 

p a r a - formal dehyde , s t o r e  at 4 °C ) , 1 0 0  m l , unt i l  b rown pre c ip i 

t at e  app e ared; Stop s ol ut i on ( 5 %  acet i c  a c i d  ( v/v » , 2 0 0  ml , 

5 min . 
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( 3 )  Zymogram st a i n i ng :  The probing ge l was prepared by 

d i s so lving 1 . 5 %  (w/v)  o f  agar i n  PC buf fe r  ( 5 0  mM K2H P04 , 1 2  mM 

c i  t r i c  acid ,  pH 6 . 0 ) c ontaining 0 . 5% CMC , MUC o r  MUG and 

pouring int o the same s i ze g l a s s  p l at e  a s s embl y  ( 1 . 5  mm thic k )  . 

Aft e r  t he e lect rophore s i s  gel was part i a l ly dried ( 3 7  � for 1 5  

m i n ) , t he probing ge l was  put o n  the t op and wrapped with 

p l a st i c  membrane . The s andwich was gent ly pre s sed with a ro l le r  

t o  p revent bubbles  remai n ing between t h e  two ge l s . Then the 

s andw i ch was incubate d  at 30 QC for 1 hr ( CMCa s e )  or 2 min 

( MUCa s e  and MUGase ) . The probing gel wa s removed and sta ined 

with the Congo red method ( CMCas e )  or  immediat e l y  detected 

u s ing  f luorescence under UV l ight (MUCa s e  o r  MUGase ) . 

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

S ix percent po lyacryl amide ge l s  were u s e d  for sequenc i ng . 

The ge l was  prepared by mixing 5 0  g o f  urea , 1 5 . 8  ml 4 0  % 

a c ry l amide -bi s ac rylam i de ( 3 8  g a c ry l amide and 2 g b i s acrylamide 

t o  1 0 0  ml H20) , 1 0  ml o f  1 0  x sequencing bu ffer ( 1 . 3 5 M T r i s  

b a s e , 2 5  mM EDTA and 4 5 0  mM b o r i c  a c i d )  a n d  making t o  1 0 0  ml 

with  H20 . Afte r  vacuum degass ing , 1 . 2 ml 5 % ammon i um pe r

s u lphate and 15 �l TEMED we re added ,  m i x e d  we l l  gent ly and 

poured int o a s s embled g l a s s  plat e s  ( BRL mode l S 2 )  with the f l at 

e dge o f  the sharkt ooth c omb inserted i n  p o s it i on . Afte r  the gel 

wa s set , t he c omb was removed and rein s e rted with the shark 

t o ot h  just  i nsert ing the gel by 1 -2 mm . 

2 - 4- 1 - 4  Preparation and assembly of gla s s  plates 

T o  prevent format i on of bubbl e s  when pour ing the ge l ,  the 

p l at e s  wer e  c l e aned thoroughly with a scoure r ,  wStshed we l l ,  and 
\ 

w iped with ethanol .  The i n s ide o f  the t op p l ate was s i l i coni sed 

with  S i gmacote ,  and the p l ates wer e  wiped and pol i shed dry with 

p ape r t owe l s . After check ing that the p l a t e s  were spot l e s s l y  

c l ean , the spacers were p l aced o n  the s ide s o f  the b a c k  p l at e  

and t h e  t op p l ate wa s p l aced on t op o f  the b a c k  p l at e . The 
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p l at e s  were wrapped with " S l e e k "  t ape ensur ing no gap s . The 

s i des  wer e  t hen c l amped and a l i n e  was drawn from the t op o f  

the t op plate a s  a gui de f o r  the c omb . 

2 -4 -2 P reparation of DNA 

2 - 4 - 2 -1 Chromosomal DNA 

R umi n o c o c c u s  cel l s  wer e  culture d  and lysed b y  Mut anolysin  

t re atment (Asmunds on and Kel ly ,  1 9 8 7 )  as  de s c r ibed below . R .  

fl a ve fa c i en s  s t rain 1 8 6  wa s cultured i n  1 2 0 0  ml o f  rumen fluid 

c el l ob i o s e  broth des cr i bed above . Ce l l s  were harvested by 

c ent r i fugat i on at 1 0 , 0 0 0  rpm for  2 0  min . Aft er washing twice 

wit h  TP7 bu f fe r  ( 1 0  mM K 2HP04 , 0 . 1  % T r it on X - 1 0 0 ,  pH 7 . 0 ) , the 

ce l l s  were resuspended i n  1 0  ml o f  1 0  mM K2HP04 and 1 . 2 ml 

Mut ano l y s in ( 5 0 0 0  U/ml ) , 6 0 0  �l prot e i nase K ( 5  mg /ml ) and 3 0 0  

�l  RNa s e  A ( 5  mg/ml ) adde d . The mixture was incubate d  a t  5 5 °C 

f o r  5 min , then diluted with 5 0  ml o f  1 0  mM K2HP04 , pH 7 . 0  

c ont a i ning 2 5  mM EDTA t o  c omplete l y s i s . The vo lume o f  mixture 

wa s measured and 1 . 0 2 8  x V grams o f  C s C I  and 0 . 1 1  x V o f  5 

mg/ml ethidium bromide s ol ut i on adde d . Afte r  the CsCl  had 

di s s o l ved,  the c e l l  deb r i s were removed by cent ri fugat ion at 

1 5 , 0 0 0  rpm f o r  1 5  min . The preparat i on was spun in an u ltra

c ent r i fuge ( VT i 5 0  rot o r ,  Beckman , USA)  f o r  1 8  hr at 2 5  "C . The 

DNA band was harvested and the ethidium bromide was removed by 

ext r a ct i on with CsCI s at urated i s opropan o l . C s C I  was removed 

by d i a l yz ing four t imes against 1 0 0 0  ml TE buf fe r  ( 1 0  mM 

T ri s . HC I , 1 mM EDTA,  pH 8 . 0 ) . The DNA was e xt racted with 

phen o l , phen o l -chloroform and chloroform and was precipitated 

wit h  2 . 5  x V of cold ethan o l . Fin a l l y ,  The preci p i t ated DNA was 

washed with 7 0  % ethan o l ,  dried under vacuum and di s s ol ved in 

1 ml o f  di s t i l led wate r  (Asmundson and Kel l y  1 � 8 7 )  . 
\ 

2 - 4 - 2 -2 Phage DNA 

The ANM1 1 4 9  vect o r  DNA was i s o lated by a method modi fied 

f r om Mani at i s  et a l . ( 1 9 8 2 ) . The phage was c oncentrated by 
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p o l yethylene glycol  6 0 0 0  prec ipit at i on and d i a l y z e d  against SM 

buf f e r  ( 0 . 1  M NaC I ,  1 0  mM MgS04 , 1 0  mM TRI S -C I , 0 . 1  % gelat i ne ,  

pH 7 . 4 ) . The c oncent rat e d  phage s o lut i on was l ysed b y  1 % 

sodium dodecyl  su lphate i n  TE buffer and inc ubate d  at 8 0 °C for 

1 0  min . After  pheno l -chlo r o f o rm ext ract i on ,  the vect or DNA was 

pre c ip i t ated with cold ethanol , dried and resuspended i n  TE 

bu f f e r  c ont a i n ing 5 0  �g /ml o f  RNa s e  A .  

AGem- serial  phage DNA wa s i s o l ated by the method modi f ied 

from Man f io l et t i  and S chne ider ( 1 9 8 8 ) . 

( 1 )  DE52  exchanger prepa ration : The we i ghed i on e xchanger 

wa s s t i r red into 1 5  vo lume o f  0 . 5 N HCl and l e ft for at least 

3 0  min . After f i lter ing o f f  the supernat ant l iquo r  in a funne l 

and washing with H20 unt i l  e f fl uent reached pH 4 o r  above , 

another 1 5  vo l ume s o f  0 . 5 N NaOH were added and s t i rred for a 

further 3 0  min . The s lurry was washed with dist i l le d  water  in 

a funnel unt i l  the l t e red e f fluent wa s near neut ra l ,  0 . 8  

vol ume o f  TE bu ffer ( pH 8 . 0 ) c ont ai n i ng 0 . 0 1 % s odium a z i de was 

added and the s l urry st ored at 4 °c . Before u s ing in phage 

c le a r i n g  step s , the t reated i on exchanger wa s washed in LB 

broth twi ce and resuspended in 0 . 4  volume o f  LB . 

( 2 )  Phage lysate prepa ration : Semi con f l uent l ys i s  p l ates 

wer e  p repared by adding phage int o bacter i a  s o ft agar p l ates 

with a mu l t ip l e  of infect i on ( M . O . I ) at 0 . 5 .  Aft e r  about 5 hr 

incubat i on at 3 7 � ,  5 ml per plat e  of SM buf fer were added and 

gent l y  shaken in a plat form shaker overni ght i n  a c o l d  room 

( 4  � ) . The s upernatant was c o l lected after cent ri fugat i on at 

5 0 0 0  x g for 1 0  min . T o  1 0  ml o f  phage l y s at e ,  ge l at ine was 

added t o  a final  concent rat i on of 5 0  �g/ml . An e qual  volume of 
\ 

DE5 2  was  added and the mixture was shaken b y  inverting the tube 

f o r  1 0  min  at room temperat u re . The DE52 r e s i n  was spun down 

and t he s upernat ant was f i ltered t hrough g l a s s  f i bre . The phage 

lysate  was then ready f o r  DNA extract i on .  
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( 3 )  DNA ext ract ion : One ml o f  c le ared phage l y s at e  was 

t rans ferred int o  1 . 5 ml Eppendo rf tube and a f i n a l  concent ra

t i o n  of 2 0  mM EDTA and 50 �g/ml prot e inase  K was added . Aft er 

i ncubat i on at 4 5  � for 1 5  min ,  2 0  �l o f  cet y l -t r imethyl 

ammoni um b r omide ( CTAB ) f rom st ock s o l ut i on ( 5  % CTAB i n  0 . 5 

M NaCl ) was added and further  i ncubated at 6 8 ·C f o r  3 min . The 

pel l et was c o l l e cted with c entri fugat i on at 8 0 0 0  x g for  1 0  

min , and resuspended i n  0 . 2  ml o f  1 . 2 M NaCl . The DNA was then 

pre c ip i t at e d  with 2 . 5 x V of ethanol  and di s s ol ve d  in H20 . 

2 -4 -2-3 Plasmid DNA 

Vec t o r  DNA from pUC1 9 ,  pOU7 l ,  pGem3-blue and pCK 1 7  were 

prepared by the method mod i f ied from Mon s t e i n  and Ge i j er 

( 1 9 8 6 ) . Bacte r i a l  stra i n s  c arrying vect ors  were cu ltured 

ove rn i ght i n  1 0 0  ml LB b roth with ant ibiot i c s  at 37 "C . The 

c e l l s  were c ent r i fuged at 5 0 0 0  x g for  1 0  min and resuspended 

in 1 0  ml TELT bu ffer  ( 5 0  mM T r i s . HCl  pH 7 . 5 ,  6 2 . 5  mM EDTA, 0 . 4  

% Triton X - 1 0 0 and 2 . 5  M L i Cl ) . Afte r  adding 1 m l  o f  freshly 

prepared l y s ozyme ( 1 0  mg/ml in H20 ) , t he c e l l s  were heated in 

b o i l ing wate r  for 2 min and immedi at e l y  c ent r i fuged at 1 0 , 0 0 0  

x g f o r  3 0  min a t  room temperature . The s upernatant wa s mixed 

with an  e qu a l  vo lume of i s opropanol . The pe l l et , c o l lected by 

centri fugat i on at 1 0 , 0 0 0  x g at 4 °C for  1 0  min , was di s s olved 

i n  4 0 0  �l TE  bu f fe r . The s o lut i on wa s l o aded in a S ephadex G-5 0 

c o l umn , p repared by equ i l ibrat i on with TE buf f e r  in a 1 ml 

s y r inge , and spun down at 2 0 0 0  x g f o r  1 0  min . The e luent wa s 

t rans f erred to  a new ster i l e  Eppendor f  tube . Ten �l  o f  RNase 

A ( 2 0  �g / � l ) was added and the tube was i ncubat e d  at 3 7  �C for 

30  min . S D S  and prote ina s e  K were added t o  a f i n a l  c oncent ra

t i on o f  0 . 5 % and 1 mg/ml , respect ive l y ,  and the mixture was 

incubate d  a t  3 7  � for a further 1 h r . Afte r  pheho l -chloro form 

ext ract i on ,  the DNA was p re c ip i tated with 2 . 5 x V ethanol  at 

- 2 0  � f o r  3 hr , dried under vacuum and re suspended in H20 . 

Vec t o r  pBD 6 4  DNA was prepared by the method o f  Hardy 
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( 1 9 8 5 ) . The culture was grown i n  1 . 5 ml LB broth t o  O . D ' 600 o f  

about 1 . 0 .  ( I de a l l y  the culture shou l d  b e  in the l o garithmic 

phase of  growth . )  The cells  wer e  harve sted by cent r i fuging for  

1 min i n  a mic rocent ri fuge tube . Afte r  resu spending the pe l l et 

i n  1 0 0  � l  o f  s o l ut i on I ( 5 0  mM Gluc o s e ,  1 0  mM EDTA,  2 5  mM 

T r i s . HC l  pH 8 . 0 )  c onta ining 2 mg/ ml l y s o z yme , the m i xture was 

l e ft on i ce for 1 5  min . Then 2 0 0  �l o f  s olut i on I I  ( 0 . 2  M NaOH , 

1 %  w/v S D S )  was a dded and the s o lut i on l e ft on i c e  for  5 min . 

Another 1 5 0  � l  o f  s olut ion I I I  ( 3M s odium acetate pH 4 . 8 ) wa s 

a dded t o  the mixture which was vortexed and l e ft f o r  1 hr on 

i ce . Aft e r  cent r i fuging for 5 min at 4 °c at fu l l  speed in a 

m i c rocent r i fuge , the s upe rnat ant was remove d  into a fresh tube , 

1 ml o f  ethanol  was  added and it  wa s l e ft at - 7 0  C f o r  1 0  min . 

The mixture was centri fuge again , the supernat ant was c are fully  

removed and the p e l l et was  resuspended in 1 0 0  � l  of  s o lut i on 

IV ( 0 . 1  M s o dium a cetate , 5 0  mM Tri s . HCl pH 8 . 0 ) . 2 5 0  �l o f  

ethanol was  added t o  prec ipitate  the DNA and t h e  m i xture was 

centri fuged for a further 1 0  min at 4 C in a microcent r i fuge . 

The pe l l et was wa shed with 4 0 0  � l  o f  ethanol  and c e nt r i fuged 

f o r  2 m i n  at 4 DC in a microcent r i fuge . The pe l let was dri ed in 

a des i c c at o r  and then resuspended in 3 0  �l  of TE bu f fe r . 

2 - 4 -3 Extraction of DNA from agarose gel 

2 -4 -3-1  E1ectroelution method 

The d i a l y s i s  tubing was prepared according t o  t he method 

o f  Man i at i s  et a l  1 9 8 2 . The di a l y s i s  tubing was cut into 1 5  cm 

l engths and b o i l e d  in a large vo lume o f  2 %  ( w/ v )  N aHC03 and 1 

mM Na2EDTA for  1 0  min . The t ub ing was rinsed thoroughly in 

d i s t i l l e d  water , submerged i n  d i st i l l ed wate r  and autocl aved 

f o r  1 0  min at 1 5  lb ( 7 2  kPa )  pres sure . Afte r  c o o l ing , the 

t ub ing was  s tored at 4 � .  

DNA f ragment s were e l e ct roel uted by cutt i ng out the band 

from a ga r o s e  gel , t ransferring t he ge l i nt o  a dialy s i s  bag with 

as l it t l e  TE buf f e r  as  pos s ib l e  and t he DNA was run out of the 
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g e l  with a n  e le ct r i c  f i e l d  o f  1 0 0  V ( 5  V / cm )  for 1 hr f o l l owed 

b y  f i e ld reversal  f o r  2 min . The DNA s o l ut i on was c a re fu l l y 

c o l lected,  and pur i f i e d  by ext ra ct ing twi c e  with phen o l -chloro

f o rm and t hen precipitat e d  with ethano l .  

2-4-3-2 DEAE membrane binding method 

The g e l  was s l i ce d  i n  front o f  the requ i red band and a 

p i e c e  o f  NA4 5 membrane ( S chle i che r and S chue l l ) , whi ch was j u st 

l arge enough t o  fit , was placed int o the s l it . Aft e r  runn ing 

t he gel  at 1 0 0  rnA unt i l  the band has c omp l e t e ly st acked up on 

the membrane,  the membrane was c a re fu l l y  removed, r i n s ed in TE 

b u f f e r  ( pH 8 . 0 ) and placed int o an Eppendor f  t ube with 0 . 4 ml 

o f  1 M NaCl and 0 . 0 5 M arginine ( free base ) . The tube was 

i ncubated at 7 0 °C f o r  as l ong a s  nece s s ary  to e l ut e  the DNA . 

One hour was usua l l y  s u f f i c ient for fragment s around one to t wo 

kb . After  e lut ion,  the membrane was removed and ethan o l  was 

u se d  to prec ipitate DNA as usual . The p e l l et was resuspended 

i n  water and was then ready f o r  use . 

2 -4 -4 Restriction digestion 

Enzyme dige s t i on was  carried out with t ype I I  re strict i on 

endonuc l e a s e s . One vo l ume o f  1 0  x res t r i ct i on e n z yme buf fe r  

w a s  mixed with e i ght vo l ume o f  DNA ( about 1 �g ) i n  H20 . Another 

one volume of rest r i ct i on enz yme ( 1  U )  was  added i nt o  the 

m i xture and incubate d  at 3 7 °C or the opt ima l temperature f o r  

r e st r i ct io n  enzyme react i on for  1 hr . O n e  t e nth o f  the vo l ume 

was l oaded i nto agarose  g e l  to che c k  f o r  react ion c omplet i on . 

When s at i s f i ed o f  c omplet i on ,  the react i on m i xture was heated 

at 65 � f o r  1 0  min . EcoRI , BamH I , Hind I I I ,  Xhol , Sma I ,  CI a I ,  
\ 

P s t I ,  Kpn I ,  Sa I l  and B gI I I  were the rest r i ct i on e n z yme s used . 

The c ondi t i on s  used were tho s e  s pe c i f i e d  b y  the s uppl i e r . 
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2 - 4 -4 -1 Dephosphorylation of DNA 

The method u sed f o r  depho sphory l at i o n  was de s c r ibed by 

Man i at i s  et a l . ( 1 9 8 2 ) . Aft e r  completed dige s t i on with rest r i c 

t i o n  e n z yme , t h e  DNA wa s extracted once w i t h  phenol -chlo roform 

and p re c ipit ated with e thanol . The pe l l e t  was di s s o l ved in  a 

min imum vol ume o f  1 0  mM T r i s . HC l  pH 8 . 0  ( usually  5 �l ) . One 

vol ume of 1 0  x C l P  buf fe r  ( 0 . 5  M T ri s . HC l  pH 9 . 0 , 1 0  mM MgC l 2 ,  

1 m M  ZnCl2 , and 1 0  mM spermidine ) wa s added t o  nine volume o f  

H20 .  Two addi t i on s  o f  c a l f  inte s t i na l  a l k a l ine pho sphata s e  

( C l P , 0 . 0 1  U p e r  1 pmo l e  o f  5 '  ends o f  DNA) were made , one 

i n i t i a l l y  and again at 3 0  min . The react i o n  wa s st opped by 

adding 4 0  �l o f  H20 , 1 0  �l  1 0  x S TE buf fe r  ( 1 0 0 Mm T r i s . Hc l  Ph 

8 . 0 ,  1 M NaC l and 1 0  mM EDTA) and 5 �l  of 1 0  % SDS and heat ing 

at 6 8 "C for 1 5  min . The react i on mixture was ext racted twice 

with  phenol - ch l oro form and pas sed through a spun c o l umn of  

Sephadex G-5 0 equ i l ibrated in TE . The DNA wa s prec ipitated with 

ethan o l  and di s s olved in H20 . 

2 - 4 -5 Construction o f  recombinant phage l ibrary 

The chromos omal DNA o f  R .  fl a ve fa ci en s  1 8 6  was part ia l ly 

digested with EcoRl and s eparated on a 0 . 8  % preparat ive gel . 

DNA f ragment s o f  2 - 1 0  kb were e lect roe luted and the DNA 

s o l ut io n  was carefu l l y  c o l l ected . The DNA was  pur i fied with two 

phe n o l - chlo r oform ext ract i ons and precip it ated with ethano l . 

The i s ol ated DNA fragment s we re l i gated t o  EcoR l digested 

vec t o r  ANM1 1 4 9  DNA . One vo lume of 1 0  x l igat i on buf fe r  ( 0 . 6 6 

M T r i s . HC l  pH 7 . 5 ,  5 0  mM MgCl2 1 5 0  mM dithi othre i t o l  and 1 0  mM 

ATP ) wa s added into n i ne volume o f  DNA s olut i on . One unit o f  

T 4  DNA l igase  per �g DNA was then added . The react i on mixture 
I 

was a l l owe d  t o  react at 4 ·C overnight . The l igated DNA was 

packaged into l ambda packaging extract a ccording t o  the 

condit i ons o f  the s uppl i e r . Up t o  5 �g o f  DNA in 1 0  �l  was 

added t o  thawed packaging e xt ract . Afte r  i n cubat ion at 2 2  DC for 

2 h ou r ,  0 . 5  ml o f  SM bu f fe r  and 25  � l  of  chloroform we re added 
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and mixed wel l . The packaged l ambda DNA was trans fected into 

E. coli host POP- 1 3  and ampli fied by harve s ting the lys ate and 

rein fection into the s ame host ( Maniat i s  et aI , 1 9 8 2 ) . 

2-4-6 S c reen ing o f  recomb inant for cel lul a s e  activit i e s  

The Congo red dye method was used to s c reen for CMCase 

( endogluc anas e )  activity ( Te ather and wood 1 9 8 2 ) .  Plaques of 

recombinant phages on a LB plate were overlaid with soft agar 

c ontaining 0 . 5  % CMC in PC buffer ( 5 0 mM K2P04 , 1 2  mM c itric 

acid , pH 6 . 5 ) .  After incubation at 3 7 °C until the plaque 

appeared ( usually 5 - 8  hr ) ,  the p late was f looded with 0 . 5  % 

Congo red solution ( 0 . 5  % w/v Congo red in water ) and left to 

stain for 1 5  min . The s tained plate was then washed with 1 M 

NaC l . 

The method of methylumbelliferone method ( f luorescent 

method ) was used for screening of MUCase and MUGase activit ies 

( exoglucanase and �-glucos idase , respectively ) .  The genomic 

library in  lambda was di luted , preinfected on POP- 1 3  and plated 

onto LB plate containing 0 . 1 % of MUC or MUG . The plate was 

incubated at 3 7 ° C unti l  p l aques were formed and the f luor

e s cence immediately detected under long-wave UV light in the 

dark . 

2-4-7 Hybrid i z at ion 

The DNA of ACM9 0 3  ( a  9 kb c lone described later ) right-hand 

s ide ( ACMEH 1 , encoding CMCase ) and left-h and s ide ( ACMEH2 , 

encoding MUCase ) were prepared as probe s . Hybridi z ations were 

carried out u s ing Chemiprobe ( Organic Ltd , Yavne , I s rael ) ,  a 

kit system f or non-radioactive tagging o f  DNA probes and 

vi s ua l i z ation of the tagged probes after hybridizations . The 

kit was used according to the instructions of the suppl ier as 

des c r ibed below .  
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2 -4 - 7 - 1  Denatured salmon sperm DNA 

DNA wa s di s s o lved in H20 at a concentrat i on o f  1 0  mg /ml and 

she ared by pa s s i ng it s eve ral t ime s through an 1 8  gauge 

hypode rmi c  needle . The DNA wa s b o i led for 1 0  min and chi l led 

on i c e  qu i c k l y . Thi s  DNA c o u l d  be stored at - 2 0  Pc for 1 year . 

Befo re u s i ng the DNA for hyb r i d i z at i on , the DNA wa s heated for 

5 min in a boi l ing wate r  bath and then chi l l e d  immediately on 

i c e . 

2-4-7-2  Preparation of probe 

DNA wa s di luted in di st i l l ed H20 t o  a f i n a l  c oncent rat i on 

o f  5 �g/ml . The DNA was denatured by boi l ing for 5 min and then 

chi l le d  qu ickly  on ice . 0 . 5  vo lume o f  Mod i fied s olut ion A 

(ba s i c a l l y  s odium b i su l f i t e )  and 0 . 1 2 5  vo lume o f  Modi fied 

s o lut i o n  B (bas i ca l l y  methylhydroxy l amine ) were added to  DNA 

s o l ut i on and the mixture was i ncubated ove rn i ght at 2 S o C . The 

mod i f i e d  DNA probe c ou l d  be s t ored at - 2 0  � for up t o  1 year . 

2-4-7-3  Dot hybridization 

DNA wa s b o i led for 5 min and immediat e l y  chi l l ed on ice . 

Aft e r  d i luting the DNA i n  1 0  x S S C  ( 1 . 5  M NaC l ,  0 . 1 5 M S odium 

c i t r at e )  and spott ing ont o a n i t roce l l u l o s e  membrane , the 

membrane was baked at 8 0  C f o r  2 hr under vacuum . The membrane 

was then p rehybridi z ed with 1 0 0  �g/ml o f  denatured salmon spe rm 

DNA i n  6 x S S C ,  0 . 1  % SDS  and 5 x Denhardt ' s  s o lut i on ( 1  % 

F i c o l l  4 0 0 ,  1 % p o l yvinylpyro l idone ( MW : 3 6 0 , 0 0 0 ) , and 1 % BSA) 

for 2 hr . The s ame solut i on as used for prehybridi zat ion was 

used f o r  hybridi z at ion with denatured modi f i e d  probe and 
\ 

hybr i d i z at ion was carried out ove rn i ght at 6 8 PC .  The membrane 

was then washed u s ing a washing procedure a s  f o l l ows : ( 1 )  2 

X S S C ,  0 . 1  % SDS  at room t emperature for S min . ( 2 )  2 x s s e ,  
0 . 1  % S D S  a t  6 8  C f o r  3 0  min . ( 3 )  0 . 1  x SSC , 0 . 1  % SDS a t  room 

t emperature f o r  5 min . 
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2-4-7-4  Immunol ogical visualization 

P reparat i on o f  b l o cking s o l u t i on by adding 3 g o f  powdered 

mi l k  to 1 0  ml o f  d i l uent ( 2 5 mM NaCl , 5 0  mM T ri s . HC I  pH 7 . 5 , 

1 mM EDTA,  and 0 . 3 % Tween 2 0 )  and mixed wel l  unt i l  c ompletely 

di s s o lve d . The hybridi zed membrane was t rans fer red to a plastic  

bag and 50  � l  of  b l o cking s olut i on pe r e ach cm
2 of  membrane was 

adde d . The bag was sealed and incubated for 1 hr at 2 5 °C with 

gent l y  agitat io n . With a final  di lut i on of 1 : 2 5 0 , the mouse 

mon o c l on a l  ant ibodie s  ( ant imodi fied DNA)  was added and the 

membrane wa s incubated for anothe r  1 hr at 2 5 °C with gent le 

shaking . The membrane was washed three t ime s for  5 min with 

washing s o lution ( 0 . 5  M NaCI and 0 . 5 % Bri j 3 S T ) , and t rans

ferred to  another bag . The a lka l ine phosphat a s e  ant imouse  

immunogl obu l in con j ugate s o lut i on di luted 1 : 2 5 0  with b l ocking 

s o lut i o n  wa s added . Afte r  i ncubat i on at 2 5 °C f o r  1 hr with 

shaking,  the membrane was washed three t imes for 1 0  min e ach 

in  0 . 5 M NaCl and 0 . 3  % Bri j 3 5 T . A freshly prepared subst rate 

s o l ut i on ( 1 . 5  mg nitro  blue  tetraz o l ium, 1 3 . 5  mg gluco s e , 0 . 2 

mg 5 -b romo - 4 -ch l o r o - 3 - indo lylphosphate in  1 0 0  mM T r i s . HC I ,  pH 

9 . 5 , 1 0 0  mM NaCI and 5 mM MgC I 2 )  was then a dded and the 

membrane incubated at 3 7  "c f o r  3 0  min t o  3 hr under dim 

l i ght i n g  unt i l  a b lue c o l o r ,  indi cating hybridi z at i on ,  

appeared . The membrane was then placed between t wo sheets  o f  

3MM paper t o  dry out . 

2 - 4 -8 Subcloning of inse rt fragment 

2-4-8-1  Transformation 

( 1 )  C ompetent c e l l  prepa rat ion : A s i ng l e  c o l on y  o f JM1 0 9  

was inocu l ated int o 5 ml P s i  broth ( 5  g yeast , ext ract , 2 0  g 
( 

t rypt on e , 4 g MgS04 , 0 . 7 5 g KCl and KOH adjust to pH 7 . 6 ) and 

inc ubated at 3 7 °C with shaking unt i l  A600= 0 . 3 .  To 1 0 0  ml of p s i  

broth , 1 ml o f  JM1 0 9  culture w a s  added and shaking cont i nued 

at 3 7  °c unt i l  A600= 0 . 5 .  The c e l l s  we re c h i l led  in  an  ice-water 

bath for 1 5  min and cent r i fuged at 5 0 0 0  x g for  5 min at 4 °C .  
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The pe l le t  was  resuspended i n  3 0  ml chi l le d  T f � l  buffer  ( 3 0  mM 

KOAc , 5 0  mM MnClz ,  1 0 0  mM RbCI ,  1 0  mM CaCl 2 and 1 5  % glycero l 

( st o re d  a t  0 °C » and left i n  the  ice-wate r  bath f o r  a further 

1 5  min . The c e l l s  were cent r i fuged agai n  at 2 5 0 0  x g for 5 min 

at 4 � . The c ompetent cel l s  we re gent l y  resuspended into 4 ml 

of chi l le d  T f�2 bu ffer ( 1 0  mM NaMOP S ( s odium s a lt of 3 -N

morpho l inopanesu l fonic acid )  pH 7 . 0 , 75 mM CaC I 2 ,  1 0  roM RbC I ,  

and 1 5 %  g l y c e ro l , ( st o red at 0 ° C » . The competent c e l l s  were 

then t rans ferre d  into a thin-walled g l a s s  t ube ( 0 . 2  ml per 

t ube ) and s t o red at -7 0 °C f o r  up to 3 month without decrease 

i n  e ff i c iency  (Man i at i s ,  1 9 8 2 ) . 

( 2 )  T r a n s fo rmat i on : Up t o  5 0  ng o f  DNA in 1 0  II I  wa s added 

t o  0 . 2 ml t hawed c ompetent c e l l s  and t he mixture was l e ft on 

an i ce -wate r  bath for 2 0  m i n . After heat ing at 4 2 ° C  for 2 min ,  

the competent c e l l s  were imme d i ately chil led o n  i ce -wat e r  for 

2 min . Four  vol ume s o f  psi  broth we re added and the ce l l s  

i ncubat e d  at 37 ¢C with gent l e  shaking f o r  1 hr . The tran s for

mant was p ou red ont o a LB p l a t e  with LB s o ft agar c ontain ing 

ant ibi ot i c s . 

2 -4 -8-2 Bacillus transfor.mation (protoplast transfor.mation)  

A f e w  c o l on i e s  from a f r e s h  plat e  o f  t h e  strain  w a s  inocu

l at ed to  5 0  ml of  LB b roth and g rown with vigorous aerat i on t o  

a n  O . D . 6oo o f  0 . 4 .  The cel l s  wer e  cent r i fuged f o r  1 0  m i n  a t  5 0 0 0  

r . p . m .  i n  the S orva l l  GSA r ot o r . The c e l l s  were resuspended in 

5 ml  of S MMLBP bu ffer ( 0 . 5  M s u c rose , 2 0  mM s o dium maleate , 2 0  

mM MgC I 2 ,  pH 6 . 5 , 1 0  g t rypt o n e ,  5 g yeast  extract , 5 g NaC I ,  

4 0  g p o l yvinylpyrol idone ) and 2 6 0  II I  o f  2 0  mg/ m l  lysozyme 

( freshly  p r epared in SMMLB and f i lter-steri l i sed)  were added . 

During i n cubat i on at 3 7  DC ,  s amp l e s  were t aken ai i nt erva l s  and 

examined by pha s e -contrast m i crosc opy to check how many 

protopl a s t s  had been forme d . When 9 9 %  or more of t he cel l s  had 

been c onverted to protopl a st s ,  1 -5 Ilg of DNA di s s olved in 1 0  

III o f  TE and 1 . 5 ml o f  4 0 %  ( w/v )  polyethyl en e  glycol were 
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adde d . The m i xture was mixed gent l y  and l e ft for 2 min  at room 

t emperat u re . F ive ml  o f  SMMLBP were added, mixed gent l y  and 

cent ri fuged at 3 0 0 0  r . p . m .  f o r  1 0  min in  the S o rval S S - 3 4  

rot o r . The protop l a s t s  were resuspended i n  1 m l  SMMLBP and 

incubated at 3 7 °C for 9 0  min with gent l e  shaking . An aliquot 

( 0 . 1  ml ) was spread ont o prot opl a s t  regenerat i on medium, ( DMP ) 

c omposed o f  0 . 3 M d i sodium succ i nate , 8 % (w/v )  po lyvinyl 

pyr o l idone ( MW=4 0 , 0 0 0 )  pH 7 . 3 ; 1 % ( w/ v )  aga r ,  0 . 5 % ( w i  v )  

c a s amino a c i ds , 0 . 5 % ( w/v)  y e a s t  ext ract ; 1 1  mM KH2P 04 , 2 0  mM 

K2HP04 i 0 . 5 % ( w/ v )  gluc ose ; 2 0  mM MgC l2  ( aut oclaved separately 

and then mixed t ogether )  and cont a i ning the appropriate 

ant ibiot i c s  ( 1  mg Iml Kanamyc i n ,  5 llg Iml chlorampheni c o l  (Hardy , 

1 9 8 5 » . 

2-4 -8-3 Transfection 

A c o l ony f rom a fresh culture ( LE3 9 2 ,  MB4 0 6 ,  Q 3 5 8  or  Q35 9 )  

was inoculated into 2 ml LB broth and i ncubated with shaking 

at 3 7 DC f o r  about 2 - 3 hr (A6oo= 0 . 6 ) . The culture wa s chil led in 

an  i ce -wate r  bath for 15 min ,  and the ce l l s  we re then 

centri fuged at 5 0 0 0  x g for 5 m i n  at 4 °C . Aft er resuspending 

in 1 ml o f  CMT s o lut i on ( 5 0  mM C aC I 2 ,  1 0  mM MgS04 , and 5 0  Ilg/ml 

o f  thymidine , freshly prepared and kept at -2 0 °C for 5 min 

be f o re u s e ) , the c e l l s  were l e ft in the i ce -wate r  bath for a 

further 5 min and centr i fuged again . The c ompetent c e l l s  were 

gent ly resuspended in 1 5 0  III of CMTT buffer ( CMT s o l ut ion + 0 . 1  

M T r i s . HC I  pH 8 . 0 )  c ont aining 1 0 0  ng/ml o f  phage DNA o r  l igated 

rec ombinant DNA and t rans ferre d  i nt o  a thin-wal l e d  g l a s s  tube 

in an i ce -water bath . The m i xture was kept for 4 5  min in the 

i ce -wate r  bath,  t hen heated at 4 2  � for  2 min . The e nt i re heat 

shock t reated mixture was immedi ately p l ated onto a LB plate 

with LB s o ft agar . \ 

2 - 4 - 9  DNA deletion 

DNA de let i on for preparat i on o f  sequenc i n g  and gene 
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l o c at ion was  c arried out by a commercial  package , E r a s e-a-Base 

( P r omega , USA) . DNA ( 5  �g ) wa s digested with EcoRI or Hi nd I I I  

and then e xt r a cted once with phenol -chlorof orm , prec ipit ated 

with ethanol  and resuspended in 1 x Klenow bu f fe r  ( 2 0  mM Tri s 

HCI pH 8 . 0 , 1 0 0  mM MgCI 2 ) . A mixture o f  4 0  �M a -pho spho

rothioate dNTP , 1 mM DTT ( dithiothre i t o l ) and K l enow DNA 

pol ymerase  t o  5 0  U /ml was added and incubated at 3 7 °C for 1 0  

min . The react i on was heated at 7 0 ·C f o r  1 0  min t o  i nact ivate 

the Klenow DNA po l ymerase .  Then t he DNA was extracted again 

wi th phen o l -chloroform ,  precipitat ed wi th ethanol and suspended 

in  H20 . The second rest rict i on e n z yme dige s t i on ( Hi nd I I I  or 

EcoR I ) was then pe rformed . Aft e r  dige st ion ,  phen o l -chl oroform 

e xt ract i on and prec ipitat ion , the DNA was d i s s o l ved in  6 0  �l  

of  1 x Exo I I I  bu f fe r  ( 6 6  mM T r i s . HC I  pH 8 . 0 ,  0 . 6 6 mM MgCI 2 ) .  

Meanwh i l e  2 5  smal l t ubes with 7 . S �l  o f  S 1  mix s o lut i on ( 1 7 2  

� l  H20,  2 7  � l  7 . 4 x S 1  bu f fer ( 0 . 3  M pot a s s ium acet at e pH 4 . 6 , 

2 . 5 M NaC I , 1 0  mM ZnS04 and 5 0 %  glycero l ) and 6 0  U S 1  nuc lease ) 

each  were prepared and l e ft on i ce . The DNA tube was  warmed to  

3 7 °C in a wate r  bath . There was a 3 0  sec  lag for the react ion 

t o  begin . After adding 1 5 0  U o f  Exo l I l  and mixing a s  rapidly 

a s  po s s ib l e ,  2 . 5 � l  s amples were removed at 30 sec interva l s  

int o the S I  tubes o n  i c e ,  pipett in g  up and down bri e f l y  t o  mix . 

Whe n  a l l  s amp l e s  had been t aken , tub e s  were p l a ce d  at room 

t emperature for  3 0  min . One � l  o f  S 1  s t op buffer ( 0 . 3  M T r i s  

b as e ,  O . O SM EDTA)  w a s  added a n d  t ubes were heated a t  7 0 ° C  for 

1 0  min to inact ivate the S1 nuc lease . To  determine the extent 

of digest i o n ,  2 �l ( about 4 0  ng DNA) s amp l e s  were removed f rom 

each  t ime po int for  anal y s i s  on an agarose ge l . When s at i s f ied 

with the DNA lengths achieved ,  the t ime point t ubes were 

t r a n s fer t o  3 7  � ,  and 1 �l Klenow mix ( 3 0  �l 1 x K l enow buf fe r ,  

3 U Klenow DNA po l ymerase )  w a s  added t o  e a c h  and incubated at 

3 7  QC for 3 min . Then 1 � l  of t he dNTP mix  was adde d  and further 

incubated f o r  5 min at 3 7 � .  The react ion  mixture was moved t o  

room tempe rature a n d  4 0  � l  l igase m i x  8 9 0  �l H20 , 1 0 0  � l  1 0  x 

l igase bu f fe r  ( 5 0 0  mM Tris  . HC I  pH 7 . 6 , 1 0 0  mM MgC I2 , 1 0  mM 

ATP ) , 1 0  � l  1 0 0  mM DTT and 5 U T 4  DNA l igase ) was a dded t o  each 
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samp le ,  mi xed we l l  and l e ft t o  l igate at 4 °c ove rn i ght . The 

l i gated DNA was then ready f o r  t r an s fect i on . 

2 - 4 - 1 0  DNA s equencing analysis  

Two Ilg  of  the l ambda DNA was used for each sequencing 

react i on s . The DNA was mixed with 1 0 0  ng of o l igonucl eotide 

primer ( SP 6  o r  T7 , Promega ) i n  a final  volume o f  1 0  III o f  

wat e r . The s ampl e  wa s boi led f o r  4 min and t hen s nap frozen in 

dry i c e /ethano l . The s ample was then l e ft to def r o s t  on ice . 

I n  a separate t ube , a lways on i c e , the ind i c ated vol ume s o f  

reagent s f r om the S equena s e  K i t  ( Tabor and Ri chards on , 

1 9 8 7 )  (USB,  C l e avel and,  Ohi o ,  U SA)  were added in the f o l l owing 

o rder : 2 Jl l  DTT ( 0 . 1  M) , 0 . 5  Jll  35 S-a-dATP ( sp . act . > 1 0 0 0  

C i / mmole ( DuPont » , 0 . 7  II I  o f  the d i luted Sequena s e  l abe l l ing 

mix ( 1 . 5  JlM dNTP- dATP ) ,  2 Jl l  o f  sequencing buf f e r  ( 2 0 0  mM 

T ri s . HCl  pH 7 . 5 ,  1 0 0  mM MgCl2  and 2 5 0  mM NaCl ) and f i n a l l y  2 . 5  

Jll  o f  di luted Sequenase ( 1 : 8  d i l ut i on o f  the stock enzyme in 

TE buffe r ) . This mixture was t hen t rans fe rred i n t o  the tube 

containing the lambda DNA and primer ,  t reated a s  above . The 

react i on was incubated at room t emperature for 5 min . Aft er 

thi s  t ime 4 Jll were removed and a dded to 2 Jll of e a ch termina

t io n  mix ( 8 0 JlM dNTP , 8 11M o f  the re levant ddNTP , and 5 0  mM 

NaCl ) whi c h  wa s prewarmed at 3 7 °C for  one min . The react ion was 

stopped a f t e r  2 - 3  min by adding 4 Jll o f  Stop s o lut i on ( 5 0  % 

f o rmami de , 2 0  mM EDTA, 0 . 0 5 % b romopheno l -blue and 0 . 0 5 % 

xyl ene-cyan o l )  . Aft e r  heat ing at 9 0 °C for  3 min , 2 Jl l  o f  each 

react i on were l o aded on a sequenc ing gel . 

2 - 4 -10-1  Assembly and analys i s  o f  sequence data 

C ompi l at io n  o f  t he sequenc ing dat a ,  anJl y s i s  o f  the 

comp i led s e quence t o  determine O RF ' s and c omparison o f  s equence 

data t o  the known cel lulase  genes  was performed u s ing the 

p rograms ava i l ab l e  through the Un i ve r s i t y  o f  Winscon s in 

Genet i c s  C omputer Group ( UWGC G )  sequence anal y s i s  s o ftware 
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pack age i n s t a l led on a Vax 7 S 0  c omputer ( Devereux et a l . 1 9 8 4 ) . 

2 -5 Biochemical methods 

2 - 5 - 1  Partial purification of cellulase enzymes 

2 - 5 - 1 -1 P reparation of crude enzyme extract 

To part i a l l y  pur i fy t he c e l l u l a s e ,  the recomb i n ant phage 

l y s ate was mixed with an equal  vol ume o f  pebble-mi l led paper 

( PMP ) s o lut i on ( O . S  % pebble-m i l l e d  Whatman No . 1  f i l t e r  paper 

in water ) on i c e  wate r  for 1 0  min . The PMP was harvested by 

cent r i fugat i on at 4 °C and resu spended i n  1 / 4  original  vo lume 

o f  H20 . The s o lut i o n  was incubated at 4 2  qc for 3 0  min with 

shaking and then was cent rifuged again for 2 min at 4 0 °C .  The 

supernatant containing c e l lu l a s e  prote i n  was withdrawn and 

c o ncent rated by fre e z e -drying . 

2-5-1-2 Gel filtration chromatography 

Ge l f i lt rat i on chromatography was c arried out o n  a series  

of  B i o -Gel P p o lyacrylamide ge l s : P - 2 ,  P - 6 ,  P - 6 0 , P - 1 0 0  and P -

3 0 0 . The c o l umn s i z e s  cho sen were 3 . 8  c m  I . D .  x 2 5  c m ,  3 . 8  cm 

I . D .  x 6 0  cm and 2 . S  cm I . D .  x 7 5  cm . The beads were prepared 

by rehydrating in water with s t i rring overn ight , u s ing at least 

22 ml o f  l i qu i d  for each gram o f  dry gel . The buff e r  chosen was 

water . The water u sed was pur i f i ed by a Mill ipore Mi l l i -Q 

s y s t em whi ch i ncluded an Organe x -Q c art r idge and a 0 . 22 �m 

f i l t rat i o n  step (Mi l l ipore C o rp . ) . The c hromat ography system 

wa s c ompo s e d  o f  a LKB perist a l t i c  pump ( 1 2 0 0 0  var i operpex ) ,  an 

I SC O  model UA- S mon i t or and r e c order and a G i l s o n  micro frac

t i onator . C rude enzyme preparat i on s  ( 1 0  ml ) were e l uted through 

P - series  c o lumns with wate r . Fract i on s  ( 1  ,ml / t ube ) were 

c o l lected and a s s ayed for protein and enz�me act ivity . 

F r act i on s  with c e l lulase act i vi t ie s  we re freez e -dried to  

c o ncent ra t e  the prote ins . 
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2-5-2  Biochemical assay of cel lulase activities 

2-5-2-1  Assay of endoglucanase activity 

2-5-2 - 1 - 1  Preparation of CMC substrate 

To prevent c ont aminat i on by sma l l  sugar (monome r s  and 

o l igomers ) ,  c a rb oxylmethylce l l u l o s e  was pur i f i ed as f o l l ows : 

ten percent CMC ( w/v) i n  water was mixed wel l  with two volumes 

of ethano l ,  and l e ft standing for 3 0  min . After cent r i fuging 

at 5 0 0 0  rpm f o r  1 0  min ,  the pe l let was dried under vacuum . A 

2 %  ( w/ v )  pur i fi e d  CMC in  water was t ubed, aut o c l aved and stored 

at 4 "C . 

Endoglucanase  act ivity was analyzed by mea s u ring the 

r e l ease o f  redu c ing sugar us ing the p -hydroxyben z o i c  acid 

hydra z i de ( HBAH ) method ( Ko z i o l  1 9 8 1 )  . The s ample wa s added to  

1 % CMC s o lut i on in P C  buffer pH 6 . 5  and incubated at 3 0 °C for  

3 h our . One volume o f  mixture was  added t o  t wo vo lume s of  HBAH 

rea gent ( 1  % w / v  o f  HBAH di s s o l ve d  in  1 0 0  mM HCl , 5 0  mM 

Na3 c i t rat e ,  1 0 0  mM Na2S03 ' and 1 . 5  M NaOH ) . The react i o n  mixture 

was boi led f o r  5 min o r  cooked with ful l -powered mi c rowave for 

2 0  sec ond then immediate ly cooled i n  an i c e-water bath . A4 l0 was 

mea sured by spectrophotomete r  wi thin one hour and reduc ing 

sugar determined from a st andard curve . 

2 -5-2-2  Assay o f  exoglucanase and P-glucosidase activities 

Exoglucanas e  act ivity and P-glu c o s idase act ivity were 

det ected qua l it at ive l y  by s c o r i ng for f l uorescence under UV 

l i ght o r  quant i t at ivel y  either u s ing an Aminco spe c t r o fluorome

t e r  ( SPF- 5 0 0  Aminc o , MA ,  USA) ( Mi l l e t  et al . 1 9 8 5 )  or by 

measuring the release  of p-nit r opheno l f rom pNPC or pNPG,  

r espect ive l y  ( Ohmiya  et a l . 1 9 8 5 ) . One f i fth vdl ume of  s ample 

was a dded i n t o  four f i fth vol ume o f  0 . 1  % MUC o r  MUG in  PC 

buffer pH 6 . 5 .  Aft e r  incubat ion  for 1 5  min at 3 0 °C , the 

f l uorescence was read with emi s s i on set at 4 5 0  nm and 

excitat i on set at 3 7 0  nm . Another method was performed by 
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adding 1 0  mM pNPC o r  pNPG t o  s amp l e  and incubat ing f o r  3 hour 

at 3 0 ·C . Abs o rbance was read immediately at A4 10 • One un it ( U )  

o f  act ivity was  de fined a s  that re l e a s ing 1 �mol o f  glucose 

equ i va l ent of redu c ing suga r ,  1 �mol of p-nit ropheno l  or 1 �mol 

methylumbel l i feron e  per minute per  mi l l igram o f  prot e i n . 

2-5-2-3 Protein concentration 

P rote in c o n cent rat ion was mea su re d  by the Cooma s s ie blue 

b inding a s say ( Se dmak and Gros sberg 1 9 7 7 )  us ing bovine serum 

a lbumin a s  st andar d . Equal vo lumes o f  s amp l e  o r  seria l  d i l uted 

sampl e  and 0 . 0 6 % Cooma s s i e  blue G - 2 5 0  in  3 % perc h l or i c  acid 

(twice  f i ltere d  with Whatman No . 1  f i l t e r )  wa s mixed t o gether 

and immediate l y  read by spect rophot omet er at A64o ' 

2-5-2-4 Substrate specificity a s say 

Act ivity against 1 % CMC , 1 % l i c henan , 1 % ce l l ob i o s e  and 

1 % xylan wa s t ested by mea suring reduc ing sugar as des c r ibed 

abo ve us ing appropriate st andard . The a s s ay for degra dat ion o f  

Avi c e l  ( PH 1 0 l )  and PMP were tested a s  fol l ows . Afte r  pre infec 

t i o n  at 3 7 °C , the phage - i n fected bacteria s o lut i o n  was added 

into M9 medium ( T able 2 - 3 )  c ont a in in g  0 . 1  % Avicel o r  0 . 5  % PMP 

a s  s o l e  carb ohydrate and incubated at 3 7  °c for 1 wee k . One 

vo l ume of mixture was withdrawn , cent r i fuged and the 

supernatant was t rans ferred t o  another tube . Two vol umes o f  

HEAH reagent were then added t o  t h e  s upernatant and t h e  release 

o f  redu c ing sugar mea sured as  de s c ribed above . 

2 -5-2-5 Inhibit ion and activation assay 

I P a rt i a l l y  puri f i ed endoglucanas e ,  e xoglucanas e  and �-

glucosidase  were a s sayed for the i r  opt imal pH , temperature and 

f o r  inhibit ion by surfactants and other i nhibitors . The opt imal 

pH was det e rm i ned by mixing 1 �g o f  part i a l l y  pur i f ie d  enzyme 

with 1 ml o f  P C  buffer ove r a r ange o f  pH ( 4 . 0 - 7 . 2 ) . The 
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opt imal t emperature was a s s ayed with the s ame c ondit i on s  as  

above at tempe ratures from 1 5 ° C - 45  °e . S o lut ions of  glucose , 

ce l l ob i o s e ,  S D S ,  T r it on X- 1 0 0 ,  Tween 8 0 ,  i odoacetat e ,  EDTA and 

EGTA we re mixed with enzyme to determine the i r  e f fect on its  

act i vit y .  

2-5-3  Cellular localization o f  enzymes in E .  coli 

The pGem3-blue ( CMC+ ) t rans formant s we re cultured in LB 

broth c ont aining 5 0  �g/ml ampi c i l l in f or 3 h at 3 7 ° C  and were 

harve sted by cent r i fugat i on at 5 , 0 0 0  x g for 1 0  min . The 

sup e rnat ant s were mixed with 0 . 5 % PMP s o lut i on a s  des c ribed 

above and the part i a l ly puri f i e d  cellulase prot e in was 

obt a ined . Int race l lular  protein wa s rel ea sed based on the 

met hod of Ame s  et a l . ( 1 9 8 4 ) . Aft e r  cent r i fugat ion , the pel let 

was resuspended in 1 / 1 0 0  vo lume of chloro f o rm ,  vortexed we l l  

and l e ft at room t empe rature f o r  a further 1 5  min . One t enth 

init i a l  vo lume o f  t he 0 . 0 1 M pho sphat e buf fe r  pH 6 . 0  was  added 

and cent ri fuged again at 5 , 0 0 0  x g for 2 0  min . The protein 

re l eased in s upernat ant was from the perip l a smic space o f  the 

ce l l .  The pe l let was ext racted with pheno l - chloroform once and 

the aqueous l ay e r  was harvested a s  the samp l e  of intrace l lu l ar 

prote in . 
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CHAPTER 3 GENOMIC LIBRARY 

Fol l o wing the deve lopment o f  methods for  c l on i n g  foreign 

DNA i nt o  p l a sm ids , researche r s  began t o  i nvest igate means o f  

preparing gene banks  repre s ent at ive of  the ent ire genomic DNA 

o f  b oth p r okaryot e s  and eukaryot e s . P l asmid vect o r s  have the 

theo ret i c a l  c apac i t y  to accommodate fragment s o f  unl imited 

s i z e ,  but the t rans format i on e f f i c i ency of plasmids  c ontain ing 

greater than 1 0  kb of insert DNA is so low that t he i r  use in 

c o n s t ruct i n g  genom i c  l ibrar i e s  i s  not pract i cal . 

Lambda vectors were constructed t o  ove rcome t h i s  problem, 

be i ng abl e  to incorporate up to 2 0  kb of in sert DNA i nt o  the 

region non-e s s ent i a l  for rep l i c at ion and infect i o n . An addi

t i onal advant age o f  c l on ing l arger insert s  i s  t he ease o f  

ident i f i cat i o n  o f  o verlapp ing f ragment s f rom t he o r i ginal 

genome , as we l l  as the i so l at i o n  o f  intact gene s and operons . 

Two e x amples  o f  l ambda vectors  are AL4 7 and ANM1 1 4 9 . AL4 7  

i s  a rep l acement ve ctor whi ch i s  ab le t o  insert up t o  1 8 . 9  kb 

o f  fore i gn DNA . Thi s  vector cont a ins three uniqu e  restrict i on 

e n z yme s i t e s  ( BamH I , EcoRI and HindI I I )  for the i n s e rt i on by 

l i gat i on o f  Sa u3A di gested DNA and a l l ows recomb inant s e lect i on 

by the i r  Spi- C§.e n s it ive t o  ,E2 inte r fe rence ) phenotype , i n  

wh i ch t h e  c ent ral fragment c ont a i n s  the red and gam genes (the 

product o f  which inact i vates  the pot ent exonuc l e a s e  coded by 

the ho st  re cBe s y st em )  is rep laced by the i nsert , but the chi 

gene , i n  the rema i n ing a rms , st imulat e s  growth o f  recombinant 

de rivat ives  on a Re c+ host ( F ig . 3 - 1 ) 

ANMl 1 4 9  i s  an  inse rt ion vector whi ch a l l ows the c l on ing 

o f  fra gment s generated by e ither EcoRI or HindI I I  d i re c t l y  i nt o  

t h e  c I  g e n e  o f  a Aimm4 3 4  hyb r i d  phage . Space f o r  t h e  fore ign 

DNA i s  made ava i l ab l e  l ar ge l y  by the b5 3 8  de let i on that 

e l iminate s  the phage attachment s ite and the int and xi s gene s . 

Because o f  i t s enla rged genome s ( up t o  1 1  kb insert i on )  and its  
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AL 4 7  ba ct e r i ophage vec t o r  

c l e a r  plaque mo rpho l ogy , t h i s  ve ct o r  has t h e  advant age o f  e a s y  

and effi c i ent use  a s  recomb i n ant phage s . The recomb inants c an 

be selected o n  a Hfl- host s t r a i n ,  wh i ch i s  de fect i ve i n  a 

pro t eimxthat n o rmal l y  antagon i z e s  t o  phage -repre s s o r  s ynthe s i s  

and o n  whi ch the nat ive ve c t o r  establ i she s  repre s s ion s o  

e f f ect i ve l y a s  t o  r educe the e f f i c i ency  o f  plating ( F i g . 3 - 2 ) . 

Aft e r  t he genom i c  l ibrary was con s t ruct ed u s i n g  DNA f rom 

R .  fl a ve fa ci en s ,  the next s t ep was t o  s c reen the l ibrary for 

c l ones  c o nt a i n ing the c e l l u l a s e  gen e s , ident i fy i ng and 

i s o l at ing t he pos i t ive recomb i n an t s .  

kb 

F i gure 3 - 2  ANMl 1 4 9 bacter i ophage vect o r  
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The s c re e n ing s t rategy was t o  f i rst  s c reen f o r  the CMCase 

( endoglucan a s e )  ger-e us ing the Congo red method . Thi s  method 

i s  based on the  s t rong inte ract i o n  between po l y s a c charides 

whi ch cont a i n  c o nt i guous B - ( 1 , 4 )  - l in ked D-glucopyran o s y l  un i t s  

and Congo red ( Teat he r  and Wood,  1 9 8 2 ) . The othe r t wo enzymes 

i nvo lved i n  the deg radat ion ( e xo - g l ucanase  and B-glucos idase ) 

we r e  t e sted u s i ng t he methylumbe l l i ferone method . Thi s  method 

u s e d  the s pe c i f i c  subst rate ( methylumbe l l i fery l - c e l l obiose  

( MU C )  or  methy lumbe l l i feryl-pyrog l ucos i de ( MUG » whi ch l inked 

the methy lumbe l l i fe rone ( fluores cent c ompound under UV) and 

c e l l ob i o s e  o r  gluco s e  with a B- ( l , 4 ) -glyco sydic bond . 

I n  t h i s s e ct i on ,  the construction o f  a geno m i c  l ibrary 

whi ch represented the whole genome of R .  fl a vefa c i en s  1 8 6 ,  and 

the ident i f i c at i on of recombinant s encoding c e l lu l a s e  genes are 

de s c r ibed . 

3-2  Results 

3-2-1  Construction of genomic l ibrary 

3-2-1-1  P reparation of partially digested chromos omal DNA 

As the  f i rst step in the const ruct i on o f  a genomic 

l ibrary , t he chromo s oma l DNA of  R .  fl a ve fa c i en s  1 8 6  wa s 

prepared a s  de scribed i n  Mat e r i a l s  and Methods . One J.lg of  

chromosoma l DNA was digested with re str i ct ion enz yme S a u 3A or 

EcoRI ( l U )  at 3 7  C and 2 0 0  n g  were withdrawn at 1 5  min 

int e rval s .  The part i a l l y  digested DNA was immedi at e ly heated 

at 65 C f o r  1 0  min t o  stop the reaction . After c o o l ing in  ice  

and mixing with ge l - l oading bu f fe r ,  the DNA was e le c t rophoresed 

o n  a 0 . 8 % preparat ive gel . The incubat i on t ime for part i a l  

d i ge s t i on was  dete rmined as  3 0  min and 4 5  min ,  a n d  l a rge s c ale 

p reparat i o n  o f  part ia l l y  d i ge st ed DNA was p e r f o rmed by 

d i ge s t i ng f i ft y  J.lg chromosoma l DNA under the same c ondit i on s . 

Afte r  ge l e l e ct ropho re s i s ,  t he regions which c o r re sponded t o  

the 2 - 1 0  kb s i ze f ragment s w e r e  cut o ut with a s ca lpel  unde r 

l ong-wave UV l i ght and the DNA wa s e l e ct roeluted and pur i f i ed 

3 - 3  



CHAPTER 3 GENOMIC LIBRARY 

by pheno l -chlorofo rm ext ract i on procedures as  de s c r ibed in 

Mat e r i a l s  and Methods . 

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

packaging extract 

The f i rst ve ctor  used was AL4 7 . The ve c t o r  DNA was 

pur chased from P romega (Austral i a ) . One �g vect o r  DNA was 

digested with t he restriction enzyme BamH I ( lU )  for 1 hr at 

37 C and immedi ate l y  heated at 65 C for 1 0  min to i nact ivate 

the enzyme . Aft er phenol-chloroform ext ract ion and ethanol  

prec ipitat i on ,  the dige sted DNA was dephosphoryl at e d  ( re fer to  

Mat e r i a l s  and Metho ds ) . 

The Sa u3A t re ated chromo s omal DNA was l igated with vector 

DNA us ing T4 DNA l igase and packaged into lambda packag ing 

ext ract ( P romega ) E .  coli Q 3 5 9 wa s t rans fected with the 

pac kaged phage by plating ont o double-l ayered LB p l a t e s . Aft er 

incubat ion at 3 7  C overnight , rec ombinant c l ones were f ound on 

the plate at a t i t e r  of 3 x 1 0 2 p l a que forming unit  ( PFU ) /ml . 

Us ing the s ame condit ions with E .  c o l i  genomic DNA instead of  

ruminoc o c c a l  DNA gave a high t it e r  recombinant l ibrary (3  x 1 0 5  

PFU/ml ) . I t  wa s thus dec ided that AL4 7 was not a n  e f fect ive 

ve ctor  for  c l on ing ruminococ c a l  DNA . 

DNA was prepared from another vect o r  ANMl 1 4 9 a s  de scribed 

in Materi a l s  and Methods . Ten �g DNA was digested with EcoRI 

( l OU )  for 1 hr at 3 7  C and then heated at 65 C f o r  1 0  min . 

Aft e r  phe no l - chloro form ext ract i on and ethanol prec ip i tat ion ,  

the digested DNA was depho sphorylated . 

Pur i f ie d  chromo s omal fragment s were l i gat e d  with EcoRI 

d i ge sted vect o r  DNA in a rat i o  o f  1 : 2 ( w / w )  u s ing T 4  DNA l i gase 

and packaged u s ing l ambda packaging ext ract ( P romega , Aust r a l i 

a )  . The packaged l ambda was t rans fect ed into E .  c o l i  host POP -

1 3  by p l at ing in a double-layered LB p l ate and the result ing 
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phage lysate ( 2 . 1  x 1 0 4 PFU/ml ) was stored at 4 C o r  - 7 0 C as  

a gene l ib r a ry . The e f f i ci ency o f  packaging was s l i ght l y  l e s s  

t h a n  that achieved w i t h  a n  E .  c o l i  genom i c  l ibrary ( 5  x 1 0 4 

PFU!ml ) ,  prepared i :1  an ident i ca l  manne r . The amp l i f i c at i on of  

the genom i c  l ib rary was  performed by the method de s c r i bed in 

Mat e ri a l s  and Methods . A phage t i t re of 6 . 1  x 1 0 10 PFU/ml of  

the amp l i f i e d  l ibra ry was  achieve d . 

3 - 2 -2 The genomic l ibrary of R .  £� ave£a ci ens 

Packaging int o the bacte r i ophage heads imp o s e d  a s i ze  

s e lect ion o n  the  recombinant i n s e rt s . The average i n s e rt s i z e ,  

us i ng ANMl 1 4 9  was 5 . 5  kb . As the a ctual s i ze o f  the R .  fl a ve 

fa c i en s  1 8 6  chromos ome wa s n o t  known ,  an arbit rary value o f  

3 , 0 0 0  kb was  set  i n  o rder to  determine the number o f  ANM1 1 4 9  

c l ones  requ i red for the de s i re d  probabi l ity o f  a g iven sequence 

be i ng pre sent in the l ibrary . Thi s wa s based on the known 

chromo some s i z e  of S t rept ococcus l a ct i s  ( 3 , 0 0 0  kb ) . The de s i red 

probabi l i t y  ( 0 . 9 9 )  of a uniqu e  DNA sequence being represented 

i n  the genom i c  l ibr ary , was c a l c u l ated us ing the e quat ion o f  

C l ark and Carbon ( 1 9 7 9 ) : 

In ( l -P ) 

N :::: 
In ( l - l / n )  

whe re P = the probab i l it y  o f  a given sequen c e  be i ng i n  a 

genomic l ib r a ry ( 0 . 9 9 ) ; N :::: the n umber o f  c l one s requ i re d  in 

the c lone b ank ; and n :::: t he s i ze of the genome re l at ive to the 

ave rage s i ze o f  the c l oned fragment . 

ln  ( 1 - 0 . 9 9 )  - 4 . 6 0 5 

N = = = 2 5 5 6  

l n  ( 1 - 1 / 5 4 5 . 4 5 )  - 0 . 0 0 1 8  
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Theref o re , based on the above fo rmu l a ,  the 2 . 1  x 1 0 4 

rec omb inant c l ones  a chieved should be repres ent a t i ve o f  the 

ent i re genome o f  R .  fl a ve fa ci en s  1 8 6 . I f  the genome i s  as large 

as E .  c o l i  ( 4 , 1 0 0 kb ) , 4 8 1 2  c l ones  wou l d  be requ i red to 

maint a in 9 9 %  probab i l it y  o f  a g iven sequence be ing present . 

S eve r a l  o f  t he recombinant c l one s from the genomi c  l ibrary 

wer e  chosen at  random,  and the phage DNA was i s olated , digested 

with EcoRI , and ana lyzed  by ge l e l e ct rophores is  to det ermine 

the percent age and s i z e  of insert DNA . I n  a l l  case s ,  a fragment 

o f  2 1 . 6  kb , c o rresponding to the s i ze o f  ANMl 1 4 9  w a s  present , 

and in 4 out o f  2 cases  addi t i onal  f ragment s ,  presumably 

insert DNA, were al s o  produced ( F i g . 3 - 3 ) . The tot a l  l ength o f  

insert DNA i n  the 1 2  recomb inant c l ones was measured,  a n d  found 

to vary from 2 t o  9 kb , the mean b e i ng 5 . 5  kb . The t o t a l  length 

o f  DNA be ing packaged appears t o  b e  in the range o f  2 3 . 6  t o  

3 0 . 9  kb . Thi s  c orre sponds we l l  w i t h  the reported values  for 

s i z e  select ivity  ir. l ambda packaging in vitro ( Hohn , 1 9 7 9 ) . 

3-2-3 Screening the library for cellulase genes expres sed in 

E. coli 

I n  o rder t o  e s t ab l i sh whether the R .  fl a vefa c i e n s  insert 

DNA in the reco mbinant c l ones w a s  able t o  show expre s s ion o f  

c e l lulases  i n  E .  col i ,  a direct s c reen ing metho d  ( Congo red 

met hod)  was  u s e d . The genomic l ib rary was seri a l l y  di lut ed, 

preinfected E .  c o l i  P OP - 1 3  and p l ated ont o a doub l e - l ayered LB 
p l a t e  in whi c h  the t op thin l a y e r  cont ained 0 . 5 % c a rboxyl 

methy l ce l l u l o s e  ( CMC ) . The p l at e s  were incubated at  3 7  C unt i l  

pl a ques appeared . Then the C ongo red s t aining method was 

app l ied as des cribed in Materi a l s  and Methods . 

In  about 2 5 0 0  recomb inant c l o ne s ,  2 6  c l ones were detected 

wi t h  ye l l ow-h a l o  z one surround i n g  the plaque ( F i g . 3 -4 ) , 

showing degradat i on o f  CMC . After more than 3 r ounds o f  

s i ngle p l�que puri f i c at ion,  the c l ones we re con s i de red pure . 
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F i gure 3 - 3  Ge l e le ct rophore s i s  o f  recomb i nant s 

F E D c B 

A: Lambda DNA (HindlO digestion) 

B: M ixture culture from library ( EcoRI digestion) 

c: �CM20 1, ( EcoRI digestion) 

D: �CM30 1, (EcoRI digestion) , 

E: , �CM40 1 (EcoRI digestion) 
, -

F: �CM903 (EcoRI digestion) 
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Phage DNA was ext racted f ro m  the s e  c l one s ,  digested with EcoRI , 

and ana l yzed by agaros e  gel el ect r ophore s i s  as  de s c r ibed in 

Mat e r i a l s  and Methods . Al l c l ones  shared c ommon DNA fragment s 

o f  2 1 . 6  kb , and the four unique dige s t i on p at t e rns obs e rved are 

shown ( F ig . 3 - 3 ) . 

T o  dete ct other c e l lul ase enzyme act ivit i e s , the genomi c 

l ib rary was a l s o  s c reened for  exo -gluc anase  and B-gluco s idase 

u s ing t he methylumbe l l i f e r one met hod a s  de s c r ibed in  Materials  

and Methods . The genom i c  l ib rary was di lut e d ,  pre  infected into 

E .  c o l i P OP - 1 3  and plated ont o LB p l at e s  containing 1 mM o f  

meth y lu mbe l l i feryl o e l l ob i o s e  ( MUC ) or  methylumbe l l i feryl 

gluco s i de ( MUG ) . The p l at e  was incubated at 3 7  C unt i l  pl aques 

we r e  f ormed and the fluore s c ence wa s observed immediat e l y  under 

l ong-wave l ength UV l ight in the dark . Large regions o f  

f l u o re s c ence we re detected from both MUC o r  MUG cont a ining 

p l a t e s . It showed t he p o s it ive react i on o f  degradat ion of MUC 

o r  MUG i nto methy lumbe l l i f e r one ( MU )  , confirmed as exo -glucanase 

or B-glucos idase act ivit i e s . Because of the r apid di f fus ion o f  

MU , t h e  int e n s i t i e s  o f  p o s it ive c l ones i n  t he s e  p l at e  as say was 

rather l ow .  

Anothe r approach was based on the knowledge that the 

c omb in e d  act ion of endo - and exo -gluc anase degrade s c e l lulose  

and thus  the genes of  endo - and exo-glucanase may be c l o s e l y  

l inked . The 2 6  CMCase  p o s it ive c l one s were fu rthe r a s s ayed f o r  

MUCa s e  and MUGase act ivit ies  ( F i g . 3 - 5 ) . The l y s at e  o f  2 6  

c lo ne s  was added t o  0 . 1 % MUC o r  MUG in P C  bu ffer ( pH 6 . 0 )  and 

i nc ub a t ed at 37 C for 3 0  min . Four MUCa s e  pos i t i ve and two 

MUG a s e  c lones  we re dete c t e d  from t he 2 6  CMCas e  pos i t i ve c l ones  

( T ab l e  3 - 1 )  . 

The phage DNA o f  the 2 6  c l ones  was i s ol ated and the s i ze 

o f  i n s ert i on was det e rmined by dige s t ing with EcoRI and 

s eparat ing on an aga r o s e  ge l . The c l one s f e l l  into s i z e c l a s se s  

o f  2 ,  3 ,  4 and 9 k b  and these were named ACM2 0 0  serie s ,  ACM3 0 0  

3 - 9  



T ab l e  3 - 1 . Ce l lu l a s e  act ivit i e s  of ACM c l one s . 

Spe c i f i c  ac t iv i t i e s  ( mU )  
C l ones 

CMCase MUCase pNPCase MUGase 

ACM2 0 1  1 8 3  
ACM3 0 1  1 7 6  
ACM4 0 1  7 3 3  
ACM4 0 4  4 3 8  1 . 6  1 . 0  
ACM4 0 7  4 55 3 . 6  2 . 6  
ACM9 0 1  2 4 5  1 . 4 1 . 3  
ACM 9 0 2  3 3 6  0 . 1 5 
ACM 9 0 3  3 3 7  3 . 1  3 . 0  0 . 4 0 
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pNPGase 

0 . 1 8 
0 . 3 5 

s e r i e s , ACM4 0 0  seri e s  and ACM 9 0 0  seri e s , re spect ive l y . 

3-2-4  Biochemical assay of cellulase activities 

To prepare c rude enzyme ext ra ct , the recombinant phage 

l y s at e  was t reated with PMP s o lut ion , cent r i fuged and re s u s 

pended in  H 2 0 . Aft e r  brief  t reatment at 4 2  C t o  re lease the 

c e l l u l ase  enzyme , PMP wa s removed by centri fugat i on and the 

enz yme s o lut i on was c oncent rated by freeze-drying ( re :  

Mat e r i a l s  and Methods ) 

Each s amp le was then as s ayed for c e l l u lase act ivity by 

incubat i o n  at 37 C for 3 h in the presence o f  either 0 . 5 % CMC , 

0 . 5  mM MUC , 1 mM pNP C ,  0 . 5  mM MUG o r  1 mM pNPG . The results  are 

shown in Table 3 - 1 . ACM2 0 0  and ACM 3 0 0  s e r i e s  c l ones  showed no 

enzyme a c t ivity other than CMCase . In ACM4 0 0  series  c l one s , 

ACM4 0 4  and ACM4 0 7  s howed both CMCase and MUCase a c t ivitie s . In  

ACM 9 0 0 s e r i e s , three c l ones showed di f fe rent patterns o f  enzyme 

expre s s i on : ACM9 0 1  had both CMCase and MUCase act ivit i e s ;  

ACM 9 0 2  s howed CMC s e  and MUGa s e  act ivit ies ; and ACM 9 0 3  

expre s s e d  a l l  three types o f  c e l lulase  enzyme ( CMCa s e ,  MUCa s e  

and MUGa s e ) . 

3 - 1 0 
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F i gure 3 - 6  
c l ones  

Re st r ic t i on maps o f  e ight repre s ent at i ve ACM-
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3-2-5 The restriction mapping of recombinant clones 

Re s t r i ct ion enz yme mapping provided a means to locate t he 

gene and a l s o  he lped t o  determine whi c h  f ragment t o  sub c lone . 

After c ompl ete o r  part ial digest ion with EcoRI , the fragment 

o f  i n se rted fore i gn DNA was separat e d  with vect or DNA on an 

e l ec t r ophores i s  gel and pu r i f ied . A set o f  re strict i on enzyme s 

( Hi n d I I I ,  BamH I , BgI I I ,  Cl a I , Sma I ,  Kpn I ,  Ps t I  and EcoR I ) were 

u s ed t o  digest the DNA us ing the c ondit i on de s c ribed in 

Mater i a l s  and Methods . The restrict i on maps o f  e i ght represen

t at ive c l ones is sho wn in Fig . 3 - . ACM2 0 1  had n o  internal 

rest r i c t i on s i t e s  for the rest riction en z ymes used whi l e  ACM3 0 1  

had an internal P s t I  s ite . The c l ones ACM4 0 1 ,  ACM4 0 4  and ACM4 0 7  

showed di fferent restrict ion patterns  a s  did the c l ones  o f  

ACM9 0 1 ,  ACM 9 0 2  and ACM9 0 3 . 

3-3 Discussion 

3-3-1 Library construction 

The product i on o f  a genomi c l ibrary is an import ant step 

i n  the invest i gat i o n  and ana l ys i s  o f  the genet i c  s t ructure o f  

R .  fl a ve fa ci en s . An underst anding o f  i t s  genet i c s  w i l l  he lp to  

enab l e  a lterat i o n  o f  regu l a t i on o f  gene expre s s ion whi ch may 

lead t o  the increase of the product ion  o f  c e l lu l a s e  enz yme or  

unde r s t anding o f  the bi ochemical charact e ri s t ics o f  ce l lu l a s e . 

Based on the benefit o f  easy s t o rage , l arge inse rt s i z e  

c apa c ity  and e a s y  det ect i on o f  the e xp re s s ion o f  genomi c recom

b inant s by lys i s  o f  the host , the l ambda vect o r s  ( rep lace 

vect o r  ( AL 4 7 )  and insert i on vect or ( ANM1 1 4 9 ) ) were chosen  to  

c onst ruct a gene l ib rary o f  R .  fl a ve fa ci en s  1 8 6 . The prot o c o l  

for  c on s t ruct i o n  o f  the genomic l ibrary has been summari z ed in  

F ig . 3 - 7 . The l ibrary constructed with AL4 7 has  a t it e r  o f  3 

x 1 0 2  PFU !ml whi c h  was not l arge enou gh t o  repre s ent the ent i re 

genome o f  the bacte ria . The reason f o r  the l ow t iter i n  this 

l ibrary is  sti l l  unknown . The l ibrary constructed with ANM1 1 4 9 
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F igure 3 - 7  A s ummary in c onstruct i on o f  genomic l ibrary o f  R .  
fl a vefa ci ens 1 8 6  

R. fin vefaciens s t ra i n  1 86 
gcno nlc DNA 

p;t rt i a l  d iges t i o n  

iso ) <l t e.2 - 1 0  K b  fragments 

cos 2 1  Kb E 9 Kb cos 
... -----_ ...... ------I, 

AN NIl 1 '19 vector 

T4 hg<lse 

ncbgi ng 

com plele  diges t i o n  

Gene l ibrary in E. col i  POP-1 3 
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h a s  an ave rage insert s i ze o f  5 . 5  kb and a PFU o f  6 . 1  x 1 0 lo/ml 

i n  the amp l i f i e d  l ib rary . Acco rding to t he calcu l at i on shown 

above , t he numb e r  o f  c lone s in t h i s  genomi c  l ibrary shou ld be 

representat i ve o f  the ent i re R .  fl a ve fa c i e n s  genome . 

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

families 

Twenty s i x  c e l lu l a s e  posit i ve c l ones we re i s o l ated after 

s c reen ing 2 5 0 0  c l o�es  from the l ibrary . A frequenc y  of more 

t han 1 % c e l l u l a s e -p o s i t ive c l ones  indicated the high number 

of cel l u l a s e  gene cop i e s  in the R .  fl a ve fa ci ens 1 8 6  genome . A 

h i gh l eve l o f  c e l l u l ase  posit i ve c l ones was a l s o  reported in 

the c l oning o f  R .  a lbus 8 in ADASH with 0 . 3 3 %  ( CMC+ ) , 0 . 3 7 %  

( MUC+ ) and 2 . 7 8 %  ( 03R-HEC+ , Qst a z in Qri l l i ant Led-hydroxy�thyl 

.Q,e l lu l o s e )  ( Howarci and White 1 9 8 8 ) . So far more than 2 0  

d i f fe re nt pept i de s  have been f ound i n  C .  t h ermoce l l um ( Ha z l e 

wood et aI , 1 9 8 8 ) . D i fferent p ept ides o r  gene s whi ch enc ode 

s im i l a r  c e l l u l a s e  act ivities  wer e  a l s o  found in R .  a lb u s  ( Kawa i  

e t  a I , 1 9 8 7 ;  Honda et a l , 1 9 8 8 ;  Ohmiya et a l , 1 9 8 8 ;  Roman iec  

e t  al , 1 9 8 9 ;  F l i nt et a l ,  1 9 8 9 ;  Ware et a l ,  1 9 8 9 )  , R .  fl a ve -

fa c i e n s  ( Howard and White 1 9 8 8 ) , Ce o fimi ( Begu in and E i sen , 

1 9 7 8 ;  Whitt l e  et al , 1 9 8 2 ;  Gi lkes  et a l , 1 9 8 4 ;  Owol ab i  et a l i  

1 9 8 8 ;  Akht a r  e t  a I ,  1 9 8 8 ;  Mo s e r  e t  a I , 1 9 8 9 )  and B a ci l l us spp . 

( S a shihara e t  a l , 1 9 8 4 ;  Hinchl i f f e ,  1 9 8 4 ;  P ark and P a c k ,  1 9 8 6 ;  

F ukumo r i  e t  a l , 1 9 8 6 ;  Koide et a I ,  1 9 8 6 ;  Robs on and Chamb l i s s ,  

1 9 8 7 ;  Sharma e t  aI , 1 9 8 7 ; K im e t  a I ,  1 9 8 7 ;  Fukum o r i  e t  a I ,  

1 9 8 9 ) . Dat a f ro m  t h i s  work ( Huang e t  a I , 1 9 8 9 )  showed eight 

d i f fe rent repres ent at ive CMCase  c lone s with di fferent rest r i c 

t i on en z yme pat t e rn s . Thi s  i s  i n  agreement with t h e  propos i t i on 

t hat there i s  more t han one gene c oding f o r  the degradat i on o f  

c e l lu l o se . P ub l i she d dat a  has a l s o  indicated cel lul a s e  i s  coded 

a s  gene famil ie s  (Mi l l et et a I , 1 9 8 5 ;  Haz lewood et a I , 1 9 8 8 ) . 

Howard and White ( 1 9 8 8 )  reported the detect i on o f  mu lt iple 

e n z ymat i c  act ivit i e s  in s i ngle c l one s from R .  a l b u s . A s imilar 
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result with ACM 9 0 3  which encode d  CMC+ , MUC+ and P- gl u+ act iv

i t i e s  has been shown . The three t ypes of c e l lul a s e  gene are 

c l o s e l y  l inked within a 9 kb DNA fragment . Sub c l oning data 

showe d  that the P-glucos ida s e  gene might be located at the 

central E c oR I  s i t e  s ince dige st ion o f  ACM9 0 3  with EcoRI 

re s ulted i n  t he d i s appe aran c e  o f  this enz yme a ct ivity . In  

addit i on ,  no  P - gluc o s i dase act ivity was  detected at e ither end 

o f  the ACM 9 0 3  insert . The c e l l u l a s e  genes  might be expre s sed 

a s  a un i t  unde r a ype o f  ope ron c ont ro l . 

3 - 4  Short summary 

A func t i on a l  genomic l ibrary o f  Rumi n o c o ccus fl a ve fa c i ens 
1 8 6  was c o n s t ructed us ing the l ambda vector  ANM1 1 4 9 .  It const i 

tuted 2 . 1  x 1 04 recombinant c l one s whi ch was large e nough t o  

repre sent t he ent i re genome o f  t h i s  bacteri um . 

From t he l ibrary , 2 6  CMC+ c l ones  had been ident i fi ed after 

s c reen ing from about 2 5 0 0  rec omb i n ant c l one s . The s e  CMC+ c l ones 

were divided i nto four groups a c cording to the s i z e  o f  the i r  

i n s e rts  ( 2 ,  3 ,  4 and 9 kb ) . The part i a l  rest r i c t i on maps o f  

t he s e  c l one s have been achieve d . E ight representat i ve c l ones 

s howed d i f fe r ent rr:apping p at t e rn s . One of the 9 kb insert 

c l one s ( ACM9 0 3 )  was  selected f o r  furthe r study b a s e d  on its  

e xpres s i on of  three type o f  c e l lulase  activitie s . 
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CHARACTERIZATION OF R. FLAVEFACIENS CELLULAS E  GENES AND THEIR 
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4-1  Introduction : 

CHAPTER 4 CELLULASE GENES CHARACTERI ZATION 

The ACM9 0 3  c l one had been shown t o  e xpre s s  a l l  three t ypes 

o f  c e l lulase  e n z yme within a 9 kb fragment . The next s t ep was 

to l oc a l i z e  the gene s  within thi s fragment by subc loning . The 

f i r s t  chosen vec t o r  for subc l on i ng was pUC 1 9 ,  which i s  a high 

copy number vec t o r  i n  E .  c o l i . Al s o  d i f f e rent funct ion vect o rs , 

such a s  the t empe rature contro l l e d  l ow c opy number vec t o r  pOU 7 1 

and the shut t l e  vector pCK 1 7 ,  wer e  t ried . 

Re st r i c t i on ana l ys i s  o f  the fragments  reve a l ed too  few s i tes 

to e n able accurate ident i f i c at i on of a smal l e r  regi on c arrying 

the c e l lu l a s e  gen e s  and therefore de l et ion was cho sen  as  the 

method t o  phy s i ca l ly map the exact l o c at io n  o f  the genes . At 

the s ame t ime , the de let ion c l one s c ou ld be used directly  in 

sequenc ing e xp e r iment s . 

The de l et i o n  method chosen wa s the Exo I I I  metho d . Thi s 

enz yme catal y s e s  t he s t epwi se 3 ' -> 5 '  r emova l o f  5 '  mononu c l eo 

t id e s  from doubl e  st randed DNA c arrying a 3 ' -OH e n d  o r  blunt 

end , whi l e  l e aving a 3 '  protruding end or  a -phosphorothioate 

f i l l ed end intact (Fig . 4 - 1 ;  We i s s ,  1 9 7 6 ) . The uni fo rm rate o f  

dige st i on by t h e  enz yme a l lowed de l et i on s  to  be made o f  

predetermined l engths b y  removing t imed a l i quot s from the 

react i on . 

The gene p roduct s o f  ACM9 0 3  i n  E .  col i were characteri z ed 

through a part i a l  puri f i cat i on u s ing  gel f i lt rat i on chromat o 

graphy with s everal column s . The B i o- Gmx P - series  re s in was 

cho sen based on t he s i ze f ract i on s  and t o  avo id the b inding 

fact or with whi ch cel lulase b inds t o  c e l l u l o s e  .based  re s i n . 

The aim o f  t h i s  sect i on o f  s tudy was t o  l o c a l i ze the 

c e l lulase  gene s , part i a l l y  puri f y  and characteri z e  the gene 

product s and p repare the subc lones  by delet i on for  s e quencing 

wo rk . 
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4-2 Result s : 
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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 

S i nce the c l on in g  of c e l l ulase genes  into ANMl 1 4 9  showed the 

expr e s s i on o f  the cel lul ase act i vit i e s , it was imp o rt ant to  

spe c i fy the l ocat ion of  the c e l lulase  genes within these 

ins e rt s  to enab l e  further study of t he i r  st ructures . The insert 

o f  ACM 9 0 3  was f i r s t  subc loned into t he p l a smid vec t o r  pUC 1 9 

aft e r  EcoRI d i ge s t i on and t rans f o rmat ion into E .  c o l i  JMI 0 9  

( re :  Mate r i a l s and Methods ) . Various sub c l one s could be 

i s o l ated from a 1 0 0  )lg/ml amp ic i l l in s e lect ive medium . Howeve r ,  

a ft e r  2 6  or 2 2  gene rat ions with o r  without ant ibiot i c  s e lect

i on ,  respect i ve l y ,  al l the subc l one s lost the insert p l asmid . 

The insert o f  the ACM 9 0 3  was then sub c l oned into other t ypes 

of p l asmid vec t o r s : pGem3 -blue , pOU 7 1 and pCK 1 7  after  EcoRI 

dige stion  and thes e  were t ran s f o rmed into E .  col i JM1 0 9  ( re :  

Mat e ri a l s  and Methods ) .  Afte r  i ncuba t i on for 1 5 ,  2 7  and 30  

gene rations respe ctive l y  without ant ibiot i c  select i on ,  all  

rec o mbinant c l on e s  of  pGem3 -blue , pOU7 I and  pCK 1 7  a l s o  lost 

the i r  p l asmids . The result s of adding ant ibiot i c  s e l ection 

dur ing incubat i on showed s imilar  results  a s  tho s e  with non

s e l ect ion . S im i l ar l y ,  the subc l one s o f  pCK 1 7  and pBD 6 4  whi ch 

wer e  t rans f o rmed int o B .  s ub t i l i s  lost  their  recomb inant 

p l a smids and t he i r  c e l lulase  act ivit i e s  after cult i vat ion . 

4-2- 1 -2 Local ization of CMCase and MUCas e  genes in ACM903 

Due to the di f f i culty  o f  subc l oning  the R .  fl a vefa c i en s  DNA 

into plasmid vec t o rs , the subc l oning  o f  ACM 9 0 3  i�s e rt f ragment s 

and the loca l i z at ion o f  the c e l l u l a s e  gene s  were done i n  l ambda 

vect o r . ACM 9 0 3  DNA was digested with EcoRI and Hin d I I I ,  and the 

re s u l t i ng Hind I I I -Hi nd I I I  or EcoR I -HindI I I  fragments  were 

sub c l oned to the AGem- I I  vector through t rans fec t i o n  ( re : 

4 - 3  
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Mat e r i a l s  and Methods ) . After  analy s i s  o f  the expre s s i on o f  

each subclone ( ACMEEl , ACMEE2 ,  ACMEHl , ACMEH2 , ACMHH 1 ,  ACMHH2 

and ACMHH3 ) ,  the MUCase gene and CMC a s e  gene were l o c a l i z e d  as 

shown (Fig . 4 -2 ) . No s ubclones  were f ound that woul d  e xpress  

�-glucos ida s e  act ivity except i n  t he subc l one of  4 . 5 kb 

Hind I I I -HindI I I  f ragment (ACMHH2 ) 

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

cel 1. um  

The hybridi z at i on was  performed u s ing the Chemiprobe kit s 

( re : Materi a l s  and Methods ) - a s y s t em for  non-radioact ive 

t agging o f  DNA p r obes and for the v i s ua l i z at ion o f  the t agged 

probes f o l l owin g  hybridization r e a ct i on s . The hybri di z at i on 

dat a showed that t he CMCase gene o f  ACM 9 0 3  ( ACMEH1 ) has  vary ing 

degrees of homo l ogy to the other CMCase posit ive c l ones . 

Hom o logy wa s a l s o  det ected whe n  t he MUC a s e  gene o f  ACM 9 0 3  

( ACMEH2 ) was hybridized  t o  ACM4 0 4 , ACM4 0 7  and ACM9 0 1 . The re 

suI  t s  o f  c r o s s  hybridi z at i on o f  a l l  e i ght repres ent at i ve c l ones 

are shown i n  T ab l e  4 - 1 . The homology between C .  t h e rm o ce l l um 

c e lA gene ( a  g i ft f rom J . P . Aubert ) and the c l on e s  o f  R .  

fl a ve fa ci ens wa s c ompared . No homo l ogy wa s detected u s ing the 

fragment of c elA gene as probe ( Tabl e  4 - 1 ) . 

4 - 2 -3 Locali zation o f  enzymes in E .  coli cells 

To determine the di fference i n  the expre s s i on of c e l lulases  

by R .  fl a vefa c i e n s and E .  col i ,  the cellular  l ocat i o n s  of  the 

c e l lulase  enz ymes c l on ed in E .  c o l i  were det e rmined . The insert 

of the above ACM 9 0 3  was subcloned into  pGem3 -blue a f t e r  EcoRI 

di g e st i on and t rans f o rmed into E .  c o l i  JM1 0 9 . Both CMC a s e  and 

MUCase were e xpressed  in the perip l a smic spac� and c yt oplasm 

us ing recomb inant pGem3-blue ( CMC+ ) or pGem3 -blue ( MUC+ ) in E .  

col i ce l l s  ( Tabl e  4 -2 ) . I t  showed a c omp l etely  di f fe rent 

expre s s ion f ro m  R .  fl a ve fa ci en s  whi c h  secretes  the e n z yme s t o  

an e xt race l lu l a r  spac e . 

4 - 5  
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CHAPTER 4 CELLULASE GENES CHARACTER! ZATION 

T o  enable further l o c a l i z at i on and sequenc ing o f  the R .  

fl a ve fa ci en s  1 8 6  c e l lulase  genes o n  the 7 . 3  kb Hi n d I I I - Hi nd I I I  

fragment o f  ACM 9 0 3 ,  deletion o f  t h i s  DNA was c arried out u s ing 

ExoI I I . The DNA o f  ACMEH- series  and ACMHH- series wa s p repared 

us ing the DEAE method and digested with EcoRI or Hi nd I I I  as 

des c r ibed in  Mat e r i a l s  and Methods . Afte r  protect ion o f  

prot ruding 5 '  ends by f i l l ing i n  with a-phosphorothi o at e  dNTP , 

a s e c ond dige st i on with EcoRI or Hind I I I  was performed . The 

t reated 2 0  Ilg DNA was de leted with Exo I I I  enzyme at the 

del e t i on rate o f  approximately 2 5 0  bp per minute from e a ch end 

( digest ion at 3 7  C with 1 5 0 U o f  Exo I I I  and samp l e d  at 3 0  

second interva l s ) . The de l eted fragment was rel igated to 

l ambda vector DNA with T 4  DNA l i gase  and t ran sfected int o E .  

col i LE3 92 . The del et i on st rat egy i s  s hown i n  Fig . 4 -3 . 

4 - 2 - 5  Examination of endoglucanas e ,  exoglucanase and �-gluco

sidase  gene expression 

T he de let i o n  subc lones ( AdGCM- s e r i e s ) were examined for 

CMC a s e ,  MUCase and MUGase act ivi t i e s  as des c r ibed previou s ly . 

The result ing l o c a l i zat i on o f  the endoglucanas e ,  exoglucanase 

and P -gluco s ida s e  gene s were det e rmined within 2 5 0  bp a c cu racy 

( F i g . 4 -4 ) . 

4 - 2 - 6  Partial purification of cellulases from ACM903 

T he c rude e n z yme extract was prepared from ACM 9 0 3  as 

des c r ibed in Mat e r i a l s  and Methods u s i ng P - 2  and P - 6  c o lumns 

to  exclude sma l l  pept i de s  and s a l t . The protein e luent o f  the 

P - 6  column was p a s sed through a P - 6 0  column wi1th 3 . 8  cm I . D .  

x 2 5  em at a f l ow rate o f  1 ml /min . The result ing two peaks  o f  

act i vity  were n amed pea k  A and B ( F i g . 4 -5 ) . After a s s ay i ng for 

CMC as e ,  MUCas e  and MUGas e ,  peak B s howed onl y  CMCa s e . P eak A 

had both MUCase  and MUGase  act ivi t i e s  and weak CMCase act i vity . 
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Tab l e  4 - 1 . C r o s s  hybr idi z at i on o f  ACM c l on e s  and celA of C .  
t hermocel l um .  

Clones  

ACM2 0 1  
ACM3 0 1  
ACM 4 0 1  
ACM4 0 4  
ACM 4 0 7  
ACM 9 0 1  
ACM 9 0 2  
ACM 9 0 3  
celA 

ACMEHI  

+ 

+ +  
+ + +  

ACMEH2 

+ 
+ +  

+ 
+ +  

+ + +  

Probe s 

ACMHHI 

+ 
+ + +  

ACM2 0 1  celA 

+ + +  

+ 

+ 

+ 
+ + +  

+ ,  + + ,  + + + ,  di ffe rent degree o f  homo l ogy ; - ,  negat i ve ; 
, di ffe rent resu l t s  from dup l i c a t e  e xpe riment . 

Tab l e  4 - 2 . Ce l l u l a r  l o c at ions o f  c e l lulase  enzyme in E .  c ol i . 

En z yme activity ( mU )  
Locat i on s  

CMCase MUC a s e  pNPCase MUGase pNPGase 

Int race l lular 5 8  0 . 1 5 0 . 0 4  0 . 4 5  0 . 2 7  

P e r ipla smic space 9 3  1 . 2 0 . 8 9 0 . 0 5 0 . 0 1 

Ext race l lu l a r  ND NO ND ND NO 

NO , n ot detectab l e . 
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F i gure 4 - 3 A de leti on strategy o f  ACM9 0 3  
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Peak A was pas se d  through a P - 1 0 0  c o l umn o f  3 . 8  cm I . D .  x 6 0  

cm at a flow rate o f  0 . 5 ml /min . The result ing three act ive 

peaks were named peak C ,  D and E ( F i g . 4 - 5 ) . Peak C had both 

MUCa s e  and CMC a s e  activit ies . Peak D had onl y  MUGas e  activity . 

Peak E showed both MUCa s e  and MUGa s e  act ivit i e s . The fract i ons 

of peak C wer e  int roduced to a P - 3 0 0  c o lumn of 2 . 5 cm I . D . x  75  
c m  with a f l ow rate o f  0 . 1  ml /hr . Two act i ve peaks ( F  a n d  G )  

wer e  recovered ( F i g . 4 - 5 ) . P e ak F had CMCase a n d  MUCase 

act ivi t ie s . P e ak G had MUCase a c t i vi t y  and very weak CMCase 

act ivity . The summary o f  part ial  pur i f i cat i on i s  shown in  T able 

4 -3 . 

4-2-7 Characterization of cellulase gene products 

The pro t e i n  samp l e  part i a l l y  pur i fied from ACM 9 0 3  c l one s 

in E .  c o l i  b y  c o l umn c hromat ography was used  for b i o chemical 

charact e r i z a t i o n  of  endoglucan a s e  ( fract i on B ) , exoglucanase 

( f ract i on D)  and �-glucos idase ( fract ion G)  . 

4 -2-7-1  Endoglucanase 

With zymogram stain ing techn i que s ,  the molecular wei ght o f  

endoglucanase  w a s  est imated as  appro ximately 4 5  kDa and two 

s ma l l  subun i t s  o f  1 0 - 1 3  kDa . The 4 5  kDa protein seems t o  be 

i dent i c a l  t o  t he pur i fied enz yme f rom R .  fl a vefa ci en s  ( a 

pproximately  42  kDa ) . The opt imal pH and t emperature o f  en

doglucanase wer e  5 . 5 and 3 0  C ( Fi g . 4 - 6 ,  4 - 7 ) , respect i vely . 

More than f i ft y  p ercent inhibit i on o f  act i vity was s hown by 2 0  

mM EDTA ,  1 5  mM E GTA, 0 . 5 mM i odoacet ate ,  1 0  mM ce l l ob i o s e  or 

25 mM g luc o s e  i n  phos phate buf f e r  pH 5 . 5  at 30 C .  Al s o ,  more 

than f i fty p e r ce nt inhib i t i on was given by , the f o l l owing 

s u rfact ant s : 0 . 05 % S D S , 2 % Triton  X - I O O  or � . 5  % Tween 8 0  

with the s ame c o ndit i ons a s  above ( T able  4 - 4 ) . 

4 - 9 
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F igure 4 - 5 P a rt i a l  pur i f i c at i on o f  c e l l u l a s e s  from c u l ture of 
ACM 9 0 3  with s e r i a l  B i o -Gel  P co lumn s  
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Tabl e  4 - 3 . S umma ry o f  part i a l  pu r i f i c at i on o f  endoglucanase , 
exoglucanase and P -glucos idase . 

P u r i f i cilt i on Tot a l  Tot a ]  Spe c i f i c  Hecovery of P u r i f J ea 
s t ep .., c t l. v l t.y pro\: o l n  <'l c t l v l t y <'l c ( l v l t: y  t. I on'  

{flM/m ! n l  (mq ) (U )  ( % )  ( - f o l  d )  

Endog l u canase 

Crude ex t r a c t  1 2 "/ . 4  4 , . "  2 . ,  1 00 
P - 2 ,  P - 6  1 0 3 . " 3 1 . 1 3 . 3  8 1  1 . 2 
P - 6 0  (pe<'lk B )  4 8 . 8  5 . 6  fl . "  3 8  3 . 2  

Exog l u cil nase 

Crude extract 6 1 . 3 6 4 7 . 2  1 . 3  1 0 0  
p - 2 ,  P - 6  5 5 . 9 8  3 1 . 1 1 . 8  9 1  1 . 4  
p - 6 0  ( peak A) 3 9 . 2  1 9 . 6 2 . 0  6 4  1 . 5  
p - 1 00 (peak C )  1 8 . 6 9 . 3  2 . 0  3 0  1 . 5  
P- 300 ( pea k G )  3 . 7  1 . 2  3 . 1  6 2 . 4  

f\-glucosidase 
Crude extrac t  2 8 . 3 2 4 '1 . 2  0 . 6 1 00 
P - 2 ,  P - 6  2 4 .  9 3 1 . 1 0 . 8  8 8  1 . 3 
p - 6 0 ( pe a k  A) 1 5 . 7  1 9 . 6  0 . 8  5 5  1 . 3 
P - I O O  (peak D )  3 . 4  2 . 6  1 . 3  1 1  2 . 2  

. a s  a % t o t a l  (cr ude e x t r a c t  as 1 00 % )  • 

. , a s  a ra t i o  a t  s pe c 1 f l <:  a c l  t v U: y  1 n  c r ude e x t r ac t . 

4 - 2 - 7 - 2  Exoglucanase 

The e s t imate of t he po lypept i de molecu l a r  we i ght from SDS 

PAGE z ymograms wa s 9 0  kDa . The opt imal pH and t empe rature o f  

exoglucanase were 5 . 2  a n d  3 6  C ( F i g . 4 - 6 ,  4 - 7 ) , respe c t ively . 

Mo re than f i ft y  percent inhibit i on o f  act ivity was s hown by 3 0  

mM EDTA, 2 0  m M  EGTA, 0 . 1  mM iodoacetat e ,  1 0  mM ce l lob i o s e  o r  

1 5  mM glucose  i n  phos phate bu f fe r  pH 5 . 2  a t  3 6  C .  Al s o ,  more 

than f i fty percent i nh ibit ion was given by t he f o l l owing 

s u r factant s : 0 . 0 7 5  % SDS , 1 . 5 % T r it on X- 1 0 0  or  2 % Tween 8 0  

with the s ame condit i on s  a s  above ( T able 4 - 4 ) 

4-2 -7 -3 P-Glucosidas e  

The mo l e c u l ar we ight o f  the e n z yme in t he pre sence o f  SDS

P AGE was e s t imated t o  be 76  kDa . The opt ima l pH 'imd t empe rature 
I 

o f  P-gluco s idase  were 6 . 3 and 3 3  C ( F i g . 4 - 6 ,  4 -7 ) , respec-

t ivel y . More than f i ft y  percent inhibit i on o f  act ivity  was 

shown by 2 0  mM EDTA, 2 0  mM EGTA, 0 . 2 5 mM i odoacetate or  30 mM 

g lucose  in pho sphate bu f fe r ,  pH 6 . 3 , at 3 6  C .  Al s o ,  more than 

4 - 11  
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Fi gure 4 - 6  A pH p rofi l e  o f  ce l l u l a s e s  o f  ACM 9 0 3  
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f i ft y  percent i nh ibi t i on wa s g i ven b y  the f o l lowing surfact 

ant s : 0 . 05 % S D S , 2 . 5  % Triton X - I O O  o r  2 . 5  % Tween 8 0  with the 

s ame c ondit i on s  a s  above ( Tabl e  4 - 4 ) . 

4-2-8  Substrate specificity assay 

Act ivity aga inst 1 %  CMC , 1 %  l i chenan , 1 %  ce l l ob i o s e , 0 . 1 % 

Avi ce l  ( PHl O l ) , 0 . 5 %  PMP and 1 %  xyl an was t e sted by measur ing 

the level o f  reduc ing sugar as de s c r ibed in Mat e r i a l s  and 

Met hods . The act ivit i e s  aga inst spe c i f i c  subst rate s  are  shown 

in T able  4 - 5 . L ichenan i s  a subst rate for a s s aying degradation 

o f  P - ( l , 4 ) - and P- ( l , 3 ) -glyco s id i c  bonds . F ive out o f  e i ght 

representat i ve c l one s showed a po s it ive reaction . Avic e l  and 

PMP have di f fe rent degrees of c ryst a l l i z at i on . P art i cu l arly , 

Avi ce l  i s  the spe c i f i c  substrate f o r  a s saying exo-glucanase due 

t o  its  high degree o f  c ryst a l l i n i t y . Three out of the e i ght 

c l ones  showed hydro l y s i s  o f  Avi ce l ,  i n  agreement with the a s say 

o f  MUCa se . Al s o ,  cel l ob i o s e  hydr o ly s i s  confirmed the react i on 

with MUGa s e  o f  ACM 9 0 2  and ACM9 0 3 . Three out o f  eight c l ones had 

x y l anase act ivit y ,  again support i ng the propos it i on that the 

genes  coding f o r  e n z ymes invol ved in b i omas s  degradat i on 

a r e l o c ated c lo s e ly i n  the genome . 

4-3  Discussion 

4 -3-1 Substrate degradation 

I n  detect i on o f  en z ymat i c  d egradat i on o f  di f f erent subs 

trates ( CMC , l i chenan , ce l lob i o s e ,  Avi c e l  and PMP ) , i t  was 

shown that the c l one s  ACM4 0 4 ,  ACM4 0 7  and ACM 9 0 3  could  degrade 

Avi ce l . S i n c e  these three c l one s s howed both CMC a s e  and MUCase 

a ct i vit i e s , i t  has been s ugge s t e d  that the combined react i on 
\ 

o f  endoglucanase  and exoglucanase could  be import ant i n  the 

degradat i on of Avi c e l . Howeve r ,  ACM 9 0 1  whi ch has both CMC+ and 

MUC+ activit i e s  did not degrade Avi ce l . Al s o ,  a l l  t he c l ones 

d i d  n ot show the abi l it y  t o  degrade PMP whi ch had a d i fferent 

degree of c rysta l l in it y  to that o f  Avi c e l . Further i nve s t iga 
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Tab l e  4 - 4 . 

I nh i b i t o rs . 

S u r f a c t a n t s 

S D S  
T r i t on - 1 0 0  
Twee n  8 0  

CHAPTER 4 CELLULASE GENES CHARACTERI ZATION 

Inhibit ion  factors o f  c e l lu l a s e  enzyme . 

E n do g l u c a n a s e  E x o g l u c a n a s e  r� - g J u c o s i d a s e  

( mM )  

0 . 5 0 . 0 7 5  0 . 0 5 
2 . 0  1 . 5 2 . 5 
2 . 5  2 . 0  2 . 5 

Che l at e  agent s ( % )  

EDTA 2 0  3 0  2 0  
EGTA 1 5  2 0  2 0  
I o doacetate 0 . 5 0 . 1  0 . 2 5 

Feed-back products  ( mM )  

glucose  2 5  1 5  3 0  
c e l l obiose  1 0  1 0  

* ,  more than 5 0  % inhibit i on when c ompared with non-treatment 
s ampl e  

Tab l e  4 -5 . Spe c i f i c  subst rate degradat i on b y  ACM c l ones  

Subs trate 
C l ones  

CMC L i chenan Cel l obi o s e  Avi cel  PMP Xylan 

ACM2 0 1  + 
ACM 3 0 1  + 
ACM 4 0 1  + + 
ACM 4 0 4  + + + + 
ACM 4 0 7  + + + 
ACM 9 0 1  + + + 
ACM9 0 2  + + 
ACM 9 0 3  + + + + -+-I + 
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t i o n  i n  the sequenc e s  and the i r  expre s s i on o f  the s e  genes and 

the struct u r a l  differences between the t wo t ype o f  substrate 

may help t o  e xpl a in this  discrepancy . 

The degradat i on o f  l ichenan by �CM4 0 1 ,  �CM4 0 4 ,  �CM4 0 7 ,  

�CM 9 0 1  and �CM 9 0 3  s howed that the c l oned c e l lu l a s e  not only 

hydrolyzed the �- ( 1 , 4 ) - l inkage but a l s o  the �- ( 1 , 3 ) - l inkage . 

I n  C .  t herm o c e l l um s ome CMC+ c l one s s howed degradat i on o f  xyl an 

( H a z lewood e t  a l . 1 9 8 8 ) . I t  i s  pos s ib l e  that t he c loned 

cel lulase m ight have a non- spe c i f i c  react ion  with l i chenan and 

xyl an or  t he c l one s might cont a i n  more t han one gene in  the 

fragment . 

4-3-2  Plasmid instability 

Sub c l on ing and expre s s i on o f  the c e l lulase  genes  from 

R .  fl a ve fa ci en s  1 8 6  us ing pl a smid vectors  in  E .  c o l i  and B .  

s ub t i l i s  wer e  unstable but l ambda vectors  wer e  s t abl e . We 

experienced d i f fi c u l t i e s  in reco vering the recombinant pl asmids 

a f t e r  a sho rt peri od o f  cuI t i  vat i on o r  i n  l ong-t e rm fro z en 

s t o rage ( - 7 0  C ) . The plasmid vect o rs chosen were pUC 1 9 (high 

c op y  numb e r  ve ctor ) , pGem3 ( h i gh c opy number with primer 

s e quence ) ,  pOU 7 1 ( l ow c opy number  with t emperature cont rol  

sequenc e )  and pCK1 7  ( shuttle  vector  o f  E . c o l i  and B .  s ubt i l i s )  . 

The pUC 1 9  and pGem3 vect o r s  were chosen becau s e  o f  the i r  

h i gh copy number ,  ease  o f  t rans fo rmat i o n  and t he i r  use  i n  

di rect sequ en c i ng . The instab i l it y  o f  t he s e  recomb inant s may 

have been c au s e d  by high l eve l o f  e xpre s s i on of the c e l lulase  

gene  in  the c yt opla sm and per ip l asmic space ( O ' Ne i l l  et a l ,  

1 9 8 6 ; Jo l i f f  e t  a l ,  1 9 8 6 ;  S chwa r z ,  et a l ,  1 9 8 7 ) . 

The low c opy numb e r  vector pOU 7 1 was chosen t o  o ve rcome the 

problem o f  o ve rproduct ion . Be l ow 3 7  C t he plasmid i s  pre sent 

at one c opy per chromo s ome , whereas  at 4 2  C the c opy number 

increases  t o  more than 1 0 0 0  p l a smid mo lecules  pe r c e l l  ( La rs en 
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et a l . ,  1 9 8 4 ) . I f  t he c lones i n  this  vector were st ab l e  at 

3 0  C ,  a t empe r ature change could  be used to regu l at e  the 

exp r e s s ion o f  t arget gene . Unfortunat e l y ,  the sub c l o n e s  in  this 

vector  a l s o  s ho wed instab i l it y  indicat ing that c lone s were 

uns t ab l e  even at low  c opy number .  Thi s indicated that the 

problem may be l ie i n  the expre s s i on o f  gram posit ive genes in 

E .  c o l i . 

A poss ible t e s t  o f  this thought was t o  use  a shutt l e  vector 

whi ch is funct i onal in  both Gram-po s it i ve and Gram-negat ive 

hos t s . A vecto r ,  pCK 1 7 ,  which rep l i c ated in  both E .  col i and 

B .  s ub t i l i s  was cho sen for the c loning exper iment . The pl asmid 

pCK 1 7  comb ined the repli cat i on regions of a S t rep t ococcus 

crypt ic p l a smid with the ant ib i ot i c  re s i st ance gene s ( kana

myc in and c h l o r amphen ico l ) from B a c i l l us vector pBD 6 4 . Agai n ,  

in s t abi l i t y  o f  recombinant plasmids w a s  f ound i n  b o t h  hosts  ( E .  

c o l i and B .  s ub t i l i s ) . The l ast  attempt a t  sub cl on ing in 

p l a smid vec t o r s  was t he use o f  p l asmid pBD 6 4 . P lasmid pBD 6 4  can 

be used for c loning DNA fragment s in B .  s ubt i l i s  and has 

s e l ectable phenotype o f  chl o r ampheni c o l  res i st ance and 

kanamycin  res i st ance in Baci l l us ( Gryc z an et al . ,  1 9 8 0 ) . Thi s 

was t o  test  i f  t he c l on ing o f  genomic DNA from Gram-pos i t ive 

to  Gram-po s it i ve ho st  would be e a s i e r  than that o f  Gram

negat ive host . However ,  no st abl e  recombinant c l ones  could be 

i s o l ated . The resu l t s  indi cated t hat the gene regulation 

s y stems o r  e n z yme re s t r i ct i on modi f i cat i on systems o f  R umi n o 

coccus and B a c i l l us were dif ferent . The problem of  plasmid 

i n s t ab i l i t y  has been invest igate d  recent l y  with respect to that 

of di fference in G+C rat i o  ( P aradi s et a l ,  1 9 8 7 ) , i o n  factor 

( Ohmiya et a l ,  1 9 8 8 ) , nutrit i on a l  factor ( Ohmiya et a l ,  1 9 8 8 )  

and temperature fact o r  ( Son et a l , 1 9 8 7 ) . Furthe r  s tudy o f  the 

expre s sion o f  c e l lu l as e s  in fore i gn hosts  will I  reveal  the 

c omplexity o f  regu l at ion o f  the s e  genes . 
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4 -3 - 3  Enzyme expression 

F rom the dat a o f  R .  fl a ve fa c i e n s  ( unpub l i shed dat a ,  Asmund

son ) , ce l l u l a s e  e n zymes were secreted int o  medium, whi l e  in E .  

col i  with p l a sm i d  ve ctor , the c e l l u l ase  enzyme s were f ound 

ma i nl y  in the peripl asmic spac e  and cytopl asm . It was ve ry 

di f f i cult t o  detect any cellulase  a ct i vit i e s  in the medium . Due 

to t he instab i l it y  of recombinant p l a smids whi ch cont a i ne d  the 

c e l lulase  gene s has  made the enz yme l ocat i on a di f f i cu l t  t ask . 

Norma l ly , a ft e r  t rans forming the recombi nant pl asmid and 

plat ing onto s e l e ct ive p l at e s ,  t he p o s i t ive recombinant s whi ch 

showed a s  sma l l  c o l on i e s  on plates  wer e  immedi ate l y  t rans ferred 

int o Eppendor f  t ube and ext racted the enzyme s from d i f fe rent 

fract i on s . 

The endoglucana ses  and exogluc anas e s  o f  Ce o fimi ( Langs ford,  

et a I , 1 9 8 7 ;  P a radi s ,  et a I , 1 9 8 7 ;  Guo et a I , 1 9 8 8 ;  Curry , et 

aI , 1 9 8 8 ;  Wong et a I , 1 9 8 8 ;  G i l ke s ,  et a I ,  1 9 8 9 ) , C .  t he rm o 

c e l l um ( Cornet et aI , 1 9 8 3 ;  Sacco et a I ,  1 9 8 4 ; Schwar z  et a I ,  

1 9 8 6 ;  Jo l i f f  e t  aI , 1 9 8 6 )  and B a ci l l us spp . ( Robs on and 

Chamb l i s s ,  1 9 8 6 ;  Lee and Pack , 1 9 8 7 ; Lo et a I ,  1 9 8 8 ;  K awa i et 

a I ,  1 9 8 8 )  we re glyc oproteins  but the proteins  whi c h  were 

e xp r e s s ed from rec ombi nant s i n  E .  c o l i were non-g l y c o s yl ated . 

S i nc e  t he endoglucan a s e s  puri f i e d  f r om R .  a lbus ( Kawai et a I , 

1 9 8 7 ;  Ohmiya e t  a I ,  1 9 8 8 )  and R .  fl a vefa c i en s  FD 1 ( Gardner et 

a I , 1 9 8 7 )  were glycosy l ated,  it i s  suggested that g l y c o s yl at i on 

i s  important f o r  e f fi c i ent s ecret i on and gene expre s s i on . 

G l y c o sy lat i o n  could be involve d  i n  t he prot ect i on o f  enzyme 

aga inst prote a s e  ( Langs ford et a I , 1 9 8 7 ) . S o  far,  glyco s y l at i on 

was not det e ct e d  from cellulases  which were pur i f i e d  from 

c u lture o f  R .  fl a ve fa c i en s  s t ra i n  1 8 6  ( unpub l i sh dat a ,  Asmund

s o n ) . Further study on the glyc o s y l at ion o f  ckl l u l a s e s  wi l l  

imp rove the s t ab i l it y  o f  the c loned c e l lu l a s e  genes  i n  foreign 

hos t s . 
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4 - 3 - 4  Choice o f  deletion method 

Although s it e  spec i f i c  mut agene s i s  with t ransposon  i s  the 

c ommon way o f  l o c a l i z at i on o f  gene s ,  other considerat i on s  ( eg . 

the s i z e o f  t he fragment , the s c reeni ng method and the method 

of s equencing ) may a f fe ct the u s e  of thi s method . The method 

of choice  f o r  the study of ce l lu l as e  genes was the u s e  of  

Exo I I I  de let i on whi ch has the bene fit  o f  l oc ating the gene and 

a l s o  a l l owing t he use of the deleted c l ones  for s e quenc ing 

ana l ys i s . 

The growing use o f  bacteriophage lambda as  a c l oning vector 

both for genomic and c DNA has led to t he development of n ove l 

techn i que s i n  the manipu l at i on o f  l ambda phages for c l on ing and 

sequencing o f  DNAs . New method such as the one des c r ibed by 

Man f i o letti  and S chnei de r  ( 1 9 8 8 ) , had opened a way to do di rect 

sequencing of DNA in l ambda vec t or ,  whi c h  avo ided l aborious 

mapping and subc l oning steps and was o f  part i cular ben e f i t  for 

the problemat i c  subc l on ing o f  DNA f ro m  Gram posit ive bacteria 

i nt o the Gram negat ive microorgan i sm E. c o l i . 

4 - 3 - 5  Enzyme purification and characterization o f  gene 

products 

CMC a s e ,  MUCase  and MUGase from l y s at e  o f  ACM9 0 3  culture we re 

part i a l l y  pur i f ied . The MW of CMCase , MUCase  and MUGas e  wa s 

e s t imated a s  4 5  kDa ,  9 0  kDa and 7 6  kDa ,  re spect ive l y . S everal 

nat ive ce l l u l a s e s  from ruminococci  were a l s o  puri f i e d  ( Pett i 

pher and Latham , 1 9 7 9 ;  Ohmiya e t  a I , 1 9 8 2 ;  1 9 8 5 ,  1 9 8 7 ) . The 

endoglucanase , exoglu c anase and �-glucos idase puri f i e d  f rom R .  

albus strain F 4 0 had e st imated MW o f  5 0  kDa , � 1 0  kDa and 8 2  
I 

kDa ,  respect i ve l y  ( Ohmiya et ai , 1 9 8 2 ;  1 9 8 5 ;  1 9 8 7 ) . I n  

add i t i o n ,  endoglucanase  pur i fied f rom s t r a i n  6 7  o f  R .  fl a ve 

fa ciens was 8 9  kDa ( P ett ipher and Latham, 1 97 9 ) , whereas  in 

strain FD- l  the exoglucanase was about 1 1 8  kDa ( Ga rdn e r  et aI , 

1 9 8 7 ) . S o  far ,  the on l y  reported recomb inant gene p roduct of  
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CMCa s e  f rom R .  a lbus SY3  strain was  5 6  kDa ( Romani e c  et  a I ,  

1 9 8 9 ) . When c ompared with the part i a l ly pur i fied CMCa s e  of  

stra in 1 8 6  o f  R .  fl a vefa ci ens ( 62 kDa ;  unpubl i sh dat a ,  

Asmundson ) ,  the rec ombinant gene product s was about 7 kDa 

shorter than t he nat ive prote i n . The s i ze of c e l l u l a s e s  from 

reco mbinant c l one i n  E .  col i c orre l at e d  to t he s i z e  o f  nat ive 

prot e in s . 

4 -4 Short summary 

The l oc at i on s  o f  the endoglucan a s e ,  exoglucanase and J3-
gluc o s idase genes in  ACM 9 0 3  were det e rmined . Two separate 

fragment s were s ub c l oned and named ACMEHl ( CMC+ ) and ACMEH2 

( MUC+ ) . Cro s s  hybridizat i on between c e lA gene o f  C .  t hermo

cel l um and 2 6  r e c ombinant c l ones  o f  R .  fl a ve fa c i e n s  was 

performed and showed no s ign i fi c ant homo logy . However ,  

different degrees  o f  homol ogy were found among the 2 6  rumino

coccal c l ones . 

The difficu l t y  o f  sub c loning the ruminococcal DNA f ragment s 

int o pl asmid vect o r s  was the i r  s t ab i l ity in  the new host s . 

D i ff erent vect o r s  with di fferent funct i on s  were t r ied but a l l  

recombinant p l a sm i d  c lones showed i n s t abil ity  i n  E .  c o l i and 

B .  s ubt i l i s . 

The cel l u l a r  l ocat i on of  en zymes in E .  c o l i  cel l  wa s determ

ine d . Mo st  o f  the endo - and exo-glucanase we re found in the 

per ip l a smic  space . Part i a l  puri f i c at i on o f  the se c e l lul ase 

enzyme s f rom E .  c o l i ce l l s  us ing chromatography was pe rformed . 

The pH opt imum, t emperature opt imum, i nhibit i on and mol ecular 

we ight characte r i z at i on o f  the s e  c e l lu lase .  enzymes was 

achieved . 
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5 - 1  Introduct io n  

CHAPTER 5 SEQUENCE OF CELLULASE CENES 

The development of  improved s equencing methods for determin
ing the order o f  nuc leotide bases i n  deoxyribonuc leic acid has 
led to the rapid increases  in the number of genes s equenced and 
a l s o  there is a wide application of computer in the proc e s s ing 
of information on biological systems contained in thes e  
s equences . Severa l  s equencing procedures have been deve loped 
( Maxam and Gi lbert , 1 9 7 7 , 1 9 8 0 ; Sanger et a I , 1 9 7 7 ; Mes s ing et 
a I ,  1 9 8 1 ;  Guo a nd Wu , 1 9 8 2 ; Yani sch-Perron et aI , 1 9 8 5 ;  P rober 
et a I ,  1 9 8 7 : Berchtold , 1 9 8 9 ) which were bas ed on two types of 
meth ods : the chemic I degradation method and the dideoxy c hain 
termination method . Recently , the M 1 3 phage single - s tranded 
vector system has b ecome the most c ommon protocol for c loning 
and sequencing u s i n g  the chain termination method becaus e  of 
its s implicity and rapidity . Lambda s equencing i s  a newly 
improved method whi ch overcomes the d i f f iculty of subc loning 
DNA fragment by p :asmid vectors . The genomic library c on
structed in lambda phage are sequenced directly us ing this 
technique . 

I n  this section the sequence data of a 7 . 3  kb fragment from 
ACM 9 0 3  i s  pres ented and analyz ed with UWGCG package . 

5 - 2  Resul t s : 

5 - 2 - 1  Nuc leot ide s equence results 

The deletion c lone s  ( AdGCM- series ) o f  the 7 . 3  kb fragment 
were sequenced by the dideoxy termination sequenc ing method 
using lambda vector . B oth strands were sequenced c ompletely 
using overlapping c lone s . Preliminary s equence data obtained 
for the 7 . 3  kb fr agment was a s s embled using the c omputer 
programmes GELSTART , GELENTER and GELASS EMBLE ( UWGCG ; Staden , 
1 9 8 0 ) .  The resu ltant c ompleted DNA s equence showing the main 
res triction enzyme sites i s  presented in Fig . 5 - 1 . 

I n  order to ident ify potential c od ing regions , the s equence 
data was analyz ed u s ing FRAMES ( Devereux et a l . ,  1 9 8 4 ) ,  C ODON
FREQUENCY , CODONPRE FERENCE and TES TCODE ( Fickett , 1 9 8 2 ) . From 
thes e  results and _hos e  presented below ( presence o f  Shine
Dal garno s equences and promoter s equence s ) ,  five separate open 
reading frames ( ORF s )  were predicted to be the c oding regions 
( Fi g .  5 -2 ) .  
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5 - 2 - 3 - 1  F i rs t  open reading frame 

The first ORF was identified as  the s tructural gene f or the 
R .  fl avefaciens endoglucanase gene ( de s i gnated ren A : Rumino 

coccus endoglucanas e ) because it corresponded to the region of 
deletion map s howin g  endoglucanase activities  . The s equence 
of this ORF , the 5 7  upstream s equences and the deduced amino 
acid s equence is shown in Fig . 5 - 3 . The ORF has a c oding region 
o f  2 1 5 7  bp , s tarting with an ATG c odon at pos ition 8 2 9  and 
e nding with a TGA s top c odon at pos ition 2 8 7 1 .  

The nuc leotide sequences upstream of the 5 '  end o f  ORF I  were 
s creened for sequences c omplementary to the 3 '  end of tmx 1 6 S  
rRNA o f  B. sub t i li s  and E. coli ( Shine and Dalgarno , 1 9 7 4 ; 
Moran et a l . ,  1 9 8 2 ; Stormo et a l . ,  1 9 8 2 ) . A s trong S hine 
Dalgarno ( SD )  s equence ( CGGGGA ) containing 5 C/G ' s was located 
at pos ition - 1 0  to - 5 , 4 bp upstream of the ATG initiation 
c odon ( Fig . 5 - 3 , Table 5- 1 ) . The region upstream of thi s 
presumptive trans la tional start site was ana lyzed for potential 
p romoter sequences homologous to E .  col i ,  Ce o fimi and C. 

t hermocellum consensus s equences ( Hawley and McC lure , 1 9 8 3 ; 
Wong et  a l ,  1 9 8 6 ;  B egiun et al , 1 9 8 5 ) u s ing BESTFIT ( Smith and 
Waterman , 1 9 8 1 ) and GAP ( Needleman and Wunsch , 1 9 7 0 ) .  Putative 
promoter sequences -36TTTACA-3 1  and -59TACGAA-54 were f ound as - 1 0  
and - 3 5  regions , re s pectively . The d i stance ( 1 7bp ) between - 1 0  
and - 3 5  was s imi lar t o  the consensus d i stance ( 1 7 bp ) o f  E. coli 

( Fig . 5 - 3 , Table 5 -- 1 , Hawley and McC lure , 1 9 8 3 ) . At the 3 ' 
terminal end o f  the gene downstream o f  the stop trans lation 
c odon , several inve rted repeat sequences were identi f ied ( Fig . 
5 - 3 ) that had the potential to form s tem- loop structures which 
may be involved in rho- factor-independent transcriptional 
termination . The resulting DNA sequence o f  the ORF was analy z ed 
using C ODONFREQUENCY and CODONPREFERENCE ( Devereux et al . ,  
1 9 8 4 ) revealing a s trong bias towards c odons containing dG+dC 
( 7 1 . 7 % G+C , Table 5 - 2 ; Fig . 5 - 4 ) . 

The ORF was s u f f icient in s i z e  to c ode for an unmodi f i ed 
protein o f  6 8 0  amino acid res idues , whi c h  consists o f  6 5  acidic 
amino acid ( As p  + G lu j 9 . 0 % ) ; 1 7 1  basic a . a .  ( Arg + Lys ;  
2 3 . 8 % ) ; 1 0  aromatic a . a .  ( Phe + Trp + Tyr j 1 . 4 % )  a nd 2 3 2  
hydr ophobic a . a .  ( aromatic + I le + Leu + Met + Val ;  3 2 . 5 % )  with 
a c a lculated MW of 7 5 . 8  kDa . Thi s predicted molecular weight 
of the trans lated protein was far larger than the minimum s i ze 
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Figure 5 - 1  Nuc leotide s equence o f  7 . 3  kb of ACM9 0 3  

1 AATTCGGAGG C CCTGGATTT TAGCTAGCTC CCCTTTTTTA AAGGAATCGT 

5 1  AGATCGCGCT A GCGATTCTC CAGAGCTAGC TCGATTTCGA TCTATTCGCT 

1 0 1  TGATCGCGCT TTAACTCTCG TATAGCTACG ATCGAGTCGA AGCTAGATAG 

1 5 1  CGAGAGATCG GCTTTCCCGA TCAATTATCG AATAGATCGC GGGATACATC 

2 0 1  CGGTATCGGC TCTCGATCGC CTACCTACGC TAGCAATATA TATTACCAAT 

2 5 1  CAATATATAA AGCTCTTTTA TACTTACGAT TTACGATTCC CTCTCGCTAC 

3 0 1  GATCGGCTAC AGCTCGATTT ACGCTCGCTT ATGAAAAGCT ACGCATCGGC 

3 5 1  ATCCGCTTAC GAAGCTCGCT TATACGCTTC AGCGGGCTAT CGAGAGAAAT 

4 0 1  CGGAAAAACG ATCGCTCGAT CGGGCCTCAG CGCTTATACT CAGCCGCGAT 

4 5 1  TACGCGCGCC TACGAGAAAA GGGGGCCCCC CCCCCTTTAT TCATCGGCTC 

5 0 1  GGCGCTGGAA TTATATTAGA GATAGATCGC TCAGGCTACG CTTACTTCGC 

5 5 1  GATTCCCGAT CGCGGCTCAG CGCGGCTTCG ATCGCTCGGT ACTTGAGCTC 

6 0 1 AAGCTACGAT CGGTACACAG CATAGATCGA CTATTCATCA ATCGACTACT 

6 5 1 ACGATCGGCC TTTTTGAAAA AAGCTCGATC GCTTACGCTC GATTCGAAGG 

7 0 1  CGCTCAGCTA GGCTACTATC TGGATATATT CArnxGAGAGA GCTCGCGCGT 
PstI 

7 5 1  CCGATACGAT C GTACGGAAT ACGAATTACC GCTGCAGAGG CATTTACAGG 

8 0 1  GCCTTTATAT ATACGATTCG GGGATACGAT GGTAACCAGC GAAAGCGCTC 
KpnI 

8 5 1  GATCGGGTAC CCCATCGAGC TCGCCTCCGA CTTCACCTAG TCCCAGCCCT 

9 0 1  ACGTCGCCCA CCCCGCCTTC GCCTTCG � XxC GAATCCAGCC CTACTCCCTC 

9 5 1 GTCGCCAGCG TCACCGCGCT CGCCTACGGT GCGCTGCCGC GAAGCGGTAG 

1 0 0 1  CACCTGCGTG CCACGCAGAC GCACGTACCG CAGGTCGCGG GCGCGACCCG 

1 0 5 1  CGGCACCAAT GCGACGCCCG CCTCCGGGGC CGCCACCGCC CGCGGCTGGG 

1 1 0 1  CCACGCGGTG GTACGCGACG ACGGCCTGGG TCCACACCAA CGCGACTGTG 

1 1 5 1  TCCGTGGCGC TTGTCACGGG CCATCTGTTC ACCGCGCCGA TTGGCACCAA 

1 2 0 1 CCACGGCGTG CTGCACTTGA ACTTGTGGGA CAACTCGTCC ATCCGCAGTC 

1 2 5 1 CGGGCTCGTT CCGGTGGTTC GAGGGGTTCC GGCGCCGCCC CCCCGTGATC 

1 3 0 1  GTCGGCGAGA CCAATCCCGG CCGCGACGGG CACTGGTTCA GCTCCCCCTT 

1 3 5 1 CCGCGGGACC GGGAACAACC AGGCGGTCAC CAACCCCACG ACGCCGACGC 

1 4 0 1  TGTACACGGC GGGGGCCGAG GCGTACGTGG GCAACTCCAA TCCCGCCGTC 

1 4 5 1  CTCGGGATCG GCGTGTACGG GACCACCGTG ACGGCCCATC CGACGGCAGA 
HindI I I  

1 5 0 1  AGCTTTGACC CCCCCGACCG ACAACGGGCT GTGCGACGCC AACGGGGACG 
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Fi gure 5 - 1  ( continue ) 

1 5 5 1  AAGGCACCGA CTCGTGGACC GCCGGGTGCG GCCTCGGGAA CAACCGGTGC 

1 6 0 1  CGCGGGTTCG CCAACGCGGT CCGGGGGTGC GGGCGCACGA ACACCGCCGA 

1 6 5 1  CGGCGCGGCC CGCTTGCGGG TGACCTGGTG GAACGCGCGC AAGCCGCTCA 
CIa! 

1 7 0 1  CCCGCGTTCC GTGCAGCGCG AACCGATCGA TCACGGTGGT CGGGAACTAC 

1 7 5 1  ACCGCGTGGG TGCGCAGGGC CGTGGGGCAC GAGAAGATCG TGGCGACGGT 

1 8 0 1  GCTGGTCGAG AACGCGGGCG TGCTCAACGA ATCCGGCGCG GTGGTCGGCT 

1 8 5 1  ACACCGAGCG GAAGGCCGAC GGGAAGCATC CCTCGGCCTA CGAGCGCGGG 
HindI I I  

1 9 0 1  GCGTGCCTTC CGGTCTCCAG CGACGACAAG CTTCGGCGGT GGAACAACGG 

1 9 5 1  CATCCGGGGC GGCGGCGGCC GCCGGAAGGA CGGGATCTCC AACGTCGCGC 
SmaI 

2 0 0 1  CGTACCCGGG TCCCGCGCGC CGCAAGCAGG CGCGTCCGGC CAACGGCGTG 

2 0 5 1  TGGGGCCGCG GGGCGGCGGC GTCGGCAGGC TACGCGTCTC TGCGCTACGT 

2 1 0 1  GTCGTCCCCC TCCGGCGCCG GTCTGGACGC GATCGTGCGG ACTGTCACGC 

2 1 5 1  TCGGCCGGGG GTCTCCCACC GGGCTACTCC GCGCGGGCAC CCGCACCGGT 

2 2 0 1  GTCGGGCTGT GCGGGGCTCC CGGCAAGATG ACCGTGCGCG AGACCTACGG 

2 2 5 1  CGCCGTCACG TGGACGCGAC GGCGGGCCAG GGTCGGCGGG ACCGGCCCCA 

2 3 0 1  GCTACGGGTA CTGGTACACC AACTGCGGCG GGAAGCTACG GGCCAGCGTC 

2 3 5 1  CGGACGCTAT GGGAGCTCGC GCGCACCCGA TCCACTGGGG CGGTGTCAGG 

2 4 0 1  CTACCCCGCG GGGCGCGGGC TAGCCAAGGA CACCGGCGGG ACCGCACTGC 

2 4 5 1  TGTCCGGCTA CCCCGCGTCC GCCGCGACAG TCGTGCCCAA CGAGACACTC 

2 5 0 1  GCGCCGACGT C GTCCGCGCA CGTCGGCTAC GTACGCGCCG GGGCGCTGCC 

2 5 5 1  GGTACTGAGC GAGCTGAGCT ACGTCGCGTC CACGAGCGGC GCCGCCGTCG 

2 6 0 1  CGCTACGGTG GGCCGCGTTA CGGTCCGAGG CTGCTTCAGG GAGCGCGTCC 

2 6 5 1  GAAGCGACCC CCACCGCAGC CACGGTACGC GCGCCCAACA TGTCCACCGA 

2 7 0 1  GCTACTCGCG ACGCTGCCGG GGTGCGAGCG GGCCTCGGCG AACAACGCGT 

2 7 5 1  CCACAGGCGC GCCGCGGCGA CCCGAGGCAC CGGCCGACAA GAAACGCGCC 

2 8 0 1  GATCGGGCTC GGGCGATACG TCCGGCGCGG GACGCGGGGG AGCCATCGCT 
EcoRI 

2 8 5 1  AGCGGCCAAA CGACAGCCTG ATCTATATCG TACGAATTCT GGATATAAAG 

2 9 0 1  CTCTAGCTCG CGTACGAAGT CTACGCGTAC AGCGATACGC GAGCGTAGCT 

2 9 5 1  AGCGAGCGGA TCGTAGCTGG AGCTTCGCGA GCTGGCAGCA TCGAGCGCGA 

3 0 0 1  TCGAGCGATA CGAGCGATCG TATCGACGTT CGATCCATCG AGTACGATCG 

3 0 5 1  TATGCTCGAT CGTACGAGTC GTACGTATCG TTCGAGCGTA CTTACCCCTG 

3 1 0 1  AGCACGCGTC AGGCAGCGAG CTACAGCAGA GCTATCGCGA GCAGCGATCG 
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Figure 5 - 1  ( conti nue ) 

3 1 5 1  AGTCGAGCTA TACTATATAT CGCGCTATAT ATACGGCGGC CGTCGCGCGC 

3 2 0 1  CTACTACGGC ATTACCCTAT TCAGCGAATT TGCGCAGCGT ATATTACGCT 

3 2 5 1  AGCTACGCGC TATCGGTCGA GGCGATACAG AGAGGACTAC GCTACGTCTA 

3 3 0 1  CGCGCGTACG CGCGTACTAT GGAGAGTACT CGACGATCGT ATATACAGCT 

3 3 5 1  ACGCCCGTAC GGGCGGATCG GCGTAGCGCG CGATCGGATA GCGACTACTA 

3 4 0 1  TATATACTAT CGGAGAGAGT CTCTCCCGAG CTACGCGACC GAGCTCAGCT 

3 4 5 1  ACATTTATAT AAATGGTATT TACGGCGTAG CTCCAGCAAG CTACGACACT 

3 5 0 1  CTTGCAATTT AAGCGTAGCA ACGTTAGCGA ATCGAAGGAA AGAATCGTAA 

3 5 5 1  AGATTATATA CAGAGCGTGT AAAATCTATG GGGCGATGCG GCAAGACACC 

3 6 0 1  CAGAGCGCTC AGCGTGAGCG GGTCCACGAC CTCGACCTAG ACCCGGTCAG 

3 6 5 1  CGGGGTCCTC CGGCTCGCTT CGGACGAGCA GCACGGCCGA TCCGTTGACG 

3 7 0 1  GTCTCGACCA GCACGTAGCC GTGGAGGGGC GGGACCACGA CCTCTCGGCC 

3 7 5 1  CACGACCTGC TCGGCGTGGC GGCTCGCGTC TCGGACGAGC CGCTACTCTA 

3 8 0 1  CCGGGACGAT CCCGCGGACA GGGAGCAGCC CCGCCCGGAC GGGCGACAGG 

3 8 5 1  CTGTCCCGGA GGAGGTCGAC CAGGGGGCAG CGAGCGACGG TCACGACCTC 

3 9 0 1  CGCGTCGACG CGCTCCAGCA CTCCGGACTG TCCCAACAGC ACGACCGCGG 

3 9 5 1  GCGCCCGGAG GTCGCGCGAC ACCTTGACGA GGACGGCAGG ACGGTCCTCA 

4 0 0 1  GGGCCGACTC GCAAGACGAC ACACAGGACT CGAGACTCCA GCTTCTAGCG 

4 0 5 1  TGGTGCCGGC TCCTCACGGT CCGCGGCCAT GTCGACCCGG TGGTGGCTCA 

4 1 0 1  CACAGGCCGG CAGGCCGACG AACAGGACGC CGGCGACGAG CTGCCCAGCG 

4 1 5 1  TGCACCAAGC CGAAGACGGC GGCGCCCTTT CCCGTCAGCC CGATCACCTG 

4 2 0 1  GACCTCAACG TCTCCCGCGA CGATCATTCG GTCGAGCGGC GACTGGACCA 

4 2 5 1  GGACTCGCAC GACCTCCAGC GTGCCCTCCA AGACCAGGAC CGGCTCGCGG 

4 3 0 1  CAGTCCTGAG ACTCGACGGC GACCACCTCG ACGACCCGGT GGGCGTCCAG 

4 3 5 1  CTGCCGCGAC AAGACCACGA CGACTCCGCA CAGGATCACC GATCGCAGGG 

4 4 0 1  CGAGCGATTG GCATCGGGAC ACCACCCGGA CCTCCGTTCG GAGCAGGTCA 

4 4 5 1  CCGCAGCGCT CCTGGAAGAC GAGGCACACG TGGTGGGGCA CCAAGCATCC 

4 5 0 1  TCAACGAGGG TGGACTCGCC GGACCAGGAG AGGGGTGACC ACCCGGATCG 
HindIII  

4 5 5 1  AAGCTTCGCA AGGCTCGAGG ACGTCCAGGG GGACGAAGCA CGGCTCGACG 

4 6 0 1  TGGACCAATC ACAGCTCGAC CCGCAGGACG GGCTCAGGGT CGCGGACCCT 

4 6 5 1  GACCTGTCGG TGGAGGACCA CGGGCAGAGG GACGCCCTGT GCCAGTCAGA 

4 7 0 1  CCCCCAGCGG �TCGAGCGCG CTGACGGGCT TGACGTCTGC CTCCGACACT 
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CHAPTER 5 SEQUENCE OF CELLULASE GENES 

Figure 5 - 1  ( continue ) 

4 7 5 1  GTTCGACCGC ACCCAGCTCG TCGCCTCCAT CTACTCCTAC GCCCAGCAGC 

4 8 0 1  ACGACCCCCA CCCCTAGCTC CTCAGTATCT TCCGTACCTA CACCGAGCTC 

4 8 5 1  GCCCGATTCA CCGTCGCCTA CGGACCACGC CCGCTCGGGG GACCAGCATG 

4 9 0 1 AGGTGGACCT G CACGACCAG CGCGGCGACG CGGCCGGTCT CCACGACCAG 

4 9 5 1  GTGGATCACT C GCTGGGCGA GGACGTGCGC CTCGCCGACG GAGACGGAGA 

5 0 0 1  CCAGTCCCTC C GGCAGCAGG AGCTCAGCCA CGACGAGCTC AGGGTGGGAG 

5 0 5 1  AGCAGCTTGA GGCTGTCGAC CCGGATCGCT CAGCGCAGGG TGTGGAGCAG 

5 1 0 1  GACGCACCTC TGTCGCAGCT CCAGGCTGTG GCACAATCGG ACGCAGCTGA 

5 1 5 1  CCTACAGCAG GTGCGCGACG TCGATCACGA CGACGTCGTG GCTGGTGAGG 

5 2 0 1  ACGGCGGCCG C GACCACGAG CAGCTCCACC GCTTGGACAC GATCCCAGTC 

5 2 5 1  TTCGATGAGG CACACCCCCA GCCAGGAGCA ATCAGCGATC GGCTACGATC 

5 3 0 1  GTAAGGCTAA GCGACTTATC AGGCGCTAGC GTCGATTAGC GATGCGATAC 

5 3 5 1  GCATCGGTAT ATTAGCGCGC GAATTAAATT TCGGGCCCTA TTTTAATCGG 

5 4 0 1  CGCTAGCCCT ATTACGTACG GCTATACGGC GATTAGCGAT TCGCAGCGTA 

5 4 5 1  TTTCGCGTAC GCGAGCGCGT ACGCTATTAC AGATGCGATT ACAATCGGCT 

5 5 0 1  ATATTACGCG TATATTTACA GCTATACCTA CGGATTCGAT CGTAGCGCGT 

5 5 5 1  ACGCTCATCG GCTACTCAGC GCTACGCGCA GCAAGCGCTA TATTCGGCGA 

5 6 0 1  TCGGCTACTA GCCAGCAGAG TTCATACATA TACGGCGCCA TTCGATCGTA 

5 6 5 1  CGTACGCAGC TAGCATACGT ACGATCGGCT ACGCGCTATC GGCATGCGCG 

5 7 0 1  ATATGCAGCG CTTACGGCGA TCGGCTACGT ATCGGATCGT GCGCGATCGG 

5 7 5 1  TATCGCGTTA TACTCGCGTA TATTTCGCTT CGGCATATAT TATCGCGATA 

5 8 0 1  TTATATATAT ATTCGCATTA TCGAACGGCC GTTATATACG CATCTGGTCT 

5 8 5 1  ACGATCTGCG ATCGAGTATA AAGCGCATTA TATTTCGCTA AAAGCGATCG 

5 9 0 1  GCTTTACTAT CGGCTACGCG TTTCCCCCGT TACGTACTCG TATACGGGTC 

5 9 5 1  ATACTACGCT ATATTACAGC TATCTACAGC GAGCGATATT CGATCGTATA 
Pst I  

6 0 0 1  TCGGCTATAT ATGGCATACA GCATTATATA CGTATCTGCA GTGCGTCGTA 
KpnI 

6 0 5 1  TACGATCGGA GCGATCGGCA TACTACGCGC ATTTATATAC GTCGTCAGGT 

6 1 0 1  ACCTTACAAA AGCTCAGTTC ATACGCGTTA CCGCGCGCGT CGGGTATGGA 

6 1 5 1  GCGTCTTCAG CGCTATCGCG CGGTCTACGT CTACGCGTTA AACGCGCGTA 

6 2 0 1  TCGCGTAGCG CATACAGCAA TTAGTCAGAT TTCACTTAAG TGCGAGTACG 

6 2 5 1  TTCTATTGGC GGCAGATGCG CTCAGTCCGT CCTCGGGGTC CACGACGGCA 

6 3 0 1  GCACTCCGGC CAACCAGGGG GCGAAAGGCG CCAACTCGGC GACCGGCCTA 
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ACCGACGATC GTGCTCGGGG 
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CAAGACGCGG GGCGCGCCGT CCGGGCACGT 

TCACCAACCA GGGCGTCCTT CCCGGCGTCG 

CGGCTACGGT CGGCTGCGGC GACACGCGCG GCCCGGCCGA CGCGCGGACG 

CGCGCGATCG GCCGCGGGAC GGCCTCCGCG ATCGGCCACG CGCAGCGCAC 

CCAGGCGCAG GCGAGCCTCC CCGACACGGG CGCCAGCGCC GGGATCGCCC 

GGTCGCTGAA TGCGGCGTCC AACACGACGG CTCTCGCGAC GGAGCGCAAC 
Hind I I I  

GGCGCGGGCA ACGAGGTCCA CGTCTCGAAG CTTCCCACGT CGCAGGCCCA 

GCACGAGCGG ACGCTGGCGC TGGCGACAGC TGCGGCCGCT GCGGCTGGCG 

CGGCCGGCCA C GCGACCTCC GGCAAGACCG GGCCGCTGAC GCTCGGCGCC 

GCGGCCTCGG CGACGTGGCA CAGGTGGGGC GAGCCGCTCG CGGGGCGCGT 

CCGCGTCGGG TCGGTCGTGA ACGACCCGAG CGACCTCTGC ACCAACGGCA 

CTCAGGGGAT CTCGTGGGCC TCGACGCACA CGGGAGGGCT GGAGGAGTGG 

CTCGCGGCCG C CCTCGGCCA GGACACGGGC TCGGCCGTGG ATGGCTCGGT 

CCCCGCGCGC GAGTGCGAGC ACGCGGTCGA GGCGCGCGTG TGCTCGGCGT 

CCCCCGGCCT GTGGCTCTCC AGCGGCGCGC TCTCGCCCGA GAGGCCCCAC 

GAGTCCCGCG TCGGCACCGG GTGCTCGGCC TGCGCGGCTC GACCCCATCG 

AGCTCGCCTC C GACTTCACC TAGTCCCAGC CCTACGTCGC CCACCCCTCC 

TTCGCCTTCG GTCAACGACC GGCCTCGGCC TCGGGCCCCC TCGATCGGCA 

CCGGCGGTGC C GTGCCGCTG CGTCGATACG CTCGGTCGTA GCATACGCTA 

CGAT 
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CHAPTER 5 SEQUENCE OF CELLULASE GENES 

F ig .  5 - 3  Nuc leotide and deduced amino a c id sequences o f  ORF 1 

7 1 2  GCTACTATCTGGATATATTCAAGGAGAGAGCTCGCGCGTCCGATACGATCGTACGGAATA 7 7 1  
-J5 -10 .so 

7 7 2  CGAATTACCGCTGCAGAGGCATTTAC AGGGCCTTTATATATACGATTCGGGGATACGATG 8 3 1  
= 

M 

8 3 2  GTAACCAGCGAAAGCGCTCGATCGGGTACCCCATCGAGCTCGCCTCCGACTTCACCTAGT 8 9 1  
V T S E S A R S G T P S S S P  P T S P S 

8 9 2  C CCAGCCCTACGTCGCCCACCCCGCCTTCGCCTTCGACCGAATCCAGCCCTACTCCCTCG 9 5 1  
P S P T S P T P P S P S T  E S S P  T P S 

9 5 2  TCGCCAGCGTCACCGCGCTCGCCTACGGTGCGCTGCCGCGAAGCGGTAGCACCTGCGTGC 1 0 1 1  
S P A  S P R S P T V R C R E A  V A P A C  

1 0 1 2 CACGCAGACGCACGTACCGCAGGTCGCGGGCGCGACCCGCGGCACCAATGCGACGCCCGC 1 0 7 1 
H A D  A R T  A G R G R D P R H Q C D A R  

1 0 7 2  CTCCGGGGCCGCCACCGCCCGCGGCTGGGCCACGCGGTGGTACGCGACGACGGCCTGGGT 1 1 3 1  
L R G R H R P R L G H A V V R D D G L G 

1 1 3 2  C CACACCAACGCGACTGTGTCCGTGGCGCTTGTCACGGGCCATCTGTTCACCGCGCCGAT 1 1 9 1 
P H Q R D C V R G A C H G P S V H R A D 

1 1 9 2  TGGCACCAACCACGGCGTGCTGCACTTGAACTTGTGGGACAACTCGTCCATCCGCAGTCC 1 2 5 1 
W H Q P R R A A L E  L V G Q L V H P Q S 

1 2 5 2  GGGCTCGTTCCGGTGGTTCGAGGGGTTCCGGCGCCGCCCCCCCGTGATCGTCGGCGAGAC 1 3 1 1  
G L V P V V R G V P A P  P P R D R R R D 

1 3 1 2 CAATCCCGGCCGCGACGGGCACTGGTTCAGCTCCCCCTTCCGCGGGACCGGGAACAACCA 1 3 7 1  
Q S R P R R A L V Q L P L P R D R E Q P 

1 3 7 2  GGCGGTCACCAACCCCACGACGCCGACGCTGTACACGGCGGGGGCCGAGGCGTACGTGGG 1 4 3 1  
G G H Q P H D  A D A V H G G G R G V R G 

1 4 3 2 CAACTCCAATCCCGCCGTCCTCGGGATCGGCGTGTACGGGACCACCGTGACGGCCCATCC 1 4 9 1 
Q L Q S R R P R D R R V R D H R D G P S 

1 4 9 2  GACGGCAGAAGCTTTGAC CCCCCCGACCGACAACGGGCTGTGCGACGCCAACGGGGACGA 1 5 5 1  
D G R S F D P P D R Q R A V R R Q R G R 

1 5 5 2  AGGCACCGACTCGTGGAC CGCCGGGTGCGGCCTCGGGAACAACCGGTGCCGCGGGTTCGC 1 6 1 1  
R H R L V D R R V R P R E  Q P V P R V R 

1 6 1 2 CAACGCGGTCCGGGGGTGCGGGCGCACGAACACCGCCGACGGCGCGGCCCGCTTGCGGGT 1 6 7 1  
Q R G P G V R A H E H R R R R G P L A G  

1 6 7 2 GACCTGGTGGAACGCGCGCAAGCCGCTCACCCGCGTTCCGTGCAGCGCGAACCGATCGAT 1 7 3 1 
D L V E R A Q A A H P R S V Q R E P  I D 

1 7 3 2  CACGGTGGTCGGGAACTACACCGCGTGGGTGCGCAGGGCCGTGGGGCACGAGAAGATCGT 1 7 9 1 
H G G R E L H R V G A Q G R G A R  E D R 

1 7 9 2  GGCGACGGTGCTGGTCGAGAACGCGGGCGTGCTCAACGAATCCGGCGCGGTGGTCGGCTA 1 8 5 1 
G D G A G  R E R G R A Q R I R R G G R L 

1 8 5 2  CACCGAGCGGAAGGCCGACGGGAAGCATCCCTCGGCCTACGAGCGCGGGGCGTGCCTTCC 1 9 1 1  
H R A E  G R R E A  S L G L R A R G V P S 

. 
1 9 1 2  GGTCTCCAGCGACGACAAGCTTCGGCGGTGGAACAACGGCATCCGGGGCGGCGGCGGCCG 1 9 7 1 

G L Q R R Q A S A V E Q R H P G R R R P 
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F i gure 5 -2 ( cont inue ) 

CHAPTER 5 SEQUENCE OF CELLULASE GENES 

1 9 7 2  C CGGAAGGACGGGATCTCCAACGTCGCGCCGTACCCGGGTCCCGCGCGCCGCAAGCAGGC 2 0 3 1  
P E G  R D L Q R R A V P G S R A P  Q A G 

2 0 3 2  GCGTCCGGCCAACGGCGTGTGGGGCCGCGGGGCGGCGGCGTCGGCAGGCTACGCGTCTCT 2 0 9 1 
A S G Q R R V G P R G G G V G R L R V S 

2 0 9 2 GCGCTACGTGTCGTCCCCCTCCGGCGCCGGTCTGGACGCGATCGTGCGGACTGTCACGCT 2 1 5 1  
A L R V V P L R R R S G R D R A D C H A 

2 1 5 2  CGGCCGGGGGTCTCCCACCGGGCTACTCCGCGCGGGCACCCGCACCGGTG TCGGGCTGTG 2 2 1 1  
R P G V S H R A T  P R G H P H R C R A V 

2 2 1 2 CGGGGCTCCCGGCAAGATGACCGTGCGCGAGACCTACGGCGCCGTCACGTGGACGCGACG 2 2 7 1 
R G S R Q D D R A R D L R R R H V D A T 

2 2 7 2  GCGGGCCAGGGTCGGCGGGACCGGCCCCAGCTACGGGTACTGGTACACCAACTGCGGCGG 2 3 3 1  
A G Q G R R D R P Q L R V L V H Q L R R 

2 3 3 2  GAAGCTACGGGCCAGCGTCCGGACGCTATGGGAGCTCGCGCGCACCCGATCCACTGGGGC 2 3 9 1  
E A T  G Q R P D A M  G A R  A H P I H W G 

2 3 9 2 GGTGTCAGGCTACCCCGCGGGGCGCGGGCTAGCCAAGGACACCGGCGGGACCGCACTGCT 2 4 5 1 
G V R L P R G A R  A S Q G H R R D R T A 

2 4 5 2  GTCCGGCTAC CCCGCGTCCGCCGCGACAGTCGTGCCCAACGAGACACTCGCGCCGACGTC 2 5 1 1  
V R L P R V R R D S R A Q R D T R A D V 

2 5 1 2 GTCCGCGCACGTCGGCTACGTACGCGCCGGGGCGCTGCCGGTACTGAGCGAGCTGAGCTA 2 5 7 1  
V R A R R L R T R R G A A G T E  R A E L 

2 5 7 2  CGTCGCGTCCACGAGCGGCGCCGCCGTCGCGCTACGGTGGGCCGCGTTACGGTCCGAGGC 2 6 3 1 
R R V H E R  R R R R A T  V G R V T V R G 

2 6 3 2  TGCTTCAGGGAGCGCGTCCGAAGCGACCCCCACCGCAGCCACGGTACGCGCGCCCAACAT 2 6 9 1 
C F R E R V R S D P H R S H G T R A Q H  

2 6 9 2 GTCCAC CGAGCTACTCGCGACGCTGCCGGGGTGCGAGCGGGCCTCGGCGAACAACGCGTC 2 7 5 1  
V H R A T  R D A A G V R A G  L G E Q R V 

2 7 5 2  C ACAGGCGCGCCGCGGCGACCCGAGGCACCGGCCGACAAGAAACGCGCCGATCGGGCTCG 2 8 1 1  
H R R A A A T R G  T G R Q E T R R S G S  

. 

2 8 1 2 GGCGATACGTCCGGCGCGGGACGCGGGGGAGCCATCGCTAGCGGCCAAACGACAGCCTGA 2 8 7 1 
G D T S G A G  R G G A I A S G Q T T A * 

2 8 7 2  T CTATATCGTACGAATTCTGGATATAAAGCTCTAGCTCGCGTACGAAGTCTACGCGTACA 2 9 3 1  
I " "H "" �-

2 9 3 2  G CGATACGCGAGCGTAGC TAGCGAGCGGATCGTAGCTGGAGCTTCGCGAGCTGGCAGCAT 2 9 9 1 
I « 

2 9 9 2  CGAGCGCGA 3 0 0 0  
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Table 5 - 1  Comparison o f  consensus o f  promoter sequence and S O  sequence 

Bacteria Gene SO sequence 
- 1 0  

E .  c ol i / B .  subtilis' cons' AAGAAG TATAAT 

Ce . fimi cenA' -ll AGGGAGCT-' -.8TTTCCT-Sl 

cer -12 AGGAGGA-6 -lo'TTGGCT-lOO 

B .  s ubti l i s  PAP l 1 54 EG' -lfAAGGAGG-ll -65TACAAT-60 

C .  th ermocel 1 um' celA -12AGGAGG-7 -5'TATAAT-47 

F. s uccinogenes 5 8 5' cel-3 -l lAAGAGG-5 -41TATA-4O 

Streptomyces Sp . 7 casA -13 AGGAAGGA-6 -12TTACCGT-<6 

R .  fl a vefaciens ren -loCGGGGA-5 -l'TTTACA -31 

rex -8ATGGGG-8 -l lTATATA-26 

rbg -�TCCCGG-' NF 

cons , consensus ; EG, endogluc anase 
From : 1 .  H awley and McClure , 1 9 8 3 . 2 .  Wong et a1 , 1 9 8 6 . 

4 .  MacKay et a l ,  1 9 8 6 . 5 .  Beguin et a l ,  1 9 8 5 . 
7 .  N akai et a l ,  1 9 8 8 .  

Promoter sequence 

Distance - 3 5 

1 7  bp TTGACA 

1 6  bp -uTCGCGCCG-75 

1 6  bp -l27TATCGA-12' 

1 7  bp -.sTAGACA-Bl 

2 2  bp -77TTG-75 

2 2  bp -"TTTACA-" 

1 6  bp -94TTCACC-" 

1 7  bp -59TACGAA-S< 

1 7  bp -StTCGAAG-49 

NF 

3 .  O ' Neill e t  a l ,  1 9 8 6 . 
6 .  McGavin et al 1 9 8 9 . 

e s t imated on the bas i s  o f  SDS-PAGE z ymograms ( 4 2 kDa + 1 0 - 1 3  

kDa ) . 

The avai lable nuc leotide sequences  of other endog lucanase 

genes  were compared to the ORF 1 us ing the programme s FASTA 

( Pe ar s on and Lipman , 1 9 8 8 ) .  Results of the s e  c ompari s ons  showed 

that there were no obvious homologies to known endo glucanas e 

s equences  ( C . thermocel l um celA , B ,  C ,  D and E ( Beguin et al , 

1 9 8 5 ; Grepi net and Beguin , 1 9 8 6 ;  Schwarz et a l ,  1 9 8 8 ; Joliff  

et al , 1 9 8 6 ;  Hall  et a l , 1 9 8 8 ) , C .  ace tob u tyl i c um ( Z appe et  al , 

1 9 8 8 ) ,  Ce o fimi c enA ( Wong et al , 1 9 8 6 ) , Baci l l us sp . ( Fukumori 

et a l , 1 9 8 6 ;  MacKay et a l , 1 9 8 6 ;  Nakamura et a l , 1 9 8 7 ;  Fukumori 

et al , 1 9 8 9 ) ,  Pseudomona s  fl uorescens subsp . cel l ul os a  ( Hall 

and G i lbert , 1 9 8 8 ) ,  Erwi n i a  chrysa n th emi ( Aymer ic et  a l , 1 9 8 8 ) ,  

A grobac teri um sp . ( Wakarchuk et a l , 1 9 8 8 ) , T .  reesei ( Chen et 

a l , 1 9 8 7 ;  S hoemaker et a l , 1 9 8 3 ;  Teeri et a l , 1 9 8 7 ) and Avocado 

( Tucker et a l , 1 9 8 7 » . S ince the Streptomyces casA ( Nakai et 

a l , 1 9 8 8 ) and Cal docel l um sacch arolyt icum cellulase ( CMCase and 

MUCase ,  Love et a I , 1 9 8 8 ) nuc leot ide s equence s  were not in the 

data bases , these were added sep arately . No obviou s  homology 

5 - 1 1  
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Tabl e  5 - 2  

ArnAci d  Codon 

Gly 
Gly 
Gly 
Gly 

Glu 
Glu 
Asp 
Asp 

Va l 
Val 
Val 
Val 

Ala 
Ala 
Ala 
Ala 

Arg 
Arg 
Ser 
Ser 

Lys 
Lys 
Asn 
Asn 

Met 
I le 
I l e  
I le 

Thr 
Thr 
Thr 
Thr 

Trp 
End 
Cys 
Cys 

End 
End 
Tyr 
Tyr 

Leu 
Leu 
Phe 
Phe 

GGG 
GGA 
GGT 
GGC 

GAG 
GM 
GAT 
GAC 

GTG 
GTA 
GTT 
GTC 

GCG 
GCA 
GCT 
GCC 

AGG 
AGA 
AGT 
AGC 

MG 
AM 
MT 
MC 

ATG 
ATA 
ATT 
ATC 

ACG 
ACA 
ACT 
ACC 

TGG 
Tmx 
TGT 
TGC 

TAG 
TM 
TAT 
TAC 

TTG 
TTA 
TTT 
TTC 

c odonfrequency o f  c e l lu lases  

ORF l 

0 . 2 3 
0 . 1 1 
0 . 2 2 
0 . 4 5 

0 . 2 4 
0 . 7 6 
0 . 2 5 
0 . 7 5 

0 . 3 7 
0 . 1 7 
0 . 1 3 
0 . 3 3 

0 . 3 4 
0 . 1 6 
0 . 3 3 
0 . 1 7 

0 . 04 
0 . 0 1 
0 . 05 
0 . 2 3 

1 . 0 0 
0 . 4 0 
0 . 1 0 
0 . 5 0 

0 . 4 0 
0 . 0 7 
0 . 2 7 
0 . 2 7 

1 .  0 0  
0 . 00 
0 . 50 
0 . 50 

0 . 00 
0 . 00 
0 . 67 
0 . 3 3 

0 . 00 
0 , 03 
0 . 5 0 
0 . 50 

ORF 2  

0 . 3 1  
0 . 1 5 
0 . 1 5 
0 . 3 B  

0 . B2 
O . l B 
0 . 1 2 
O . B B 

0 . 3 9  
O . O B 
0 . 04 
0 . 4 9  

0 . 2 5  
0 . 2 9  
0 . 2 2 
0 . 2 4 

0 . 1 6 
0 . 07 
0 . 00 
0 . 2 5 

o 7 5  
0 . 2 5  
0 . 00 
1 .  0 0  

1 .  0 0  
0 . 1 7 
0 . 17 
0 . 6 7 

0 . 4 4 
0 . 2 2 
0 . 0 6 
0 . 2 B 

1 .  0 0  
0 . 0 0 
0 . 4 0 
0 . 6 0 

0 . 0 0 
0 . 00 
0 . 3 3 
0 . 6 7 

0 . 05 

.Q.:..QQ. 
o 3 3  
o 6 7  

ORF3 

0 . 3 B 
0 . 1 0 
0 . 0 5 
0 . 4 7  

0 . 9 3 
0 . 0 7 
0 . 5 5 
0 . 4 5  

0 . 1 5 
0 . 4 2 
0 . 0 3 
0 . 3 9  

0 . 5 1  
0 . 0 9 
0 . 1 7 
0 . 2 3  

0 . 02 
0 . 05 
0 . 04 
0 . 3 5 

0 . 5 7 
0 . 4 3  
0 . 2 9  
0 . 7 1  

1 .  0 0  
0 . 4 3 
0 . 0 0 
0 . 5 7 

0 . 4 4  
0 . 0 9 
0 . 09 
0 . 3 8 

1 . 00 
0 . 0 0 
0 . 0 0 
1 . 00 

0 . 00 
0 . 00 
0 . 2 2 
0 . 7 B 

0 . 03 
0 . 0 9 

� 
1 . 0 0 

Fraction 

ORF4 

0 . 3 3 
0 . 1 7 
0 . 3 3 
0 . 1 7 

1 .  0 0  
0 . 00 
0 . 6 0 
0 . 4 0 

0 . 1 6 
0 . 5 8 
0 . 1 1  
0 . 1 6 

0 . 4 5  
0 . 1 4 
0 . 2 8 
0 . 1 4 

1 . 00 
0 . 00 
0 . 0 8 
0 . 1 9 

1 . 0 0 
0 . 0 0 
1 . 00 
0 . 0 0 

1 .  0 0  
0 . 4 0 
0 . 0 0 
0 . 60 

0 . 50 
0 . 1 9 
0 . 00 
0 . 3 1  

1 .  0 0  
0 . 00 
0 . 8 3 
0 . 1 7 

0 . 00 
0 . 00 
0 . 50 
0 . 50 

5 - 1 3  

ORF5 

0 . 2 0 
0 . 1 0 
0 . 16 
0 . 54 

0 . 4 3 
0 . 5 7 
0 . 2 5 
0 . 7 5 

0 . 4 7 
0 . 00 
0 . 00 
0 . 5 3 

0 . 2 7 
0 . 2 0 
0 . 3 7 
0 . 1 7 

0 . 02 
0 . 0 2 
0 . 14 
0 . 14 

1 .  0 0  
0 . 5 0 
0 . 0 0 
0 . 5 0 

0 . 2 5 
0 . 0 0 
0 . 1 3 
0 . 6 3 

1 .  0 0  

0 . 00 
0 . 0 0 
1 .  0 0  

0 . 0 0 
0 . 0 0 
0 . 3 3 
0 . 67 

0 . 00 
0 . 1 1 
0 . 5 0 
0 . 50 
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CFCEN' 

0 . 1 4 
0 . 02 
0 . 08 
0 . 7 7 

0 . 8 5 
0 . 1 5 
0 . 0 0 
1 .  0 0  

0 . 2 6 
0 . 0 0 
0 . 00 
0 . 7 4 

0 . 5 3 
0 . 0 3 
0 . 0 3 
0 . 4 1  

0 . 07 
0 . 0 3 
0 . 0 2 
0 . 2 3 

0 . 9 3 
0 . 07 
0 . 00 
1 .  0 0  

1 . 0 0  
0 . 0 0 
0 . 0 8 
0 . 92 

0 . 4 2 
0 . 00 
0 . 0 2 
0 . 5 7 

1 .  0 0  
0 . 0 0 
0 . 1 4 
0 . 8 6 

0 . 0 0 
0 . 00 
0 . 00 
1 .  0 0  

0 . 0 3 
0 . 00 
0 . 00 
1 . 0 0  

CFCEX' 

0 . 1 0 
0 . 0 0 
0 . 0 8 
0 . B 2 

0 . 8 9 
0 . 1 1 
0 . 0 0 
1 .  0 0  

0 . 3 3 
0 . 00 
0 . 00 
0 . 6 7 

0 . 5 1 
0 . 0 3 
0 . 0 3 
0 . 4 4 

0 . 0 6 
0 . 0 0 
0 . 0 0 
0 . 3 1  

0 . 9 5 
0 . 05 
0 . 0 0 
1 .  0 0  

1 . 0 0 
0 . 0 0 
0 . 0 9 
0 . 9 1 

0 . 54 
0 . 02 
0 . 0 0 
0 . 4 4 

1 .  0 0  
0 . 0 0 
0 . 0 0 
1 . 0 0 

0 . 00 
0 . 00 
0 . 09 
0 . 9 1 

0 . 00 
0 . 00 
0 . 00 
1 . 00 

CSCEL' 

0 . 1 9 
0 . 2 7  
0 . 4 5  
0 . 0 9 

0 . 4 4  
0 . 5 6  
0 . 6 8 
0 . 32 

0 . 0 9 
0 . 4 1  
0 . 4 0  
0 . 0 9 

0 . 2 3 
0 . 4 1  
0 . 2 B 
0 . 0 8 

0 . 3 3 
0 . 4 1  
0 . 3 5 
0 . 2  

0 . 3 0 
0 . 7 0  
0 . 6 9 
0 . 3 1 

1 . 0 0 
0 . 4 5 
0 . 4 9  
0 . 0 6 

0 . 1 7 
0 . 62 
0 . 1 7 
0 . 0 4 

1 .  0 0  
0 . 3 2 
0 . B 6 
0 . 1 4 

0 . 0 7 
0 . 6 1 
0 . 67 
0 . 3 3 

0 . 2 6  
0 . 3 3 
0 . B 4 
0 . 1 6 
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Table 5 - 2  ( continue ) 

Fraction 
AroAcid Codon 

ORFl O?F2 ORF3 ORF4 ORF5 CFCEN' CFCEX' CSCRL' 

Ser TCG 0 . 3 0 0 . 4 2 0 . 2 5 0 . 3 5 0 . 3 8 0 . 4 1  0 . 4 4 0 . 07 
Ser TCA 0 . 0 7 0 . 1 1 0 . 06 0 . 0 8 0 . 1 4 0 . 0 2 0 . 00 0 . 1 4 
Ser TCT 0 . 0 7 0 . 04 0 . 0 6 0 . 0 8 0 . 0 5 0 . 00 0 . 0 0 0 . 1 4 
Ser TCC 0 . 3 0 0 . 1 8 0 . 2 3 0 . 2 3 0 . 1 4 0 . 3 2 0 . 2 5 0 . 0 6 

Arg CGG 0 . 3 2 0 . 2 3 0 . 2 5 0 . 3 6 0 . 3 3 0 . 1 7 0 . 3 1 0 . 0 4 
Arg CGA 0 . 1 8 0 . 1 8 0 . 22 0 . 15 0 . 1 7 0 . 1 0 O . l l 0 . 1 4 
Arg CGT 0 . 1 5 0 . 09 0 . 1 5 0 . 1 5 0 . 1 4 0 . 00 0 . 1 1 0 . 0 8  
Arg CGC 0 . 3 0 0 . 2 7 0 . 3 1  0 . 3 3 0 . 3 1 0 . 6 2 0 . 4 0 0 . 00 

Gin CAG 0 . 2 2 0 . 8 0 1 .  0 0  1 . 00 0 . 4 1  1 .  0 0  1 . 00 0 . 4 7 
GIn CM 0 . 7 8 0 . 2 0 0 . 0 0 0 . 0 0 0 . 5 9 0 . 00 0 . 0 0 0 . 5 2  
H i s  CAT 0 . 0 8 0 . 0 9 0 . 0 0 .!hQ.Q. .!hQ.Q. 0 . 2 5 0 . 0 8 0 . 7 5 
H i s  CAC 0 . 9 2 0 . 9 1 1 .  0 0  0 . 0 0 1 .  0 0  0 . 7 5 0 . 9 2 0 . 2 5 

Leu CTG 0 . 1 8 0 . 2 1 0 . 2 9 0 . 4 5  0 . 2 1 0 . 3 8 0 . 2 9 0 . 1 3 
Leu CTA 0 . 3 2 0 . 08 0 . 4 1  0 . 3 6 0 . 0 0 0 . 0 0 0 . 0 0 0 . 1 4 
Leu CTT 0 . 12 0 . 08 0 . 0 0 0 . 1 8 .!hQ.Q. 0 . 00 0 . 0 0 0 . 1 2 
Leu CTC 0 . 3 5 0 . 5 7 0 . 1 8 .!hQ.Q. 0 . 6 8 0 . 5 9 0 . 7 1  0 . 0 1 

Pro CCG 0 . 4 5 o 4 3  0 . 2 7 0 . 4 0  0 . 15 0 . 6 7 0 . 5 9 0 . 2 8 
Pro CCA 0 . 1 1 0 . 0 9 0 . 0 9 .!hQ.Q. 0 . 2 8 0 . 0 6 0 . 0 5 0 . 4 9  
Pro CCT 0 . 1 9 0 . 2 0 0 . 09 0 . 1 2 0 . 3 8 0 . 0 0 0 . 0 5 0 . 2 2 
Pro CCC 0 . 24 o 2 9  0 . 55 0 . 4 8 0 . 2 0 0 . 2 8 0 . 3 1 0 . 0 1 

* ,  CFCEN , Ce o fimi cen A ( Wong et ai , 1 9 8 6 ) ; CFCEX , Ce o fimi cex ( O ' Ne i l l  et a l , 1 9 8 6 ) ;  CSCEL , 
Ca . saccharolyticum cel lulase gene ( personal contact ,  Soul ) .  

was detected to the casA nuc leotide sequence f rom Strept omyces 

or the c e llu lase gene o f  Cal docel l um .  Also , no obvious homology 

was detected to any DNA sequence in the Genbank ( V .  6 0 . 0 )  or 

European Molecu lar Biology Laboratory ( EMBL : V .  1 9 . 0 )  DNA 

s equence data or to the Nat ional Bioc hemica l  Res earch Founda

tio n  ( NBRF ) Nuc leot ide sequence Data Library ( V .  3 5 . 0 ) . 

The deduced amino acid sequence of the ORF 1 was also 

c ompared to the amino ac id sequences  of the other c e l lu lase 

proteins and those \ vithin the NBRF resource data base ( release 

2 1 . 0 )  u s ing FASTA . No obvious homology was detected at the 

amino ac id level . A s imil ar result was found when c omparing the 

N-terminal amino ac id s equence of Exo A of R. fl a vefaciens FD-

1 ( Gardner et a I , 1 9 8 7 ) with ORF 1 us ing BESTFIT . The protein 

5 - 1 4  
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with the greatest s imilar ity to renA was that encoded by the 

cenA gene of Ce o fimi with 3 2 . 1  % s imilar ity in 4 8 5  a . a .  

res idues ( Fig . 5 -5 ) . The s imilarity with other cellulas e genes 

is s ummarized in Table 5 - 3 . 

An unusual seque nce region from pos ition 8 5 3  to pos ition 

9 7 8 , 2 2  bp down stream of putat ive initiated c odon ( ATG ) , coded 

for a polypept ide about 4 2  amino acids long which was composed 

mai n ly o f  prol ine , threonine and s erine ( PTS i 3 8  out o f  4 2  

a . a . ) .  Thi s  region was located c lose to the N-terminal end of 

ORF 1 ( Fi g . 5 - 3 ) . 

5 - 2 - 3 - 2  S econd open reading frame 

The second ORF wa s identi f i ed as the s tructural gene for the 

R .  fl a vefa ciens exos lucanase gene ( de s ignated rex : R umi nococcus 

exoglucanase ) s ince that region of the de letion map corre

sponded to exoglucanase act ivity . The sequence of this ORF , the 

5 '  upstream s equenc e and the deduced amino acid sequence is 

shown in Fig . 5 - 6 . This ORF c ons is ted o f  a c oding sequence of 

1 8 2 1 bp , s tart ing with an  ATG codon at position 3 5 8 6  and ending 

with a TAA s top codon at pos ition 5 3 0 4 . 

The nuc leot ide sequence ups tream o f  the 5 '  end of ORF2 was 

screened f or S D  and potent ial promoter s equences . A SD sequence 

( ATGGGG ) c ontaining 4 C /G ' s  was located at pos ition -8 to - 3 , 

3 bp upstream of th e ATG initiation codon ( Fig . 5 - 6 , Table 5 -

1 ) . A l s o  s eque nces  'l'ATATA and TCGAAG was the putative - 1 0  and -

3 5  promoter sequenc e ( F ig . 5 - 6 , Table 5- 1 ) . Several inverted 

repeat sequences were identif ied downs tream of the stop codon 

( Fi g . 5 - 6 ) .  The nuc leotide sequence of the ORF contained 6 7 . 3 % 

G+C s howing a s trong bias towards c odons containing dG+dC 

( Table 5 - 2 ; F ig . 5 - 4 ) .  

5 - 1 5  
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Fig . 5 - 5  C ompari s on o f  ORF I ( renA ) with cenA of Ce o fimi 

u s ing ' Be s t fit ' o f  UWGCG 

renA 1 MVTSESARSGTP S S SPPTSPS P SPTSPTPPSPSTE S SPTP S SPASPRSPT 5 0  
I I . .  1 . : . . . .  : . :  . . . I I . : . . . . .  : :  . . . . . . . . : . .  . 

cenA 1 M S TRRTAAALLAAAAVAVGGLTALT . .  T TAAQAAPGCRVDYAVTNQWPGG 4 8  

renA 5 1  VRCREAVAPACHA . DARTAGRGRDPRHQCDARLRGRHRPRLGHAVVRDD G  9 9  
. . . .  , . . . . . . . . . . . , . . . . .  : . 1 . . .  I : .  I . .  

cenA 4 9  F GANVT I TNLGDPVS SWKLDWTYTAGQRI QQLWNG TASTNGGQVSVTS LP 9 8  

renA 1 0 0  LGPHQRD CVRGACHGPS VHRADWHQPRRAALELVGQLVHPQSGLVPVVRG 1 4 9 
' "  . . . . . 1 : I . .  : 1 : . :  I . 1 . : . 1 I . 1 I I  . . . .  

cenA 9 9  WNGS I PTGG . TASFGFNGS WAGSN . P TPASF S LNGTTC . . .  TGTVPTTSP  1 4 3  

renA 1 5 0  VPAPP PRDRRRDQSRPRRALVQLPLPRDRE . . .  QPGGHQPHDADAVHGGG 1 9 6  
. 1 . 1 . 1 . . . . . . . . .  : . : .  . . . . .  : 1  . .  : . . . : 1 .  I . :  

cenA 1 4 4  T P TPTPTTP TP TPTP TP TP TP TVTPQPT S GFYVDP T TQGYRAWQAASGTD 1 9 3 

renA 1 97 RGVRGQLQSRRPRDRRVRDHRDGP S DGRSFDPPDRQRAVRRQRGRRHRLV 2 4 6  
: : :  : . : . 1 . .  : 1  : : : . : : 1 . :  . . . . .  1 1 1 . I :  . .  1 1  

cenA 1 9 4 KALLEKI . ALTPQAYWV . GNWADASHAQAEVADYTGRAV . .  AAGKTPMLV 2 3 9  

renA 2 4 7  DRRVRPREQPVPRVRQRGPGVRAHEHRRRRGPLAGD LVERAQAAHPRSVQ 2 9 6  
: . .  1 : . .  : . 1 . 1 1  . .  I .  I :  : . : 1 . : :  : . :  . 

cenA 2 4 0  VYAIPGRD . . . .  CGSHSGGGVSESEYARWVDTVAQG I KGNP IVI LEPDAL 2 8 5  

renA 2 9 7 REP IDHGGRELHRVGAQGRGAREDRGDGAG . .  RERGRAQRI R  . . .  RGGRL 3 4 1 
I : 1 . :  . 1 1 1  : 1 : . . 1 1  : 1 : 1 . : : .  . . .  / /  

cenA 2 8 6  AQLGDC S GQG . DRVGFLKYAAKSLTLKGARVY IDAGHAKWLSVDTPVNRL 3 3 4  

renA 3 4 2  HRAEGRREAS LGLRARGVPS GLQRRQ . ASAVEQRHPGRRRPPEGRDLQRR 3 9 0  
. . . .  . . : : · 1 . . . . . . . . . . .  : . : . 1 1  . 1 : : . . . . 

cenA 3 3 5  NQVGFEYAVGF."\.LNTSNYQTTADSKAYGQQI SQRLGGKKFVIDTSRNGNG 3 8 4  

renA 3 9 1  AVPGSRAPQAGASGQRRVGP RGGGVGRLRVSALRVVPLRRRSGRDRADCH 4 4 0  
• • • • • / . : ! 1 : 1 . 1 :  . .  : 1  1 : 1  . •  : : . 1 . : . 1 : 

cenA 3 8 5  SNGEWCNPRGRI�LGERPVAVNDG . . . . . . .  S GLDALLWVKLPGESDGACN 4 2 7  

renA 4 4 1  ARPGVSHRATP RGHPHRCRAVRGSRQDDRARDLRR 4 7 5  
: I : . : : : . . . . : . 1 1 :  I :  

cenA 4 2 8  G GPAAGQW . . . . . . . . . . . . .  WQEIALEMARNARW 4 4 9  

I ,  : , . , d i f fe rent s imilarity  s core o f  amino a c i d ,  f rom h i gh t o  
l ow .  

5 - 1 6  
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Table 5 - 3  Summary o f  homology percentage o f  ren with other c e l lu l a s e  gene 

Name Code Length' Homology ( % ) 

Baci l l us s p . ( st ra i n  1 1 3 9  ) endoglucan a s e  8 0 0  2 8 . 5  

Baci l l us s p . ( pNK 1 ) endoglucana s e  4 8 8  2 9 . 3  

Baci l l us s p .  ( pNK2 ) endoglucan a s e  4 0 9  2 8 . 9  

B .  s ubtilis endogluc anase 5 0 8  2 9 . 7  

B .  subt i l i s  endoglucana s e  4 9 9  2 9 . 9  

Clostridi um thermocel l um celA 4 7 7  2 9 . 0  

C .  thermocel l um celB 5 6 3  2 7 . 7  

C .  thermocel l um celD 6 4 9  2 6 . 9  

C .  acebutyl icum endogluc an a s e  4 4 8  2 7 . 3  

Cel l ul omonas fimi cenA 4 4 9  3 2 . 1  

Trichoderma reesei EGI 4 5 9  2 7 . 9  

T. reesei EGI I I  4 7 1  3 0 . 9  

* ,  amin o  a c i d  length 

The deduced prote in s i z e  of this ORF was 5 7 2  amino acid 

res idues with an estimated MW of 6 7  kDa . Thi s  predicted 

molecu l ar weight of the tran s l ated protein was sma l ler than the 

s iz e  e s t imated on t he bas i s  of SDS-PAGE ( 9 0 kd ) . 

The nuc leotide sequenc e s  o f  other exogluc anase genes were 

c ompared to the ORF2 which showed no obv iou s homo l ogies to the 

exoglucanase s equences Ce o fimi cex ( O ' Ne i l l , et a l , 1 9 8 6 ) ,  

A grobacteri um sp . ( Greenbert et a l , 1 9 8 8 ) , T. reesei CBHI 

( Shoemaker et a l , 19 8 3 ) and Ca l doce l l um saccharolyticum 

c e l lu l a s e  ( CMCase  and MUCase , Love et al , 1 9 8 8 ) .  Also no 

obvious homo logy was detected to any DNA sequence in the 

Genbank , EMBL DNA s equence data or NBRF Nuc leotide s equence 

Data Library . 

Whe n  c ompared with other exoglucanase protein s , the ORF2 

deduced amino acid sequence s howed no obvious h omologies . A 

s imilar result was found when comparing the N-terminal amino 

acid s equence of Exo A of R .  fla vefa ci ens FD- 1 ( Gardner et a l ,  

1 9 8 7 ) with ORF2 . The bes t  s imi larity o f  exog lucanase gene was 

5 - 1 7  
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Nucleotide and deduced amino acid s equences of ORF2 

-Jr 
3 4 8 1  CTCCAGCAAGCTACGACACTCTTGCAATTTAAGCGTAGCAACGTTAGCGAATCGAAGGAAAGAATCGTAA 3 5 5 0  

_ / 1>  • so 
3 5 5 1  AGATTATATACAGAGCGTGTAAAATCTATGGGGCGATGCGGCAAGACACCCAGAGCGCTCAGCGTGAGCG 3 6 2 0  -

M R O D T O S A O R E R  

3 6 2 1  GGTCCACGACCTCGACCTAGACCCGGTCAGCGGGGTCCTCCGGCTCGCTTCGGACGAGCAGCACGGCCGA 3 6 9 0  
V H 0 L 0 L D P V S G V L R L A S  0 E 0 H G R 

3 6 9 1  TCCGTTGACGGTCTCGACCAGCACGTAGCCGTGGAGGGGCGGGACCACGACCTCTCGGCCCACGACCTGC 3 7 6 0  
S V 0 G L D O H  V A V E G R 0 H 0 L S A H 0 L L 

3 7 6 1  TCGGCGTGGCGGCTCGCGTCTCGGACGAGCCGCTACTCTACCGGGACGATCCCGCGGACAGGGAGCAGCC 3 8 3 0  
G V A A R V S D E P L L Y R O D  P A D  R E O  P 

3 8 3 1  CCGCCCGGACGGGCGACAGGCTGTCCCGGAGGAGGTCGACCAGGGGGCAGCGAGCGACGGTCACGACCTC 3 9 0 0  
R P 0 G R 0 A V P E E  V D O G  A A S 0 G H 0 L 

3 9 0 1  CGCGTCGACGCGCTCCAGCACTCCGGACTGTCCCAACAGCACGACCGCGGGCGCCCGGAGGTCGCGCGAC 3 9 7 0  
R V 0 A L 0 H S G L S 0 0 H 0 R G R P E V A R H 

3 9 7 1  ACCTTGACGAGGACGGCAGGACGGTCCTCAGGGCCGACTCGCAAGACGACACACAGGACTCGAGACTCCA 4 0 4 0  
L 0 E 0 G R T V L R A D S  0 D D T  O D S  R L 0 

4 0 4 1 GCTTCTAGCGTGGTGCCGGCTCCTCACGGTCCGCGGCCATGTCGACCCGGTGGTGGCTCACACAGGCCGG 4 1 1 0  
L L A W C R L L T V  R G H V D P V V A H T G R 

4 1 1 1  CAGGCCGACGAACAGGACGCCGGCGACGAGCTGCCCAGCGTGCACCAAGCCGAAGACGGCGGCGCCCTTT 4 1 8 0  
o A 0 E 0 D A G O  E L P S V H 0 A E D G G A L  S 

4 1 8 1  CCCGTCAGCCCGATCACCTGGACCTCAACGTCTCCCGCGACGATCATTCGGTCGAGCGGCGACTGGACCA 4 2 5 0  
R 0 P 0 H L 0 L N V S R O D  H S V E R R  L 0 0 

4 2 5 1  GGACTCGCACGACCTCCAGCGTGCCCTCCAAGACCAGGACCGGCTCGCGGCAGTCCTGAGACTCGACGGC 4 3 2 0  
o S H 0 L O R  A L 0 0 0  0 R L A A V L R L O G  

4 3 2 1  GACCACCTCGACGACCCGGTGGGCGTCCAGCTGCCGCGACAAGACCACGACGACTCCGCACAGGATCACC 4 3 9 0  
o H L D 0 P V G V O L  P R O 0 H O D  S A O 0 H R 

4 3 9 1  GATCGCAGGGCGAGCGATTGGCATCGGGACACCACCCGGACCTCCGTTCGGAGCAGGTCACCGCAGCGCT 4 4 6 0  
S 0 G E R L A S  G H H P O L  R S E 0 V T A A L 

4 4 6 1  CCTGGAAGACGAGGCACACGTGGTGGGGCACCAAGCATCCTCAACGAGGGTGGACTCGCCGGACCAGGAG 4 5 3 0  
L E D  E A H V V G H 0 A S S  T R V 0 S P D O E  

4 5 3 1  AGGGGTGACCACCCGGATCGAAGCTTCGCAAGGCTCGAGGACGTCCAGGGGGACGAAGCACGGCTCGACG 4 6 0 0  
R G 0 H P 0 R S F A R  L E D V 0 G 0 E A R  L 0 V 

4 6 0 1  TGGACCAATCACAGCTCGACCCGCAGGACGGGCTCAGGGTCGCGGACCCTGACCTGTCGGTGGAGGACCA 4 6 7 0  
D O S  0 L O P  0 0 G L R V A 0 P O L  S V E 0 H 

4 6 7 1  CGGGCAGAGGGACGCCCTGTGCCAGTCAGACCCCCAGCGGGTCGAGCGCGCTGACGGGCTTGACGTCTGC 4 7 4 0  
G 0 R 0 A L C O S  0 P 0 R V E R A  0 G L 0 V C 

4 7 4 1  CTCCGACACTGTTCGACCGCACCCAGCTCGTCGCCTCCATCTACTCCTACGCCCAGCAGCACGACCCCCA 4 8 1 0  
L R H C S T A P  S S S P  P S T  P T P S S T  T P T 

4 8 1 1  CCCCTAGCTCCTCAGTATCTTCCGTACCTACACCGAGCTCGCCCGATTCACCGTCGCCTACGGACCACGC 4 8 8 0  
P S S S V S S V P T P S S P  0 S P S P T 0 H A 

4 8 8 1  CCGCTCGGGGGACCAGCATGAGGTGGACCTGCACGACCAGCGCGGCGACGCGGCCGGTCTCCACGACCAG 4 9 5 0  
R S G O O  H E V O L  H 0 0 R G O A  A G L H 0 0 

4 9 5 1  GTGGATCACTCGCTGGGCGAGGACGTGCGCCTCGCCGACGGAGACGGAGACCAGTCCCTCCGGCAGCAGG 5 0 2 0  
V 0 H S L G E 0 V R L A D  G O G  D O S  L R O O  E 

5 0 2 1  AGCTCAGCCACGACGAGCTCAGGGTGGGAGAGCAGCTTGAGGCTGTCGACCCGGATCGCTCAGCGCAGGG 5 0 9 0  
L S H O E  L R V G E 0 L E A  V 0 P 0 R S A O  G 

. . 
5 0 9 1  TGTGGAGCAGGACGCACCTCTGTCGCAGCTCCAGGCTGTGGCACAATCGGACGCAGCTGACCTACAGCAG 5 1 6 0  

V E 0 0 A P L S O L  0 A V A 0 S 0 A A 0 L 0 0 

5 1 6 1  GTGCGCGACGTCGATCACGACGACGTCGTGGCTGGTGAGGACGGCGGCCGCGACCACGAGCAGCTCCACC 5 2 3 0  
V R 0 V 0 H O D  V V A G E  0 G G R 0 H E 0 L H R 

. . 
5 2 3 1  GCTTGGACACGATCCCAGTCTTCGATGAGGCACACCCCCAGCCAGGAGCAATCAGCGATCGGCTACGATC 5 3 0 0  

L O T I P V F O E  A H P O P  G A I S O  R L R S 

5 - 1 8  
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F igure 5 - 6  ( continue ) 

. 

5 3 0 1 GTAAGGCTAAGCGACTTATCAGGCGCTAGCGTCGATTAGCGATGCGATACGCATCGGTATATTAGCGCGC 
* " , \ --

5 3 7 1 GAATTAAATTTCGGGCCCTATTTTAATCGGCGCTA 5 4 05 

F i g . 5 - 7  

c o n s  
Cex 

Agro 
T r i  

O r f 2  

cons 
Cex 

Agro 
T r i  

O r f 2  

cons 
Cex 

Agro 
T r i  

O r f 2  

c o n s  
C e x  

Agro 
T r i  

O r f 2  

cons 
Cex 

Agro 
T r i  

O r f 2  

cons 
C ex 

Agro 
T r i  

O r f 2  

cons 
Cex 

Agro 
T r i  

O r f 2  

cons 
Cex 

Agro 
Tri 

O r f 2  

cons 
C e x  

Agro 
T r i  

O r f 2  

;: \ 

Compari s on o f  ORF2 ( rex) with other exogluc a n a s e  genes 

2 5 1  
R • .  t a  . aq • a r . • . . .  1 .  . .  . .  p • .  t .  • • •  as • . • • .  q . •  · . 1  . . .  a . .  a 
RTTPAPGHPA F GARTALRTT RRRAATLVVG ATVVLPAQAA TTLKEAADGA 

MTDPNTLA 
GSVV I DANWR 
DGLDQHVAVE 

ATARAQSA CTLQSET . • . . HPPLTWQKC SSGGTCTQQT 
RQDTQSAQRE RVHDLDL . • • . DPVSGVLRL ASDEQHGRSV 

5 2  
g r d  . .  f s . d .  
GRDFGFALD .  
AR • • .  FPGDF 
WTHATNS STN 
GRDHDLSAHD 

1 0 2  
v a  • .  g . dl . . 
VAENA . •  MKW 
FGRHNGDI AC 
VTTSGN S L S I  
AASDGHDLRV 

1 5 2  
v a  . lq l . dw . 
VWHSQLPDWA 
EKGLDFYDR . 
VSQLPCGLNG 
D SRLQLLAWC 

2 0 2  
• . s r s  . .  h • •  

WASRSTAH . •  

GYCDSQCPRD 
ALSRQPDHLD 

2 5 2 
. • • .  ep . g  . •  

YNVE • • •  GIN 
ATFNEPWCAV 
N S I SEALTPH 
DHLDDPVGVQ 

3 0 2  
v .. . . . . . • •  a 
VPGDFRQNLQ 

" • • • • • • • • A 
LGNTSFYGPG 
VTAALLEDEA 

3 5 2 

= . gvatr . s .  
, . • .  PNRLS E  

LFGVAT . . . .  
CYDGNTWSS T  
LLGVAARVSD 

da . . .  s . .  s . 
DATEPSQNS F  
D HYNRWE E DL 
G FVTQSAQKN 
DALQHSGLS Q  

1 1 . vs . .  v d  
:t:NLNGSAF E S  

· . • . • • •  LVD 
ALYFVSMDAD 
RLLTVRGHVD 

· . f . r . d  . .  v 
. DGPPQDSAF 
. AFQRYAKTV 
LKFINGQANV 
LNVSRDDHSV 

· . s  . . . .  d . a  
AKSNSLYDLV 
WLSHLYGVHA 
PCTTVGQ E I C  
LPRQDHDDSA 

h • • •  fgvd a s  
HFADLGVDVR 
EG . .  FGVEAS 
SS • •  FTLDTT 
EV • .  VGHQAS 

A .  1 .  v • • .  q • . • •  dg . . • • •  

ACMQVTRCQG VTVWG I T DKY 
ADLKAAERAF QFHNGA • • • •  

AELGSYSGNE J ,NDDYC • • • •  

ARLDVDQSQL DPQDGL • • . .  

4 0 2  
· " . . . • . .  a .  
· . . . . • .  VME 
• • . . . • .  EAE 
MVLVMSLWDD 

• • • • • • •  RAD 

· 19 . .  1 • • • •  

1'.FG . . . • . . •  

DLG I I SQKLD 
YYANMLW • • .  

GLDVCLR • . •  

• .  . l • .  d • .  t 
AQY • • . • . . .  

. ASFQIEGST 
• . .  LCPDNET 
EPLLYRDDPA 

• . .  rg . . .  vA 
S FGAGDR . VA 
DLIKEMGVEA 
VGARLY . LMA 
Q H DRGRPEVA 

g . vah • •  k . a 
AMVNHVTKVA 
GCKARGIKTY 
GGVSKYPTNT 
PVVAHTGRQA 

e . r 1 g  • .  5 • •  

QQKLGNGY I E  
MARLG . . . . .  
EGW . EPSSNN 
ERRLDQDSHD 

· . •  r . .  g • • •  

KDFKARG . . .  
PGERNME . • •  

EGDGCGGTYS 
QDHRSQG • • •  

. t  . . d • • • •  e 
I TELDIRMRT 
RHVAPKVPVG 
KKLTVVTQFE 
S TRVDSPDQE 

• •  v . dp . f g g  
SWVPDVFPGE 

• . FFDPVFKG 
. TAEEAEFGG 
. RVADPDLSV 

· • • . . •  s tap 
· . • • • . • •  AS 

WWGLNYYTPM 
· • . .  LDSTYP 
• • . .  HCSTAP 

5 - 1 9  

. a  . . • .  pdg • 

• • • • • • • • •  K 
KADGRKPS I W  
CAKNCCLDG . 
DREQPRPDGR 

a • • • • .  g .  t l  
S YAADTGKEL 
YRFSL . AWPR 
S DTTYQEFTL 
RHLDEDGRTV 

• • •  " • • •  d • •  

DHFEGKVASW 
AT . LYHWD . .  
AG . • • • • . • •  

DE . QDAGDEL 

· • . . . . . .  d r  
TAFRAARAAD 
. . . . . . .  . DR 
ANTG IGGHGS 
LQRALQDQDR 

· . r l a  . .  ghh 
. VPLDCVGFQ 
• AALAA . MHH 
DNRYGG . TC D  
. ERLAS . GH H  

1 0 1  
. aa . .  e . . . .  

AIADSEFNLV 
DAFCNMPGHV 
• . AAYASTYG 
QAVPEEVDQG 

1 5 1  
1 .  . d . •  gdt . 
Y . . . . .  GHTL 
I IP DGFGP I N  
LGNEFS FDVD 
LRADSQDDTQ 

2 0 1  
· . v  • •  a . dgg 
DVVNEAFADG 
LPLTLMGDGG 

· . • • •  AKYGT 
PSVHQAEDGG 

2 5 1  
l . av l . i .  . . 
PTAKLCI . ND 
LDAV • . . . . .  

CCSEMDIWEA 
LAAVLRL . DG 

3 0 1  
p • • •  d l . . .  q 
S . . .  HLIVGQ 
I . . .  NL . . • .  

PDGCDWNPYR 
P • • •  DLRSEQ 

3 5 1  
. ada . .  r a  • • . • • . • • q . •  e 
PSDATKLATQ AAD . YKKVVQ 
LVLNAHSAI P . . • • •  ASDGE 
TSGAINRYYV QNGVTFQQPN 
RGDHPDR S FA RLE . DVQGDE 

4 0 1  
e • • • • . .  d a 1 . q  . •  pa . v  . •  

GAALV . WDAS YAKKPAYAA . 
EYPAEMMEAL • •  GDRMPVV . 
S S F S D . KGGL TQFKKATSGG 
E DHGQ . RDAL CQSDPQRVE . 

4 5 1  
• • •  tpaTP . p  • •  t tptp a a . 
PTPTPTTPTP TPTTPT . . . .  
RVADDATPGV E FPATMPAPA 
TNETSSTPGA VRGSCSTSSG 
S S S PPSTPTP S S TTPTP S S S  

5 3 7 0  



F i gure 5 - 7  ( continu e ) 

cons 
Cex 

Agro 
Tri 

O r f 2  

cons 
Cex 

Agro 
T r i  

O r f 2  

4 5 2  
v . . •  ptp . s . e sp . p  . .  h • • • •  nq . e  • .  d 1  

• . . •  PTPTS • .  GPAGCQVLW GVNQWN . TGF 
VSDVKT D I GW E VYAPALHTL VETLYERYDL 
V • • • . • PAQV E SQSPNAKVT FSN I KF . GP I  
VSSVPTP S S P  D SPSPTDHAR SGDQHE . VDL 

5 0 2  
t • . . r .  adg . 
TLTFSFPSGQ 

g . •  s . . . . .  l s hdg • . • . . •  

VNDQPRLDYY AEHLGIVADL I RDGYPMRGY 
TTTRRPATTT G . •  SSPGPTQ SHYG • • • • • •  

GEDVRLADGD G DQSLRQQEL S H DE . • • • • •  

CHAPTER 5 SEQUENCE OF CELLULASE GENES 

5 0 1  
· . . • • . . . .  a g • . .  gvd . g .  
TA • •  NVTVKN TSSAPVD . GW 
PECYITENGA CYNMGVENGE 
GS • .  TGNPSG GNPPGGNRGT 
HD • •  QRGDAA GLHDQVDHSL 

• • • •  v • • • •  e 
• . •  QVTQAWS 
FAWSLMDNFE 

• • • • • • • • •  Q 
• . LRVGEQLE 

5 5 1  
. . . • .  r s  . .  g 
S TVTQSGSAV 
WAEGYRMRFG 
CGG IGYSGPT 
AVDPDRSAQG 

5 5 2  6 0 1  
cons vv • •  ap • •  qv . .  v . .  sg • • .  a . 1  • . . . • . . . •  gv . .  g . .  G • . . . . . . . .  L 

Cex TVRNAPWN . .  G S IPAGGT • •  AQF . • . . • . • • •  GFNGSHTG TNAAPTAFSL 
Agro LVHVDYETQV IzrVKNSGKWY SALASGFPKG N HGVAKG 

T r i  VCASGTTCQV LNPYYSQC 
O r f 2  VEQDAPLSQL QAVAQSDA . •  ADLQQVRDVD H DDVVAGEDG GRDHEQLHRL 

6 0 2  
cons • • •  P .  

Cex NGTPC 
O r f 2  DTI PV 

Cex , Ce . fimi ; Agr o ,  Agrobacteri um s p . ;  T r i ,  Trichoderma reesei C B H I  

Ce . fimi cex gene 'dith 3 3 . 8 % homology and 5 6 7  a .  a .  res idue s 

( Fi g .  5 - 7 ) . The perc ent s imi larity with other exoglucanases was 

T. reesei , 2 9 . 2 %  an d Agrobacteri um sp . , 3 1 . 8 % .  

A proline , threon ine and serine rich region s imi lar to the 

PTS rich region of renA , f rom pos ition 3 8 9  to pos ition 4 2 9 , 

about 4 0  amino acid s , was also  found . This region was 4 3 3  bp 

away f rom the C-terminal and formed a highly conserved 

sequencewhen c ompared with the corresponding regions of ORF l 

and ORF2 ( Fig . 5 - 8 ) . Thi s  ORF could be divided into three 

domains : N-terminal domain ,  PTS domai n  and C-terminal domain . 

5 -2 - 3 - 3  Third open read ing frame 

The third ORF was an o verl apping reading f rame with ORF 1 , 

transcribed u s ing the second reading frame and i denti fied as  

the structural gene for the R .  fl a vefaci ens f3- g1ucos idase 

( de s i gnated rbg : Buminococcu s  �-glucos idase )  becaus e  of its 

corres pondence to activity of the de letion subclone s . The 

sequence o f  this  ORF together with the 5 '  upstream s equences 

and the deduce d  amino aci d  s equence is shown in Fig . 5 - 9 . Thi s  

5 - 2 0  



Nucleotide s equence 

O�S 
O�2 
O�l 
cons · 

. .- . . 
TCG • • •  ACCCCATCGAGCTCGCCTCCGACTTCACCTAGTCCCAGCCCTACGTCGCCCACCCCTC . . •  CTTCGCCTTCG 
TCG • • •  ACCGCACCCAGCTCGTCGCCTCCATCTACTCCTACGCCCAGCAGCACGACCCCCACCC • • .  CTAGCTCCTCAGTATCTTCCGTACCTACACCGAGCTCGCCCGATTCACCG . • •  TCGCCTACG 
TCGGGTACCCCATCGAGCT . • .  CGCCTCCGACTTCACCTAGTCCCAGCCCTACGTCGCCCACCCCGCCTTCGCCTTCGACCGAATCCAGCCCTACTCCCTCGTCGCCAGCGTCACCGCGCTCGCCTACG 

TCG ACCcCAtCqAGCTcq. CgCCtcC . tct . CtccTac . ccCagcac . aCG . CccCCaCcC • • •  CTtcgcCtTCg . . • • . •  TCC . . .  CCTAC . C C  . . . .  TCGCC .G . .  TCACCG . • •  TCGCCTACG 

O�S 
OU2 
OUl 
cons" 

S TPSSSPPTSPSPSPTSPTP PSPS 
S TAPSSSPPSTPTPSSTTPT PSSSVSSVPTPSSPDS PSPT 
SGTPSS . SPPTSPSPSPTSPTPPSPSTESSPTPSSPASPRSPT 

S Tp8 SS&PP8 P ps t pt PSpS S PTPSSP S SPT 

Deduced amino acid sequence 

cons , consensus sequence 

Figure 5 - 8  
O�5 

Ali gnment with PTS rich regions of ORF l , ORF 2 and 



F i g . 5 - 9  
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Nuc leotide and deduced amino ac id sequences of ORF3 

2 0 7 2  TCGGCAGGCTACGCGTCTCTGCGCTACGTGTCGTCCCCCTCCGGCGCCGGTCTGGACGCGATCGTGCGGA 2 1 4 1 

2 1 4 2  CTGTCACGCTCGGCCGGGGGTCTCCCACCGGGCTACTCCGCGCGGGCACCCGCACCGGTGTCGGGCTGTG 2 2 1 1  

so 
2 2 1 2  CGGGGCTCCCGGCAAGATGACCGTGCGCGAGACCTACGGCGCCGTCACGTGGACGCGACGGCGGGCCAGG 2 2 8 1  

M T V R E T  Y G A V T W T R R R A R 

2 2 8 2  GTCGGCGGGACCGGCCCCAGCTACGGGTACTGGTACACCAACTGCGGCGGGAAGCTACGGGCCAGCGTCC 2 3 5 1  
V G G T G P S Y G Y W Y T N C G G K L R A S V R 

2 3 5 2  GGACGCTATGGGAGCTCGCGCGCACCCGATCCACTGGGGCGGTGTCAGGCTACCCCGCGGGGCGCGGGCT 2 4 2 1  
T L W E L A R T  R S T G A V S G Y P  A G R G L 

2 4 2 2  AGCCAAGGACACCGGCGGGACCGCACTGCTGTCCGGCTACCCCGCGTCCGCCGCGACAGTCGTGCCCAAC 2 4 9 1  
A K D T G G T A L L S G Y P  A S A A T V V P N 

2 4 9 2 GAGACACTCGCGCCGACGTCGTCCGCGCACGTCGGCTACGTACGCGCCGGGGCGCTGCCGGTACTGAGCG 2 5 6 1  
E T L A P  T S 5 A H V G Y V R A G  A L P  V L S E 

2 5 6 2  AGCTGAGCTACGTCGCGTCCACGAGCGGCGCCGCCGTCGCGCTACGGTGGGCCGCGTTACGGTCCGAGGC 2 6 3 1  
L 5 Y V A 5 T S G A A V A L R W A A L R S E A  

2 6 3 2  TGCTTCAGGGAGCGCGTCCGAAGCGACCCCCACCGCAGCCACGGTACGCGCGCCCAACATGTCCACCGAG 2 7 0 1  
A 5 G S A  S E A T P T A  A T V R A P  N M S T E 

2 7 0 2 CTACTCGCGACGCTGCCGGGGTGCGAGCGGGCCTCGGCGAACAACGCGTCCACAGGCGCGCCGCGGCGAC 2 7 7 1  
L L A T L P G  C E R A  S A N  N A S T G A P  R R P 

2 7 7 2  CCGAGGCACCGGCCGACAAGAAACGCGCCGATCGGGCTCGGGCGATACGTCCGGCGCGGGACGCGGGGGA 2 8 4 1  
E A P A D  K K R A D R A R A I R P A R  D A G E  

2 8 4 2  GCCATCGCTAGCGGCCAAACGACAGCCTGATCTATATCGTACGAATTCTGGATATAAAGCTCTAGCTCGC 2 9 1 1  
P S L A A K R Q P D L Y R T N S G Y K A L A R 

2 9 1 2  GTACGAAGTCTACGCGTACAGCGATACGCGAGCGTAGCTAGCGAGCGGATCGTAGCTGGAGCTTCGCGAG 2 9 8 1  
V R S L R V Q R Y A S V A S E R I V A G A S  R A 

2 9 82 CTGGCAGCATCGAGCGCGATCGAGCGATACGAGCGATCGTATCGACGTTCGATCCATCGAGTACGATCGT 3 0 5 1  
G S I E R D R A I R A I V S T F D P S S T  I V 

3 0 5 2  ATGCTCGATCGTACGAGTCGTACGTATCGTTCGAGCGTACTTACCCCTGAGCACGCGTCAGGCAGCGAGC 3 1 2 1  
C S I V R V V R I V R A Y  L P L 5 T R Q A A S 

3 1 2 2  TACAGCAGAGCTATCGCGAGCAGCGATCGAGTCGAGCTATACTATATATCGCGCTATATATACGGCGGCC 3 1 9 1  
Y S R A I A S S  D R V E L  Y Y I 5 R Y I Y G G R 

3 1 9 2  GTCGCGCGCCTACTACGGCATTACCCTATTCAGCGAATTTGCGCAGCGTATATTACGCTAGCTACGCGCT 3 2 6 1  
R A P  T T A L  P Y 5 A N L R 5 V Y Y A 5 Y A L 

3 2 6 2  ATCGGTCGAGGCGATACAGAGAGGACTACGCTACGTCTACGCGCGTACGCGCGTACTATGGAGAGTACTC 3 3 3 1  
5 V E A I Q R G L R Y V Y A R T  R V L W R V L 

3 3 3 2  GACGATCGTATATACAGCTACGCCCGTACGGGCGGATCGGCGTAGCGCGCGATCGGATAGCGACTACTAT 3 4 0 1  
D D R I Y S Y A R T G G S A *  

' 

3 4 0 2  ATATACTATCGGAGAGAGTCTCTCCCGAGCTACGCGACCGAGCTCAGCT 3 4 5 0  , 

5 - 2 2  



CHAPTER 5 SEQUENCE OF CELLULASE GENES 

ORF started with an ATG codon at position 2 0 7 2  and ended with 
a TAG codon at position 3 3 7 6  and consisted of a coding sequence 
of 1 3 0 0  bp . 

After screening upstream of the 5 '  end o f  ORF3 for SD and 
promoter s equences 1 a SD sequence ( TCCCGG ) was loc ated at 
pos ition - 1 0  to - 5 , 5 bp upstream o f  the ATG initi ation codon 
( Fi g . 5-9 ) but no promoter sequence was found . Several i nverted 
repeat sequenc e s  we re identified downstream o f  the stop codon 
( Fi g . 5- 9 ) . The nuc leotide sequence of the ORF contained 6 6 . 6  
% G+C reve a ling a s t rong bias towards codons containing dG+dC 
( Table 5 - 2 ; Fig . 5- 4 ) .  

The avai l able nuc leotide and ami no acid sequence s  o f  other 
B-glucosidase genes were compared to the ORF3 which showed no 
obvious homologies . S equence c ompari son showed a s imi l arity of 
2 9 . 2 % ,  4 5 . 3 % and 3 2 . 6 % to the B - gluc osidase gene of E. col i bgl 
( Schnetz et aI , 1 9 8 7 ) ,  Aspergi l l us wen t i i  ( Bause and Legle r ,  
1 9 8 0 ) and Candida pel l i c u l osa ( Kohchi and Toh- e ,  1 9 8 5 ) ( Fig . 5 -
1 0 ) .  

The ORF coded for a polypeptide o f  3 8 2  amino ac i d  residues 
with a c alculated MW of 4 4 . 8  kDa . The s i z e  was smaller than 
the peptide e s t imate d  from PAGE of 7 6  kDa . 

5 - 2 - 3 - 4  Fourth open reading frame 

The fourth open reading f r ame was found in the reverse 

transcription frame which was 6 9 0  bp long and over lapped with 

the first ORF ( Fig . 5 - 1 1 ) .  Thi s  ORF had putative S D  s equence 

of -8CGCTAG-3 and promoter s equences  of -31TATAGA-26 and 

-59TAGAGC-54 • 

Two o f  the e nzyme s thi s ORF may code for either a trans ferase 

or a protea s e  which was pres umed to be coproduced with the 

cel lulase c omp l ex . When compared with the known nuc leotide and 

amino aci d  s equenc e s  of tran s f er a s e  and protease f rom GenBank 

and EMBL l ibrary , no signi f ic ant homologies were found . 

However , a region from 1 0 4  to  1 2 5  o f  the deduced peptide 

sequence o f  this  ORF was highly c o nserved with the s ignal 

5 - 2 3  
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F i g . 5 - 1 0  Comp a r i s o n  of ORF3 ( rbg) with other B - glucosidase g e n e s . 

1 5 0  
cons 1 . . . . . . . . .  t • • • . .  a r  . • • • • • •  v . p  • • • s • •  fy . t  . .  g . • . . .  gk . q  

E c o  LFAEMGFTCL R 1 S1AWAR1 F  PQGDEVEPNE AGLAFYDRLF D . . . • .  EMAQ 
C l h  LVLSQAALVN TSAPQASN • . • • • • •  DDPFN H S P SFYPTPQ GGRINDGKWQ 

Orf 3 MTVRETYGAV TWTRRRAR • • . . • • •  VGGTG P SYGYWYTNC G • . . • .  GKLR 

5 1  1 0 0  
cons A • • • •  l . el • • • •  s . . . •  s .  y • .  g . Glak • • • • •  ntGg • • • •  a . l  . . • . •  

E c o  AG1KPL • . • • • . • • .  VTL S H  YEMPYGLVK • . • • •  NYGGWA NRAV1G • . . •  

C l h  AAFYRARELV DQMSIAEKVN LTTGVGSASG P C S GNTGS . . • VPRLN I S S 1  
Orf 3 ASVRTLWELA RTRSTGAVSG YPAGRGLAK • • • • •  DTGG . • • TALLS . . • .  

cons 
Asp 
ECO 
C l h  

Orf 3 

cons 
As p 
E c o  
C l h  

Orf 3  

cons 
A s p  
E c o  
C l h  

Or f 3  

con s 
E c o  
C l h  

O r f 3  

cons 
Eco 
C l h  

Or f 3  

c o n s  
E c o  
C l h  

Or f 3  

c o n s  
E c o  
C l h  

Or f 3  

c o n s  
E c o  
C lh 

O r f 3  

1 0 1  1 5 0  
a .  a .  'l.�vv • •  " . .  a . •  s a a  . •  g . i  • . .  a . av . s e • • • • .  a .  

A Z L  
. • • . • • •  HFE HYARTVFTRY Q HKVALWLTF 
CVQDGPLSVR AADLTDVFPC GMAASS SFNK 

• • . . • • •  GYP ASAATVVPNE TLAPTSSAHV 

GF . • •  ZGF . V  MSDWAAHHAG 
N E 1NMSLHAP FTGV . GLAEE 
Q L 1 YDRAVA1 GSEF . K  • •  GK 
GYVRAGALPV LSEL . SYVAS 

1 5 1  
. sgA . vg l . y  

VSGALAGLBM 
SGEAEV . . •  Y 
GADA1LGPVY 
TSGAAVALRW 

2 0 1  

gam . .  a a . g  
GSMPCBVBYB 
QAI HHQLV . A  
GPMGVKAAGG 
AALRSEAASG 

2 0 0  
s a . e  . . . . . . . l . . .  n . . . .  l la . l . . . .  t 
S . . . . . . .  GT S YWGTNLTI S  LWVNGT . . .  V 
SARAVKACH S  LLPEAKIGNM LLGGLVYPLT 
RGWEGHGPDP YL . • . . . .  EG V1AYLQ . . .  T 
SASEATPTAA TVRAPNMSTE LLATLP . . .  G 

2 5 0  
c • •  q s  • • .  a s  t • • •  r . . . . . . . . . rg . .  p . . . .  ra . rd . . i . . . . . . .  e .  
PZW 
CQPQDMLQAM E ENRRWMFFG DVQARGQYPG YMQRFFRDHN 1 . .  T I EMTES 
IGIQSQGVVS TAKHL . • . . . . . . .  IGNEQE HFRFAKKDKH . • . . . . . . • .  

CERASANNAS TGAPR . . . . . . • . .  RPEAPA DKKRADRARA IRPARDAGEP 

2 5 1  
· . a . k  • •  p • •  

DAEDLKHTVD 
· . AGK1 DPGM 
S LAAKRQPDL 

3 0 0  
f . t . S . y . • • • . •  r • • . • • . . a . . a . • . . • . . .  s . . .  S . e  
F 1 SFSYYMTG CVSHDE S 1NK NAQGN ILNM1 PNP . HLKSSE 
FNTS S SL S SE 1 DDRAMHE 1 Y  LWPFAEAVRG GVSS IMCSYN 
YRTNSGYKAL ARVRSLRVQR YASVASER1V AGASRAGS 1 E  

3 0 1  3 5 0  
. • • .  � . a  • • • • • • . . . • • . . . • • . • •  r • • • • . • •  l . s  • . •  aA . •  s . • •  d .  

WGWQI DPV • • . • • •  GLRVLL NTLW . DRYQK PLFIV . ENGL GAKDSVEADG 
KLNGSHACQN SYLLNYLLKE ELGFQGFVMT DWGALYSGI D  AANAGLDMDM 
RDRA1RAIVS TFDP S S TIVC S1VRVVR1VR AYLPL . STRQ AASYSRA1AS 

3 5 1  4 0 0  
s • . • •  y • • • • • • • • . . • • • • • • • • • • • • • • • • •  s r . i Y . g  . h . p  . . • . • .  

S 1QDDY . • . •  . • • • . . • • • •  . . . . . . • • • •  • . • •  R1AYLN DHLVQVN . • .  

PCEAQYFGGN LTTAVLNGTL PQDRLDDMAT R 1LSAL I YSG VHNPDGPNYN 
S DRVELY . • •  . • • . . . • . . •  . • • • • • . • • •  • Y I SRY I YGG RRAPTTA . • .  

4 0 1  4 5 0  
· .. . . . .. . . .. . . . .. .  � . " . " "  . 1 . .. .. . " vr s  . .  y . s " a ..  . .  . 1 . .  sve . .. .  
• • • . • • • • • .  . • • . . . • . • .  • EAIADGVDI MGYTSWGP I D  LV . •  SASHS . 

AQTFLTEGHE YFKQQEGD1V VLNKHVDVRS D1NRAVA • . . • LRSAVEGVV 
• . • • . • • . • •  • • . . . . • . . •  . LPY SANLRS VYYAS YA . • .  . L . •  SVEA1 • 

4 5 1  
• • .  g • • .  ry . 
• •  • QMSKRYG 
LLKNEHETLP 

• • •  QRGLRYV 

5 0 0  
• • . . . . . • . . . . . . . . .  R . k  v . r  . . . . .  v i  . .  r . .  s . . . .  
F I YVDRDDNG EGSLTRTRKK S FRMVCAEVI KTRGLSLKKI 
L • • • . . • • • • • . • • . .  GREK VKR I . • • •  S 1  LGQAAGDDSK 
Y • • • . . • • • • . . • • • •  ARTR VLWR • . • •  VL D DRIYSYART 

5 0 1  
c o n s  g . S  

E c o  T 
C l h  GTS 

O r f 3  GGS 

c o n s , c onsensus s equence ; Eco , E coli K- 1 2  bglB gene ( Schnetz et a l , 1 9 8 7 ) ;  
C l h , Candida pel l iculosa ( Kohchi and Toh - e , 1 9 8 5 ) . 
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CHAPTER 5 SEOUENCE OF CELLULASE GENES 

Nuc leotide and deduced amino acid sequence s  of ORF4 

- 3 5  

4 3 5 6  GCTACGCTCGCGTATCGCTGTACGCGTAGACTTCGTACGCGAGC�TTTATATCCAGAATTCGTAC 4 4 2 5  
- 1 0  so 

4 4 2 6  GATATAGATCAGGCTGTCGTTTGGCCGCTAGCGATGGCTCCCCCGCGTCCCGCGCCGGACGTATCGCCCG 4 4 9 5  
= 

--- M A P P R P A P D V S P E  

4 4 9 6  AGCCCGATCGGCGCGTTTCTTGTCGGCCGGTGCCTCGGGTCGCCGCGGCGCGCCTGTGGACGCGTTGTTC 4 5 6 5  
P 0 R R V S C R P V P R V A A A R L W T R C S 

4 5 6 6  GCCGAGGCCCGCTCGCACCCCGGCAGCGTCGCGAGTAGCTCGGTGGACATGTTGGGCGCGCGTACCGTGG 4 6 3 5  
P R P A R  T P A A S R V A R W T C W A R  V P W 

4 6 3 6  CTGCGGTGGGGGTCGCTTCGGACGCGCTCCCTGAAGCAGCCTCGGACCGTAACGCGGCCCACCGTAGCGC 4 7 0 5  
L R W G S L R T R S L K Q P R T V T R P T V A R 

4 7 0 6  GACGGCGGCGCCGCTCGTGGACGCGACGTAGCTCAGCTCGCTCAGTACCGGCAGCGCCCCGGCGCGTACG 4 7 7 5  
R R R R S W T R R S S A R S V P A A P R  R V R 

4 7 7 6  TAGCCGACGTGCGCGGACGACGTCGGCGCGAGTGTCTCGTTGGGCACGACTGTCGCGGCGGACGCGGGGT 4 8 4 5  
S R R A R T  T S A R V S R W A R  L S R R T R G 

4 8 4 6  AGCCGGACAGCAGTGCGGTCCCGCCGGTGTCCTTGGCTAGCCCGCGCCCCGCGGGGTAGCCTGACACCGC 4 9 1 5  
S R T A V R S R R C P W L A R A P  R G S L T P P 

4 9 1 6  CCCAGTGGATCGGGTGCGCGCGAGCTCCCATAGCGTCCGGACGCTGGCCCGTAGCTTCCCGCCGCAGTTG 4 9 8 5  
Q W I G  C A R  A P I A S G R W P V A S R R S W 

4 9 8 6  GTGTACCAGTACCCGTAGCTGGGGCCGGTCCCGCCGACCCTGGCCCGCCGTCGCGTCCACGTGACGGCGC 5 0 5 5  
C T S T R S W G R S R R P W P A V A S T * 

5 0 5 6 CGTAGGTCTCGCGCACGGTCATCTTGCCGGGAGCCCCGCACAGCCCGACACCGGTGCGGGTGCCCGCGCG 5 1 2 5  
; , 

5 1 2 6  GAGTAGCCCGGTGGGAGACCCCCGGCCGAGCGTGACAGTCCGCA 5 1 7 0  
---, \ 
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sequence o f  proteas e I I I  gene of E. col i  ( Claverre-Marti n  etal , 

1 9 8 7 ) and the 5 '  terminal sequence o f  the E .  col i c apR ( ATP

dependent protease ) gene ( Gayda et a l , 1 9 8 8 ) ( Fig . 5 - 1 2 ) .  

Al s o , several regions were found with homology to the s ignal 

sequences  of Baci l l us sp . protea s e  gene ( Henner et a l , 1 9 8 8 ; 

Sloma et al , 1 9 8 8 ; Wong et al , 1 9 8 4 ) ,  protease enhancer gene 

( Tanaka and Kawat a , 1 9 8 8 ) and Strept omyces gri seus protease A 

gen e  ( Henders o n  et  al , 1 9 8 7 ) .  

5 - 2 - 3 - 5  F i fth open reading frame 

The fi fth ORF wa s found near to the 3 '  end of the 7 . 3 kb 

fragments using the s econd reading frame . The ORF was 

identi fied as the structural gene f or the R. fl a vefaci ens 

xyl anase gene ( de s i gnated rxy: R umin ococc u s  KYlanas e ) based on 

the deletion c lone as s ay .  The sequence of this ORF together 

wi th the 5 '  upstream sequences  and the deduced amino acid 

sequence was shown in Fig . 5- 1 3 . Thi s  ORF cons i sted of a coding 

s equence of 1 0 8 0  bp , s tarting with an  ATG codon at pos ition 

6 2 6 6  and endin g  with a TAG codon at position 7 2 9 1 . A SD � 

( GGCGGC ) containing 6 C /G ' s  was located at position - 8  to - 3 , 

3 bp upstream o f  the ATG initiation codon ( Fig . 5 - 1 3 ) .  Al so a 

put ative promoter sequence was f ound ( Fig . 5 - 1 3 ) .  S everal 

inverted repe at s equences  were ident i fied downstream of the 

stop codon ( Fi g . 5 - 1 3 ) . The nuc leotide sequence of the ORF 

contained 7 4 . 3  % G+C . The resulting DNA s equence revealed a 

strong dG+dC bias . ( Table 5 - 2 ; F i g . 5 - 4 ) .  

The ORF was s u f f icient in s i z e  to code for an unmodi f ied 

protein of 3 4 1  amino acid residues with a c alculated MW of 4 0  

kDa . The avai l ab l e  nuc leotide and peptide s equence s  o f  other 

xyl anase gen e s  were c ompared to thi s  ORF . Results o f  these 

comparisons s howed that there were no obvious homology to the 

xyl anase sequences of C .  thermocel l um xyn Z ( Grepinet et al , 

1 9 8 8 ) ,  Baci l l us sp . ( Hamamoto et al , 1 9 8 7 ; Fukusaki et a l , 1 9 8 4 ; 

Yang et al , 1 9 8 8 ) ar:d Cryptococcu s  a lbidus p artial  nuc leotide 
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Fig . 5 - 1 2  Comparison o f  ORP4 with other signal sequenc e s  o f  proteases 

E. coli ( K I 2 )  ptr gene ( Cl averre-Martin et a l ,  1 9 8 7 ) 

ORF4 1 0 4  RVRSRRARTTSARVSRWARLSR 1 2 5  

. .  I I : : · I ·  1 1 · 1 1 ·  
1 MPRSTWFKALLLLVALWAPLSQ 2 2  

E. coli capR gene ( Gayda e t  a l ,  1 9 8 8 ) 

ORF4 1 0  VSPEPDRRVSCRPVPRVAk�WTRCSP • •  RPARTPAASRVARWTCWARV 5 7  

: . \ \  . . \ :  . . . . : 1 ·  : : 1 : : 1 1  . . : :  . . . : I I I  : :  
1 MNPERSERIE IPVLPCAMW-riFIRTWSSPYLSGGKNLSVVWKRRWTMIKKL 5 0  

ORF4 5 8  PWLRWGSL 6 5  

· 1 I :  . ,  
5 1  CWSRRKKL 5 8  

B .  subtilis alkaline proteas e ( aprE ) gene ( Henner e t  a l ,  1 9 8 8 )  

ORF4 1 0 5  VRSRRART 1 1 2  

I I I : : : .  
I VRSKKLWI 8 

B . subt i l i s  i ep gene ( Tanaka and Kawata ,  1 9 8 8 )  

ORF4 5 6  RVPWLRWG 6 3  

I : : : ·  I 
I RLAFY*AG 8 

B .  subtilis extracellu lar prcltease ( epr) gene ( S loma et a l , 1 9 8 8 ) 

ORF4 1 6  RRVSCRPVPRVAAARLWTRCSPRP 3 9  

: · : 1 1 : 1 . . 1 ·  · : 1 : 
2 KNMSCKLVVSVTLFFSFLTIGPLA 2 5  

B .  subtilis sprE gene ( Wong e t  al , 1 9 8 4 ) 

ORF4 5 0  RWTCWARVPWLRWGSLRTRSLKQPRTVTRPTVARRRRRSWTRRSSARSVP 9 9  

I : · : · 1 . . I :  : I . · 1  : 1 ·  1 . .  1 . .  
2 RRG*RVRSKKLWI SLLFALTL . • . . . • • • . • • • • • . . •  IFTMAFSNMSAQ 3 4  

ORN 1 0 0  A 1 0 0  

I 
3 5  A 3 5  

B .  amyloliquefaciens s a cQ  gene ( Yang et a l ,  1 9 8 6 ) 

ORF4 1 0 7  SRRARTTSARVSRWARLSRRTRGSRTAVRSRRCPWLARAPRGSLTPPQWI 1 5 6  

. . . . . . .  : I :  . . I , : I  , . .  I :  . .  : . : 
2 EKKLEEVKQLLFRLENDIRETTDS • . • . . . • • . . . .  LRNINKSIDQLDKF 3 9  

ORF4 1 5 7  GCAR 1 6 0  

: : I · 

4 0  S YAM 4 3  

s .  griseus protease A l eprA ) gene ( Henderson e t  a l ,  1 9 8 7 )  

ORF4 1 2 0  WARLSRRTRGSRTAVRSRRCPWLARAPRGSLTPPQWIGCARAPIASGRWP 1 6 9  
: l : i · . . · 1 1  I . : :  : · 1 · :  : , . : : :  

3 FKRFSPLSSTSRYA • • • • • . • • • • • • . . • • • • • •  RLLAVASGLVAAAALA 3 2  

ORF4 1 7 0  VAS 1 72  

. 1  I 
3 3  TPS 3 5  I , I ,  . , d i f ferent digree o f  s imilarity o f  amino acid . 
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Nucleotide and deduced amino acid sequences of ORF5 

-35 -10 • so • 

6 2 0 9  CGCATACAGCAATTAGTCAGATTTCACTTAAGTGCGAGTACGTTCTATTGGCGGCAGATGCGCTCAGTCC 6 2 7 8  
M R S  V R 

6 2 7 9  GTCCTCGGGGTCCACGACGGCAGCACTCCGGCCAACCAGGGGGCGAAAGGCGCCAACTCGGCGACCGGCC 6 3 4 8  
P R G P R R Q H S G Q P G G E R R  Q L G D R P 

6 3 4 9  TAGACGCCAGCGCGCTACCGCTCAAGACGCGGGGCGCGCCGTCCGGGCACGTACCGACGATCGTGCTCGG 6 4 1 8  
R R Q R A T  A Q D A G R A V R A R T  D D R A R 

6 4 1 9  GGTCACCAACCAGGGCGTCCTTCCCGGCGTCGCGGCTACGGTCGGCTGCGGCGACACGCGCGGCCCGGCC 6 4 8 8  
G H Q P G R P S R R R G Y G R L R R H A R P G R 

6 4 8 9  GACGCGCGGACGCGCGCGATCGGCCGCGGGACGGCCTCCGCGATCGGCCACGCGCAGCGCACCCAGGCGC 6 5 5 8  
R A D A R  D R P R D G L R D R P R A A H P G A 

6 5 5 9  AGGCGAGCCTCCCCGACACGGGCGCCAGCGCCGGGATCGCCCGGTCGCTGAATGCGGCGTCCAACACGAC 6 6 2 8  
G E P P R H G R Q R R D R P V A E C G V Q H D 

6 6 2 9  GGCTCTCGCGACGGAGCGCAACGGCGCGGGCAACGAGGTCCACGTCTCGAAGCTTCCCACGTCGCAGGCC 6 6 9 8  
G S R D G A Q R R G Q R G P R L E A  S H V A G P 

6 6 9 9  CAGCACGAGCGGACGCTGGCGCTGGCGACAGCTGCGGCCGCTGCGGCTGGCGCGGCCGGCCACGCGACCT 6 7 6 8  
A R A D A G A G  D S C G R C G W R G R P R D L 

6 7 6 9  CCGGCAAGACCGGGCCGCTGACGCTCGGCGCCGCGGCCTCGGCGACGTGGCACAGGTGGGGCGAGCCGCT 6 8 3 8  
R Q D R A A D A R R R G L G D V A Q V G R A A 

6 8 3 9  CGCGGGGCGCGTCCGCGTCGGGTCGGTCGTGAACGACCCGAGCGACCTCTGCACCAACGGCACTCAGGGG 6 9 0 8  
R G A R  P R R V G R E R P E R  P L H Q R H S G D 

6 9 0 9  ATCTCGTGGGCCTCGACGCACACGGGAGGGCTGGAGGAGTGGCTCGCGGCCGCCCTCGGCCAGGACACGG 6 9 7 8  
L V G L D A H G R A G  G V A R G R P R P G H G 

6 9 7 9  GCTCGGCCGTGGATGGCTCGGTCCCCGCGCGCGAGTGCGAGCACGCGGTCGAGGCGCGCGTGTGCTCGGC 7 0 4 8  
L G R G W L G P R A R V R A R G R G A R  V L G 

7 0 4 9  GTCCCCCGGCCTGTGGCTCTCCAGCGGCGCGCTCTCGCCCGAGAGGCCCCACGAGTCCCGCGTCGGCACC 7 1 1 8  
V P R P V A L Q R R A L A R E  A P R  V P R R H R 

7 1 1 9  GGGTGCTCGGCCTGCGCGGCTCGACCCCATCGAGCTCGCCTCCGACTTCACCTAGTCCCAGCCCTACGTC 7 1 8 8  
V L G L R G S T P S S S P  P T S P S P S P T S 

7 1 8 9  GCCCACCCCTCCTTCGCCTTCGGTCAACGACCGGCCTCGGCCTCGGGCCCCCTCGATCGGCACCGGCGGT 7 2 5 8  
P T P P S P S V N D R P R P R A P  S I G T G G 

7 2 5 9  GCCGTGCCGCTGCGTCGATACGCTCGGTCGTAGCATACGCTACGAT 7 3 0 4  
A V P L R R Y A R S * 
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s e quenc e . The best s imi larity o f  xylana s e  gene was xylA gene 

of alkaline Baci l l us s p . strain C- 1 2 5  ( Yang et aI , 1 9 8 8 ) with 

2 9 . 0 % homology ( Fi g . 5 - 1 4 ) . 

A shorter Prol i ne , Threonine and Serine rich region s imi l ar 

to the PTS regions i n  renA and rexA was found , f rom the 

position 7 1 3 8  to  pos ition 7 2 0 9  o f  about 2 4  amino acids . The 

region was 82 bp up stream from the C-terrninal . When comp aring 

thi s  region with the PTS sequence o f  renA and rexA , a h ighly 

consensus sequence of thes e  regions was f ound ( Fi g . 5 - 8 ) .  The 

ORF5 could be divided into three domai n s : N-terminal domain , 

PTS domain and C-terminal domain .  

5 - 3  D i s cuss ion 

The s equence results o f  the 7 3 0 4  bp fragment had f ive 

l argecomplete ORFs . The 5 '  and 3 '  noncoding regions were 

enriched in adenine and thymine resi due s ,  as opposed to the 

ORFs , which had h i gh G+C content . The G+C content o f  the 

nucleotide in renA , rex and rbg were 7 1 . 7  % ,  6 7 . 3  % and 6 6 . 6 % ,  

respectively , which i s  higher than that o f  C .  th ermocel l um 

( ce IA ,  celB , celC  and celD , 3 9 . 4 % ,  3 9 . 8 % ,  3 5 . 5 %  and 4 0 . 3 % ,  

respectively ; Beguin et aI , 1 9 8 5 ;  Grepinet and Beguin , 1 9 8 6 ; 

S chwarz et aI , 1 9 8 8 ; Joli f f  et aI , 1 9 8 6 ;  Hall et a I , 1 9 8 8 ) and 

Baci l l us sp . ( 1 1 3 9 1  3 7 . 9 % ;  pNKl , 3 9 . 3 % ;  pNK2 , 3 9 . 7 % ;  Fukumori 

et  a I , 1 9 8 6 ;  MacK ay et aI , 1 9 8 6 ;  Nak amura et aI , 1 9 8 7 ;  Fukumori 

et  a I , 1 9 8 9 ) ,  but more closely related to that of Ce o fimi cenA 

and cex ( 7 4 . 3  % and 7 1 . 8  % ;  Wong et  a I , 1 9 8 6 ;  O ' Neill  et aI , 

1 9 8 6 ) and T .  reesei EGI and EGI I I  ( 6 1 . 4 % and 5 1 . 2 % ;  Chen et 

a I , 1 9 8 7 ; Shoemaker et a I , 1 9 8 3 ; Teeri et aI , 1 9 8 7 ) .  
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cons 
Orf 5 

Bsp 
Bpu 
B c i  

con s 
Orf 5  

B s p  
Bpu 
B c i  

cons 
O r f S  

B s p  
Bpu 
Bci 

cons 
Or f S  

B s p  
Bpu 
Bc i 

con s 
Or f S  

B s p  
Bpu 
Bc i 

cons 
Orf 5  

B s p  
Bpu 

cons 
Or f 5  

B s p  

cons 
O r f 5  

B s p  

CHAPTER 5 SEQUENCE OF CELLULASE GENES 

Comparison of ORF5 ( rxy) with other xy1anase genes 

2 
· S . . • . . . . .  

RSVRPRGPRR 
N SLVAENAMK 

5 2  
· • • . •  g . .  p g  
· . RARGHQPG 
• . W . HSQVPE 
• • •  N I GNALF 
FVVGKGWTTG 

1 0 2  
g . g . p  . . . • •  

GAGEPPRHGR 
RYKDDVT . SW 
P S GNSYLCVY 
GTYRPTGTYK 

1 5 2  
· . •  1 • .  s . . .  
GPRLEASH • .  

EAKLYINDYN 
• • .  YKGSF . •  

TTFTQYWS . •  

2 0 2  
. . . .  kq . ra . 
PRDLRQDRAA 
. . .  I EDTRAS 

A . TFKQYWSV 
VNAWKSHGMN 

2 5 2  
p . . . . . . . •  1 
PLHQRHSGDL 
QAQADRYDQL 
PMGKMYETAF 

3 0 2  
• .. . ..  G . .. . .. .  
ARVLGVP . • •  

• • •  VGI D  . • •  

3 5 2  
* 

LG 
I D *  

. h S gqp . e . w . nwgd . . . . .  
Q H S GQPGGER RQLGDRPRR . 
PESLQPREGE WNWEG . ADK . 
N H SGYDYELW KDYGNTSMTL 

SAASTDYW QNWTDGGG I . 

r p f r  . •  dynr • v • . . •  p • .  r 
RPSRRRGYGR LRRHARPGRR 
WFFI DE DGNR MVDETDPDKR 
RKGKKFDSTR T HHQL • • . . •  

S PFRTINYNA GVWAPNGNGY 

g . v . s p . aey 
Q RRDRPVAEC 
DVVNEVI DDG 
GWTQSPLAEY 
GTVKSDGGTY 

· " .. . . .. . .. . ..  

.. . .. .. .. . .. . . .  

TEVPSKRDDL 
· . .. .. . . .. .. .. ..  

· � . . .. . . . . ..  

. . .  . r . l g . v  
D ARRRGLGDV 
FSKFTSLGLD 
RQTKRTSGTV 
LGSNWAYQVM 

• . l . y  . . .  a .  
VGLDAHGRAG 
FEL . YEELAA 
TVEGYQSSGS 

.. � . .. .. .. .. .. . ..  

· " .. . .. .. .. . . ..  

· . .. .. . . . .. . ..  

gi • . . •  sw . •  

GVQHDGSR • .  

GGLRESEWYQ 
Y I . . VDSW • •  

D I Y TTTRY • •  

. . . . . • .  vaq 

. . • . • • .  VAG 
YNLVKDLLEQ 

. . . . • . .  YAD 

. . • . . . .  VRQ 

aqv . • . . . . .  

AQV • . . . . . .  

NQVTELDMSL 
SV . • . . . . . .  

ATE • • • . . • • 

• • .. • • .. .. .. • 9 
GVARGRPRPG 
D I S S VTFW . G  
.. . .. .. .. .. .. .. ..  A 

. . P . . • • . • .  

• RPVALQRRA 
• APFVFDHNY 

5 1  
. na . a . s ag .  . . r  . .  t . . . .  
QRATAQDAGR AVRARTDD . .  
IVEFARKHNM ELRFHTLV . .  
NNGGAFSAGW N . • . . . . . . •  

VNAVNGSGGN YSVNWSNTGN 

1 0 1  
· . . . . . •  r . .  1 . • .  y . a  . . .  

ADARDRPRDG LRDRPRAAHP 
EANKQLLLER MEN H IKTVVE 

• . . . . .. . •  GN I S INYNASFN 
LTLYGWTRSP LIEYYVVDSW 

1 5 1  
.. . . . . . . . . .  . . ta r  • .  G . r  
· .. . . . . . . . .  . DGAQRRGQR 
I TGTDY I KVA FETARKYGGE 
· . . . . . . . . .  . GTYRPTGA . 
· .. . .. .. . .. .. . .  . NAPS I DGDR 

2 0 1  
g . r . d  . . •  t .  s • .  q i gw . g .  
PARADAGAGD SCGRCGWRGR 
GVP I DGVGHQ S H I Q I GWP S . 
GGTYD I Y ETT RVNQPS I IGI 
SKR . . . .  PTG SNATI TFTNH 

2 5 1  
. g . . . .  g a  . .  r . v  . .  e . . • .  

. GRAARGARP RRVGRERPER 
YGWPPTGAYT SYDD I PAELL 

. . . • . •  SAHF RK . .  WESLGM 

. GYQSSGSSN VTV . . .  W* 

3 0 1  
. . . . . .  wl . g  raR . . . .  G . .  
H GLGRGWLGP RARVRARGRG 
IADNHTWLDG RAREYNNG . .  
NVMTNQLFIG N *  

3 5 1  
.. .. . . .. . . . .. ..  A • • • . . . .  R . 
LARE • • • . . .  APRVPRRHRV 
RVKP . • • • • .  AYW . • • . •  R I  

cons , consensus s equenc e ;  Bsp , a l ka lophi l i c  Baci l l us sp . xylA ( Hamamo t o  et 
a 1 ,  1 9 8 7 ) i BpU , B .  pum.i.l u s  xynA ( Fuku s aki et a 1 ,  1 9 8 4 ) i Bpu , B .  circ u l ans 
xlnA ( Yang et a I ,  1 9 8 8 ) . 
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The ORF 1 , which was ident i fied a s  renA , started at nuc leotide 

7 1 2 of the DNA sequenc e . There is some evidence which supports 

the contention that thi s ATG i s  in fact used as an initiat ion 

codon . There is 

( i )  a G ram pos it ive bacterial type o f  ribos ome-binding 

s ite , CGGGGA , which starts at - 1 0 , the optimum distance 

for this ATG , 

( ii )  putative - 1 0  and - 3 5  promoter s equence was found 

upstream of thi s  ATG 

( i i i ) Application o f  programs ( TESTC ODE and CODENPREFERENCE ) 

for prediction o f  a peptide coding region . 

S imilar structure were also found with ORF 2 , ORF3 and ORF 4 . 

The c odon used i n  ORF 1 ( ren ) was very s imilar to that of Ce o 

fimi cenA which a l so h ad a high G+C content . The cenA gene 

showed the be st simi l arity of the renA ( 3 2 . 1 % with 4 8 5  a . a . 

res idue s . Three domains  ( binding domain , PT box and c at alytic 

domain ) were found in the Ce o fimi gene ( Warren et aI , 1 9 8 6 ) .  

A s imi l ar high pro-thr- s er rich region located near to the N

terminal o f  the peptide was found in renA and divided the 

protein i nto two domai n s . Th i s  suggested that the renA gene o f  

R .  fla vefaci ens could b e  grouped into f ami ly A o f  cel lulase  

genes ( Ong et  aI , 1 9 8 9 ) . 

The putative molecular weight o f  renA gene product was 

7 5 . 8  Kd with 6 8 0  a .  a .  res i dues which was larger than the 

peptide that was i so l ated f rom culture o f  clone �CM9 0 3 . It  

s uggested that post-trans l ational modifica tion with protease 

was involved a s  i n  the case with T .  rees e i , Ce o fimi and C .  

thermocel l um ( Stahl berg et a I , 1 9 8 8 ; G i lkes et aI , 1 9 8 8 ; L amed 

and Bayer , 1 9 8 8 ) .  

The unusual structure o f  the pro-thr- ser rich region in  

renA , rex and rxy was compared . The PTS o f  renA and rex had 

6 7 . 5 % s imi larity . It showed the highly conserved sequence o f  

PTS i n  renA , and rex genes which i s  comparable t o  the PT boxes  

5 - 3 1  



CHAPTER 5 SEQUENCE OF CELLULASE GENES 

o f  Ce o fimi cenA and cex genes ( Warren et a I , 1 9 8 6 ) .  The PT 

region was a pos s ible primary s ites for protease or papain 

which were reported in Ce . fimi and T .  reesei ( Ong et a I , 

1 9 8 9 ) . However ,  the protease c le avage s ite has not been 

c o n f i rmed in the PTS regions of renA , rex and rxy. Also in Ce o 

fimi , the PT box divided the c e l lulase gene into the binding 

and c atalytic domain .  In the c as e  o f  renA , the PTS was located 

near the N-terminal end of the gene . Thi s  might indicated that 

res hu f f ling of the gene would be required in renA to form the 

general c e l lulase gene s t ructure during the transcriptional 

step . The function of PTS region needs further study . 

The ORF4 was comp ared with other protease gene s . Although 

there i s  no obvious homology with the protease sequenc e s  f rom 

GenBank and EMBL l i brary , the homology o f  this gene with the 

s i gnal sequence o f  E. col i  protease I I I  and 5 '  end matured ATP

dependent protease gene strongly suggested th at this  ORF coded 

for a protease gene . Also homo logies with o ther Baci l l us sp . 

and Strep t omyces sp . p roteas e  s equenc e s , supports this 

sugge s tion . Further s tudy to a s s ay the protease activity and 

to puri fy this enzyme wi l l  help to identi fy the gene produc t . 

The rbg gene was f ound in the second reading frame 

overlappin g  with renA gene and thi s  suggested that the two 

genes share some sequence perhaps important f or gene regulat

ion . The renA , rex and rbg genes were found in close proximity 

a long with ORF 4 , which h as a protease gene characteri stic . 

The s e  suggested that the cellulase genes could be under some 

type o f  regulatory control a s  a whole , even though they were 

a l l  found h aving individual putative promoter sequenc e s . 

The noncel lulos ic degradation enzyme against xyl an were 

detected which h ad been described in the previous chapter . The 

rxy gene was s equenced and was located c lo s e  to the cellulase 

gene s . The s tructure o f  rxy gene showed some simi l arity to the 

c e l lulase genes which contained three domain s . I n  particu l ar , 
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a short sequence o f  PTS rich region was found in  thi s gene . The 

study o f  xyl anase gene f rom R .  fl a vefacien s s train 1 7  h as been 

reported ( Fl int et aI , 1 9 8 9 ) .  Although the s equence of xyl anase 

gene from strain 17  is still unavail able , the finding of PTS 

rich region in rxy gene has  not been reported in other known 

xyl anase  gene s equenc e s . 

5 - 4  Short s ummary 

A f ragment o f  7 . 3  kb HindI I I-HindI I I  fragment within the 

ACM9 0 3  insert was s equenc e d . Four ORFs were found and analyzed 

u s ing c omputer s oftware ( UWGCG ) .  

The first ORF cor re sponded to subc l on e s  showing endoglu

c anase activity and was designated as  the s t ructured gene for 

endoglucanase gene ( renA ) . It was 2 1 5 7  bp long with a putative 

6 8 0  res idues amino ac id . SD and promoter s equences were found . 

cenA gene o f  Ce o fimi gave the best fit f rom 2 0  known endoglu

c anase sequenc e s . An unusual structure of P ro - Thr-Ser ( prol ine , 

threonine or serine ) rich regio n , in which 3 8  out o f  4 2  a . a .  

r e sidue s , was found near the N-terminus o f  the renA gene . 

The s econd ORF which was 1 8 2 1  bp long and was des i gnated 

a s  c oding for  exoglucana s e  gene ( rex ) s ince subc 10nes o f  thi s  

gene corresponded t o  MUCase activity . The putative protein 

s equence h ad 5 7 2  amino acid res idues , and SD and promoter 

s e quences h ave been found . A pro-thr- s er rich region , which has  

h i gh ly conserved re gion t o  the PTS s equence of  renA , was found 

near the C-terminus of the putative peptide . Al so , the mos t  

s imi l ar c e l lulase gene was t h e  cex gene o f  Ce . fimi . It  

s ugges ted that the gene structure o f  c e ll u l ase  in R .  fl a ve

faci ens s train 1 8 6  belonged to the c e l lu l a s e  gene f ami ly A ,  

acc ording t o  the c l as s ification o f  Ong e t  al , 1 9 8 9 . 

The third ORF was f ound overlapping with ORF 1 using the 

s econd transcriptional reading frame . The ORF h ad a putative 
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SD s equence but lacked o f  any c lear promoter sequenc e . Thi s  ORF 

coded for a j3- glucosidase gene which was 1 3 0 0  bp long ( a  

putative protein s equence o f  4 4 3  amino acid res idues ) .  

The fourth ORF overlapped with ORF I but used the reverse 

transcriptional reading f rame . Thi s  ORF was 6 9 0  bp long with 

SD and promoter s equence s  upstream of the ATG codon . Thi s  ORF 

ha the charac teristic o f  a protease gene due to the homo logies 

o f  t h i s  sequence to s ignal s equence s  and 5 '  terminal sequence 

o f  c e rtain p rotease gene s . 

The fifth ORF near the 3 '  end of the 7 . 3  kb fragment was 

ident i f ied as  a xyl anase gene which u sed the second 

transcriptional reading f r ame . Thi s  ORF was 1 0 8 0  bp long with 

SD and promoter seq�ence s . A short PTS rich s equence was found 

and s howed h ighly con s ensus  with PTS rich region of ORF 1 and 

ORF 2 . 
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CIIAPTER 6 FINAL DISCUSSION AND CONCLUSION 

Technique s o f  molec u l ar biology are important tool s  in 

biological  res earch . There has  been a rapid development o f  

thes e  techn iques over t h e  l a s t  2 0  years and thi s development 

has been re sponsible for a vast inc rease in the understanding 

of the s tructure of genes and proteins in the biological world . 

The aim o f  the work presented i n  this thes i s  was to use  thes e  

techniques t o  i solate and characteri z e  gen e s  coding f o r  the 

c e l l u l a s e s  of R. fl avefaci ens .  

6 - 1  U s e  o f  the E .  col i l ambd a  system i n  the study of rumen 

microorg a n i sms 

The discovery and cons truction of host/ve ctor systems has 

c au s ed a revolution in the understanding o f  genes at the 

molecu lar  leve l . Construction o f  gene libraries , screening of 

recombinants for speci f i c  protein produ ct s , restriction 

endonuclease  mapping of the genes , and subc loning f ragments of 

a particular gene into vectors for expres s ion or s equencing has 

been the u su al procedure i n  the inve stigation of gene structure 

and function . The ease o f  i so l ation , wide r ange o f  se lection 

marker s  and varied c hoic e  of vectors have made plasmids the 

most c ommonly u sed vector s . However , in s ome c as e s , instabi lity 

o f  plasmid and low tran s fo rmin g  frequency of plasmid s ystems 

c an be problematic in pract ic e . In  this s tudy , instabi lity of 

ruminococ c al DNA in sert s  in E .  col i p lasmid vectors has made 

c lonin g  s tudies  u s ing these types of vectors impo s s ible . 

Several  attempts at c loning ruminococcal DNA by Gram posit ive 

and Gram negative pl asmid vectors were unsucce s s fu l . I t  i s  thu s 

sugge sted that plasmid vectors are not suitable f or cloning 

s tudies  with ruminococcal DNA . 

The i ncreasing use o f  bacteriophage l ambda a s  a clonin g  

vector has led to recent development o f  techniques for its 

manipul at ion . Most o f  the c l a s s ical problems which limited the 

use  of l ambda vector such a s  difficulties in i solation of 

recombinant s , high cost o f  packagi ng , l abori ou s  puri fication 
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of DNA and l ack of sequenc ing protocol , h ave been solved . I n  

thi s s tudy , the genomic library was constructed i n  the lambda 

vector NM1 1 4 9 ,  the insert f ragments were subc loned i nto AGem1 1 

and the subsequent deletion c lo nes were sequenced using the 

dideoxy chain termination method . Ease of s c reening and 

stabil ity of the c l  Jnes have made the l ambda cloning system the 

best system for th� s type of genetic s tudy . 

6 - 2  The c e l lulase o f  ruminoc oc c i  

The c e l lulase of c .  t hermocel l um is thought to occur as  

a complex o f  cellu l ase activities and this  complex has  been 

c a l led a cellulosome ( Lamed and B ayer , 1 9 8 8 ) . A s imi lar 

s t ructure may be pre sented with R .  fl a vefaci ens 1 8 6  growing on 

Avicel a s  shown by TEM ( re :  Fig . 1 - 1 ) . The enzyme purif ied from 

R. fl a ve faciens 1 8 6  consistently showed about 1 5  polypeptides 

of which only a smal l number showed CMCase activity ( four 

bands , the smaller  of whic h  are probably products o f  

proteol ys i s ) , MUCase activity ( 1- 2  band s ) or MUG a s e  activity 

( 1  band ) ( unpublished data ( Asmu ndson ) and data f rom this study 

( not shown » . The c e llulases of R. fl a vefacien s  h ave been shown 

to exi s t  i n  three dif ferent forms : mx high molecu lar weight 

c omplex with MW > 3 X 10 6  Da and smaller forms with MW about 8 

x 1 05 Da  and about 8 9  x 1 03 Da ( Pettipher and Latham , 1 9 7 9 ) .  

The c e l lu l a s e  c omp lex of R. fl a vefaci ens i s  thus c omposed of 

a number o f  polypeptides , only a number o f  which are glycosi

dases . 

The predicted molecular wei ght s o f  the glycos idases 

s equenced i n  thi s work and the molecu lar weight o f  the enzymes 

determined f rom other studies are compared in Table 6 - 1 .  

The l ack o f  agreement between the estimated molecu lar 

wei ght o f  i solated proteins and proteins  predicted f rom DNA 

sequences may be due to non-correspondence of the genes cloned 

with the i so l ated form of glyc o s idase ( since there are s everal 
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Table 6 - 1  Summary of the characterization o f  R .  fl a vefa ci en s  
gene product s  and deduced peptides and c omparison with other 
cellulase p roteins . 

Endoglucanase 
R .  albus 

strain F 4 0 1 
strain SY32 

R .  fl a vefa ciens 
strain 6 7 3  
strain 1 8 6 

Exoglucanas e  
R. a l bu s4 
R .  fl a ve faciens 

strain FD 1 5  
strain 1 8 6 

f3-glucosidase 
R. albus 

strain F 4 06 
strain 1 8 6  

native 
protein 

5 0  kd 

8 9  kd 
6 2  kd7 

1 1 0  kd 

1 1 8  kd 

8 2  kd 

gene 
product deduced 

5 6  kd 

4 5  kd 7 5 . 8  kd 

9 0  kd 6 7  kd 

7 6  kd 4 4 . 8  kd 

4 4  

4 5  
3 0  

3 7  

3 9 - 4 5  
3 6  

3 0 - 3 5  
3 3  

6 . 8  

6 . 4  
5 . 5  

6 . 8  

5 . 0  
5 . 2  

6 . 5  
6 . 3  

1 ,  Ohmiy a  et a I , 1 9 8 7 ; 2 ,  Romaniec et aI , 1 9 8 9 ; 3 ,  Pettipher 
and Latham , 1 9 7 9 ;  4 ,  Ohmiya et aI , 1 9 8 2 ; 5 ,  Gardner et aI , 
1 9 8 7 ; 6 ,  Ohmiya et aI , 1 9 8 5 ; 7 ,  Asmundson , unpublish data . 

c l a s s e s  o f  non-homologous genes present ) or due to post

tran s l ational proces sing , either intrac e l lu l ar ly , during 

transport or due to extrac e l lular proteolys i s . The latter 

c annot explain the situation where the observed protein i s  

larger than the predicted form ,  but may explain that where it 

is sma l ler , as with the endoglucanase . Al s o ,  the methods chosen 

to determine the molecular wei ght of active protein may not be 

the s ame a s  the result obse rved by SDS-PAGE . The molecular 

wei ght o f  gene product in thi s s tudy was determined by native 

gel o r  S DS -PAGE at a single polymer c oncentration without 

boiling  the s ample s ,  which c an only give an approximate 

estimate o f  molecu l ar wei ght . 
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6 - 3  The ce l lu l a s e  gene system i n  ruminococci 

Although thi s i s  the first report on sequencing of more 

than one c e l lulase gene from a s ingle c l one of R .  fl a vefaciens 

( Summary in Table 6 - 2 ) , s everal c loning studies of endoglu

c anase genes f rom R .  albus and R .  fl a vefaciens have been 

publi shed recent ly as des cribed in the I ntroduction . Several 

general princip l e s  resulting from thes e  studies are described 

in the fol lowing s ections . 

Table 6 - 2  Summary of ORFs of 7 . 3  kb fragment 

ORF1 ORF2 

Code Endog1ucanase Exoglucanase 

NT Length ( hp ) 

S D  

Promoter ( - 1 0 )  
( - 3 5 ) 

G+C ( % )  

PTS' 

aa Length' 

1 ,  Putative coding 
2 ,  Not found 

renA 

2 1 5 7  

CGGGGA 

TTTACA 
TACGAA 

7 1 . 7  

YES 

6 8 0  

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

rex 

1 8 2 1  

ATGGGG 

TATATA 
TCGAAG 

6 7 . 3  

YES 

5 72 

ORF3 

l3 -g lucos idase 
rbg 

1 3 0 0  

TCCCGG 

NF' 

NF' 

6 6 . 6  

NO 

3 8 2  

( i )  Mu ltiple gene s coding for the c ellulase 

ORF4 ORF5 

protease' xylanase 
rxy 

6 9 0  1 0 8 0  

CGCTAG TGGCGG 

TATAGA TTAAGT 
TAGAGC T� 

7 0 . 9  7 4 . 7  

NO YES 

1 9 6  3 4 1  

This  work s howed that f rom about 2 5 0 0  recombinant s ,  2 6  

CMCase+ c l ones were found , indicating a high frequency of 

CMCase gen e s  in R .  fl a vefacien s  1 8 6 , a s suming that the library 

presents a homogeneou s  distribution of the e nt i re genome . 

Homology studies indicated that there were at least 8 di f ferent 

CMCase gene c l a s s e s  within the 2 6  pos itive c lone s . Thi s i s  in 

agreement with t he reports f rom R .  a lbus strain 8 ( Howard and 

White , 1 9 8 8 ) ,  F - 4 0  ( Ohmiya et aI , 1 9 8 8 ;  Kawai et aI , 1 9 8 7 ) ,  

AR6 7  and AR6 8  ( Ware et a I , 1 9 8 9 ) and R .  fl a ve fa cien s  FD- 1 

( Barro s  and Thomson , 1 9 8 7 ) .  A high percentage o f  cellulase 

positive c l ones was also reported in  R .  albus 8 u s ing ADASH 
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vec t or with 0 . 3 3 %  ( CMC+ ) , 0 . 3 7 %  ( MUC+ ) and 2 . 7 8 %  ( OBR-HEC+ ) 

( Howard and White 1 9 8 8 ) . S o  f ar more than 2 0  di f f erent non

homol ogous cel lulase genes have been found in c .  thermocel l um 

( Ha z l ewood et aI , 1 9 8 8 ;  ) .  Also , non-homo logous ce llulase genes 

were f ound in R .  a l bu s  ( Kawai et aI , 1 9 8 7 ; Honda et a I , 1 9 8 8 ; 

Ohmiy a  et a I , 1 9 8 8 ; Romaniec et aI , 1 9 8 9 ;  F l i nt et aI , 1 9 8 9 ; 

Ware et aI , 1 9 8 9 ) , R .  fl a vefaci en s ( HoWard and White 1 9 8 8 ) ,  Ce o 

fimi ( Beguin and E i s en , 1 9 7 8 ;  Whitt l e  et a I , 1 9 8 2 ; Gi lkes et 

a I , 1 9 8 4 ; Owol abi et a l i 1 9 8 8 ;  Akhtar et a I , 1 9 8 8 ;  Moser et a I , 

1 9 8 9 ) and Baci l l us s pp . ( Sashihara et a I , 1 9 8 4 ;  Hinchl i f f e , 

1 9 8 4 : P ark and P ack , 1 9 8 6 ;  Fukumori et a I , 1 9 8 6 ;  Koide et a I , 

1 9 8 6 ; Robson and Chambl i s s , 1 9 8 7 ; Sharma et aI , 1 9 8 7 ; Kim et 

a I , 1 9 8 7 ; Fukumori et  a I , 1 9 8 9 ) showed dif f erent gene s coding 

for the s imi l ar function of c e l lulase acti vi ty . Homologou s 

s tudi e s  o f  R .  albus c lones h ave identi f ied at least 1 0  

d i f f erent c e l lulase genes ( Howard and Whit e , 1 9 8 8 ) . Two CMC+ 

c lones and three CMC+ c l ones whic h  were i s o l ated by dif ferent 

l aboratorie s  ( Ohmiya et a I , 1 9 8 8 ; Kawai et a I , 1 9 8 7 ) from R .  

a l b u s  F-4 0 showed n o  homology . Four non-homologous rec ombinant 

CMC+ phages were i s o l ated from AR6 7  and AR6 8  ( Ware et aI , 

1 9 8 9 ) ,  a l s o  in FD- 1 ,  two colonies with CMCase activity were 

i so l at ed f rom 4 4 0 0  tran s formants ( Barros and Thomson , 1 9 8 7 ) .  

Enzyme purific ation data and genetic data have both 

s trongly i ndicated the presence of mU ltigenes coding for the 

c e l lu lase enzymes in ruminococc i . Thi s  i s  also  observed in 

other c e l lulolytic bacteri a such a s  Cel l u l omona s  sp . , 

Clos t ri di um sp . , Baci l l us sp . and Fibrobac t er sp . ( re : I ntrodu

c t i on ) . 

( ii )  The genes c oding for cellulases  f orm a gene c lu ster 

ACM9 0 0  s eries and ACM4 0 0  series from R .  fl a vefacien s  in 

this report and at least four c lones of R .  a l bus strain 8 were 

f ound to expre s s  more than one type of c e l lulase acti vi t y  

( Howard and White , 1 9 8 8 ) .  Four c lones o f  recombinant phage 

6 -5 



CHAPTER 6 FINAL DISCUSSION AND CONCLliSION 

i s o l ated from s trai n 8 s howed CMCase and pNPCase . Al so another 

four c lones s howed CMCa s e , pNPCase and pNPGase . The 7 . 3  kb 

fragment of ACM9 0 3  �Nhich has been sequenced in thi s work , c oded 

for a l l  t hree types of c e l lu l ase genes within a close proximity 

( within 5 kb ) .  In  particular , the endogluc anase and B- gluco

sidase genes s hared the s ame DNA at di f ferent reading frames . 

Although the regul ation of thes e  genes i s  still unc lear , 

clustering o f  the gene s suggests  a coordinated regu lation 

mec hani s m .  

S imi lar result s were found in Cl os t ri di um thermocel l um and 

Cal docel l um saccharolyti cum ( Soul , personal c ontact ) ,  in which 

a s i ngle gene fragment c oded for both CMCase and MUCase . I n  C .  

thermocel l um ,  s everal c l on e s  had both CMCase and MUCase ( Mi l let 

et a I , 1 9 8 5 ) and one fragment o f  DNA , on which two ORFs were 

found , c oded for endogluc anase and xylana s e  ( Hall et aI , 1 9 8 8 ) . 

Thi s  suggest s  that cellulases are c lu stered and hence , along 

with the cellulosome c oncept ( a  c omplex of activities ) ,  that 

there may occur s ome syst em for the c oordinated expre s s ion of 

thes e  enzymes to degrade c e llulos e . 

( ii i ) The recombinant gene products are located in the peri

pla smic space and i ntracel lularly 

Cultures o f  ruminococc i  normal ly s ec reted their cellul

ases , whereas in E .  col i the cellu l a s e s  were detected 

intrace l lu l arly or in the periplasmic space ( Thi s studY i Ohmiya 

et aI , 1 9 8 8 ; Kawai et  a I , 1 9 8 7 ) .  D i f f erences in secretion 

mechani sms or post-tran s lat ional modification may exp l ain these 

d i ff erence s . 

The rel ationship o f  g lycosylation and post-trans l ational 

mod i f i c ation by protease during secretion and the stab i lity of 

c e l lulase  h ad been s tudi ed in Clostri di um ( Larned and Bayer , 

1 9 8 8 ) and Cel l ul omonu s  ( Gi lkes et aI , 1 9 8 9 ) .  I n  Ce o fimi , the 

binding domain was exc i s ed from CenA or Cex by proteolytic 
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cleavage immedi ately ad j acent to the c arboxyl terminus of the 

PT box . The amino-terminal f ra gment ( p2 0 ) of CenA and c arboxyl

terminal  fragment ( p8 )  of Cex were retained in cellulose 

column s due t o  binding t o  c e llulose while the c orresponding 

fragments ,  p 3 0  f rop CenA and p 3 5  f rom Cex , which were unable 

to b i nd t o  c e l lu los e ,  c ontained c at alytic domains ( Gilkes et 

aI , 1 9 8 8 ) . The p30 and p 3 5  f ragments were generated by papain 

or a-chymotryps i n  and was u s ed in  the test for stabi lity . The 

results  showed no change of the fragments indicat ing that the 

catalyt i c  domain adopts a t ightly f olded conformation af f ording 

protection from proteolyti c  attack ( Gi lkes et al 1 9 8 9 ) . Simi lar 

res u l t s  o f  EG 2 on Bacteroides succinogenes , in which a 1 1 8  kDa 

enzyme i s  composed of a 5 1  kDa c atalytic domain and a highly 

anti genic 4 3  kDa sUbstrate-binding domain a fter proces sing by 

protease  ( McGavin and Forberg , 1 9 8 9 ) and an endoglucanas e  from 

Baci l l us subt i l is , in which a 5 2 . 2  kDa proenzyme was c leaved 

progres s ivel y  to a product of about 3 2  kDa ( Lo et aI , 1 9 8 8 ) .  

Al s o , glycosyl ated c e l lulases f rom Ce o fimi were compared 

wi th their non-glycosylated counterparts synthesi z ed in E. 

col i . The glycosyl ated enzyme was protected from attack by a 

Ce o fimi protease when bound to cellulose , whereas the non

glycosylated enzymes were active , truncated products with 

greatl y  reduc ed aff inity for cellulose ( Langs f ord et aI , 1 9 8 7 ) . 

Als o , u s ing various truncated forms of CenA , it has been shown 

that the C-terminal half  of the binding domain , which i s  

adj acent t o  glycosylated s ite , i s  more important in  c e l lulo s e  

binding than the N-terminal half ( Ong e t  a I , 1 9 8 9 ) .  Thi s  i s  in  

agreement with the observation in  Trichoderma reesei that 0-
l inked but not N-l inked glycosylation is neces sary for the 

s e c retion o f  endoglucanase I and I I  ( Kubicek et a I , 1 9 8 7 ) .  

Although there are no s i gni f ic ant homologies between the 

c e l lulose binding domains  of fungal and bacterial enzyme s , 

there are s imi lari t ie s  i n  the distributi on o f  hydrophobic and 

hydroxy amino acids and low charged res idues in both fungi and 

bacterial c e l lulose binding domains . 
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Generally , in E .  col i , there i s  no glycosylation of the 

e xpres sed gene products which mi ght e xp lain their i nstability 

in t h i s  host ( Kane and Hart ley , 1 9 8 8 ) . In addition , protease 

that c le aved cellu lases i nto smaller peptides which wou ld 

f ac i litate the acti on of trans ferase but this expres s ion cou ld 

be lethal to the E .  col i host . Further study o f  the action o f  

proteolytic proc e s s ing and glycosylation of cellulases  i n  R .  

fl a ve fa c i ens i s  needed . 

Several strategies h ave been u sed t o  overcome the problem 

of s e c retion o f  foreign protein in E .  col i . Overproduction has 

been reported with rec ombinant exoglucanas e  of Ce o fimi in 

whic h  the exoglucanase gene was fused to a s ynthetic ribos ome

binding s ite and plac ed under the c ontrol of the leftward 

promoter o f  l ambda phage . The overproduced exoglucanase c an 

be i so l at ed easily in  an enriched form as  insoluble aggregates 

and exoglucanase activity c an be recovered by s olubi l i z ation 

of the aggregates  in 6 M urea or 5 M guanidine hydrochloride 

( O ' Ne i l l  et a l , 1 9 8 6 ) . Another experiment using a high c opy 

number plasmid containing a l a c  promoter to replace the 

promoter sequence of cenA c au sed an increas e  of s ome 8 0 0 - fold 

in expres sion . Accumulat ion of a protein to a high leve l i n  the 

peripl a sm may destabi l i z e  the outer membrane o f  E .  col i  ( 

resulting in the leakage o f  perip l asmic protein to the medium 

( Gatz and Hil len , 1 9 8 6 ; Abrahmsen et al , 1 9 8 6 ) . I n  addition , 

high level e xpres s ion o f  Cl os tri di um thermocel l um cellulase 

gene s c an be achieved i n  E .  col i by subc loning in a tempera

ture-regu lated vect or which contains the leftward promoter of 

l ambd a  and u sing t hermal inactivation of the heat- sensitive 

l ambd a  cI8 5 7  repre s sor . Overexpres s ion of the celA gene would 

resulted in a decrease i n  cell viabi l ity c oncomitant with the 

accumU l at ion of endoglu c anase  A in the membrane fraction . 

( iv )  Cellulase gene c on s i st s  of different domains 

A general s tructure o f  cellulase  gene has been reported 
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which c ontains at least three domains ( ce l lulose binding 

domain ,  c at a lyti c  domain and a c onnecting domain which is rich 

in proline , threonine and s erine ; Ong et aI , 1 9 8 9 ) .  In this 

report , the ORFs coding for e ndo- and exo-glucanase all had PTS 

rich regions  s eparate f rom the sequences of the other two 

domai n s . However ,  t h i s  concept did not c ompletely fit  with the 

renA gene where the PTS rich region was c lo s e  to the s tart 

c odon ATG ( 2 1 bp downstream o f  ATG ) . Al so west et al ( 1 9 8 9 ) 

reported that the homologou s  catalytic domains o f  Ce o fimi 

f ound i n  fungi and Baci l l u s  s p . apparently evolved by reshu 

f f ling o f  catalytic domains  and s everal substrate-binding 

domai n s . When c omparing the binding domain of cenA and cex with 

ORF 1 and ORF2 in this s tudy , homologous regions of the N

terminal e nd o f  ORF 1 and ORF2 were found . Al s o  the catalytic 

domains were f ound by comparing the c atalytic domains of cenA 

and cex, which indicated the region between PTS rich region and 

the binding region in ORF 1 and the region near to the C 

terminal e nd i n  ORF 2 were the c atalytic domains ( summari z ed i n  

Fig . 6 - 1 ) . Won g  e t  al  ( 1 9 8 8 ) suggested that the function o f  PT 

box o f  celA and cex was to s ep arate the binding and c atalyt ic 

domains . The c a s e  in renA , a different structure of cellulase 

gene is shown in which the PTS rich region i s  out s ide o f  the 

c atalytic and binding domains . Further study of the function 

of PTS rich region is needed . 

( v )  High G+C content o f  c e llulase genes 

The G+C c ontent of the nuc leotide in renA , rex and rbg 

were 7 1 . 7  % ,  6 7 . 3  % and 6 6 . 6 % , respectively , which i s  higher 

than that of C .  thermocel l um ( celA ,  celB , c e lC and celD , 3 9 . 4 % ,  

3 9 . 8 % ,  3 5 . 5 % and 0 . 3 % ,  respectively ; Beguin et al , 1 9 8 5 ; 

Grepinet and Beguin , 1 9 8 6 ;  Schwar z  et a I , 1 9 8 8 ; Joli f f  et al , 

1 9 8 6 ; H a l l  et  al , 1 9 8 8 ) and Bacil l us s p . ( strain 1 1 3 9 , 3 7 . 9 % ;  

pNK 1 , 3 9 . 3 % ;  pNK2 , 3 9 . 7 % ;  Fukumori et al , 1 9 8 6 ; MacKay et aI , 

1 9 8 6 ;  Nakamura et al , 1 9 8 7 ;  Fukumori et a I , 1 9 8 9 ) ,  but c lose 

to t h at o f  Ce o fimi c enA and cex ( 7 4 . 3  % a nd 7 1 . 8  % i  Wong et 
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aI , 1 9 8 6 ; O ' Neill  et aI , 1 9 8 6 ) and T .  reesei EGI and EGI I I  

( 6 1 . 4 % and 5 1 . 2 % ;  Chen e t  a I , 1 9 8 7 ; Shoemaker e t  a I , 1 9 8 3 ; 

Teeri et  a I , 1 9 8 7 ) . 

6 - 4  App l ications of cel lu l a s e s  and cel l u l a s e  genes 

S everal potential uses  o f  cellulases have been reviewed 

( Coughl an 1 9 8 5 ; Forsberg et a I , 1 9 8 6 ;  Kennedy et aI , 1 9 8 7 ; 

Rus s e l l  and Wi l son , 1 9 8 7 ; Haz lewood and Teather , 1 9 8 8 ) 

particularly in the area o f  hyd rolys i s  o f  pol ys accharide during 

brewin g  and in the extraction of fru it juice and other products 

of p lant origin s . Alkalophilic cellulase has been u sed in 

detergent ( Kawai et aI , 1 9 8 8 ) .  The s pec i f ic activity of 

cellu l a s e  has been improved through molecular biology studies 

o f  c e l lu l ase producing mic roorgani sms such a s  Trichoderma 

( Coughl an , 1 9 8 5 ) .  

A nove l u sage of  cellulase  gene was based on the specia

l i z ed function of the c atalytic domain and the cellulose 

binding domain o f  c e llulase gene . Thi s  property has been used 

to construct hybrids in which a c e l lulose binding domain is 

fu s ed to the N- or C-terminu s of a heterologous p rotein ( Ong 

et a I , 1 9 8 9 ;  Beldman et a I , 1 9 8 7 ;  G reenwood et a I , 1 9 8 9 ) .  Thi s 

concept has  been further deve loped for broad applications in 

protein puri fication and enzyme immobilizat ion ( Fi g .  6 - 1 ,  Ong 

et a I , 1 9 8 9 ) . Thi s  system u sed the cheap s ourc e  o f  c el lulose 

as  l igand and u nder appropriate c onditions the binding o f  

fus ion protein w a s  strong enough to function a s  one form o f  

enzyme immobi l i z ation . I n  addition , t h e  enzyme o r  the product 

of enzyme reaction cou ld be eluted f rom cellulose without 

speci f ic reagent s . 

6 - 5  S tudy of c e l lulas e  genes of rumen microorgan i sms 

I nvestigation o f  the molecular genetics of rumen microor

gani sms o f fers great potential for improvements in ruminant 
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Figure 6 - 1  A 
cellulase gene 
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nutrition . I ncreased rates of cellulose digestion and changes 

i n  amino acid composition o f  the microflora in rumen may be 

aspects o f  ruminant nutrition particularly sens itive to 

genetica l ly altered bacteri a . The study of the genetics of 

anaerobic  rumen mic roorgani sms would great ly f ac i l itate the 

application of exi sting in vitro genetic techni ques  to thes e  

mic roorgani sms and the under st anding of the control mechani sms 

i n  thes e  bacteri a within thi s  type of ecosystem . 

6 - 6  Conc lus ion 

Thi s  s tudy , u s ing a rumen mic roorganism to s tudy the 

c e l lulase genes i nvolved in c e l lu lose degradation , has  provided 

the first  detai led molecular and genetical analysis of a 

cellulase gene c lu ster which c ontained all three types of 

c e l lulase  enzyme s . The cellulase gene structures o f  R. fl a ve

faci en s  f itted wel l  with the general c oncept that cellulase 

genes f ormed clusters . Further s tudy o f  the regu latory system 

o f  thes e  gene c lusters i s  needed . The function o f  PTS rich 

region , the structure of binding domains and the function of 

t he prot e a s e  gene need to be further c haracteri z ed also . 
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