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' Ahstract

Cellulose the major structural component of plants is degraded by a variety of fungi and
bacteria which produce extracellular enzymes called cellulases. An endocellulase gene has been
isolated from the Bacillus polymyxa NRCC 2822 and Bacillus circulans NRCC 9024 in E. coli
using the phage M13mp?9 as the primary cloning vector. A 1.6 kbp Pst]l DNA fragment from

‘B polymyxa and 4 3.4 kbp HindIlI DNA fragment from B. circulans which contained these

endo-B-1,4-glucanase genes were selected by the detection of the enzymatic activity from the
gene product using either the Congo Red assay or Ostazin Brilliant Red H3B dyed cellulose. .
Both genes appear to be the only endo-B8-1,4-glucanase genes contained in their respective -
parental hosts, The endo-8-1,4 glucanase gene from B. circulans appears to be very
homologous to the endo-B~1 4-glucanase gene of B. .s'ubtzlts PAP115 using restriction
endonuclease site mappmg, DNA-DNA hybndlzatmn, the ‘S1 huclease-protection assay’, and
examination of the protein products from the genes usmg SDS-PAGE. ‘The B. polymyxa gene
appeared to be qunte different from the B, circulans and B. subtilis genes using these methods.
“Expression of the B. polymyxa endoglucanase gene in E. coli was due to an in-frame
fusion of the 5 end of the coding region and the 5’end of the lacZ «- _pept:de gene at the Pst]
site of either M13mp9 or pUCY. A 2.35 kbp EcoRI DNA. fragment from B. polymyxa which
overlapped the 1.6 kbp Pstl fragment was isolated containing the remaining 5/ portion of the
endoglucanase gene. When the gene was reconstituted by fusing the 5/and 3/ portions, it did *
not express in E. coli. The, 1.6 kbp PstI DNA fragment and the 1.5 kbp nop- overlappmg region
of the 2.35-kbp EcoRI fragment were sequenced. No promoter sequences _}Nhlch could allow

transcription in E. coli were found, but an open reading frame, ORF-2, coding for a putative

protein of 187 amino acids was found 374 base pairs 5 to the endoglucanase translational start
codon andrappeared from the sequence data to be transcribed dlvergently from the
endoglucanase gene. The ORF-2 protein sequence had a 28 % amino acid similarity with the
NH,-terminal half of the E. coli lac repressor protein. The endoglucanase gene contained a 398
codon open readmg frame which would produce an enzyme of theoretically 44 szi'\in sxze
Deletions of only .12 codons from the 3‘end of the endoglucanase gene stopped any detectable -
endoglucanase activity from being produced in E. coli.

All known published cellulase sequences to date and the putative amino acid sequence
of the B. polymyxa endoglucanase were compared to each other in pairwise comparisons. The
B. polymyxa endoglucanase had a 34 % amino acid similarity to the Clostridium thermocellum
celB endoglucanase sequence but very little similarity to any endoglucanase from other Bacitlus
species. “The eight endoglucanase amino acid sequences of T. reesei EG3, Schizophyllum
commune EG2, Erwinia chrysanthemi }:elZ, B. subtilis PAP11S, Bacillus sp. strain no. 1139,
Bacillus sp. strain N-4 EG N2, B. polymyxa and C. thermocellum celB were all aligned together.

‘A consensus sequence of Asn-Glu-Pro has been postulated as being part of the active site.

Hydropathy plots of the region surrounding this consensus sequence also show some similarity
to each other. The sequence similarities of these eight endoglucanases suggest that they are
part of a subclass of endo-B-1,4-glucanases with a distinct enzymatic mechanism or function.



RESUME

La cellulose, composant structural majeur des végétaux, est dégradée par de nombreux
champignons et bactéries, grice A leurs cellulases extracellulaires. Deux génes codant pour une
endocellulase, provenant P'un de Bacillus polymp:a NRCC 2822 et I'autre de Bacillus circulans
NRCC 9024, ont été clonés dans Escherichia coli A l'aide du phage M13mp?9 utilisé comme
vecteur primaire. Un fragmeént d’ADN de B. polymyxa coupé par Pstl de 1,6 kbp et un
fragment ADN de B- circulans coupé par HindIII de 3,4 kbp, contenant tous deux le géne de

.Pendo-B-1, 4-glucanase, ont été selectionnés par détection de I’activité enzymatique de leur
produit 4 I'aide du Test au rouge Corigo ou au rouge brillant Ostazin H3B, colorant spécifique
de la cellulose. Ces deux génes semblent &tre les seuls génes d’endo-B-1,4-glucanase contenus
dans leur génome respectif. Comme le montrent les cartes des sites de restriction; les
hybridations ADN-ADN, le test "protection par la nuclease S1" et I'étude des protéines
produites par ces génes avec la technique SDS-PAGE, le géne de I'endo-8-1,4-glucanase de B.
circulans parait avoir beaucoup d’homologie avec celui de B. subtilis. L'utilisation de ces
méthodes montre que le géne de B. polymyxa semble assez dlfférent de ceux de B. cimulan.s‘ et
B, subtilis. ‘

: L'expression du géne de l’endoglucanase de B. polymyxa dans E. coli a été obtenue par
fusion de I'extrémité 5/ de la région codan:e 2 Pextrémité 5/ "du gene lacZ a-peptide au site
Pst] de M13mp9 ou pUC9 Nous avons isolé un fragment ’ADN de B. polymyxa coupé par

"EcoRlIde?2. 35 kbp quii chevauche le fragment Pst] de 1.6 kbp et qui contient la partie 5/ du
gene de P'endoglucanase. Mais le géne reconstitué en fusionnant les parties 3’ et 5 ne
s’exprime pas dans E: coli, Le fragment Pst] et la region non chevauchante de 1.5 kbp du

" fragment EcoRI ont été séquencés. Aucun promoteur, permettant une transcription dans E.
coli 0’3 &té détecté mais une zone de lecture, ORF-2, codant pour une liypothétique protéine’
.de 187 acides aminés-a été trouvée 347 paires de bases en amont du codon de dépaft de la
transcr:ptlon du gne de I'endoglucanase et semble d’aprés les données du séquengage étre
transcrite de facon divergente a celle du gane de l’endogluwnase La séquence de la protéme
ORF-2 est similaire 2 28% avec la moitié amine terminale de, la protéine lac represseur de E.
coli. Le gene de I'endoglucanase contient une zone de 398 codons de lecture ouverte qui
produirait théoriquement une enzyme de 44 kDa. Une déletion de seulement 12 codons 2
Pextrémité 3’ du géne supprime toute expression d’activité'endoglucanasique dans E. coli.

La possible séquence d’amino-acides de I’endoglucanase de B. polymyxa a été
comparée aux autres séquence$ de cellulases publiées, La séquence de I'endoglucanase de B.

" polymyxa présente une similarité de 34% avec celle de Clostridium thermocellum celB alors
qu’elle est assez différente de celle de toutes les autres especes de Bacillus, La comparaison
des séquences des amino acides de huit endoglucanases (T. reesei EG2, Schizophyllum
commune EG2, Erwinia chrysanthemi celZ, B. subtilis PAP115, Bacillus sp. strain no.1139,
Bacillus sp. strain N-4 EG N2, B.polymyxa and C. thermocellum celB) présentent en commun la
séquence Asn-Glu-Pro qui est proposée comme faisant partie du site actif. La région entourant
cette séquence présente également une certaine similarité mise en évidence par la courbe
d’hydr6pathie. La similarité des séquences de ces huit endoglucanases sugg2rent qu’elles
appartiennent A une méme sous-classe d’enzymes qui correspondrait A une fonction ou un
mécanisme enzymatique identiques.
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I. INTRODUCTION | |

The first observations of cellulolytic activity l?y an enzyme in vitro were réported at
the beginning of this century (Seilliere, 1906; see review G‘:)ks;ayr and Eriksen, 1980).
Stl';di:es%on the fungtion of various cellulase enzymes‘ was significantly escalated by the
sécond ‘world war when the United States military called for long range basic research on
fungi responsible for deteriorating army equipme.nt and supplies made of.co'tton material
at outposts in the South Pacific (see review by Reese and Mandels, 1984). The resulting
work, in particular by Elwyn Reese, Mary Mand‘els, Ralph Siu and K. Selby, laid the .
foundation of our present knowledge about cellﬁlolytic fungi and clellulases, the various
enzymes that degrade cellulose. The oil crisis of 1973 mcreased the research of cellulolytic
t orgamsms The main objectnfe was to apply these organisms in the conversion of
lignocellulosic matter into alternate forms of energy to alleviate dependency on imported
oil. Economic and environmental considerations should provide the impetus to qontinué
- research in this area given the massive quantities of cellulose waste now-originating from
household garbage, industry, forestry and agriculture. These concerns have inspired my
research into the bio]ogy and some of the molecular characteristics of cellulase enzymes.

The first section of this introduction raises some questions about the desirability of
our continued dependence on the Qil industry as a sourc;a of transportation fuel. It also
examines the need to produce an alternative liquid transportation fuel, such as ethanol,
from cellulésic material. Cellulases- are resp:onsible for a key step in producing ethanol
from cellulose, but they also have other beneficial uses which will also .be explained. In
subsequent sections, the sources and structure of cellulose will be described as well a:; a
description of the sburces of cellulases, the specific er;zymes which are termed cellulases,
and the proposed mechanism(s)‘of attack used by these enzymes to hydrolyse cellulose into
simple suéars. The work in this thesis is mainly concerned with the molecular
manipulaﬁon of cellulase genes which was done to gain more information about the

enzym'es for eventual application of cellulases in biotechnology. Three aspects of cloning



cellulase genes' for biotechnological application will be discussed: (a) the number of
different cellulase enzymes needed by an organism to fully digest cellulose; (b) the
delineation of a catalytic site for possible protein engineering; and (c) the present stagus of
cellulase gene expression in heterologous hosts. The final two sections of the intr&t:tion

will describé cellulases from Bacillus sp., their importance and the objective of this thesis. v

A. The Canadian Energy SItﬁatlon , o _

In Canada, approximately 25% of the oil Esed is imported (Statistics Canada,
1?87). Foreign oil is used chiefly by the eastern provinces which do not have ready access
to the western provinces’ oil supplies. Therefore in spite of our rich oil resources we are
aependent on foreign oil supplies. Canada exports a good proportibn of its indigenous
crude oil which still makes it a net producer. However, of the total revenue from the

production of oil in Canada in 1986, 52% was controlled by foreign owned subsidiaries, -

LY

This c.:ontroloby foreign interests rises to 609 if the downstream sector of the industry (i.e;
refining, petrochéd\icals,‘distribution, etc.) is included (Petroleun-m Monitoring Agency,
1987). The net income of the foreign controllgi companies-in 1986 was over a billion
dollars while the Canadian controlled enterprises lost over 3 billion dollars. Part of the
reason for this large separation of net income between foreign and Canadian controlled oil
-producers was due to efforts to increase Canadian ownership. This move appeared to be |
effective since in 1982 about 75% of the industry had been under foreign control.
Unfortunately, most of the ﬁ;ancial burden of increased Canadian control of the industry
was borne by Canadian tax payers (MacDonald, 1982). Much of the money Canadian
consumers use for oil products will go to foreign interests because of the regional disparity
of oil production and the controlling foreign interests in the Canadian oil field.

The transﬁon-sector is the single largest oil consumer. Roa.d vehicles account for
80 % of the consumption in this sector. (Statistics Canada, 1987). One solution to the
problems associated with Canadian oil-dependency is to find an alternative transportation

fuel which is indigenously produced and controlled in all regions of this country, In Canada
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. several substitutes have already been exammed which include: alcohols (ethanol and
methanol), liquified natural gas, propane, and hydrogen (Special Commlttee on
Alternative Energy and Oil Substitution, 1981). Each of these fuels burns much more
efficiently and pollutes less than the present fuels used. Of all these substitutes, the
ald:ol';ols are the only ones that can be produced in all regions of the country from either
coal, natural gas or biomass. .

While the broduction costs of methanol from coal or na.tural gas allow this fuel to
be competitive with gasoline, the most optimistic studies indicate that the productiom-of
alcohol from lignocellulosic matter is only marginally economical. Several pilot plants with
processes that. enzymatically degrade cellulose have been built to produce ethanol and
-other products from lignocellulosic substrates. The wholesale cost (Can. dollars, 1981) of a
litre of ethanol from these and other proposed plants varies from 23.4 gents to 88.6 cents

' (Stone et al., 1982; Emert et al., 1980; Clausen and Gaddy, 1983; Parker et al., 1981; Huff,
1981). The 1987 ne; price 6f a litre of gasoline from Canadian refiners averages 29.0 cents
(Petroleum Momtormg Agency, 1988). However, these comparisons are inconclusive as
they do not take mto account government subsndles o&\the industry or the volatile price of

crude oil. Present day crude oil prices have dropped ~45% Since 1985 and are now lower
than the average price of crude oil in 1981. These large price swings are not the result of
free market forces but more tl;e result ofoil cartels and WOrld-political forces.

There is also a question about whether the net energetics of producing ethanol
from cellulose are positive (Jawetz, 1981) or negative (Lewis, 1977). This must also be

considered.

B. Commerclal Uses of Cellulases

The cellulose hydrolysis process can be commercially beneficial for the
manufacturing of products other than alcohol. Many types of flora are important
producers of drugs and chemical compounds in the form of naturally synthesized 'secondary

metabolites. Many drugs today are chemically synthesized derivatives of plant compounds.



The liberation of proteins or compounds produced by plants may become more important

aslarge scale plant cell cultures are developed for production of these products (Fowler, :
‘ o

1983). The reuse of the plant cell biomass from cell cultures would also require the

breakdown of the cellulose in the cell walls (Smith et al., 1985). -An example of the s

exfi'ictir;t; of compounds from another type of plﬁnt material is described by Szakacs-
Dc')bozi et al. (1988) where mustard seeds dre pretreated with cellulases to increase the
yield of mustard oil which contains the commercially i:nportant allyl isothiocyanate, ¥
The most recent list of applications of celli;lases a'nd- cellulolytic o;ganisms was
made by Mandels (\1985). It included the production of soluble sugats as substrates for the ~
growth of organisms used in the fermentation industry or.for growing yeasts as a ‘single- cell
protein’ for animal feéds. Enzymatic removal of cellulose from wood.can produce high
quality lignin for use as a chemical raw material in the manufacturing of adhesives and
resins (Muller and Glasser, 1983). In the food industry cellulases and cellulolytic
organisms could be used'in the productibn of foodstuffs and more recently they have been
examined as way of converting apple waste to microbial biomass utilizable in animal feed
(Friedrich et al., 1987). Preliminary experiments have also been done with the aim of
converting waste cellulose into edible oil products using the cellulolytic fungi Trichoderma
reesei (Brown and Hasan, 1988). '
a  Cellulases have been produced commercially for the food industry in Japan for at
lezist 20 years (Toyama, 1969; Yamada, 1977) and elsewhere for the scientific market. The
| technology for using celluléses exists and only depends upon the economics of the
application. A list of pilot plants designed for cellulose hydrolysis and fermentation can be

found in the review by Coughlan (1985).

C. Cellulose
1. Sources
As has been pointed out in many papers discussing world carbon sources, cellulose

is the most abundant organic carbon molecule on the planet. It is produced mainly by
‘r .
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plants. Since cellulose is the major structural component of plant cell walls it is also very
resistant to degradatlon It is encased by other more soluble. sugar polymers called
hemlcellulose and the second most unportant structural component of plant cell walls, the
complex polymer containing phenol-propane units termed lignin. Woody tissue like stems
and roots have the most c;ellulose and leaves have the least. The purest form of natural
celluloée is found in the seed hair of plants of the genus Cos.s;uium (cotton plants). Pl;m-t
cellulose is obviously very significant for the pulp and textile industries. Its preservation is
thus important for these and 6ther applications.

Other sources of cellulose include some species of lower eukaryotes and ‘
prokaryotes (Haigler, 1985). The exoskeletons of invertebrates consist of a modified
cellulose, chitin which is a linear polyrﬁer of N-acetyl-D-glucosamine connected by B-1,4
linkages. However, some marine organisms of the Tunicata class have a form of cellulose
in their outer mantles called Tunicin (Nevell and Zeronian, 1985; Warwicker, 1985). Fibril
formation of cellulose produged by bacteria (i.c. Acetobacter sp.) has laeen studied to gain a

greater understanding of native cellulose structure (Haigler, 1985). These bacteria have

even beentonsidered as industrial producers of cellulose since their product would be free
y

-

of llgnm (Nevell and Zeronian, 1985)
2. Structure

Cellulose is a polymer of glucopyranbse rings in the chair configuration attached by

B-1,4-linkages. A survey on the measured degree of polymerization (DP) of various

sources of cellulose reported a range from 15 to 14,000 glucose units (Cowling and Brown, |
1969). Inplantsa number of cellulose strands‘ or fibrils are found grouped together in a
crystalline form called microfibrils. These microfibrils are orien&éd in different directions -
to the axis of the plant cell dependant upon which layer of the cell wall they occur. In the
inner and outer layers of a plant cell wall the cellulose microfibrils are covered with lignin
blocking any attack from cellulolytic‘e.nzymes. ’ | - p | |

The lack of solubility of cellulose is anothér major problem in. the efficient use of



céllulolytic enzymes. 1,4 linked glucose polymers with only a DP of 8 aré fasolilble
(Matheson and Mc;Clearyl, 1985). The pyrénose rings are rotated 180° relative to the next _;_
| attached glucose unit. This produces a ribboﬁ like structure which can stronély hydrogen )
bond to neighbouring cellulose chains in an ordered crystalline fashion. In contn;ﬁ both |
the e;-/1,4' linkage of glgcose monomers in amylose and the B-1,3 linkage of giuoose in
lan;xinafin produce a tle.lical conformation which increases water solubility (Matheson and
McCleary, -1985). Amylose, which is considered a carbohydrate storage molecule for .
plants, can be br(;ken down more easily than cellulose because of its increased solubility. -

. The strong intermolecular bonding of neighbouring cellulose strands and ordered
structure that it creates makes the interstrand space too small for proteins to diffusé into -
the microfibril. The cellulose strands in a microfibril are somewhere between 5-10A apart. .
There is a variety of evidence which suggests that the cellulose surface must be accessible
to solutes of 40 to 60 A in order to allow for enzyme attack (Ladish et al.,1983)’..This
corresponds to a protein around 60 kDa. in size. Ifa typical.cellulase prote}n has a size
range of 35-160A in diameter (Ladish et al.,1983), the only cellulose accessible to en'zymes
would be on the outside of the -microfibrii. - | |

‘ Presently there is still controversy as to w_hether the ceilulose chains are in parallel
or anti-parallel orientation to the neighbouring chains on the same plané (Preston, 1986).
Cellulose strands are in an anti-parallel configurz;tion when the pyranose rings of one -
strand are in 180° orientatiorE relative to the pyranose rings of..the neighbouring strands. It
is accépted'that dissolved cellﬁlose recrystallizes in anti-parallel strands, but may not
necessarily exist as such in native cellulose-(Preston, 1986). Knowledge of this structurai
aspect is important for the understanding of degradation by cellulases of native cellulose as
it is believed that one reason for the multiplicity of cellulase enzymes produced by many -
organisms is to overcome the different sten-aospeciﬁc structures generated by these

-

different chain orientations (Wood, 1985; Wood et,al., 1988)

N



D. Cellulases

~ Several reviews have been written on enzymatic hydrolysis of c\ellulose (Bisaria and
Ghose, 1981; Chahal, 1982; Eriksson, 1982; Ladish et al., 1983; Finch and Roberts, 1985;
Wood, 1985). There have also beer_l severgl reviews about cellulases (Golfsmyr and Eriksen,
1980; T.-M. Enari, 1983; Coughlan, 1985; Coughlan and Ljungdahl, 1988), cellulolytic
organisms (Ljungdah] and Eriksson, 1985), thermophilic cellulolytic organisms (Margaritis,
1986), thé.regulation of cellulolytic activity (Stutzenbur.ger, 1985) and the cloning of
cellulases (Bépuin et al., 1987). '.I'he 14 reviews cited here are only a partial list.
1. Sources

Cellulases are produced by a variety of organisms including bacteria,,

actinomycetes, fungi, algae gnd plants (Finch and Roberts, 1985; Coughlan, 1985; Wood,
1985; Wong et al, 1977). Examples of cellulases produced by eukaryotes, other than fungi,
like protozoa and metazoon such as nematodes, anthropods, molluscs, echinoderms, and |
annelids, are rare or questionable.. The problem has been in determining whether the
cellulases are produced by the organism per se or some symbiotic microbe located in the
host’s gut. The presence of cellulolytic bacteria alnd fungi in the intestinal flora of
ruminants and other herbivores as well as iﬁ the lower ir;testine\of huﬁia?fﬁppears to be
beneficial (Ljungdahl and Eriksson, 1985; Wolin and Miller, 1983; Wedkind et al., 1988). It 7
has long been accepted that the protozoan from the gut of termites is cellulolyt:ic but
studies on pure cultures of these organism are still termed "putatively axenic cultures‘l'
(Odelson and Breznak, 1985). Shipworms of the Teredinidaé previously thought to be
cellulolytic have been found to contain a symbiotic nitrogen-fixing cellulolytic bacterium
(Coughlan, 1985). However, several other organisms, tile crustacea of the Li}nnoria éenus,
certain nematodes, and silverfish are believed to produce ce\liu:lase activity in absence of
other microorganisms (Finch and Roberts, 1985). The molecular isolation and .
characterization of genes responsible for the cellulase activity from organisms should

definitively establish the source of these enzymes without the problems of attaining live



axenic cultuTes. w

There are three general groups of fung! whlch hydrolyze wood in nature. The first
is the whlte-rot fungi which degrade both the cellulose and lignin in wood at an equal rate,
Some white-rot fungi will degrade preferentlally the lignin. The decay pattern caused by
these fungi is now termed whxtc pocket rot (Otjen and Blanchette, 1984). The degradntlon
takes place near the hyphae of the fungi, pamcularly the growing tips. The second and
third groups; soft-rot and brown-rot fungi, degrade only the carbohydrate portions of the
wood, the ce]lulose and hemlcellulose. Th:‘tfl'yphae of these fungi grow into neighbouring ..
cells through .the lumen of the .woo.d cells and holes which naturally occur in wood cell walls
called pits and.capﬂlaries. The Stl‘.condary layer of the wood cell which does not contain
much lignin is degraded .a_nd eventually the cell‘collapses. The brown-rot fungi in contrast
to the other two groups, seem to produce a diffusible substance which-contributes to the
degradation of cellulose at a distance from the hyphae and also do not'seem to prociuce an
exoglucanase (Ljungdahl and Eriksson, 1985).

2. Mechanisms of Attack '

As a;lre?dy mentioned there are severa! classes of enzymes which make up the
cellulase enzyme system. The first is genera’lly referred tﬁ an endoglucanase or more
correctly endo-l,4-B-D-‘glﬁcan 4 \glucanohydrolasg (EC3.2.14). This enzyme attacks
randomly at regions having amor;;hous cellulose structure or soluble cellulose derivatives
like carboxymethylceﬂulose (CMQ) and is soretimes called CMCase. The random cutting
. by a true endoglucanase can be measured by its ability to lower thf:: viscosity of a solution
Fogtain?né a soluble g:ellhlose derivative like CMC or hydroxyethylcellﬁlose. ‘Th(':

- e)-coglucanase or 1,4-!5-D-glucan cellobiohydrolase (EC 3.2.1.91) in contrast will not cut
internally in the CMC chain and can only cleave off cellobiose units available at the rion-
reducing end. Mlodified glucése 1;16ieties ina cellﬁlose strand with groups attached cannot

" be used as a substrate for either of the glicanasés<{Reese et al., 1950) which means very

little hydfolysis of CMC can be done by an exoglucanase before the enzyme is stopped.
-
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. CMC used for the analysis of cellulases usually have a substituted group every " gluco'se

um} or less often, this allows enough space for an endoglucanase to bind and hydrolyze the

cellulose. Exoglucanases have the ability to produce reducing sugars from crystalline

-substrates like the commercially prepared Avicel which is susceptible to only minimal
 attack by endoglucanases. The ability to attack one of the two substrates is used most often

. in defining an isolated cellulase, but this may bécome iﬁappropriate as more information is

presented about enzymes that cannot be properly categonzed by these definitions (i.e.
CBH I of T. reesei, see Coughlan and Ljungdahl, 1988; Hayashida and Mo, 1986). rOLe
other enzyme which is not often found but can be termed a cellulase is the glucohydrolase
or l,iﬁ-b-glucan glucohydrolase (EC 3.2.1.9.4). This enzyme is very similar to
cellobiqhydrolaée (CBH) in that it attacks the cellulose strand in an "exo” fashion, but

instead of releasing cellobiose units it releases glucose units.

There are several other enzymes which also play some role in cellulose hydrolysis

by removing oligosaccharide end-products which might inhibit the further action of

- ceilulases. B-glucosidases (B-D-glucoside glucohydrolase, EC 3.2.1:21) will hydrolyze~

cellobiose or cleave off glucose units from oligosaccharides. This enzyme is but one way ?o
change cellobiose into a utilizable form for an organism. There are severai other enzymes
which do not hydrolyze cellobiose but ére steps in alternative pathways for utilizing the
resultil;é soluble oligosaccharide products of cellulose hydrolysis. The enzymes cellobiose |
phosphorylase and ce'll;)biose epimerase are prﬁduced .by some cellulolytic o‘rganisms
instead of B-glucosidase. In order to help in the:simultaneous degradation-of lignin, white-
rot fungi transfer electrons from cellobiose to lignin or Uénin dégradatioﬁ products during
its oxidatioﬁ by cellobiose dehydrogenase. !
| The first major theofy on the mode of attack by cellulases was put forward by

Reese et al. (1950). This theory designated one component, C,, of the cellulase complex as

. nonhydrolytic. The C; enzyme would first attack the cellulose and make it more

susceptible to hydrdlysis by the subsequent component Cy. This theory developed from-

<\
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the obsérvation that some culture filtrates would hydrolyze native cellulose while others

+ were able to only hydrolyze soluble celluiose derivatives like carboxymethylcellulose
(CMC).

(:1 cx A-glucosidase
CELLULOSE—>REACTIVE CELLULOSE—>CELLO8!0SE— ———>GLUCOSE

e—————— e

" This theory i_s not altogether accepted as the mode of cellulase action today. The
C, protein was suggested to have been a ".hydrlogen bondase" that would disrupt hydrogen
bonds bet-ween parallel chains of cellulose so the Cy enzyme wm;ld be free to hydrolyze the
sepafated f:ellulose strand (Siy, 1951). What is thought to be the C, enzyme has been
isolated and is now described as a B-l,4-exoglﬂcanﬁse protein (Wood and McCrae, 1977).
Sometimes the C; lab_elling is still used to describe this category of brotein even if it is
accepted that it is not the initial step. |
The next general t!leory describing the- mode of action of cellulases was put forward

by Eriksson (see discussion of Leatherwood, 1969). This theory was modelled on what was
known at the time about the cellulase systems of the white-rot fungi and the soft-rot fungi
T. reesei. The general mode of z;tt.ack has the endoglucanase cleaving randomly in

' arﬁorphous sections of the cellulose microfibrils.leaving substraté for the exoglucanase to
remove éma.ll oligosaccharides which would be in turn hydrolyzed to glucose by the 8-
glucosidase. In this theory the endo and exoglucanase work in a synergistic manrier, that is -
both enz;}mes together hydrolyze moré cellulose than if both.enzymes worked alone.
Neither of these two initial theories seem to encompass the data that now exist‘s about the
many different cellulolytic organisms and newly isolated components involved in cellulose

hydrolysis.

N QO _
~" The most current mechanism put Torward on the hydrolysis of cellulose by cellulase
systems incorporates the work of many groups and is described in two excellent reviews
(Coughlan, 1985; Coughlan and Ljungdahl, 1988). The first step, echoing the theory of

Reese, is the ‘amorphogenesis’ of the crystalline cellulose. Several non-hydrolytic factors
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have been isolated which are believed to render the cellulose more susceptible to’

enzymatic attack. These factors include: the iron-containing microfibril generating factor
found in T. reesei (Griffin et al., 1984); H,0,/Fe <produced by brown-rot fungi (Koenigs,
1975) and decaying plants (Miller, 1986); the Yellow Affinity Factor (YAS) and S|
component of Clostridium thermocellum which bind to the cellulose and promote 2 greater
adsorption of 'enzymes to the substrate.(Ljungdahl et al,, 1983; Wu and Demain, 1988).
Binding factors may be common to other cellulolytit organisms (Lamed et al., 1987). The
carboxy portion of an endoglﬁcanase from Humicola grisea has been shown by electron
microscopy to Bind. strongly to Avicel and split off layers of strands from the microfibril
without prociucing anymore reducing ends. (Hayashida and Mo, 1986). Similarly acting
protein domains have also been reported in the cellobiohydrolase of Aspergillus ficum
(Hayashida et al., 1988) and possibly CBH I of T. reesei (Tilbeurgh et al., 1985) and the
cellulases of Cellulomonas fimi (Miller et al., 1988). The function of these domains are not
easily tés;ébl\q and therefore may or may not be commonly found in cellulase systems.

The next stage of cellulose degradation is done by the endoglucanases and
exoglucanases with some synergistic effect. More than one type or subclass of
endoglucanase and exoglucanase may be needed for the differentSt&reospecific forms of
cellulose that present themselves to the enzymes, this is summed up by Wood et al.(1988).
The résulting oligosaccharides are then cleaved to glucose units, phosphorylated or |
oxidized by the ehzymcs already mentioned.rf '

Each different ofganism may contai;l one or another of the components mentioned
in their cellulase system. It is obvious that all of the different mechanisms vised are not yet
| fully understood as well defined exoglucanases have not been isolated for brown-rot fungi
and ce{lolync bacteria. The exoglucanase isolated from the bacteria Cellulomonas fimi is

active against the substrate CMC which is used to select for cndoglucanases (Miller et al.,

1988).
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3. Multiplicity of Enzymes

A[{nost all cellulolytic organisms studied to date produce a multiplicity of different
cellulase enzymes. This has been especiaﬁy note& with endoglucanases where species; of

. Trichoderma produced at least 6 different extracellular forms (Beldman et al.,, 1985; Sheir-
Neiss and Montenecoutrt, 1984 Labudova and Farkas, 1983). It has been argued that some
of the different enzymes could be coded by.one g’ene. So far only two endoglucanase genes
have t_;een isolated from T. reesei. Some of the proteins detected could be isoforms
p-l".o.dlut;ed by a different amount of post translational processing like glycosylation and
proteolytic cleavage or poor purification of enzymes which have formed a complex. This

- has been shbwn to be the case by Willick and Seligy (1§85), and by Paice et al, (1984) with

endoglucanases from Schizophyllum commune as well as with enzymes from T. reesei

(Wood et al., 1988). With the increase in molecular isolation of many cellulase genes, it

endoglucdnase and/or exoglucanases, Some examples of these organisms are shown in

Table 1. »

Table 1. List of organisms with multiple cellulase genes.

Organism - Distinct genes isolated ~ Reference

! T. reesei . 2 endopglucanases Penttili, et al., 1986

' 2 cellobiohydrolases Niku-Paavola, et al., 1985
C. thermocellum 6 endoglucanases Béguin et al., 1988
Clostridium cellulolyticum 2 endoglucanases Faure et al., 1988
Bacteroides succinogenes 6 endoglucanases Crosby et al., 1984,
Bacillus sp.N-4 3 endoglucanases - Kim et al,, 1987.

Sashihara et al., 1984

As already mentioned, it has been postulated that the different forms of similarlj
acting enzymes are necessary to accommodate the different steric positioning of the B-1,4
= 7 T7= glycosyl linkages in native cellulose (Wood, 1985; Wood et al., 1988). The catalytic

mechanism might remain the same, but the binding of the enzyme would have to be

appears many fungal and bacterial organisms have more than one genetically distinct.__ S
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- different.-

Genetic multiplicity may prove to be more the rule than the exception as more
isolation of genes takes place. Bacillus subtilis and related species éppear to be the
‘exceptions as some of the few microbes that have orily one cellulase gene. Five groups
independently have cloned o;ly one égéoglucanase from several strains of B. subtilis. Four
of the genes have a very high DNA sequence homology (see Lee and Pack, 1987 and
Results Section G2) and no other cellulases have been yet detected by any of the groups
(Seligy et al,,1987; Koide et al., 1986; Robson and Chambliss, 1986; Lee and Pack, 1987).
The fifth group, Sharma et al.(1987) have cloned a gene whose restriction endonuclease;
map is very similar to the genes already cloned by the other four laboratories.

4, Active Sltes

It has been proposed that the catalytic mechanisms used for enzymatic cleavage of

' "'—"""—B:link:igés’afglycosiaé'bolyrﬁ?sﬁigﬁf}iu‘b?siaﬂé“r:(\?emon and Bank, 1963). For this
reason, the well studied lysozyme enzyme has been used as a model for cellulases, as well
as for amylases and xylanases (Paice and Jurasek, 1979; Yaguchi et al., 1983), Lysozyme
cleaves the B-1,4-linkage in polymers of alternating units of N-acetylmuramic acid and
N-acetylglucosamine, the major polysaccharide of many‘bacterial cell walls. In the general
model for the action of lysozyme, the enzyrrie introduces strain on the conformation of the
glucopyranose rings which in turn lowers the activation energy fof hydrolysis of the
connecting linkage. A glutamic acid residue (Glu 35 in hen egg-white lysozyme, HEWL)

donates a proton to the linking oxygen while a negatively charged aspartic residue (Asp 52,

————

HEWL) stabilizes the C-1 atom when the electrons shared with the oxygen are pulled
gway. The reaction is completed with the addition of an -OH from water to the C-1 atom
(Zubay, 1983). Yaguchi et al. (1983) showed some similarity between hen egg-white
lysozyme and the N-terminal amino acid sequence o\f an endoglu.canase from S. commurie.
Later kinetic data (Clark and Yaguchi, 1985) demonstrated that carboxyl groups took part

in the cleavage of B-1,4-linkages but their exact location in the protein was not determined.
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~ eliminated the need for extensive genetic engineering with bacterial cellulase genes. Two

_ reasons-behind the development of heterologous expression of cellulases are: 1) increased

14
Comparison of amino acid sequence.:s of CBH I from T. reesei and lysozyme from
bacteriop'hage T4 suggested tha't Glu-65 and Asp-74 of CBH I might be the analogous
catalytic residues (Paice et al., 1984), However, the subsequent sequence compasison of
EG I of T reesei to CBH I, while showing over 50% homology between the two amino acid
| sequences, did not show a conservation of these two sites (Pentil_lii et al.; 1986). The exact

location of the active site is not yet known for any cellulase.

E. Hetarc;logous Expression

Most of the cellulase genes already isolated have been expressed to some degree in
a heterologous host. The heterologous hosts are different for bacterial and fungal genes.
No fungal genes have been expressed in' E. coli, only in yeasts. All of the bacterial cellulase

genes so far cloned have been expressed in E. coli. Host genetic compatibility has

production rates of the enzymes and 2) broadening the substrate range and application of
the heterologous host.

Even though cellulase;s are considered to be secondary catabolic enzymes, their
production by fungi probably represents the highest titers of extracellular proteins by living
organisms in culture. Levels_ of aver 20 g/I of proteins are commonly lﬁeasured from
culturo;:s of hyperproducing cellulase mutants of T. reesei (Saddler, 1986; Allen, 1983). The
choice high-level producer of heterologously expressed higher eukaryotic gene products are
the insect cell lines infected with Baculovirus derivatives which produce up to t g/l of a
specifi& protein inside the c‘:ells (Lucknow and Summers, 1988). From bacteria, mutants of
B. subtilis have pfoduced titers up to 2.5-g/1 of a specific extracellular protein, a-amylasei
(Yoneda, 1982). The rate of cellulase production by fungi facilitated by host mutation may
l;lavé been brought to its highest level. One limiting factor that still exists is the slow growth
rate of the fungi. Although bacteria divide much faster than fungi, cellulolytic bacteria do

not seem to secrete a full cellulase system into the culture supernatants. C. thermocellum
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will produce a culture filtrate which can degrade crystalline cellulose but only during the
stationary phase of growth (Ljungdahl et al,, 1983). Such a result may be a sign of cell lysis
and not of the secretlon of all the cellulases. This is probably one of the reasons why very
little work has been done on the production of cellulases from bacteria. Therefore, there is
a lack of dota to compare with the extensive bicengineering v'_vork done with T. reesei. 'A
. survey of production rates of hyperproducing mutant strains of T. reesei lists levels of 2.6 to
12510 of filter paper activity. (FPA) per litre per hour (Ghose and Ghosh, 1979; Saddler,
1986). Some similar data does exist for the production of endoglucanases from bacteria.
In T. reesei strain RL-P37 rates of 2910 TU I''hr? of CMCase activity and 108 TU I'hr?
FPA were reported oy Sheir-Neiss and Montenecourt (1984). These rates compare with
the highest rates of production by fungi mentioned already. In contrast the production rate
of the CMCase of the cellulolytlc bactenum Sporacytophaga myxococco:des was measured
-at 6000 IU l'lhr'1 (Vance et al., 1981) This bacterium was not tested for FPA and may
not be representative of cellulase production by bacteria as a B. subtilis endoglucanase gene
cloned into Baciilus megaterium only produced 170 IU Ihr” of CMCase activity (Lee and
Pack, 1987). If an accurate comparison of rates of production is to be made, the specific
amounts of endoglucanases bemg produced and their specific activities must be known.
The problem of making comparisons like this is ofteh compounded because the units of
- activity used from different Iaboratories is not equivalent. The International Energy -
Association (IEA) is presently trying to find consistent and standard assay procedures to
be used internationally for measuring amounts of the protein and enzymatic activity.
| The rate of production' is not important if a heterologous host uses the foreign gene
to allow its use of a new substrate (i.e. cellulose). The host organism could immediately
remove the end-products of cellulose degradation that cause end-product inhibition of
cellulase activity (Woodward and Arnold, 1981). This should result in less cellulase needed
to be produced for the same amouut of ﬁydrolysis. As stated earlier in section A and B,

previous objectives of cellulase research were in using the end-product sugars for alcohol
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fermentation. Fermentative organisms with cellulases should be able to use the sim'plé
sugar end-products from cellulose hydrolysis as they are produéed. The best studied
. organisms for fermenting éugars into alcohol are yeasts from the genus Saccharomyces.

~The industrially important "common baker’s yeast" Saccharomyces cerevisiae has been used

to express several B-glucanases and they are listed in Table 2.

Table 2. Cellulases expressed by transformed S. cerevisiae strains.

Enzyme . Genetic origin Reference
B-1,371,4-endoglucanase B. subtilis Hinchliffe and Box, 1984
B-14-endoglucanase A - C, thermocellum Sacco et al., 1984
B-1,4-endoglucanase cenA  Cellulomonas fimi Skipper et al., 1985
8-1,4-endoglucanase B. subtilis Seligy et al., 1987
8-1,4-endoglucanase EGI T. reesei Pentilld et al., 1980
B-1,4-endoglucanase EGI . T. reesei Van Ardsell et al., 1987
cellobiohydrolases, CBHI T. reesei : Pentilli et al., 1988

- CBHII
B-1,4-endoglucanase cenA C. fimi . Wonget al., 1988
B-1,4-exoglucanase cexA

The studies on hetq;o_logou&gxpressié’n of cellulase genes in this yeast provide
: impoft;ht information on the secretory capabilities of the yeast as well as its
biotechnological potential. Only the transformed S. cerevisiae produced by Wong et al.
(1988j has been shown to hydrolyze cellulose from éretreated wooﬂ but thfs new organism |
did not hydrolyze the cellulose substrate as well as a normal cellulolytic microbe even '
‘ though it could also ferment the end-products. It should be stressed that S. cerevisiae is
only a moderate producer. of extracellular enzymes to begin with and that it is one of many
organisms which can ferment sugars into ethanol. There are also many other organisms
that are able to carry out commercially important fermentations resulting in end-products
~ such as citric acid, butandiol, acetic acid, etc, which are not produced appreciably by or at
all 8. cerevisiae.

Other organisms used to express cloned cellulase genes are given in the following

examples. The yeast Schwanniomyces alluvius which already has both a cellobiase and an
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amylase system was transformed with an B. subtilis endoglucanase gene (Seligy et al.,, 1987).
An endo-B-1,4 glucanase gene from B. subtilis has also been transferréd into Zjﬁnomonq.s‘
a}zaerobié in order to increase its substrate range (Yoon et al,, 1988). The gene apparently
' lwas not transcribed well and was not secreted by Z. anaerobia in contrast to.the 120 fold
higher expression in E. coli. Due to problems isolAating Thermomonospora fu.‘ma cell;llase
genes in E. coli, Ghanzv,as and Wilson (1987) examined Streptomyces lividans as a possible
cloning host. It was thought that some of the T. fusca sequences were lethal to E. coli. A
previously isolated T. fusca endoglucanase gene (Collmer and Wilson, 1983) was |
transferred to S, /ividans and successfully expressed (Ghangas and Wilson, 1987). Although
S. lividans previously could grow on cellobiose, the recombinant o;gaﬁism could not grow
on cellulose. Two other reports of heterologous expression ot: cellulase genes are:

C. thermocellum genées being expressed in Streptomyces albus (Romahiec et al, 1988); and

an endoglucanase gene of T. reesei in an Aspergillus species (Barnett and Shoemaker, 1988).

F. Bacllli and Cellulase

There has been no well-documented case of a Bacillus sp. that produces a cellulase
én@me complex capable of degrading native cellulose, for this reason bacilli are not
considered to be truly cellulolytic. However, a number of bacilli have been shown to have
endoglucanase iwﬁvily. ln.c;luding the five separate genetic isolations of endoglucanases
from B. subtilis already mentioned in section D.3, there are a total of 12 éndogl‘:manase
genes that have been isolated from Bacillus species (see review by Cnnt\;vell et al., 1988).
Two of these will be described in greater detail later in this study. Other than B. subtilis
and the newly isolated unclassified Bacillus species, there have been reports of 6 other
bacilli that have cellulolytic activity. The species are: B. licheniformis (Dhillon et al., 1985;
Knésel, 1971), B. polymyxa (Greaves, 1971; Fogarty and Griffin, 1973a), B.- cereus (Thayer,
1978) and B. c{mularxs (Buchanan and Gibbons, 1974), B. brevis, B. firmus, and B. pumilus
(Knosel, 1971). In each case, the activity was.reported to be solely endo-cellulolytic.

-

Although bacilli do not produce a complete cellulolytic enzyme complex, there are

A



+at least two advant_agés for c_:onsideri:f:g the use of Bacillus cellulases for industrial
applicmtions. The specific activity of an endoglucanase from Bacillus subtilis DLG wa.;z ‘
comp_alred to that of the extensively studied endogiucanase activity of T. reesgt‘ QM9%414 and
found to be superior on a noncrystalline cellulosic substrate, trinitrophenyl-carboxymethyl
cellulose (Robson and Chambliss, 1984). Lo and coworkers (1988) have made similar
. findings with the B. subtilis PAP115 endoglucanase when compared to the fungal
S. comm;me endogiucanase, EG1. Secondly, none of the Bacillus enzymes studied appear
.. tobe glycosylated, which does no.t appear to be the case for enzymes from the cellulolytic
bacteria C. fimi (Langsford, 1984). This makes the heterologous expression of these
enzymes adaptable to maﬁy systems. In contrast, all fungal cellulases studied to date have
been-found to be glycosjlated (Coughlan, 1985). The pattern of glycosylation hﬁs not been
faithfully repeated in heterologous hosts. Considerable work is sgill required to understand

the need and function of glycosylation of these enzymes. ~

(. G. Research Objectives
Previous tc( the §Fudy described in this thesis a B-1,4 endoglucanase gene from

B. subtilis PAP115 had béhér_l.iébg‘téﬁ'ﬁy'i‘esearchers at the Pulp ani"Paper Research

| Institute of Canada (Seligy et al., 1987) and characterized at the National Research
Council of Canada (MacKay et al.,‘ 1986; Seligy et al., 1987; Lo et al,, 1988). These results
along ﬁith the studies on the two alkalophilic Bacillus sp. no.1139 and N-4 (Horikoshi and
Fukumori, 1988) suggested that all Bacillus endoglucanase genes were related. To study
this aspect further I looked at 15 other Bacillus species for endoglucanase activity, DNA-

‘ DNA hybridization was also used to see if any of the Bacillus sp. had genes with DNA
homology to the PAP115 endoglucanase gene. As a result of this work, new endoglucanase
genes from B, circulans and B. polymyxa were cloned using E. coli as the expression host,
éharacterizatio;l of the DNA of these genes showe‘d that the B. circulans and B, subtilis
genes were very similar, but the B. polymyxa gene was clearly different.

The major objective of the characterization work presented here was the
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sequenciﬁg of the endoglucanase gene from B. polymyxa since it had shown no sequence
homology by DNA-DNA hybridization to the B. subtilis gene and therefore possibly '
represented a unique endoglucanase enzyme in the Bacillus genus. The DNA sequence of
the B. polymyxa endoglucangse gene' 'was examined for regulatory sequences and the
putative amino acid sequence was compared for similarity with all available (published)
amino acid sequences for cqllu\lase enzymes to date. At this time no catalytic residues of a
cellulase have been determined. An alignment was made with eight of the cellulase amino
acid sequences to find residues that may have been conserved. The consensus sequences
so obtained, when examined with the data on the catalytic mechanism modelled after that

of lysozyme, suggest that some of the residues have possibly been conserved for function.



Il. MATERIAL AND METHODS

A. Media ‘

Bacillus strains were grown in Luria .B.ertani (L) broth containing 10 g Bacto-
- Tryptone, 5 g Yeast extréct, and 10 g NaCl per litre (Maniatis et al., 1982). E.coli was
grown in liquid cultures of L or 2YT (16 g Bacto-Tryptone, 10 g Yeast Extract, 2 g NaCl
per litre) (Messing, 1983) and on plates of B media containing 10 g Bacto-Tryptone, 8 g
NaCl, and 1 ml of_l-% vitamin B, solution per litre (Niessing, 1983).

Plates were made by addir;g 20 g/l agar to liéjuid medium. Top agar for plating.
~ Mi3 phage was ;*nade from liquid medium supplemented with 5 g agarose/l. Substrates of
CMC and Ostazin Brilliant Red H3B dyed (OBR) cellulose were added to plates or top
agar at a concentration of 0.1% w/v. OBR cellulose was added to the top agar only.
Ampicillin was added to media at a concentration of 35 pg/ml for the selection. of cells
containing pUC derived plasmlds

Experlments requiring mlmmdl medm usedyirrg/t: KCl 1.0; MgCl,2H,0, 0.2;
NaH2P04, 5.4; NazHPO4'2H20, 7.0;CaC]2'2H20, O.25;Fe804'7H20. 0.0005; MnSO4H,0,.
0.001; and Bacto-peptone, 10.0 (-Fogarty and Griffin, 1973b) or, Where state;l. 1% (w/v)

Yeast Nitrogen Base supplemented with 1% (w/v) of various carbon sources.

B. Bacterial Strains and Vectors . . : »
The Baci!lu:s strains used in thiis thesis are listed in Table 3 in the Results, section A.
The following Escherichia coh strains were useé for cloning or expressxon DH5ar’
[F’, eﬁdAl hsa‘le'?(rk Jm, ) supE44, thi-1, lambda recAl, gyrA 96relAl, A(lacZYA-
argF), $80dlacZAM15] (see Jeese, 1986 for DH5a.); HB101 [F", /sdR514 (r,".m "), recAl3,
ara-14, proA2, lacY1, galK2, }psL20 (Sm"), xyi-5, mtl-1, supEdd, lambda™} (Maniatis eF al,
1982); IM101 [Alacpro, supE, thi, F’ traD36, proAB, lacl4 ZAMIS] (Messing, 1983); and

IM103 [Alacpro, supE, thi, strA, sbcB1S5, endA, hispR4, F’ traD36, proAB, lacl? ZAM15]
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(Messing, 1983). ~ ' |
E. coli cell lines were stored as described by Hanahar; (1985). Cells carrying the F'l
episome were grown.on Mé.piates before preparation for storage at -80°C. M9 media is
made up by dissolving 6 g of Na,HPO,, 3 g of KH ,PO,, 0.5 g of NaCl, and 1 g of NH,Cl in
. 978 ml H,0, 20 g of agar lS added and the mixture is autoclaved. To this is added the
following sterilized solutions: 1 ml of 1 M MgSO,7 H,0, 10 ml of 20% glucose 1mlof 1%
vitamin B, and 10 ml of 0.01 M CaCl2 (Messmg. 1983). '
The vectors used from the M13 series were: mp9 (Vieira and Messing, 1982),
~'mp18, and mp19 (Yanish-Perron et al., 1984). From the pUC series of plasmids, pUC 8

and pUC 9 were used (Vieira and Messing, 1982).

C. DNA Isolation and Purification of DNA from Varlous Sources
1, Genomic DNA from Bacillus -

Isolation of genomic DNA was performed using the phenol extraction method of
Saito and Miur{a (1963). RNA was removec; from the DNA preparations with ~3 pug
RNase A/pg DNA; RNase A was prepafed according to Maniatis et al. (1982). DNA was
rec;vered by precipitat‘ion with two volumes of ethanol.
2, P'Iasmlds and Fleplicatlve Form (RF) DNA of M13

Plasmids and the replicative forms of M13 were purified using an alkaline lysis
method described by Maniatis et al. (1982). Cells were grown 10 to 20 hr using 1 to 10 ml
cultures. Proteins were precipitated after the lysis by using 5 M K acetate, 3 M acetic acidl
3. Single stranded DNA from M13 phage e,

| Single stranded DNA from M13 phage was prepared by two methods depending on_

the end use of the preparation. Except for sequencing, ssDNA was prepared from cultures'
of 1.5 to 10 ml grown from 8 to 20‘hr as described by Carlsor-l and Messing t1984). Phage
were pr.ec.ipitatedk from culture supernatants for 20-30 min. at 4° C. with one tenth volume
of 209 PEG and either 2.5 M Na Acetate or 3.5 M Nk, Acetate. The resuspended phage

were extracted once each wit‘h an equal volume of phenol, phenol/chloroform/isoamyl

= L
r
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alcohol (25:24:1), and chloroform /iscamyl alcohol (24:1) before precipitating the DNA

.with 2 volumes of ethanol. *

Single stranded DNA to be used only for sequen_c'ing was prepared by an alternative
method without phenol using cetyl trimethyl ammonium bromide (C'i‘AB) in a protocol
modified from Del Sal and Schneider (1986). To precipitate phage, 200 pl of a solution of
20% PEG and 3.5 M NH, Acetate were added to 1 ml of culture supernatani and left for
20 min. at 4°C in 1.5 ml eppendorf tubes. ‘The phage was pelleted by centrifﬁging ona
benchtop eppendorf centrifuge for 10 minutes. This precipitation step replaces the use of
DNase I for removing residual E. coli genomic DNA‘(Del Sal and Schneider, 1986). PEG
remaining on the side of the tube was wiped off using tissue paper without disturbing the
phage peﬁet. The pellet was resuépended in 1 ml of H,0 and then mixed with 100 i of
10X template preparation soiution (2% CTAB, 500 mM Tris, and 100 mM EDTA). At:ter
~ 5 min. at room témperature (RT) the precipitated DNA was collected by centrifugation for
10 min. and resuspended with vigorous vortexing in 500 pl of H20 followed bjr mixing’wifh
- 2 volumes of ETOH. The DNA was collected by centrifuging again and was washed with
70% ETOH before resuspending in 15 plof TE buffer (10 mM Tris, pH 8.0, and ImM
EDTA). Yields were approximately 2 pg of DNA. |
4. Speclfic Fragments

Fragments of dsDNArwere prepared for cloning or radioactive labelling by one of

the following methods.

’

~ (a) DNA transfer to DEAE paper - DNA was isolated by electrophoresing onto
diethylaminoethyl (DEAE) cellulose paper (NA45, Schleic.:her.t'fﬁd Schuell) as described by
Dretzen et al. (1981) with some refin:ments as made by Lizardi et al. (1984). The DNA
was eluted off the‘paber by placing it in a 1.5 ml eppendorf with a solution of 50 to 150 pl
of 25 M Na .Acetate pH 75,20 :nM Tris pH 7.6, 2 mM EDTA. The tube was heated to
65°C t:or 30 min. then vortexed and centrifuged to keep the paper at the bottom of tube.

The elution buffer was removed and an equivalent amount was added again. After eluting,
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the second aliquot of buffer was added to the first and extracted with 3 volumes of water

saturated butanol to remove any ethidium bromide. The DNA was precipitated with 2

volumes of ETOH followed by.a 70 % ETOH wash and resuspended in TE at a |

-

concentration of ~2 to 500 ng DNA/pl.

(b) DNA electro-elution - Fragments of DNA were also purified from preparative agarose

gels using the IBI Electro-Eluter as described by the manufacturers instructions. A slice of
agarose containing the desired DNA was placed in the Electro-Eluter and the DNA was
eluted into a 7.5M NH,Acetate cushion. The DNA was precipitated from the ammonium

acetate by mixing with 2I volumes of ETOH. The precipitated DNA was washed with 70%

-ETOH and resuspended in TE buffer.

(c) Double stranded DNA fragments generated from single stranded M13 clones - Double

stranded DNA was generated from ssDNA of M13 clones by methéd?s‘whigh“relied on
having the desired ssDNA in both or}entations in M13. Clones of opposite orientation were
hybridized in restriction endonuclease { RéN) buffer for 20-30 min. at 65°C. This created
dsDNA only at the insert site and reconstituted the RE recognition site at each end of the

insert. If the opposite orientatidn clones were in sister vectors (i.e. M13mp18 and .

_ Ml3mp19 or M13mp8 and M13mp9) the whole multiple cloning site was reconstituted as
El’ P

dsDNA. Followmg the hybridization, the duplex DNA was dlgested W1th the approprlate
REN of chonce The DNA was used directly for clomng expenments or punﬁed further by
preparative agarose gel electrophoresis and one of the procedures described in (a) or (b).

" The hybridized ssDNA clones were also recovered as dsDNA by digesting the
single stranded portions with the ssDNA nucleases, S1 (Sgligy ét al., 1987) or mun‘g bean
nuclease. “This procedure is termed the ‘S1 nucI'éase protection assay’. As above, the DNA
waé 'hyhridizé_d_-(i'ﬁr; t-ﬁé-;.nzyme buffer (§1 and mung bean nuclease buffer made as described

in Maniatis et al., 1982) at 65°C. for 20-30 minutes. Approximately one unit of enzyme was

adding EDTA to a final concentration of 25 mM. The resulting fragments ere purified by

added per pg of DNA for a 20-30 minute digestion at 37°C. The reactior:\rx stopped by
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consecutlvely passing through two 1 ml spun columns containing Sephadex G50 beads

ethbrated with TE (Maniatis et al., 1982) or purified as already described i in (a) or (b),

- starting with electrophoresis in an agarose gel.

. 47

b. Cloning Methodology
1. Ligations -
Al ligations of DNA used the same buffer which contained 50 mM Tris (pH 7.4),
10 mM MgCL, and 10 mM dithiothreitol (Maniatis et al., 1582). ATP was a(_.lded
separately to a final concentration of 1 mM. Approximately 1 unit of '}'4 DNA ligase was
- .. added per pg of DNA in the reaction. Reactions were either left for 3-4 hr at RT or at 4°C

overnight. The ligated DNA in the various reactions were either used to transform E. coli

T T immediately or stored frozen at -20°C,

DNA fragments and vector DNA were prepared for ligations by one of three ways:

(a) Unmodified DNA - The vectot DNA was simply cut with one or two restriction

enzymes and added to the insert DNA at an approximate molar concentration of 13,

vector:insert.

(b) 3’PO, removed - The vector DNA was treated with Calf Intestinal Phosphatase (CIP)
(Boerhinger Mannheim) according to the manufacturer at ér'éon_centration of
1 uﬁit CIP/ng vector for the last 30 min. of its digestion with a given restri'ction‘enzyme.
Digestion of the DNA was then stopped by adding ED"FA to 25 mM after which the

) soiution was extracted once with an equal volume of a phenol/chloroform/isoamyl alcohol
mixture and once&vi@ chloroform/isoamyl alcohol. The DNA was precipitated with 2 vol.

ETOH. The vector DNA was added to the insert in the same ratios as described in (a).

(c) 3’ends oartially filled in - A cloning procedure preventing the recircularization of

vector DNA during the ligation of vector DNA to insert DNA was also used (Zabarovsky
and Allikmets, 1986). M13mp19 was cut with Xba I and partially filled in with Klenow
dCTP and dTTP as ddscribed (Zabarovsky and Allikmets, 1986) with the exception that

+
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only 2 units instead of 10 ynits of Klenow were used per pg of DNA. Genomic DNA of
B. polymyxa was cut. with Hind III and filled in with dGMP and dAMP. The vector and
genomic DNA were rﬁixed together with Hgation reac_tfon components and incubated for 24
hr at 4°C, . |
2. Transformation of E. coli

Transform'ation of E.coli with plasmids and with M13 DNA was performed
according to Hanahan (1983) with modifications for t}:e transform;;fdh of M13 DNA.
After incubating the competent E. coli cells with M13 DNA on ice, the cells were heat o
shocked at 42°C for 90 sec. in 17mm X 100mm plastic tubes. An equivalent volume of la&

log cells was added to the tubes with 3-4 ml soft agar, the mixture was briefly mixed and

. then plated directly (Messing, 1983). No incubation at 37°C was allowed after the heat

shock took place, as is/umqﬁy with cells transformed with plasmids.
- \f\?-“\_r\

E. Analysis of Proteins
1. Enzymatic Assays
(a) Plate
M 13 phage and plasmids containing inserts of DNA responsible for expressing

active B-1,4-endoglucanase were detected using two different colorimetric assays. The
main assay used, included carboxymethylcellylose (Hercules, DS: 7, medium viscosity) in
the bottom and the top agar at a concentration of 0.1% a;1d eﬁployed Congo Red stain as
described by Teather and Wood (1982). In the alt_ernétive assay, used only for the
detéction of M13 clones, Ostazin Brilliant red H3B‘dyed cellulose (Biely et al., i985) was
added to the top agar (0.1% w/v).
(b} Liquid

. The levels of endog]ucanaser activity produced by various clones and host organisms
were quantified using liquid assays of culture supernatants. Endoglucanase enzyme activity
was measured and calculated from 24 hr culture supernatants using the viscometric assay

(Hulme, 1971). A Fisher F887 viscometer was used at an incubation temperature of 40°C
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to measure the change in the viscosity of a 0.5 % CMC solution in 0.01 M Na acetate, pH

~ 6.0 buffer due to endocleavage by the cellulase enzymes. Units are expreised in the
number of B-1,4 bonds broken min! ml?, | .

Enzymatié activity was also measured by the .d,etection of reducing ends. prbduced
by the cleavage of CMC using dinitrosalicylic acid (Miller, 195‘.5). One half of a ml of |
diluted supernatant was added to 0.5 ml of 0.5 % CMC, in 0.01 M Na acetate pH 6.0, and
incubated at 40°C for 30 min. One ml of DNS reagents was added to stop the reaction and
then the solution was boiled for 10 min. Units are expressed jn glucose e;uivaients _
produced min™ ml™. This assay was routinely used to quantify enzymati-c activity, but no
results from the use of this assay are presented in this thesis. |

Tot_al prote-in in culture supernatants was assayed using the BioRad protein assay
system following the procedure of Bradford (1976). Bovine serum albumin (Sigma) was
used as the protein standard. ~ 3
2, E'yetrophoresls )

Intracellular and extracellulélr protetns from recombinant E. coli were
electrophoresed in denaturing gels according to Laemmli (1970) using a BioRad Mini-
Protean II Dual Slab Gel -electrOphoresis apparatus. The typical gel consisted of a 4%
polyacrylamide stacking gel and a 10 % polyacrylamide base. Gels were run according to
the manufacturers recommended voltage.

For intracellular proteins, cells were pelleted and washed 2 times in 1/10 the

‘original cell volume then resuspended in the same volume of TE. The cell mixture was
added to an equal vinme of 2X Laemmli loading buffer. Cell lysis was completed by

heating the samples for 5 min. in a bath of boiling water before loading onto the gel.

Extracellular proteins were prepared and concentrated by two methods:

{a) Ethanol precipitation - Two and one half volumes of ETOH were added to the culture
supernatant and left for three hr at RT (Petre et al., 1981). The protein was centrifuged

down at 10 K rpm for 10 min. in a Sorvall SA-600 rotor. The remaining ETOH in the



pellet was evaporated with N, and the pellet was resuspended in 1/100" of the original
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supernatant volume of TE.

(b) Lyophilization - The culture supecnatant was first lyophilized then resuspénded in
1/50'" of the original cell culture volume of TE. Aliquots of 100 pl were then passed
through t\§o spun columns of Bio-Gel P6 polyacrylamide beads (BioRad) equilibrated.with
(.01 M Na Acetate, plI 6.0. The solution was lyophilized agéén and then resuspended in 15
ul of TE.

For either procedure the proteins were added to 2X Laemmli loading buffer, boiled
- for 3 min. and loaded onto the gel. After the gels were run, they were stainesd with 0.25%
Coomassie brilliant blue R-250, 40% methanol, and 10% Acetic Acid for 20 to 30 rhinutes:
Destaining took place with 409 MEOH, and 10% acetic acid for 3 shr with constant

agitation and several changes of destaining solution.

F. Analysis of DNA
1. Electrophoresis
DNA was electrophoresed in agarose gels of usuaily 0.7% agarose according to
Maniatis et al. (1982) using Tris-EDTA-Borate (TEB) buffé:". After electrophoresis,‘DNA
in the gels was detected by soaking the gels in (;m aqueous solution of 1 pg/ml ethidiurﬁ
bromide (EtBr) for 5 min., followed by a destaining of the gel in H,O for 20 minutes.
" Stained DNA was made visible to the naked eye by a hand held loﬁg-wavelength emitter
UV lamp or photographed through a red, B+ W $.6 filter while illuminating the gel with
_short-wavelength UV light.
2. Transfer to Membrane
{a) Agarose gels
DNA was transferred to nylon membranes (Biotrans, New England Nuclear) using
an alkaline blotting procedure (Reed and Mann, 1985). A tray containing a 3 cm layer of

paper covered with 3 layers of Whatman 3MM was filled to about 2 cm with transfer
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: solution consisting pf 0.3 M NaOH and 1.5 M NaCl. To aid in the transfer of ln_rge DNA"

fragments the DNA in the gel had been partially depurinated by soaking the gel in 0.25 M
HCl for 7 to 10 min. at RT (Wahl et al., 1979). The gel was then placed in the lllkf;li
transfer solution and left for 20 min. to cleave the DNA at the depurinated sites. Following
this, the gel was laid on the Whatmann paper in the tray, onto which the membrane was
placgd followed by another 2 layers of Whatman 3MM, an adequate layer of absorbant
paper, and a weight of approximately 500 g. The average transfer lasted 4 hr before
neutralizing the membrane in a solution of Tris pH 7.5, 1.5 M NaCl. The filter was then air
dried and baked for 30 lﬁin. at 80°C before hybridizing under standard conditions.

(b) Plates '

DNA from plaques of M13 phage were transferred from agar plates to a nylon
derivative membrane (HyBond, Amersham) using the very si;nple methodology of Mayaux
et al. (1987). After gtowing the E. coli cells overnight the plates were chilled for 1 hr. at
4°C. The pre-cut membranes were placed in contact with the surface of the plates for 5
minutes. Filters were then 'gently removed fror'n the plates and washed 4 t.imes fo'r. 3-5 min.
in 10 X SSC, air dri_ed,‘a‘nd baked for 30 mm at 80°C. Standard hybridization conditions
were then used. |
3. Hybridization

Xll hybridizations of radioactive probes to DNA immobilized onto membranes
were carried out in heat sealable plastic bags at 65°C for 15 to 20 hr. Membranes were pre-
hybridized for at least 1 hr in hybridization buffer similar to that described in the original
Ge-neScreenPl_u_s ﬁrotocol (NEN, 1983), i.e. I M NaCl, 1% SDS, and 100 pg/mi Salmon
Sperm\DNA. After pre-hybridization, the buffer was removed and 10 to 12 ml of fresh
h&bridization buffer was added with the denatured probe. Hybridizations were carried out
at 65°C for 15 to 20 hr. Membranes were washed 2 times in 100 ml 2X SSC for 5 min. at
RT with constant agitation, 2 times in 250 ml of 2X SSC, 1.0% SDS at 65°C for ‘20-3() min.,

and 2 times in 250 mi of 0.1X SSC for 15 min. at RT with constant agitation. The
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membranes welre then air dried and exposed to X-ray film for 20 min. to 5 days at RT or
-80°C.
4, Preparailon ot Radloactive DNA Probes

Radioactive DNA probes were labelled with [a-*P]dATP (800 mCi./mMol) and
' were prepared from purified DNA fragments by nick {ranslation as described by Maniatis
et al. (1982). Probes were also made using a random hexamer oligonucleotide priming kit
following the manufacturer’s instructions (Boerhinger Mannheim). This method was
developed_by Feinbérg and Vogelstein (1983). Unincorporated radioactive nucleotides
were removed from all probes by passing through two, 1 ml spun columns containing
Sephadex 050 (Pharmacia) dextran beads (Maniatis et al., 1982). Probes were denatured
with 1/3 of a volume of {M NaOH and neutralized just prior to their addition to the
hybridization bag with an equal volume of 1 M Tris pH 7.5. Probes were denatured for all

subsequent uses by placing in boiling water for 5 minutes.

G. Sequencing of DNA Fragments qu!ng for B. po&myxa Endoglucanase Gene

The DNA t'raglﬁents were sequenced by first creating a family of ordered
r.;equential deletidns in a method descritied by Dale and coworkers (1985). Single stranded
DNA of the full length clones in M lShpQ or mp19 was hybridized with the (;ligomér RD20
(R. Brousseau, NRCC), which created double stranded DNA region covering the Eco.RI
site. This allowed the restriction enzyme Eco RI to cleave the ssDNA template, 3° to the -
site of the inserted heterologous DNA. '71‘4‘ DNA polymerase (IBI), which hasa 3’->5°
but nota 5’->3 ’ exonuclease activity, was used to resect the ssDNA at intervals for a
controlied time period in the absence of dNTPs. The sSDNA was then tailed with dGMP
using terminal deoxynucleotidyl transferase in reaction conditions optimized for an
addition of 4-6 nucleotides. The oligdmer ﬁD20 was again hybridized to the DNA
template circularizing the linear strangs by complementing the G-tail at the 3’end and the
15 qucleotide sequence at the 5' end. T4 DNA ligase was then used to covalently close the

circularized molecule. The ligated DNA was transformed as already described.
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- The next day the deletion clones were picked with toothpicks and each grown in 1.5

ml of 2YT medium with 40 pl of late lpg IM101 or DH5aF’ E. coli cells. The clones were

roughly sized by electrophoresing lysed supernatants in 0.7% agarose gels of 1X TBE

buffer without EtBr for 14 hr at 75 volts. Sir';gle stranded DNA was prepared from clones

that seemed to represent the complete DNA sequence with approximately 200 base pair

gaps betwe;an each. Insest size of each deletion clone was more precisely determined prior

" to sequencing using the S1 nuclease prote;:tion assay as described in Material and
Methods, section 4.C(c). |

Sequencing was performed by either of two dideoxy-cfmin termination methods.

The first method was as described by Messing (1983) using the large fragment of DNA
_Polymerase I (Klenow) and [¢-*S]dATP (Biggin et al., 1983; Ornstein and Kashdan, 1985)
instead of [@-2P]dATP. The second method used modified. T7 DNA Polymerase (supplied
as Sequenase) as described by the manufacturer, United States Biochemical Corporation |
(USB). The latter procédure was used throughout most of the work because it yielded
superior sequencing results. pproximately 500 ng of template DNA were ﬁsed per
‘rreaction instead of the 1 to 2 ag. suggested by USB.

The majority of the‘ sequéncing reactions were electrophoresed on 43 cm gels (BRL
$2 sequencing units) using wedge spacers (BRL) with a 1:4, top to bottom thickness ratio.
Buffer and acrylamilde'solutions were used in the concentrations given.in Carlson and
Messing (1984). All 43 cm gels were run at 55 to 60 watts constant power for
approximately 1.75 hr. The gels wére fixed in 5% methanol and 5% acetic acid either for
10 min. (for 4 mm thick gels) or 30 min. (for wedge gels) before drying (Orstein and
Kashdan, 1985). Wedge gels'needed to be separated from the glass plates during fixing and
re-moval of the urea otherwise the bottoms surfaces ofi the gels would not dry tack free.

Gels were exposed for 20 to 72 hr directly on Kodak XRP film at RT.
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H. Sequence Analysis of DNA énd Protein
1. bNA .

DNA sequences were compiled and partially analyzed using the IBI Sequence
Analysis Programs written by J. Pustell and Kafatos (1982, 1984). Data were also anzilﬂed
by the Sequence Analysis package written by Stephens (1985).

2. Protein _ )

| Published amino acid sequences and putative translation products of published
DNA sequences were compared in pairs using the MATCH program. This program was
created by the Biomathematics group of NRCC (now called Biomolecular Modelliﬁg) and
_is based on the algorithm of Needleman and Wunsch (1970),.. Percentage of similarity of
amino acid sequences is based on the number of direct matches of residues given by the
MATCH program. The number calculated is relative to the number of residues in the
smaller of the two sequences in a single comparison.

Pairwise amino acid alignments were also produced by the MATCH program.
Multiple alignments were produced by overlaying several pairwise alignments and re-
:lligl;éd m.anually on a word processor.

The relative evolutionary distance was calculated for a few comparisons using the
SEQDP program written by Kanehisa (1982). In the program, distances were calculated
using the weighting of the Dayhoff Matrix (I.)as;hoff et 51., 1978). The Dayhoff Matrix
provide;‘. a different weight for each amino acid. Conservation of rare amino acids from
one sequence to another is given a $arger weight than more common amino acids.
Sequence alignments were also made by a method based on the algorithm of Needleman
and Wunsch (1970). The distance from the comparison of two sequenées is related to 20
comparisons made with randomized sequenceé produced from the original sequences. Tﬁe
differences between the dis;z;nces of the comparison of the original sequences and the

mean of the comparisons with the randomized sequences are expressed in standard

deviations from the mean of a Gaussian distribution. The standard deviation is generated
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from the 20 comparisons of the random sequences. For sequences that were not close

enough to show any evolutionary significance (i.e., less Eﬁan a standard deviation from the ‘
mean), the probability of the similarity being only random was also calculate&. |
| The ORF-2 putative protein amino acid sequence was used to search for simila.r
sequencés to it in the Protein Identification Resource/National Biomedicat Research .
Foundation (PIR/NBRF) Protein Sequence Data Bank (release 16.0, May '88) and the
SWISS-PROT sequence database (release 7.0, May '88) which is managed by the European
Molecular Biology Laboraton;y.‘ The search was done by the XFASTP program of Bionf.‘t
based on the algorithm of Lipman and Pearson (1985). . A ' -
Hydropathy plots were generated from the HYDRO program in the
COMPMOLOGEN leA/Protein analysis\pacl@&developed at NRCC by the

Biomathematics group. Values for each residue were calculated relative to 6 flanking

residues according to Kyte and Doolittle (1982).
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lil. RESULTS

A. Primary screening of Bacillus sbeclas for; endoglucanase activity
In the interest of knowing which bacilli produced cellulase enzymes, 2 sample strai
of each Bacillus species in the NRCC culture collection was assayed for endocellulol‘fi:un
activity. A list of the Bacillus species and strains scréened for potential endogluca?masel
production is presented in Table 3. Each strain was grown on plates made up with L
medium and 0.1% CMC at the temperature described in Table 3. After colonies had
grown to a minimum of 2 mm in size, they were examined for endoglucanase activity by the
Congo Red (CR) CMC plate assay bf Teathe;r and Wood (1982). No assays were carried
-out on cell extracts of the strains that were CR™ because endoglucanases, by virtue of the
large substrate molecules that they attack, must be transported outside of the cell
membrane and cell wall. As indicated in Table 3, activity was only exhibited by the
B. circulans and B. polymyxa strains and by all the B. subtilis strains with the exception of
NRCC 9044,
DNA was purified from each of these same strains with the exception of some of
the B. subtilis s‘tr.ains. Genomic DNA was only purified from B. subtilis strains 3052, 9044,
9045, PAP 115. After digestion wit_h_PstI,. and electrophoresis on agarose gelé, DNA from
the gels was transferred onto a nitrocellulose ﬁlt-er and subjected to DNA-DNA
hybridization according to Southern (1975). Asa cellulase gene probe, the 3.1 kbp Pstl
DNA fragment containing the B. subtilis PAPII;S eﬁdbglucana‘se gene (MacKay et al,,
“ 1986) was labelled with radicactive JAMP and hybridized to the bound DNA at low
stringency. In Fig. 1B a radioactive bandlappears in all lanes at approximately 3.5 to 4 kbp
in size. This is not indicative of a positive DNA/DNA hybridization because lane d of Fig.
1A, shows a failed extraction of genomic DNA from B. stearothermophilus which é]so
produces a radioactive band in Fig. 1B. These bands might be protein from the DNA

samples. In Fig. 1B positive hybridization occurred with o‘nly the B. subtilis (lane {) and the
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Table 3. Bacillus species and strains screened for endogludénqse activity.

34

NRCC strain Other strain Activity

.Species no. Temp.C. no./Remarks +/-
3 x

.| B.alvei 9062 30 -
|- B.amyloliquifaciens 2147 37 -
B.brevis® 9084 37 USDA 616 -
B.cereus’ 9003 30 ' ] -
B.circulans 9024 30 USDA 729 +
B.coagulans 2851 37 . -
B.licheniformis" 9012 37 -
B.macerans b : 9074 37 -
B.megaterium 2852 30 - -
B.pantothenticus 9026 30 + 4% NaCl -
B.polymyxa 2822 30 ) +
B.pumilus’ 9066 37 -
B.sphaericus 9027 30 -
B.stearothermophilus . ..9001 55 -
B.subtilis’ 3052 37, ATCC6051 +
9041 USDA231 +
9044 -
9045 +
9048 _ +
9049 +

9051 - USDA703 - +
9052 - USDA1003 +
9053 ' +
9057 +
9058 U. of Alberta 231 +
: PAP 115 E
| B.thuringiensis 2278 37 -

subsp. kurstald

Species marked with * have been reported as having strains which produce cellulase (See
Introduction, section F).

e
«a
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FIGURE 1. DNA-DNA HYBRIDIZATION OF 15 DIFFERENT BACILLI GENOMES PROBED WITH
. r

THE B. subtilis PAP115 ENDOGLUCANASE GENE.

The 3.1 kbp PstI fragment of B. subtilis PAP115 encoding the endoglucanase gene was
labelled with radioactive [P] dAMP and hybridized to genomic Bacillus DNA of the
stained gel in 1(A) accoraing to method of Southern (1975). The results of this
hybridization are shown in 1(B). A st;orter exposure of the hybridized filter to x-ray film is

shown for selected lanes in 1{(C). All the genomic DNA was cut with PstI (listed below).

lambda phage DNA cut with Hind IIT
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B. circulans (lane m) chromosomal DNA. A shorter exposure of the same hybridization

. filter shown in Fig.I1C revealed more discreet DNA fragménts of similar size for both of .

these types of DNA.

B. Cloning of the B. circulans and B. polymyxa endo-B-1,4-glucanase genes .

A library of genomic DNA of both B. circ;ulans and B. polymyxa was constructed by
ligating partially PstI digested Agenoxlnic DNA with the E. coli bacteriophage M13mp?9. -
Each ligation yielded approximately 10° individual clones per pg of genomic DNA after
transfection of E. coli IM103 with the ligated material. Since all cloned bacterial
endocellulase genes studied to date are expressed to some extent in E. coli, the Congo Red
assay was used to screen for positive endoglucanase producing clones. Results in Fig. 2A
and 2B show cxzimples of the two types of ehzymatic plate assays used for selecting an
actively expressed.endoglucanase gene in E. coli. A mixture of active and inactive clones of
the endo-B-1,4-glucanase gene from B?polymyxa were plated on the two different substrates
used. The visual contrast of the Congo Red assay is greater between positive and negative
activity than seen with OBR-cellulose. For this reason, the Congo Red assay was used for . i
prlmary screening in all the ongmal cloning expenments Both the B. subtilis PAP115 and
B. circulans clones gave haloes 2 to 3 times larger than those exhibited by the B. polymyxa
clones. However after subcloning of the Bacillus DNA using the pUC plasmids no species
" difference in apparent levels of endocellulase expression were observed (data not |
‘presented). | '

Two CR™* clones (Bp-P1, Bp-P2) were isolated from the B. polymyxa bank of
approximately 10,000 clonés. Clone Bp-P1 contained a i.6 lfbp .sir'lgle Pstl DNA fragment
" while the clone Bp-P2 contair;ed th:a same 1.6 kbp fragment and a 0.2 kbp PstI DNA
fragment. The removal of the 0.2 kbp DNA from Bp-P2did not change the éctivity
exhibited by this clonel The orientation of the frag-ments'relative to the transcription of the
B-galactosidaséi‘:.-p_eptide coding gene in M13mp9 was the same in both of these clones. -

Three clones (Bc-Isl, Be-P2 and Be-P3) were isolated from the 10,000 clones making up the

-
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FIGURE 2. EXAMPLES OF PLATE ASSAYS FOR FMDOGLU! SE ACTIVITY OF E. COLI CELLS

INFECTED WITH RECOMBINANT M13.

A mixture of M13mp9 phage with and without the B. polymyxa endoglucanase gene were
. used to infect E. coli IM101 cells and plated with top agar containing either 0.1% CMC for
(A), the Congo red,plate assay or (B), 0.19% Ostazin Brilliant R 3B (OBR) dyed

cellulose for thexdetection of endoglucanase activity. White arrows point to plaques with
BN -
\

cells expressing endoglucanase and black arrows point to plaques with cells which do not..’

~
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B. circulans bank. Each of the three clones contained the same 3.1 kbp Pstl DNA fragment
and all were in the same orientation in the vector relative to the a-peptide gene.

Since M13 vectors have been suspected of not being able to propagate large
recombinant fragments, similar banks of B. polymyxa and B. circulans DNA were also made
using the pUC 8 plasmid. The B. polymyxa genomic DNA partially digested with PstI was
used in this library construct. However for the B. circulans DNA library construct, partially

HindIII digested DNA was used. No endogluéanaée expressing clones were found in the

' B. polymyxa bank, but 2 positive clones (pCH.7 agd pCH.9) were found in the B. circulans

bank. Both plasmids contained a 3.4 kbp HindIIl ffagment that when digested with Pstl,
prod.uced' a 3.1 kbp picce of DNA. Since the restriction endonuclease (REN) sites of all -
B. circulans clones recovered were identical, it was assumed that the same genomic section

of DNA was cloned in each case. ' o

C. DNA characterization of clones

The isolated B. bolymyxa PstI and the B. circulans HindIII DNA fragments were
subcloned into M13mp19 in the opposite orientation to which they were originally found
(é. polymyxa - Bp-op19, B. circulans - Bc-H4'). Since the B. circulc;ns gene is expressed in
both orientations, this implies that this gene uses its own E. coli-like promoter sequence(s).
However this is not the case for the B. pobm;a gene since expre'ssiori of this gene "
occurred in only one orientation, suggestiﬁg that expression may be dependent on the
promofer of the 8-galactosidase a-peptide gene.

In order to show that the clones from each genome were unique, the clones were

hybridized with the genomic DNA of B. subtilis PAP115, B. circulans and B. polymyxa.

'Each genomic DNA was digested with EcoRI, HindIII and Pstl, followed by

electrophoresis in a 0.7% agarose gel and transfer onto a nylon membrane. As described
in the legend of Fig. 3, the immobilized DNA was probed with either a 3.4 kbp HindIiI
DNA fragment containing the endoglucanase gene from B. circulans or a 1.6 kbp Pstl
segment of DNA containing part of the en:ﬂoglucaq}ase gene from B. polymyxa. The data in

-

40
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.FIGURE3. B. subtilis, B. circulans AND B. polymyxa GENOMIC DNA HYBRIDIZED WITH

EITHER THE B. circulans OR B. polymyxa ENDOGLUCANASE GENES.

~ The DNA of gels (A) and (B) were transferred onto nylon membranes as described in

section F.2(a) of the Material and Methods. Gel A was hybridized with the B. circulans 3.4
kbp Hind III fragment encoding the endoglucanase gene. The results of this hybridization
are shown in (C). Gel B was hyhridiﬁed with the 1.6 kbp Pst | fragment encoding the
B. polymyxa endoglucanase gene and the results are shown in (D).

Bs = B. subtilis PAP115

Bc = B, circulans

Bp = B. polymyxa

A = lambda phage DNA cut with HindIII
M = DNA size markers, see Appendix D

H = Hind I1i -
E = Eco Rl
P="Pst]

\
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Fig. 3 show that the B. polymyxa gene is quite different from the genes of either B. circulans

or B. subtilis, Since the déta only shows the B. polymyxa gene probe hybridizing to a single
- fragment in both the lanes of HindIII and Pstl digested B. polymyxa genomic DNA, it
 suggests that this is a single copy gene.

B. circulans and B. subtilis as shown originally iﬁ Fig. 1, have homologous fragments
that are very similar and only appear different in Fig. 3B by the additional HindIII site in
the B. subtilis genome. This I)b'mology is reinforced by the S1 nuclease protection assay

_ usi.ng one of the clones of B. circular.rs {Bc-H4) hybridized to the opposite M 13 B. subtilis
clone, Bs-P3.2, (opposite orientation B. subtilis clone is Bs-P3.3) containing the 3.1 kbp Pstl
fragment (see Mackay et al., 1986). In Fig S the results show a single band at
approximately 3 kbp. Although the sensitivity of this assay is unknown in terms of the
minimum number of non-identical nuclsotides (nt) required before S1 is able to degrade
the heteroduplex, the result of Fig 5 suggests that there are no large nonhomologous
regions between the B. circulans and B. subtilis clones. In addition to this homology, bbth
B, subtilis and B. circulans share some genomic DNA sequence outside of the probe
segment as inelicated in Fig, 3B, These fragménts seen in Fig. 3B as the 1.5 kbp EcoRI, 1.1
kbp Pstl-and-the 0.7 kbp HindIl size fragments of DNA are not detected on’x-ray film
exposed to the filter for only a short time.

The REN maps of the three endoglucanase genes are presented in Fig 4. These
maps were construct¢d from the analysis of genomic blots as well as sequence information
of the B. polymyxa gene presented later (see Results, sections F.1 and F.2). The map of the
B. subtilis gene agrees with that published by Mackay et al. (1986). The different HindIII
site was assigned to the'3’ end of the B. circulans gene. This was found by first hybridizing
together B, circudans clones of opposite orien.tations that are in M13, and then cutting with
EcoRI and digesting the rion-hybridizing single stranded DNA with S1 nuclease. The

resultant fragments are a 1.8 kbp which is similar in size expectéd for the 5”end of the

B. subtilis clone (MacKay et al., 1986), and a 1.6 kbp-fragment which was larger than the
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FIGURE 4. RESTRICTION ENDONUCLEASE MAPS OF B. subtilis, B, circulans, AND B. polymyxa

ENDOGLUCANASE GENES AND SURROUNDING GENOMIC DNA. -

Maps were constructed from the data provided in Fig_. 3, other REN data not shown and
the sequence data from Fig. 11 and Fig. 12. Arrows denote the putative region and
direction of transcription of genes.. Location and direction of transcription of the B. subtilis
gene was shown by MacKay et al. (1986). ORF-2 on the B. polymyxa clone' E.1.2 (see
section B of Results) refers to a 2nd open reading frame found in the sequence data of Fig,

11 which is possibly transcribed.

E = EcoRI

| H = HindIIl
. P = Pstl
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FIGURE 5. S1 NUCLEASE PROTECTION ASSAY OF B. circulans AND B. subtilis

ENDOGLUCANASE GENES,

’ M13 clones were hybridized and digested with S1 nuclease as described in section C.4(c) of
\{awlzial and Methods. In the 4th and 5th lane, the dsDNA products were cut with EcoRI

Y -

after S1 nuclease digestion.

Bc = B. circulans M13 clone Be-H4/B. circulans M13 clone Be-HI

Bc/Bs = Be-HI/ B. subtilis M13 clone SBO (see Ma et al., 1986)

M = DNA size markers, see Appendix D
- Be (EcoRl) = Be-H4/Be-HI

Bs (EcoRl) = B. subtilis clones SBO/SB1 (see MacKay et al.,




EcoRl _ .

Bc Bc/Bs M‘ Bc . Bs  kbp
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second fragment generated from the B, subtilis clone. These resu]ts are shown in Fig, 5 in

the 4" and st lanes. InFig.3Ba fragment that was 0.5 kbp in the B. subfilis HindIII
digestion hybridized with the B. circulans probe while no such fragment existed in the
B. circulans lane. This fragment corresponds to the difference in size between the major

B. circulans and B. subtilis HindIII fragments.

D. Expreoslon of the cloned genes in pUC vectors )
Initial experiments with SDS-polyacrylamide gel electrophoresis of total proteins
from the supernatants of overnight cultures of E. coli infected with' M13 containing the
endocellulase genes of either B. polymyxa, B. circulans, or B. subtilis showed no extta bands
that could be assigned to the endoglucanase products (data not shown). To improve on the
endoglucanase expression, the B. polymyxa gene was subcloned using the hlgh copy number
pUC vector; the clones from the other two bacilli were already subcloned in pUC plasmids.
The B. polymyxa 1.6 kbp Pst I DNA fragment was ligated' into the Pst] site of three puC?9
vectors (pUC9.0, pUC9.1, pUC9.2) which were designed to give the multiple cloning siteo'
of each of the vectors a different reading frame relative to the ATG start codon of the a-
peptide gene (Honna et a\l., 1984). Recombinants expressing endoglucanase activity were
identified by the Congo Red plate assay . Activity was only expressed by clones (e.g.,
pC2.2) produced from the pUC 9.0 ligation. This vector has o;(act]y the same reading frame
as that of M13 mp9 which means translation starts at the AUG transcribed from the lacZ
a-peptide gene and transcription of the B. polym);xa endoglucanase gene is most ltkely due

to the lac promoter. - : ———

The plasmids of each of the three Bacillus clones were transformed into E. coli

[

. HB101 instead of thestandard JM series used for pUC vectors This was done to avond
possible experimental error due to some unexplained activity for lowering the vrscosnty of a

solutiort of CMC which has been founcl in E. coli IM103 (MacKay et al., 1986), but was not
| founcﬁn HB101 (A. Lo, personal communicationj.

The pUC clones were grown overnight in 2YT and the intracellular and
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: extracellular proteins were subjected to SDS-PAGE as shown in Fig. 6. Two similarly sized

protein bands were produced by the B. circulans endoglucanase clone pCH.9 and the

B. subtilis clone pC6.3 as intzi;c:ated in Fig. 6A and 6C. The size of these bands are similar

to those sﬁown already for pC6.3 by Lo et al. (1988). Figure 6A and 6C shows th:'rlt the

pl'asmid pC2.2 encoding the B. polymyxa endoglucanase gene is responsible for the

production 0;21.1/appr03dmately 37 kDa protein which is mainly celqussociated. Figure 6B |

shows the proteins in the supernatant that have been precipitated with ETOH while Fig'.-

6C shows the extracellular prote;;: concentratc;.d by lyc'nphilization. The B. circulans
endoglucanase was selectively precipitated by ETOH bu-t the B. polymyxa endoglucanase

was not. In Fig; 6B the endoglucanase of B. circulans was also selectively precipitated

relative to E. coli proteins as the endoglucanase 52 kDa and 35 kDa bands appéar relatively
: mu?:h darker by Coomassie staining than in Fig. 6C. The B. subtilis endoglucanase was
precipitated by ETOH just as the B. circulans endoglucanase (data Inot shown). This might
répresent an overall greater hyd’rophilic nature for the B circulans and B, subtilis
endoglucanases than for the E, coli proteins or the B. polymyxa endoglucanase,

The amounts of expression of end‘og]manase activity of the origin;rr;;ganigms

‘relative to that produced by E. coli cells with the respective genes in the pUC vectors are
presented in Table 4, All measurements were done using the viscometric assay explained
in the Material and Methods, section E2 Activities were measured using enzymes from
overnight cultures in’opulated with an equivalent concentration of cells. Cells were grown
in minimal media (see Material and Methods, section A) supplemented with various
carbon sources. Glucose was used at two levels of initial concentration to see if any
repression of transcription existed due to an increase of a readily usable carbon source. No
induction/repression system similar to that of cellulolytic fungi was expected as none of the

Bacillus endoglucanases studied have -yq,t to be shown to be inducible. Cellobiose has

previously been found to be a good carbon source for high endoglucanase production in
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FIGURE 6. SDS PAGE OF INTRACELLULAR AND EXTRACELLULAR PROTEINS FROM E. coli
CELLS TRANSFORMED WITH PUC CLONES CONTAINING THE B. subtilis,

- B. circulans, OR B. polymyxa ENDOGLUCANASE GENES.

Cellular and extracellular protein samples were prepared as described in section G of the
Material and Methods. In (A), the sizes of the projejn due to the endoglucanase genes
(marked with dots in all panels) are marked on the left, the size of the protein size markers
are indicated on the: right. (B).shows proteins precipitated from the supernatants with

ETOH and (C) shows the proteins recovered ‘from.lyophilizatipn of the supernatants.

. Twenty times more cell culture was required for samples loaded in gels of (B) and (C) than

(A).

M = High molecular weight BRL protein size markers

'pC2.2 = pUCY + B. polymyxa 1.6 kbp PstI fragment

pC6.3 = pUCS + B. subtilis 3.1 kbp PstI fragment

. pCH.9 = pUCS + B. circulans 3.4 kbp HindIll fragment
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‘Table 4. Expression of endoglucanase activity by B. subtilis, B, circulans, and '
B. polymyxa, compared to their respective endoglucanase genes in E. coli.

carbon enzyme specific biomass s.. per
source units/ml activity O.D.gyonm  ©-D. biomass
: - X107 units/mg_ S '
" B. circulans . '
NRCC9024 .- none 28 0.07 217 0.03
' 1% glycerol 8.1 - 0.68 4.70 0.15
1% glucose 3.2 : 0.15 223 0.07
3% glucose 34 0.1% - 6.39 - 0.03 -
1% cellobiose 0.4 0.05 1.23 0.04
B. polymyxa :
NRCC 2822 none -
' 1% glycerol . 35 0.21 4.86 0.04
B. subtilis - -
PAP 115 none 08 - 61 3.62 (.03
. 1% glycerol - 87 0.44 522 0.08
- 1% glucose 0.8 0.55 5.00 . 011
3% glucose - 23 0.19 6.84 0.03
1% cellobiose 1.0 0.13 1.78 0.07
E.coli HB101 ‘
pC2.2 (2822) ~1%glucose 219 4.66 1.25 3.73
E. coli HB101 grown in yeast nitrogen base with:
Plasmids . . —. - - .
pCH7 (9024) 1% glucose - 45 430 0.39 11.05
. 3% glucose 44 6.85 0.25 2172
1% arabinose 1.0 2.88 0.19 15.16
pC2.2 (2822) 1% glucose 0.2 0.27 0.47 0.57
3% glucose - 09 1.35 0.32 421
1% arabinose 0.9 4.53 0.22 20.57
pC6.5 (PAP115) 1% glucose 2.7 2.90 0.44 6.63
- 3% glucose 12 2.50 0.30 - 8.49
1% arabinose 59 7.31 0.30 24.35

Enzyme units for Table 4 are expressed in B-1,4 linkages broken per minute. The specific
activity is given for the units of endoglucanase activity per mg of total extracellular protein.
For the minimal media used, see Material and Methods, section A.
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B. subtilis (R_obsdn and Chambliss, 1984) and B. polymyxa (Fogarty and Griffin, 1973a). .

~ Fogarty and Griffin (1973b; also Griffin and Fogarty, 1971) have shown that more proteas'e“
is produced by B. palymy.m as a result of growing it on arabinose as the so_lt_a'carbon source.
The increased production of proteases has been postulated as a cause for increased
cellulase activity in the culture supernatants of hyperproducing mutants of 7. reesei
(Shéir-Neiss and Moﬁtenecourt, 1964). The proteasé was thought to be freeing more of
the cellulase attached to the cell membrane into the liquid media. In contrast to arabinose,
glycerol as the carbon source produced the lowest amount of protease but the highest

" biomass fi“ B. polymyxa (Fogarty and Griffin, 1973b).

-The-mini'ma‘lﬁmedium that the bacilli were grown on supported growth without the
addition of any carbon soﬁr%e. Both B. circulans and B. subtilis produced more enzyme per
OD of biomasi/dt a concentration of 1% glucose than with either no added glucose or 3%
glucose. This -uggests that although these genes are constitutively expressed their
transcriprion is effected by the different metabolic state of the microbe with the higher
level of glucose in the medium. |

In the E. coli clones, an increase of initial glucose concentration in. the medium had
produced the opposite effect to that shown by the bacilli. The increage of g:l‘ucose produced
an increase in the amount of endoglucanase in the supernatant. Arabinose had an even
greater positive effect on endoglucanase production.

As expected, the transformed E. coli cells with the high gene copy number produced
much more endoglucanase than the parent Bacillus species. Characterization of the
B. circulans gene in the Results, section C showed a gene that appeared highly homologous
to the B. subtilis endoglucanase gene but neither the B. circulans endoglucanase gene nor
its clone in E. coli were expressed in the same manner as their B. subtilis counterparts,

The experiments in Table 4 were not completed as no important trends in the
results were evident and the questions addressed were not fundamental to the objectives of

this thesis. Analysis of the data in Table 4 must be qualified as each measurement was
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taken only once.
E. Cloning the 5’ end of the B. polymyxa endoglucanase gene
‘ It was gvident from the subcloning results in section D and the first nucleotide

sequencling results of the B. poba;nyxa Pstl DNA fragment that part of the 5’end of the
endoglucanase gene wa's missing and that transcription was due to the lacZ promoter and
translation bé&an with the AUG start codon from the lacZ gene. A large open reading
frame (ORF) was found to bt_a in frame with the 5 end of the la¢Z a-peptide ORF of the
vectors mp9 and pUCSY (Vieira and Messing, 1982). These were the only two vectors that
were capable of expressing the B. polymyxa endoglucanase. The fusion sequence is given in
Fig. 7A. An example of increased endoglucanase production by inducing the lac operon
with IPTG is shown in Fig. 7B. -

To isolate the promoter and 5’end of the endoglucanase gene a HindIII library of
B. polymyxa was created in mp19 using the ‘restrietion endonuclease site fill in’ method of
Zabarovsky and Allikmets, (1986) described in the Material and Methods, section D.1.
From the genomic map in. Fig. 4, a 6.2 kbp HindIII fragment &ained all of the gene.
Screening for ‘positive’ clones was done by the Congo Red plate assay. Two positives
expressing plaques (clones Bp-C1, Bp-C2) were found in a library of approximately 10,000
clones. However, it was not possible to isolate a pure culture of either of the positively
expressing phage, even after four screenings. A large population of CR™ phage were always
present when grown in liquid media and purification of.phage from plates still produced a
large famiiy of different sized phage DNA. These results suggested that this fragment was
possibly unstable in M13: |

As an alternative approach a 2.35 kbp EcoRI fragment which also would be
expected to contain the 5’ end of the endoglucanase gene wa's cloned with the objective to
later fuse it with the already cloned portion of the gene. Genomic DNA was digested 'with

EcoRI and electrophoresed on a 0.7% agarose gel. A portion of the DNA in the gel
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FIGURE 7. 5/ END FUSION OF B. polymyxa ENDOGLUCANASE TO lacZ a-PEPTIDE.

(A) The 5’ end of the a-peptide gene ends at the PstI site, the amino acids for this reg'io.n
are bold typé. The B. polymyxa DNA which starts at the Pst] site codes for a 370 amino
acid ORF that ig'in frame with the 5° end of the lacZ a-peptide gene. (B) Bp-P1 and

E. coli JM101 were plated with B media and CMC with or without the gratuitous inducer of

the lac operon, IPTG.



A

fMet Thr Met Ile Thr Pro S8er Leu Ala Ala Asp Ala Ala Ser Val ...

ATG ACC ATG ATT ACG CCA AGC TTG GCT GCA GAT GCA GCC AGT GTG
PstI -

<—-—M13mp9 or pUGHY Il B. polymyxa DNA——————>

- IPTG ' + IPTG




57
corresponding to a size fraction of 2 to 2.8 kbp was excised and eluted from the gel slice by

electrophoresis (see Ma{terial and Methods, section C.4(b) ). This DNA Was ligated with
CIP treated RF of M13mp19 cut with EcoRL. After transfection in E. éoli JIM103 the .-
plaques were screened with a radioactive DNA probe madé from the 800 bp PstI/EcoRI
fragmeht located at the 5.’ end of the already cloned Pstl fragment. Six clones gave strong
positive signals from 1000 clones in the library. Two of the clones (E1.2, E2.1) were plaqué
| purified and found to contain the 2.35 kbp EcoRI fragment

The 2.35 kbp EcoRI fragment when cut with Pst] gave an 820 bp fragment whlch
contained most of the coding region of the endoglucanase gene and a 1.53 kbp piece of
DNA which coded for 87 nucleotides of the 5’ regioﬁ of the protein (see Fig.12, Results,
section F.2) plus the putative prorﬁoter feg@on of the gene. The 1.53 kbp Pstl/EcoRI
fragment was ligated to the original 1.6 kbp PstI fragment and fractionated by
electrophoresis on agreparative gel in order to purify the desired 3.1 kbp product. This
3.1 kbp EcoRI/PstI fragment was further figated into both mp18 and mp19 and used to
_ transfect E. coli. As a control the 1.6 kbp Pstl fragment used for this experimeﬁt was also
ligated into pUC 9 to show that it could still confer activity. .

Although the pUC 9 -PstI clones exhibited activity, none of the approximately 1000
resulting clones from the 5,3 gene fusion expressed any endoglucanase actiﬁity. Single
stranded DNA of four clones from each of the mp18 and mp19 ligations was purified.
These clones were analyzed with the S1 nuclease protectionlassay using the 2.35 kbp EcoRI
cloned fragment (i.e. E1.2 and opposite orientation E4.1) to show that the 5 .and 3'.
fragméhts were indeed in the proper orientation togach other. As shown in Fig. 8, correct

e of DNA. If the orientation of

origntation gave only one 2.35 kb;; double stranded p1
either the 3/ or 5 fragments respective to each other was Jncorrect, no fragment or either
‘the 1.53 kbp or 0.8 kbp, fragment would be recovered aftot S1 nuclease treatment.

However the reconstituted gene did not express any activity in either orientation, with or
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FIGURE 8. .S1 NUCLEASE PROTECTION ASSAY OF B. polymyxa ENDOGLUCANASE 5’-3’ GENE

FUSION CLONES.

Two mp18 (lanes a-b) and four mp19 (lanes ¢-f) 5’3’ fusion clones were hybridized fo the:.

is

B. polymyxa 2.35 kbp clones E1.2 (panel A) or E4.1 (panei B) and digested with S1

nuclease. The possible resulting sizes are shown in lanes 1 to 3.

1.5 kbp fragment used to construct 5’ regions of the gene
S1 nuclease protection assay of E2.1/E4.1
S

1
2
3 = S1 nuclease protection assay of E2.1/Bp-op19
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without the addition of IPTG. A possible explanation for this is given in the Results,

section F.1.
-

F. DNA sequence of the complete B poW endoglucanase gene. .

Both the 1.6 kbp PstI fragment and the non-overlapping section of the 2.35 EcoRI
fragmeng,were sequenced completely in both orientations. Most of the sequences were .
obtained from 3* deletion clones constructed according to Dale et al. (1985). A maﬁ
showing the deletion clones used for sequencing is presented in Fig. 9.

1. 5’ region of DNA fragment )

The non-coding 5’ end of the putative B. polymyxa endoglucanase gene extending
up to the putative ATG start codon is shown in Fig. 10. A typical Shine-Delgarno ribosome
binding site GGAGG was found 11 bases upstream from the pulativé ATG start codon,
"The 300 bases extending from the start coﬁon was searched for known -10 and -35 E. coli
and B. subtilis RNA polymerase recognition sites using the search functign of the Microsoft
WORD program. The best -10 and -35 E. coli like sequences marked in Fig. 10 are most
likely too far apart to be used by an E. coli promoter. The lack of iypical -10 and -35
E. coli promoter ‘sequences is in agreement with the lack of expression of the recor;stituted
B. polymyxa ehdoglucanase gene in the Results, section E. A sequence resembling the -10
and -35 regions of the B. subtilis o recognition sites is also marked. It is not known
whether the variation of the recognition sites that exist i-n the B. polymyxa sequence would
allow a B. subtilis polymerase wifh the o* sigma factor to transcribe the gene.

Two other sequences,'which are related to this endoglucinase and are known to be
transcribed using their own promaters in E. coli, were also analyzed in Fi'g. 10. The
B.‘polymyxa B-amylase is the only known published B. polymyxa sequence; it shows little
similarity to the endocellulase gene. However, the Clostridium thermocellum celB gene hzfs
the highest amino acid sequence similarity to the B. polymyxa endoglucanase (see Results,
séction G.l). There has l;een no transcriptional mapping done on any of the genes used in

Fig. 10. The 5 UTR sequences of all three genes were searched for consensus -10 and

3
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FIGURE 9. DELETION CLONES USED FOR SEQUENCING THE B@#mym ENDOGLUCANASE

 GENE.

The deletion clones made by the method of Dale et al. (1985) used for sequencing the
éverlapping 235 .l:tbp EcoRI and 1.6 kbp Pstl fragments are shown here graphically. The
apen reading frame corresponding to the endoglucanase gene is shown as a large black box
on a line which symbolizes the total length of genomic DNA sequenced. The location,
orientation and the number of bases sequenced of each clone is shown by arrows. The
name of each clone is shown above the arrows. The; clones E1.2 and E4.1 are the two
orientations of the full length 2.35 kbp EcoRI fragment. OP19 (Bp-OP19) and Bp-P1 refer
to the opposite orientation clones of the 1.6 kbp Pstl fragment. Bp-A, Bp-B, Bp-C are
primers used to sequence the full length clones in regions where seéuence data had been
ambiguous.

E = EcoRI
P = Pstl
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FIGURE 10. DNA SEQUENCE OF B. polymyxa DNA UPSTREAM OF THE PUTATIVE
ENDOGLUCANASE CODING REGION OF THE END_OGLUCANASE GENE AND THE -1
TO -300 DNA SEQUENCE OF TWO RELATED GENES, THE B. polymyxa

. B-AMYLASE, AND THE C. thermocellum celB.

(A) The sequence of B. polymyxa DNA from the 5/ EcoRI site up to and including the
putative start codon of the endoglucanase gene. The complementary sequence for the start
codon of ORF2 is shown at nucleotide positilon 1072 with a dashed arrow showing lghe
direction of transcriptién; Promoter sequences identical to the -10 and -35 region of
known E. coli o™ recognition sequences that are also spaced from 15-19 bases apart have
been underlined and labelled underneath as E.c -10 and E.c -35 respectilvely. The

consensus E. coli a” recognition sequences are the same as the consensus recognition

sequences for B. subtilis ¢*°, both are considered the major sigma factor in the cells and are

rc;éponsiblc for the transcripts of vcg;stative proteins. Sinc;c the transcriptional start site
(base position + 1) is unknown in the sequences of this figure, the -35 point (4-35) is
measured from a consensus -10 position (4-10) of the -10 promoter sequence . The only
sequences similar to other consensus promoters of B. subtilis RNA polymerase sigma
factors is ¢°% which have been underlined and labelled s.s *%. The consensus sequence
for the -10 a;ld -35 recognition sites for B. subtilis ¢ are written above the B. polymyxa
sequence. SD refers to the consensus Shine-Delgarno nucleotide sequence (GéAGG)
responsible for the éorrect binding of ribosomes to bacterial mRNA. The -1 to -300
5'sequence of two related genes B. polymyxa B-amylase (Ka.wazu et al;, 1687) and C.
thermocellum celB (Grépinct and Béguin, 1986) are shown in (B) and (C) respectively.
Both genes are transcribed in E. coli with their own promoters. Putative -10 and -35 E. coli
like pro_r;mter sequenées and their relative posi‘tion to each other have been underlined and

marked with vertical arrows as in (A). No B. subtilis like promoter sequences {other than

. B. subtilis a**) were found in either of these two sequences.

L]
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A Nucleotide sequence of DNA upstream of B. polymyxa endoglucanase start codon

il 50 ‘ 100
GAATTCATAAAAAACGTTTTCAAAAAGATGAAAAGGACTTATTCAAACAT TCAGTTCAGCTTTAGGACCGATTCTCTGTGGTTGATGACCGGAT TCATAT
GGATGATTTCTGACAGCTCCTCATGATCCTGTTCTTTTTGATCAATTTTCTCCAGCAGTAGCCTGGCACTTCTTTTCCCCAT TTCAAMACTCGGCTGGEA
AACGGTTGTGATCGGCHBATTATAAAAAGACGCAAAGGATACATCATCTATGCCAATCAAGGAAAAGTCAT TAGGTATGGTCAGATGAT TATTTTTTGEA
TAAATCAGCACCTGCTCCAAAATCATGTCATTCGTAGCAATAAT TGCAGTGGGCGGATTCTCCATGTGAAATAGT TGTCCAATCAGAT TAGGCATTTCAT
CCAACCTGCCGCTTTTGATATAGTTTTCATTCACGGGTATGTCATGTTTACCCAGCGTATTTCGGTAACCTGACAGTCGCTCACTTCGTGTGRTGATCGE
TTTTTTGCCTAAGGGGAACGTGATAATCCCAATGTTGT TATGACCATGCTCAATGAGTGCT TCAACGCAAGCTCGETGGCCTTTTCAT TATTCAGTAGCA
CCGTATCTACGCTGAGT TCATCGATT7T YCGGTCCACAAACACGAAGGGATAGCCAT TTTTGACAAGGGAAACATATAATTTCTTGTTCTCTTECGTCGG
GAAAATGATAAGTCCATCCACTTGCCGAGCAATCATCGACTGGACATACT TTTTCTCTTTGAGEGAATCATCATCGGTATTGCAGACAATGACCTGGACA
TTTTCCAGTTGGCAT TCATCTTCAATGGCACGCACGACTTCTGT TGTAAATCTCGATARAATGGT TGAAGAAATAACCCCCACARTGAAGGTCTTCTTCT
GCTTGAGACTACGTGLCACCTCAT TGGGTATATAACTGAGATCCTCAATCGCTTGCTCOATCT TCTTCTTGGTGTTY TCACTCATATAGTTGTATCTCTT
TTGCAGAAACTGCGAAACTGTACTCTTCGACACCCCGGCACGT TCTGCCACTTCCTTCATCGTTGTTACCATARTTACCCTCCTTTETTTTTIGEATGTC

<--e-- ORF-2
ATGCGTGCTAATTTTCAAATATATATTCTGCAACCTGTATGTARAGTGAAT TTCACT TTATTATATACCT TCTTTTACAGCAGGARARTATAATAAATAA
1(-35)
AGAGTTAGAGCGTGCGTCTACTCATATACAAGCGCGGCCAARAATATGGGGT GGAAACTCCCTCACGAATCT T TTACARGGGGAACTTTCCTACT TAGET
, E.c.-35 1(-35)
1¢-10) AAATC ‘AA
Tsnmccsnsrmmmmmrncmcwrcmcmmmsmrmmmcmmcmmmnmmm AAATCARA
Lo
1(-10) B.8 G2 -35
ATC TA-T6-TT-TA
ATGTAATCGGTTACAAATTCT TTTARATAAAGGAGGAAGCAGAATT ATG
Bso? 16 & fMET

200
400
600 -
800
1000

1200

1600

1449

B s region upstream of B. polymyxa 8-amylase gene

GATCAATCGTATTTATCGCAAAGGTATTCGACGAAAATCGLCTATCTATTAAGCAGATAGCCTCATGCGTGCTGCATACACACTGGTTTGCCTCCCCTTT
CACGGAATACCATAAAAGACACACGTCTTACTCAGACCTGTGTCTTTT T TCGCATGGTCTAATTTATGCACACGGTTCGTAACGCAAAATGTCATATTTG

1(-35) , 1(-10)
TCCACTCTTAATGTGCAATARATTCTTCTTTTTTGTAGACGTTACAAATGT TGTCGAAT TAGACTATGET TTTGGGAGGATGATCGET TTG
E.c.c35 | E.c.-10 5D fHET

C 5’region upstream of ATG start codon of C. thermocellum celB

CAAAATGATTTTGTTTTAGTfTTTGGCATGGTCAAGTAACCATGGTTTTTTTATGGCTGGAAAGGCTTGGTGTATGGTGCTTGTGAGRTATGATATTAGT

1(-35) (-10)4 1(-35)
TTATTGTATTTAAAAAAATAATATGATATGATAAGAT TGGAAATCAGT TTACAAACAAGTATTACCCAGATAATACT TTTTACATATACTTGTGARATYT
1-10) E.c -35 E.c 10 E.c -3%

AATATTTTATGGGGGTEACGGA?TTAAAATTTTTAGAGAAAAGTATTTGCCTGTATATTTTAACCTTAATTTAATTAGTTTGTTTAGGAGGAAAAATGCA ATG
E.c -10 TS0 fMET

—_—
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-35 sequences- for known i)romoters recognized by E. coli and B. subtilis RNA po!ymgrases.
Some of the core regions used to search the 5’-sequences are shown in Table 5. vVar.iations of
the -10 and -35 séquences also used in the search but not included in Table 5 are from 54
promoters recognized by E. coli sigma factors and compiled by Siebenlist et al.(1980; see
Appendix. B). NoB. subtilis -10 and -35 recognition sites were found in either the B-amylase
or C, theﬁnocellum celB sequences. E. coli 6™ reﬁognit_ion sites were found in the B-éfnylase
scquencé, but the -10 and -35 like sequences found in thé celB’sequence were closer than };as
been found in functional E. colf promoters, It is possible that an E. coli-like promoter is
further upstream or downs;tream from this 300 bp regiron. -
_Upstream of the endoglucanase gené there is a second ORF, ORF-2. The transla.tion
of this putative 187 amino acid protein would begin at the ATG start codon at nt position 1064
| and end at nt position 5 11; the ORF-2 gene would be transéribed in the opposite direction to
- {bh]: endoglucanase gene. Figure 11 gives the DNA sequence, putative translation product and
regulatory sequences of ORF-2. The amino acid sequence has also been used to search t
NBRF and SWIS/PROT protein data base. A 28% similarity was found with the 1* 186 amino
acids of the E. coli lac repressor protein. This suggests that this protein coula be or could have
been a DNA binding protein with s;omé regulatory function for the endoglucanase gene or
some other distal gene. |
The ORF-2 sequence has a typical bacterial ribosome binding site 5’ to the start codon
and -10 lln_d -35 sequences that are similar to the major vegetative promoter sequences of
E. coli and B. subtilis. There is also a«l0.apnd -35 sequence similar to the consensus
recognition'.sem; B.subtilis 6®. In the 3’ region there is an imperfect inverted repeat
that could possibly functioﬁ as a rho independent transcription termiﬁation site.
2. Proteln coding region ’ :
The nucl;aotiae sequence of the coding region, the 3* untrans_iated region and plitative

amino acid sequence of the B. pofymyxa endoglucanase gene are give!n in figure 12.
|
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Table 5. Sequences of 10 and -35 regions recognized by E: coli and B. subtiis RNA

polymerases with various sigma factors.

note: sequences marked with * are consensus sequences

promoter/ ' -35 -10 References
sigma factor | |
E. coli ,
c" * TTGACA TATAAT Travers, 1987
Peaa TTGTAT TATAAT e Beguin et al,, 1986
Pras - "TTGCTT TATAAT Brunner and Bujard, 1987
Pa TTGACT GATACT " .
Prac TTGACA TATAAT "
Pacuvas TTTACA TATAAT "
Py - TTGACA GATACT "
Peia TTCAAA ~~.__ GACAAT "
B. subtilis
o® * TTGACA TATAAT Johnson et al., 1983
TTGACT .- AATAAT Pero et al., 1982
TTGACT CATAAT "
TTGAAR TATATT " il
SPO1 o®% T~-AGGAGA--A., RITTATTT "
‘ T-AGGAGA--A TTEGTTT "
T-AGGTGA~-~A TTTCTTT "
T-ATGAGA--A TGTTTTT "

‘ T-AGGAGA--A TTTATTT " .
o * CTAAA CCGATA Gilman et al., 1982
o? * TT-AAA CATATT Johnson et al., 1983
o * AAATC TA-TG-TT-TA " -
SPO1 g®¥3 * CGTTAGA GATATT o
a¥’ * AGGTT ° GG-ATTG T "

TAATGCTT Peroetal, 1982
AATTGATA "
GGTTTAAA TATTGTTT "
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FIGURE 11. NUCLEOTIDE AND PUTATIVE AMINO ACID SEQUENCE OF ORF-2.

Nucle'otide p;(‘)sitionlnumbers are placed on top of the DNA sequence. Th"e.numbering
used is with réspect.to the nucleotide positions of the DNA sequence figures for thé _
complete piecé of B. polymyxa gehomic DNA‘ ‘Fig 10, Fig.12). The numbers in bracketson - -
the far right of the sequences are 'th_e_ amino acid positions pf the last amino acid o éach -

line of sequence. The complementary strand position of the ATG start codon for the

endoglucanase has been underlined and labelled. Possible B. subtilis and E. coli <10-and... ... ... -

-35 promoter sequences have been underlined. The positioning of the -10 and -35
sequences have been marked with vertical arrows as in Fig. 10. Since again, no

transcriptional start site (base + 1) is known, the -35 (4-35) and -10 (4-10) position has

been marked relative to'the consensus position of the -10 recognition sequence. SD refers

to the putative Shihe-DeIgarno ribosome binding site. A possible transcription termination
site is shown by a pair of horizontal arrows which underline agy'p(erfect inverted repeat in

the sequence 3/ to the coding region. . - T
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mcmmnmnmmccrmncnglmrcmcnccrcctmnmm.
€mommen ENDOGLUCANASE

1(-35) 110, 1329

AATTTGTAACCEATTACATTTTCATYTTATGE _mrcrrcmmmsrmmrcmmncmmtrcarrcaw.rcmmr
. E.c -35 20 E.c.--10 20

B.s -35 o CATATT B.5 ~10 o 1220
7TATMCAACGGATTATCMGCTMGTAGGAMGTTCCCCTTGTAMAGATTCGTGAGGGAGTTTCCACCCCATATTTTTGGPCGCGCTTGTATATGAGT
' £¢-35) . 1-10) 1120
AGAGGCACGCTCTAACTCTTTATTTATTATAY TTTCCTGCTGTAAARGAAGGTATATAATAAAGTGAAAT TCACTTTACATACAGGT TGCAGAATATATA
E.c -35 - - E.c =10 :

1035
“ TTTGAARATTAGCACGCATGACATGCAAAAAAGAAAGGAGGGTAATT ATG GTA ACA ACG ATG AAG GAA GTG GCA GAA CGT 'GEC GGG

SD Met val Thr Thr Met Lys Glu Val Ala Glu Arg Ala Gly

. . : R ' 960

GTG TCG AAG AGT ACA GTT TCG CAG TTT CTG CAA AAG AGA TAC AAC TAT ATG AGT EAA AAC ACC AAG AAG AAG ATC

~ Val Ser Lys Ser thr Val Ser Gln Phe Leu Gln Lys Arg Tyr Asn Tyr Met Ser Glu Asn Thr Lys Lys Lys Ile

C ‘ 930 . o 885
GAG CAA GCG ATT GAG GAT CTC AGT TAT ATA CCC AAT $AG GTG GCA CGT AGT CTC AAG CAG AAG AAG ACC TTC ATT
Glu Gln Ala Ile Glu Asp Leu Ser Tyr Ile Pro Asn Glu Val Ala Arg Ser Leu Lys Gln Lys Lys Thr Phe Ile.

855 810
GTG GGG GTT ATT TCT TCA ACC ATT TTA TCG AGA TTT ACA™MCA GAA GTC GTG CGT GCC ATT GAA GAT GAA TGC CAA
Vol Gly Val Ile Ser Ser Thr Ile Leu Ser Arg.Phe-The Jhr Glu Val Val Arg Ata [le Glu Asp Glu Cys Gln

.740 ' ' 735
CTG GAA AAT GTC CAG GTC ATT GTC TGC AAT ACC GAT GAT GAT TCG CTC AAA GAG AAA AAG TAT GTR CAG TCG ATG
teu Glu Asn'Val Gln val Ile Val Cys Asn Thr Asp Asp Asp Ser Leu Lys Glu Lys Lys Tyr val}Gln Ser Mat

. 703 . ‘ . 660
ATT GCT CGG CAA GTG GAT GGA CTT ATC ATT TTC CCG ACG GAA GAG AAC. AAG AAA TTA ILT GTT TCC CTT GTC AAA
Ile A'a arg Gln Val Asp Gly Leu Ile Ile Phe Pro Thr Glu Glu Asn Lys Lys Leu Tyr Vol Ser Leu Val Lys

630 ‘ ' 585

AAT GGC TAT CCC TTC GTG TTT GTG GAC CGA AAA ATC GAT GAA CTC AGC GTA GAT ACG GTG CTA CTG AAT AAT GAA
Asn Gly Tyr Pro Phe Val Phe Val Asp Arg Lys Ile Asp Glu Leu Ser Val Asp Thr Val Leu Leu Asn Asn Glu

550 ‘ _ 510

AAG GCC AGC GAG CTT GCG TTG AAG CAC YCA TTG AGC ATG GTC ATA ACA ACA TTG GGA TTA TCA CGT TCC CCT TAG

Lys Ala Ser Glu Leu Ala Leu Lys His Ser Leu Ser Het Val Ile Thr Thr Leu Gly Leu Ser Arg Ser Pro #»**
520 480 ) 440
GCMAMAGCGATCACCACACGMGTGAGCGAI:TGTCAGGTTACCGAAATACI:CTGGGTA.MCATGACATACCCGTGMTGAMACTATATCAMAGCGG

CAGGTTGGATGAMTGCCTAATCTGATTGGATQCTATTTCACATGGAGA

68 -
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(}8)
(63)
(68)
(113)

(138

(i 63)

(187)
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FIGURE 12. DNA AND PUTATIVE AMINO ACID SEQUENCE OF B. polymyxa
. [ -

L

B-1,4-ENDOGLUCANASE GENE AND 3/ UNTRANSLATED REGION.

The protein coding region is from nucleotide 1447 to 2640 of the 3135 base EcoRI - Pst]

fragment. The nuninbers on top of the sequences are the amino acid position while the
numbers in brackets on the far right are the nucleotide position of the Iést nucleotide on
the line. The nucleotide position numberg continue from the nufnbering of the 5* region of
the 3135 base -coRI - PstI DNA fragment in Fig. 10. :T'he 5 Pstl sitg_that was Initially
l‘used-lMJZ promoter (Fig. 7) has been marked over amino_;lcids 29-31. ‘The3’ |
EcoRI site of the 2.35 Kbp EcoRI frdgment has been marked over amino z}gids 317-318.
Three inverted repeats capable of forming a hairpin and loop structure in the 3’ UTR of

the gene have been marked with arrows under the sequences.
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The Pstl site which defines the 5 end of the original expression clone (M13 Bp-I 1 or |
pC2.2)is ﬁark_ed at amino acid position 33-34 in figure'12. The amino acid sequences 5
to the Pstl site appear to be part of a putative secretion signal seépence. Comparison of
this sequence to the B. ﬁalymyxa B-amylase secretion signal sequence is shown in figure 13.
Both sequences exhibit a similar distribution of charged and hydrophobic amino acids
. corhparable to signal sequences of B. subtilis .(MacKay etal,, 1986).
During the course of preparing 3/ deletions of the 1.6 kbp PstI fragment in mp?9 for
, Sequencing, each of the deletion clonés was tested- for endoglucanase-activity to help
localize the functional regions of the gene. Figure 14 shows that expression of CMCase
activity is rapidly lost with removal of only a small amount of the coding region defining the
carboxy end,of the endoglucanase, These results are in marked contrast to those obtained
for C-terminal deletions of the B. subtilis endoglucanase (Lo et al., 1988; Mackay et al.,
1986). This same type 6f deletion analysis could n0£ be as easily done with the 5/ end
because there was no promoter for the gene wﬁen in the opposite orientation in the vector,
3. 3’ transcription termination
No simple transcription termination sequence of the inverted repeat‘type followed‘ |
by 6 to 8 T's was found as described earlier by Platt and Bear (1983). Three inverted K-‘a
repeats were ff)und inthe 3’ UTR and h;\; been marked in Fig. 12. There is a possibility |
that transcription is not terminated properly by any sequence of tﬁis DNA fragment when
in E. coli, Figure 15 shows a plate assay for lacZ a-peptide formation in E. coli cells
" containing either pUC 9 or piJC 9 + 1.6 kbp PstI fragment (clone pC2.2); These résults
show that some a-peptide is made in the same colonies which express the endoglucanase
gene. In Fig. 12 an ATG exists at nt position 3114 which could function as the initiation of
translation for the truncated a-peptide. No consensus SD sequence appears upstream of

this start codqn. This would greatly effect the ability to translate the sequence and may be

why the E. coli harbouring pC2.2 produce a lighter blue coloréd colony.
. -k

O
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FIGURE 13. COMPARISON OF THE SECRETION SIGNAL SEQUENCE OF THE B. polymyxa
B-AMYLASE TO THE PUTATIVE SIGNAL SEQUENCE OF THE

3-1,4-ENDOGLUCANASE. .

The hydrophobic regions underlined, were found using the parameters of Kyte and

Doolittle (1982). Hydrophobic values for each amino acid were averaged out over 3

residues. Charged residues have been marked with a » sign. Vertical double bars mark the

signal sequence protease cleavage site in the B. polymyxa 8-amylase (Kawazu et al., 1987)

-

and the putative cleavage site in the B. polymyxa endoglucanase,

S
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FIGURE 14. EXPRESSION OF 3 'DELETiON CLoNES OF THE B. polymyxa ENDOGLUCANASE
GENE. -

[ . . - '
(A) Relative lengths of five 3’ end deletion clones are shown. The large box represents the
size of the original PstI 1.6 kbp B. polymyxa DNA fragment jsolated (Bp-P1). The activity
of each clone was assayed by spotting 10\1,1\1 of culture supernatant on an agar plate
L'onmining 0.1% CMC, incﬁbating for 05 hr at 50°C and then staining with Congo Red,
Results are shown to the right of the DNA map. (B) The 3’ fusion between the
B, polymyxa DNA and the vector DNA is shown for t}_le shortest active clone anﬂ the

longest inactive clones. The amino acids fused onto the tfuncated endoglucanase as a

result of the fusion with the M13 DNA are sh6wn in bold type.
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FIGURE 15. SIMULTANEOUS EXPRESSION OF THE B, polymyxa ENDOGLUCANASE AND THE -

lac a-PEPTIDE.

(A).E. coli IM101 transformed with either pUCY or pC2.2 were grown on the same plate
containing Bluo-gal and IPTG. (B) The samei)late as in {A) after Congo Red assay. Black

T ——
arrows denote E. coli colonies transformed with pC2.2, Open-arrowspoint (o a colony -
. e C

which produces no blue reaction

&
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G. Amino Acid sequence comparisons
1. Initial comparisons of all published cellulase sequences

All published cellulase amino acid sequences studied to date were compa'red
pairwise by the MATCH sequence aligriment program. Each match was given a positive
value of 10. Gzips{ were charged a value of 20 + 1 times (the number of reSklues in the
gap). The list of the sequences vsed is presented in Table 6. The scores given, by the
MATCH program are presented in Table 7. The percentage éimilarity from amino acid
alignments by the MAT(';‘H program are presented in Table 8. The DNA sequenée of the
B. subtilis strain IFO 3034 endoglucanase gene (Nakamura et al., 1987) was not used in this
analysis since its predicted amino acid sequence was highly homologous (94% with no gaps
in the comparison) to both the B. subtilis PAP115 and DLG endoglucanase. |
2. "Jumble test"

The "jumble test" as termbd by Doolittle (1986) is used to asses the significance of
any similarity found between two proteins that are only marginally simi!a'r. The sequences
of interest were randomized and recompalteci 0 times. This r'ecomparison isdofieto
check for ahy possible bias of amino acid r;gues which might give a higher than relevant
% similarity valuesfrom the comparison of the original sequences. The value, sometimes
called *distance’, of the comparisons of thé randomized sequences were compared to the
, alignment values of the b;iginallsqu;ences to determine the statistical relevance of the
% similarity values given in Table 8. The values for "jumble tests” done on eight pairwise
comparisons are given in Table 9. "f'he B, polymyxa and C. thermocellum sequences are very
significantly similar at 36 standard deviation units from the mean of the randomly
compared sequences. The S. commune EG2 and T. reesei EG3 are also very similar. Both
of these comparisons most likely demonstrate an evolutionary connection between the

~sequences. The "jumble test” results of B. polymyxa EG vs S. commune EG2 and the

B. subtilis B-1,3-14-EG vs the C. thenmocellum celD are contrary to the results of Table 8
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Table'9. "Jumble test" values for several pairwise comparisons of cellulase amino acid

T. reesei CBH2

sequences. B
-
Sequences Distance  Mean Dist. D-M Probability -
D M +/-8 S
B.polymyxa EG vs. 3910  -48.00+/-9414 3643 )
C. thermocellum celB _
B. polymyxa EG vs, 2780 -45.00+/-1499 217 -1.49 x 10?
B. subtilis PAP115 EG ‘ .
B. polymyxa EG vs. 5207 - -38.50+/-133¢ 101 1.56 x 10*
S. commune EG2
B. subtilis PAP115 EG vs. -26.0 -37.85+ /-8.72 -1.36 9.10 x 10
C. thermocellum celB _
.B. subtilis PAP115 EG vs -82.0 -28.95+/-10.58 5.0 2.67x 107
S. commune EG2 . . ‘
¢ .
_ B. subtilis 8-1,3-1,4 EG vs. -48.0 -42.90+ /-10.31 0.49 3.10x 10!
.G thengcellum celD . .-
< _
S. commune EG2 ~ " -402.0 3345+ /-7.47 49,37
T. reesei EG3 ‘
C. fimi cenavs -114.0 .-44.7b+ /-15.80 4.39 5.73x 10%

D = Distance value of comparison of initial sequences
M = Mean distance value of 20 comparisons after the initial sequences have been

randomized

S = Standard deviation of the 20 comparisons
The ‘Probability’ column gives the calculated probability that the Slmlldl'lty between the

sequences occurred by chance




t
Ll

L - 82
but in égreement with the low MATCH values pt: Table 7. The comparison between cenA ‘
of C. fimi and T. reesei CBH2 has not been noted in the literature. The results from this

)
B ..

comp,arlson show that thereisa 1in S~7)t 10° probability that the similarity that exists
between these two protems happened by chance This comparison might not have any

evolutlonary significance, but it may show an analogous structural similarity. The same can

* i

o "‘probably be said aJso of the comparlson ot' the B. subtdts PAP115EG and S. commune
EG2. AIthough the MATCH value ana % sumlanty were low, the jumble test calculates \

that there jsa 1in2.7x 107 probablhty that the s:mlldrltles occurred by chance, .

———
]

3. Am!no acid sequence allgnments

The hig!:nest similarity of the putative B/ polymjzxd endoglﬁcanasc amino acid
sequence was to the C. thermocellum celB endoglucanase. An alignment was r.nade. by _the
MATCH program of these n;\}o seql_lenc;zs.and-is pr_es,entec_j in Figure 16. Direct matches
were boxed. A putative site connected with eniymatic ‘ft.mctiox} (sub'strate binding ahd/or
catalytic activity) is surrounded by a double box. The choi'ce of this site'was baised on

further alignments seen in this section (Fig. 17) and reasons given in the discussion.

From the match and % similarit); values in Tables 7 and 8, tﬁe’re isa group of

enzymes which seem to be mterrelated They include all the Bacitlus - B
. F
B-1,4-endoglucanases, C. thennocel[um ceIB Enwma chrysanthemi endoglucanase and the
e,

two fungal sequences S. commiine EG2 and T. reesei EG3. They are not all significantly
\

: o g ® : !
similar (greater than 25% similarity) to each sequence in the group, but they do have a
notable similarity to at least one other protein in the group. These‘eight séquences were

‘aligned together by overlaymg pairwise alignments made by the MATCH program of the
!
sequences most alike. This multlple alignment of amino acnd sequences is shown i in F:g 17.

Several gaps were removed from the mulnple ahgnments where no residues were ahgned
between at least four of the sequenges. This was done in order to conserve space.

These results indicate that a consensus three residue sequence appears in all eight " .

-

sequences. This Asn-Glu-Pro sequence is most likely the site of the proton donating

’
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FIGURE 16. AMINC ACID SEQUENCE ALIGNMEN’I‘ OF THE Bacillus pob:m)ma

-

(;j ENDQGLUCANASE VS. THE Clostridium thennocel!um celB ENDOGLUCANASE.
(The P

utative amlgacxd sequences from the B. polymyxa endoglucanase (EG) and,

C. thermocellum celB genes were aligned using the MATCH program. The optxmlzed '
‘ziligt;ment did not match the carboxy end of the C. thet‘mocellum celB sequence aftér
‘residue number 434 to any of the B. polugyxa EG sequence. Amino acids in the same

positioh in both sequences have been boxed in. A double box has been put around

- sequences believed to be part of the active site. "---" SIgmfies gaps put in by the computer

" to optimize-the alignment under the given constraints (see text section G.1 of Results).
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glutamic a'cid'described in the lysozyme model of substrate hydrolysis.(eée Introduction,

sectxon D. 4) Common polar residues like glycine appear throughout the sequences and
are aligned in several spots but consensus residues thh at least 7 of the'8 sequences
appears most often with hygrophobxc residues. L v -

\After 220-250 residues from the NH,- termmus, the number of ahgned amino acids

~lessens significantly. No residues ahgn in at least 7 of the enzyme _sequen(’:es after this

point. The next 70 to 100 amino acids in at least three of the‘enzyrrte eequences are known
to be necessary to retain endoé,lucanase activity Deletions of the 3’ end of the | .
endoglucanase genes of both the B. subtilis PAP115 and alkalophlhc Bacillus sp No. 1139 X
have been done to show how short the enzymes can be and remain acnve.(Sehgy etal,

1987; MacKay et al., 1986; Fukumori et al., 1987). The*carboxy termmus of the longest

deleted protein that produces an inactive enzyme, as well as the terminus of the shortest

" active enzyme for the B. polymyxa, B. subtilis and B. sp. no. 1139 endoglucanaees, are shown,

]

on the sequences in Fig. 17. The 3’ endpoint of the deleted dctive clones are all within 46 :
amino acids of each other in the alignment. Within this region is the carbt)xy end of both

of the fungal sequences, There is a large carboxy region of it least 100 amino acids after
these eltdp,eints in 4 of the sequences shown here (B. subtilis, C. thermocellum celB, B. PN .
no. 1139, B. sp. N-4). E. chrysanthemi has a carboxy end only slightly longer than the fungal
and B. polymyxa seqhences. The agydi.tional 37 sequence may have some functional
significance. The possible function of the ’sequences will be elaborated on in the
Discwsien,'section F. A

4. Hydropathy plots ..

Inthe comparisons and the dlignments presented so far,- no consideration was given

to possible conservative amino acid changes between enzyme amino acid sequences. To

attempt to do this hydropathy plots were made of each of the 8 sequences previously used

in the multiple alignments in Fig. 17. No overall consensus pattern was observed in such

plots. However the region sur‘ounding the proposed active site region, the consensus Asn-



-

Glu-Pro sequence, had some sumlanty between all of theq:rakaryotlc sequences, but not
the funga.l endoglucanase sequences. The.hydropathy plots of this reglon for each |

sequence is shown in Figure 18. The plots are ahgned together with the Asn-Glu-Pro

89

' sequerices. The hydropathy_ plots for the whole protein of each of ﬁe eight endoglucanase |

sequences are included in Appendix C of this thesis.

. < .
|
| 4
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FIGURE 18. HYDROPATHY PLOTS.OF THE REGION SURROUNDING THE CONSENSUS * _
PASN-GLU-PRO RESIDUES FOR EIGHT ENDOGLUCANASES. - :
R ~

~ ‘

_These plots were generated separately by the HYDR® program of the COMPMOLOGEN

sequence analysis package (see section 1.2 of the Material and Methods) using the method

of Kyte and Doolittle (1982). Values were averaged over 6 residues. The plots have been

lined upﬁusing the Asn-Glu-Pro sequénce whose position has been mmrked with a doubte

vertjcal line. A singlé vertical line 30-45 residues towards the carboxy-terminus marks the

-

consensus Ile shown in Fig. 17.

f\'
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IV. DISCUSSION -

.

Derivatives of the phage M13 have been widely used in secondary cloning

A. Cloning of cellulase genes -

-\ tecl;niques because of the many useful DNA manipulation techniques available to it. Some
of these techniques include: site specific mutagenesis, single stranded probe preparation,
C-test deter;inét‘ion of fragment orientation with%ut DNA purification, isolation of
heterologous duplex DNA by S1 nuclease protection and the dideoxy chain termination
method of sequencing. To my knowledge, this is the first report of the use of an M13
vector for cloning genes from a genomic bank by direct expressibn of its enzy'ime product.
Genho—n\{iwévc‘:'faiés of B. circulans and B. polymyxa were successfully isolated using M13 as the
) ri{nary vector. The two substrates employed for direct screening of endoglucanas'e
| Cngression on blatesbwere easy to use and circumvented the need for'replica plating. The
use of OBR-cellulose for screening of EG clones is a new application. Howe;.rer, other
: 'researchel;s in the past have used the CR a;ssay to clone and express EG genes by plasmid
. vectors in E, coli (Gijsegem et al., 1985; Koide et al., 1986; Park and Pack, 1986; Wolff et
él., 1986; Romaniec et al., -1987; Kim et al., 1987; Seligy et al., 1987; Sharma et al., 1987;
Barros and Thompson, 1987; Ohmiya et al., 1988; Faure et al., 1988) and once by the
bacteriophage lambda (Kotoujansky eté:;l"..,"i9'85). Lambda vector £47-1 was uséd to isolate
~cellulase genes from Erwinia chrysanthemi ir; E. coli because it would lyse: the cells in the
lytic cycle rcléasihg enzymes that might not have been secreted by E. coli (Kotoujansky et
al, 1985). Lysis of the E. coli cells was not nect;ssary for detecting expression of this gene
(Gijsegem et al,, 1985) or any other cellulase genes expressing mE Coli as demonstrated by
the use of plasmid vectors already mentioned. _
The DNA fragments that were successfully cloned ciuring the course of this work

- ranged from 1 to 3 kbp. These fragmentS appear to be small enough to be stably inserted

into the DNA of the M13 phage. In contrast the 6.2 kbp Hind III fragment M13 clones

4
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(Results section E) could not be purified in my Lands to any homogeneity. The clones

Wl:lich- were isolated with the presumed HindllI fragment were expressing CMCase aétivity.
This is interesting because the final constructs of the 5 and 3’ end of the endaglucanase
gene did not express any.activity even though theie was 1.4 kbp of DNAb—GﬁsIfréam of the
defined EG coding region. The original CR* clone could have been the r;:sult'of a
recombination event, but if so the recombinant must have been unstable. M13 is hehev::d
to be limited in including large heterologous fragmentb of DNA stably within its own DNA
"This is possibly due to its requ1srte single stranded DNA stage of propagation which
produces an environment open to deletions, insertion and recombination of DNA due to
intra-strand interaction. Strains of E. coli have been develdped trying to solve this problem

(Yanisch-Perron et al., 1984).

B. DNA characterization
From the DNA-DNA hybridization results of Fig. 3C, it appears that both
‘B. circulans and B. subtilis have very similar genomié organizations at léust in the vicinity-af
their respective endoglucanase genes. The EG re[ated‘-DNA fragments generated by
digesting the genomic DNAs with Pst{ ar;d-the EcoR1! appear to be the same. The only
difference is the extra Hind1Il site in the PAP115 genome at the 3’ end of the
endoglucanase gene. From the-work of MacKay et al.(1986) thi;; HindlITI site is {pcated 3
nt downstream of the B. subrilis endo‘glucanase gene TGA stop codon and 8 ﬁt upstream of
the inverted repeat_\ghich may serve as the gene's transcription termination site.
Data in Fig, 3C also shm\; that there arg' sequences in the B. circulans 3.4 kbp
- HindlIII probe that are partially ﬁomologous to sequerites in other regions of the genome
in both organisms. This could possibly be representative of other gene(s) similar to, but
not duplicates of the genes alread_y cloned from these two genorrnes; Firstly, only one type

of endoglucanase gene for both the B. subtilis and B. circulans was found among the several

".h

~ clones. If more endocellulase genes did exist there is a good chance that they would have -

~

been also isolated. Secondly, it is known that the B. subrilis 2.9 kbp and 0.5 khp‘Hindlll

. . . \
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fragment counterparts of the B. circulans 3.4 kbp HindIllI fragment used for probing the

genomic DNA, contain orly one comp[et_e functional, endoglucanase gene that is 1.6 kbp in
length. In an. 3C the HindIII digests of B. subtilis and B, circulans, a smgle extra fragment
¥ of 0.7 kbp i in length hybrldw?af'to the probe which woulll truncate a duplicate
endoglucanase gene. Smce a truncated non-functional gene would unlikely be preserved in
two different organisms, the fragments are more likely homologous to a region of the 1.8
kbp of extraneous DNA on the HindIII fragtﬁeﬁt. There was 1.5 kbp of extraneous DNA
to the B. subtilis PAP115 endoglucanase gene breviously characterized by MacKay et
al.(1986.). It had an ORF of an unknown size but at least 420 nucleotides in length:-This

" ORF could have a homologous gene eIsewhere in the genome.

Only one fragment hybridizes to the B. polymyxe endoglucanase-gene probe in each
lane with digested B. polymyxa DI;IA (Fig. 3C). Therefore the B. polymyxa endoglucanase
gene is a single copy gene within the B. polymyxa genome and as far as DNA-DNA
hybridization can show, it is'very different to the genes of B. subtilis and B. eimulems. The

.
finding of only one copy of this gene in the B. polymyxa genome does not prove that it is the

only endoglucanase gene in' B. polymyxa. Since it is possible, as will be discussed later, that
the RNA polymerase recegnition sequences of B. polymyxa are not recognized by E. colia
second endoglucanase would not have been expressed unless a chance fusion‘with tlle_%
gene occurred.

There has been only proof of a one base pair mutation difference between the
B. circulans and B. subtilis endoglucanase genes so far. The simifarity has been checked by
REN site mapping, DNA-DNA hybridization, S1 nucleases pr'otec-tion assay, and
SDS-PAGE of the protein products. Although the sensitivity of these assays are not equal
to DNA sequencing, the B. circulans gene is most likely as close in homology to B. subtilis
PAP11S as any of t.he other B. subtilis endoglucanases genes isolated so far. The Bacillus

species isolated by Park and Pack (1986) has an endoglucanase gene isolated from it that

has been described as being of "B. subtilis origin" (Lee and Pack, 1987), but the isolated

-



organism is not called B. subtilis most likely because ;he standard biochemical and
morphological examinations have not been done. The tests to classify the Bacillus isolate
of Robson and Chambliss (1986) are frofh a Bacillus handbook (Gorden et al., 1973)
produced by the United States Depanmenmf Agriculture '(USDA) and from Wolf and
Barker (1968) None of these tests are as rigorous as those used to define speme&of hlgher
order orgamsms. "There is no agreement among bactenal systematists as to a suitable
defjnition of a ‘bacterial species™ (Mandelstam and McQuiilen, 1973). A genotypic based

system of classification has been argued to have the problem of including organisms which

may be able to exist in very different environments because of small differences in the

genomes or extrachromosom;l DNA (e.g., heat sensitive mutatibps in genes, 8-lactamase
gene). This problém still exists in a non-genotypic system of classification and can be seen
in medical environments where new antibiotic resistant mutants of infectious bacteria have
not been reclassified even if they can exist in a new ecological niche. In Bergey’s Manual of
Determinative Bacteriology (Buchanan and Gibbons, 1974) if a microbe tests positive for
90% of the mo:pholog-;ical and biochemical tests used for classification it is considered to
be well classified. I believe the burgeoning amount of molecular genetic information
resulting from st;ldies like this thesis should be used for the reclassification of
microorganisms. | ’

A xylanase gene from the same strain of B. circulans used in thesis l;zig recently
been isolated aﬁd sequenced (Yang, 1988). I have compéred the predicted amino acid
sequence of this xylanase to one isolated from B. subtilis (Paice et al., 1986) and found very
little difference between them (<0.5%, comparison not shown). Having two genes in this
strain of B, circulans that are as homologous as the intraspecies variants of the genes of

B. subtilis suggests that this strain of B, circulans should be reclassified as B. subtilis.

-
C. Expression and secretion

From the results of the protein-electrophoresis in Fig. 6A and 6B as well as the

expression data of Table. 4, it would appear that the B. circulans clone, pCH.7 produces’

95 °
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more endoglucanase than the B. subtilis clone, pC6.3. This did not seem to be the case with

the expression of these in genes in their parent Bacillus hosts. The results of Fig. 6 also

suggests that most of the endoglucanase produced by both these clones is cell associated.
This is contrary to the findings of Lo et al. (1988) but is in agreement with all other work of
Bacillus species endoglucanases expressed in E. coli (Sa.shihara et al., 1984; Robson-and
Chz{mbliss. 1986; Koide et al., 1986; Fukumori et al., 1986; Pa;k and Pack, 1986). Lo a'nd'
coworkers have shown quite clearly with endoglucanase specific antibodies to Wesier‘_;ri 1!.

blots of the cytoplasmic, periplasmic and extracellular proteins that the bulk of the

endoglucanase protein is extracellular. Their assay of endoglucanase enzymatic activity

using cytoplasmic and periplasmic enzyme markers supports this result. The major”
difference between the work of Lo and coworkers and all the other studies including this
thesis is the use of E. coli JM 103 as the host. Most of the other studies including this thesis
used E. coli HBIOL |

It is clear from Fig 6C that the endoglucanases from the B. circulans and B. subtilis
clones are the major extracellular proteins. This does not seem to be the case for the
B. polymyxa endoglucanase clone. While producing large amounts of cell associated
endoglucanase, very little is secreted outside the cell. As DNA and predicted amino acid

e

sequence analyses showed, the B. polymyxa gene responsible for expression in E. coli did

. not have a leader secretion sequence which is most likely needed for optimal extracellular

L]

expression.

D. Sequence analysis of the cloned B. polyrmyxa DNA
1. Endoglucanase gene H

Thé endoglucanase gene codes for :i putative translation produét of 397 amino
acids. The predicted,molecular weight of this protein would be approxir;'lately 44 kDa. The
estirpatéd size of the protein in the SDS-PAGE gel of Fig. 6A is 37 kDa which is low
considering that this protein lacks 22 amino acids due to the fusionlwith the lacZ gene.

The fused protein should be 41 kKDA. The discrepancy in theoretical and determined

e s e
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molecular weight by SDS-PAGE is probably due to error in the latter procedure. No ’

precursor form of the protein that might be transformed into the shorter form by
proteolytic cleavage is visible in Fig. 6A or 6C. The ORF is most likely not shorter tﬁan
that predicted because the 3° end of the gene haé been well defined by the deletion clom;s
presented m Fig. 14. |

-

o~

No definite promoter or transcription termination sequences were found upstream
of the coding region of the B. polymyxa endoglucanase gene. Cloned genes tﬁat are
transcribed in E. cbli must have se(iuences that are recognized by the DNAhdependent
RNA polymerase holoenzyme Ec™. The RNA polymerase responsiblé for the
transcription of genes during the logarithmic stage of growth in B. subtilis, Eo*, recognizes
similar sequences. Transcript mapping of the B. subtilis DLG endoglucanase gene
indicated a transcript start 48 nt upstream of thé translational start L:odon with sequences
TAGACA found in the -35 position and TACAAT in the -16 position (Robson and
Chambliss, 1987). The conszansus sequences for E. coli E™ are TIGACA (-35) and
TATAAT (-10). For genes that do not have promoters like E. Eoli, they ml{s/t_}&__-;we_
sequences that can be used for that purpose. This was seen by Bééuin et ai. (1986) when
transcript mapping of the C. thermocellum celA gene in C. thermocellum and E. coli
demonstrated that two different sites of transcript initiation were used by the different
organisms. The major transcript in C. thermocellum started 56 bases before the start codon
and had -35 and -10 sequences very similar to that required for B. subtilis 0* which is a s
mingr vegetative initiation factor. In E. coli the start of transcriptiori was 135 bases
upstream of the start codon and had -10 and -35 sequences like those recognized by Ea™,

.The cenB pene of C. fimi was not transcribed in E. coli by its own promoter. It was found
to have -10 and -35 sequences, GACGAT and TTGACC respectively, which are very
similar to the promoter of the Srreptbmyces erythraeus ermp2 gene and are known not to be
used efﬁcie}tly by E. coli RNA polymerase (Greenberg et al., 1987b). The cenA and cexA

genes of C. fimi are ’éxpressed in E. coli (Gilkes et al., 1984} but it is not known whether the

f

w§
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promoters were supplied by the yect;)r or the cloned"sequerzccs. Transcript mapping of
mRNA from C. fimi found prorﬁoters that were again similar to that found in Streptonyces
species (Greenberg et al,, 1987a) and most likely not recognized by E. coli RNA "
polymerases. | '

- The best E. coli -10 and -35 promoter-like sequences found 57 to the B. polymyxa
endoglu.canase gene i'nad_a space of 23 nucleotides between them. The spacing most often
f;:)und-is 16to 18 (Tfavers, 193'7;). The ufide spaeing could be th'é reason for the lack of
expression when the 5 and 37 sections of the gene were fused together. In Fig, 10, the two
re’lated‘éepe secju;ances had -10 and -35 E. coli promoter regions which conformed slightly
better than the B. polymyxa sequgﬁces. The spacing between the ;wo regions was 19 for the
" B-amylase sequence and 15 for the ce/B . The sequences outside of the -10 and -35-

regions also have a strong effect on transcription (Travers, 1987). These sequehces are not
well understood and may have more of an effect on the lack of transcription of the
B. polymyxa EG gene than the spacing between‘the -10 and -35 regions. The only bacillus
promoterﬂsequences found, were similar to those recognized by 6*. The RNA polymerase
holoenzyme Ea* is known to transcribe genes during the onset of spore formation in
B. subtilis (JQhnson et al,, 1983). It is not known whether this holoenzyme is specific flor
sporulat-io genef. However, the endoglucanase ig apparently produced in the greatest
-amounts when there is a readily usable calzbifr};source not during times of limited nutrients
(Fogarty and Griffin, 1973a). There have been }10 promofer sequences of B. polymyxa yet—
defined, so there is a possibility that they could be different from those of B. subtilis.

| Some inverted repeats were found in the 3/ region of the B. polymyxa gene.

However, they do not fit the consensus form of a rio independent transcription terminus
(Platt and Bear, 1983) because they a-re too short and they are not surrounded by a poly T
sequence. The typical hairpin loop transcription terminus has been found at the 37 end of

several bacterial cellulase genes (MacKay et al., 1986; Grépinct and Béguin, 1986;

Greenberg, 1987a) suggesting that most of these sequences are monocistronic. The
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termination of transcription of the B, polymyxa gene could be dependent on an additional
factor like the rhio protein. These complex forms of transcription terminations are not well

9 -
known (Platt and Bear, 1983) least of all in B. polyrmxa.

2. ORF-2

The putative protein sequence of ORF-2 has been found to have a 28% amino acid
similarity to the/first 186 amino acids of the E.coli lac repressor protein. The N-terminal
région of the lac repressor protein is known to be responsible for binding to DNA. The -
lactose bindinjy/site and region needed for aggregation into the repressor’s tetrameric forr;z

occurs in the latter half (Betz, 1987). This suggests that the ORF-2 protein is probjably a
DNA binding protein.

The arrangement of a repressor gene with'a divergent direction of transcription

" relative to the gene it controls exists in the B-lactamase locus in B. licheniformis (Salerno

. ‘ !
and Lampen, 1988). This arrangement could exist between the ORF-2 protein and the

B. polynmyxa endoglucanase gene, but none of the Bacillus endoglucanases studied have
been shown to be inducible. From the work of Fogarty and Griffin (1973a) the B. polymyxa
endoglucanase activity is expressed when the organism is grown in a wide variety of carbon
sources including glucose and sucrose. Although some putative transcription and . i
traﬁslation regulatory sequences have been identified in Fig.li, ORF-2 has not been
examined in any detail to predict if any tr;.mscripts or protein products are produced from
it in either E. coli or B. polymylxa. Since the possibility does exists that ORF-2 could be
producing a repressor protein which might affect the production pf endoglucanase, E. coli
clones bearing the 5’-3’ reconstituted endoglucanase gene should be examined in closer
detail for the production of a 20 Kda protein, the approximate weight of the putative

protein produced by ORF-2. The cloned 5°-3 reconstructed fragment should also be

examined for endoglucanase expression in E. coli after deletiﬁéjust the ORF-2 region.

E. Amino acid sequence comparisons

The results of the amino acid comparisons are presented in two forms. One as the
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MATCH program value which has been maximized to achieve the optimum alignment of
two sequences under the given constraints and the second is the percentage of direct |
matches of ap amino acid residue in hoth sequéncgsxelative to the total number of amino-
acids in the smaller of the two sequences. This second value is universally familiar for the
discussion of sequence comparisons. R.F. Doolittle has set atule of thumb for deciding if
the % sequence similarity is significant (Doolittlef 1986). Two sequences longer than 100
residues and greater than 25% in identity are very likely related. Random sequences can be
10 to 20% identical, but sequences with a similarity of 15 to 25% are in, what Dochittle_
térmed, the "twilight zone". This region of sithilarity needs further statistical testing to
establish a degree of confidence like the "jumble test” which has been described in the

Material and Methods, section 1.2.

-

b

" The pl.'oblem in using % similarity as a unit ol; comparison for discussion is t\hat it
does not represent the constrain §‘t“l'1:'i) the sequences were under for the comparison. A
small sequence con{pzlrea to a Iége seqﬁence will give a high % similarity if the penalty for
inserting a gap is low. Gaps could be frequently placéd between each residue, giving each
residue of the small sequence the possibility of several residues to align with. The

MATCH value takes into account the number of gaps and their lengths. In the case
described ;lhOVe the small sequence r'night. have a significant % similarity, but it could still
have a very low MATCH value, An example of this is in Tables 7 and 8. The
B-1.3-1,4-endoglucanase from B. subtilis was also compared to.the cellulases to see if any
similarities exist. At 242 amino acids in length, it is much smaller than m(-)st of the cellulase
sequences. The comparisbn to C. thermocelfum celD (649 amino acids) gave a % similarity
of 25% but the MATCH valué for this comparison was very low at.341. Significant
:lmounts of similarity from examining the scores and alignments have MATCH values of at
least 700. The "jumble test” of these\ two sequences gave a calculated probability of 1 in 30

v

that this similarity happened by chance which seems quite probable,

The comparisons of all the published cellulases exhibited a distinctive group of
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similar proteins which were use.d for the multiple ahgnment in Fig. 17. This group

mcludes all the Bacillus specxes, C rhemzocellum velB, Erwinia chrysanthemi celZ, and to a
lesser extent the two fungal sequences T. reesei EGIII, and .S' commune EG2. The bacterial
sequences have a relatively high percentage sum!arlty wnhm the group. B. polymyxa EG
had a low % similarity and MATCH value to the otl}er Bacillus sequences but a hlgh
amount of similarity of 34% to C. thermocellum celB. The C. thermocellum celB when
compared to ihe B. subu:lis sequences and the alkalophilic Bacillus sp. no. 1139 scored
significant MA;I‘CH values.’ Sbme similarity was already been feported between

C. theﬂnocellum celB and B. subtilis PAP115 (MacKay ét al.,1986). Similarity of the

B. subtilis PAPIIS EG to'the B. sp- 1139 EG and the Erwinia chrysanthemi EGZ was

reported by Guiseppi et al. (1988). The Erwinia chrysanthemi EGZ sequence also shows

strong regions pf homology to the Bacillus sp. N-4 endoglucanases N1 and N2 but does not

with either B. polymyxa EG or C. rhéhnoce!lum celB.
The jumble test of the comparison of B. polymyxa EG and the C. thennocellum celB
sequence shows that the comparisbn is significant and that these two sequences are most

likely related. Although both organisms are ‘gram positive’ and members of the Bacillaceae

- family, C. thermocellum is a thermophile and an anaerobe while B. po{_ymyxa is an aerobe

that cannot grow at temperatures above 30°C. Furthermore, the B. polymyxa
endoglucanase has no cysteines but the C. thermocellum celB sequence has six. Perhaps
these residues provide thermal stability by crosslinking domains of the C. thermocellum
endoglucanase. Thefte has not been muich similarity found between the other

C. thermocellum endoglucanase sequences and any of the Bacillus endoglucanases, The
DNA sequence 5 to the coding region of the Clostridium genes have been found to be very
similar to that of Bacillus sequences (Béguin et al., 1986; Schwarz et al., 1988). As
mentioned already, transcript mapping of the-_C. thermocellum celA gene suggests that the

major transcript is produced from promoter sequences reminiscent of the sequences

recognized by the Bacillus subtilis minor vegetative holoenzyme Eo® (Béguin et al., 1986),
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1. Evolution y

,Althoilgh I have angq:_;he eight diffe}ehgehcioglumnag sequencé'; Ltogethe:r, some
of these sequences share verg; few common. r_égidnsof identity. 'In terms of relatedness
through evolution, the results of the "jumble tests" and the MATCH values would suggest
there are three separate groups within thése sequences. The first includé the two fungal
séquenccs whose similarity has already been publish_ed:(Saloheimo etal, 1988). It shetild
be noted that the major shared sequences of 7. reels’é' EG3 with T. reesei EG1 and CBHII
are located in the amino terminal of T, reesei EG3 (Saloheimo et al., 1988) and nb£ in the
major portion of the enzyme. The next group of enzymes include the C. thermocellum celB
and B. polymyxa endoglucanases. This is a fairly unusually connection since both organisms
inhabit quite different environments. The third group would include the remaining Bacillus‘
species endoglucénascsfancii Erwinia chrysanthemi celZ. Erwinia éﬁrysanr}zemi is a known
piant pathogen that is truly celluloiytic. Al eight of the orgalnisms live in the sﬂc‘)j‘l, but only
C. thermocellum would need an anaerobic environment. |

Severg_/gstllhe cor;lparisons by the MATCH programs gave high ;falues but upon
examination with the "jumble test" these values were sta‘l‘tistically insié;liﬁcant. The values
assigned to different matches of amirio acids are provided by the Dayhoff matrix (Dayhoff
et al,, 1978). This matrix was created from the analysis of sever.al groups t')f well related
proteins. Certain mutations from one amino acid to another, happen quite fré&uently and
aré given a low value if matched. The change between Asp and Glu occurs most frequently
and is given a value of 3. If Asp did ndt change it would only be given a value of 4. In
contrast, rare amino acids like Trp and Cys are given valués of 17 and 12 if they stay the
" same. Therefore depending on the amino acid makeup of tﬁe-f)roteins being compared, |
the ;'jumble test” value may be low eve{1 if there is a fair number of direct matches. This is
most apparent wi;h C. thermocellum celB being compdred to B. subtilis EG. The frequent
number of matches gave a significant MA'!‘CH value and allowed the two sequences to be.

aligned in Fig. 17, but the "jumble test" sail this similarity was insignificant from the
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vie“fpoint of evolution. ; .
2. Active site . | -. .

The multipie sequence alignment that exists in figure 17 shows a very strong
consensus sequence of Asn-Glu-Pro within the 160-220 amino acid positio-n in all the
sequences. The similarity between some of the sequent;es used in this alfgnment is only
15%, 'which would suggest that an analogous structure exists between all the eight -
sequences more than any evident evolutionary relatedness.

This sequence appearing in all of these sequences is most likely not.coincidenta],
because residues surrounding the Asn-Glu-Pro sequence are also very similar in all of the ’
sequences. This region although very similar is still relatively small relative to the length of

| the endoglucanases and therefore is not large enough to give a high statistical probability oif
. being related. The threia residues to be conserved or use(i in analogous structures must be
part of the active site. Either they are responsible for the binding of the substrate ina_
/@peciﬁc position or one of the residues contributes to catalzsis.
| Asimilar consensus sequence of Met-Asn-Glu-Pro has been reported near the
proposed active site in other glycosidases. They include human lysosomal @-glucosidase ,
and both human ':?n{rabblt intestinal isornaltase and sucrase (Hoefsloot, 1988). The .
glutamic acid was not labelled a catalytic residue in these enzymes. The active site was
assigned to a conserved aspartic acid 3 residues upstream of the Glu from studies of the
sucrase and isomaltase enzymes (Quaroni and Semensa, 1976; Hunzicker et al,, 1986), The
catalytlc Asp of the i 1so'malcase and sucrase was found USmg affinity labelling\(Braun et al.,
-1977) A recctive substrate analogue was allowed to bmd into the active site and react with
the active aspartic acid, covalently binding to it. This same procedure has been done
severzil times with the B-glucosidase of Aspergillus wer;tii (Legler et al., i979; Roeser and
Legler, 1981) aIéo labelling the active aspartic acid. There mequence near
the Asp of the B-glucosidase (Legla:er et al., 1979). i\lo confensus Asp residue existgin the

4
same position in the endoglucanase sequences as in the &-glucosidase and

ik
Lol
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sucrase+isomaltase sequences, but another free carboxy group of an Asp or Glu is within 4

residues of the consensus Glu of all the eight endgglucanase. It would seem unlikely that
both catalytic groups, the‘proton donor and stabilizing carboxy groups would be only 3to 4 ¢
residues aparg. ‘One carboxy group must have no hydrogen atoms bound to-its oxygen and
the other must have one attached. A different mic.rofenvironment would be needed for
each amino acid to produce this different jonizatiorf state which in turn suggests a greater
separation than three or four amino acids. The Asn-Giu-Pro sequence when compared to
the consensus sequence of a-glucosidase, sucrase-isomaltase complex seems more likelg} to
be part of a similar binding site. All of these enzymes must l;ind to the same pyranose but
they must break different bonds. 'i'he a-glucosidase and isomaltase must break a-1,4 and
a-1,6 linkages while the sucrase cleaves a a-1,2 bond between a glucopyranoside and a .
fructofyranoside. The B-amylase (Yang et al., 1983) and sucrase (Fouet et al., 1986)
aﬁino acid sequences of B. subtilis were also compared to the cellulase sequences. No
notable similarity was found, and neither of the two sequences had the consensus sequence
which sﬁf;ounds the catalytic Asp residue of the mammalian «-glucosidase, isomaltase,
and sucrase enzymes. It is possible that the Asn-Glu-Pro sequence in the mammalian,
glycosidases being near the catalytic site is just a coinci(‘ien,ce.

In the lysozyme model of hydrolysis the aspartic acid is the -esidue responsible for
cfeating a negative charged environment for the proton donation event during hydrolysis.
The proton is donated by a Glu r.esidtfe. The ¢onsensus Glu of the eight glucanases which
is also similar to t};e'consensus Glu of the ﬁammaﬁan glycosidases sequences mentioned,
seem véxy likely to be the analogous proton donor of the active site to Gl;1-35 of HEWL or

“"Glu-11 of T4 lysozyme. Ster;c positionin\g of the proton donor for the catalytic reaction is
most lik.ely more crucial than the groups that providé the negative charged environment for
the re:;:‘i‘ion.‘ It is therefore more likely to be properly preserved within a sequence. To

test this hypothesis, experiments have been started which will mutate the Glu of the three

residue consensus sequence by site directed mutagenesis to a Gln. If the mutation results



in a lower activity, the function of the residue is either connected with substrate binding or
has g minor ei’fect on the folding of the protein. If no acti\}ity is shown by the mutated
enzyme, then the residqe coukl be a catalytic residue or be very importar{t for the structure
of the active site. Unfortunately, site directed mutagenesis alone will not be definitive in
determining this.

3. Hydropathy plots ‘ -

The possibility that like amino acids will empirically .provide_the same function in

_similar proteins is hard to fully accept with any confidence. One place that like amino

acids provide a similar function is in the signal sequence, where different hydrophobic
residues seem to provide the same result of secreted proteins. T would suggest that a
hydrophilic substrate like cellulose se‘.ects for- specific hydrophilic e}tes on the protein to
bind to and tht these sites might be corserved over time, but dccordmg to the multiple
alignment of Fig. 17, there was less variance with the hydrophobic residues. 'Hydroputhy

plots were done to look for common hydrophilic sites, No overall pattern is evident when

looking at plots of the total sequences (see Appendix C for plots). However, when'

——b
examining only the region surrounding : the consensus Asn- Glu Pro a similar profile exn:,ts

between all the bacterial sequences. This is further evidence of sequence similarity in this
-

region between the majority of the proteins. Active sites or binding sites might exist within

this region and therefore dictate the conservation of several residues around the sites for a

similar folding pattern and positioning of key residues.

F. Bacillus species and cellulases
One question that has dogged me since I started working with bacilli‘is ‘why do
these Bacillus species-have only one cellulase gene, when they cannot grow on

native/crystalline cellulose? As more groups reported bacillus cellulases the more this

-
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question became more pbvious. The only exception in the literaturé was with the Bacillus

sp. strain N-4 which had two endoglucanases, but they were homologous enough to be.

definitely considered as a gene duplication event. To add to the conundrum, isolates in

L A

C
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Japan (Koide et al., 1986), Korea (Lee and Paok, 1987), Qubec (Seligy et al., 1987), and
Wisconsin (Robson and Chambhss 1987) had extremely homologous gzne sequences fora
secondary catabolic enzyme. If these organism cannot usecell%c then more accessible
cérbohydi"a‘tes w\ould be tl{xe carbon source.‘:lf these organism cannot grow on cellulose,
;,vhy would they need a cellulase at all. There are now three pieces of information that -

make it easier for me to partially resolve or answer this question. The first has to do with

the non-hydrolytic cellulose defibrillating e e domains found in the Hurmnicola sp.

endoglucanase and other cellulases (see section D.2 of the Introduction). There are

domains of unknown purpose that are alsdpreserved on the carboxy end of all the -

B. subtilis endoglucanases. Large unknown domains also occuf on the cart;oxy end of the
B. sp. strain 1139 endoglucanase and B. sp. strain N-4 endoglucanase N1 as well as one.
within the amino terminal sequences of T. reesei EG3. No extra domain seems to exists on
the B. polymyxa enéioglucanase. As this defibrillating action has not been examined for in
th::se'proteins, this putative function remains a possibility. During the purification of a

CMCase from another strain of B. subtilis some hydrolytic activity towards crystalline

cellulose existed in the fractions which had CMCase activity (Au and Chan; 1987). This -

. small bit of activity may be a result of this defibrillating .activity. The second piece of

infqrmatioh is that H,0, is produced' in plant cells due to peroxidases in the cell wall and
these peroxidases increase activity in some phlant cells that are decaying (Miller, 1986). The
hydrogen pérco.(ide produced with naturally occurring Fe‘z* might provide an exoglucanas‘e
function for Bacillus species similar to the use of tl;ese cﬁmponents postulated for brown-
rot fungi. ]juring the ripening lof fruit there is an increase in trahscri;;tion of plant cellulase
genes (Christoffersen et al,, 1984). 'I;}lese enzyrhes could also aid bacillus in Breaking down
céllulose. The third piece of informa_tion was that some organisms only would break down
highly hydrated cellulose (i.e. non-crystalline) and this type of cellulose exists in leaf
material of plzints (Wedkind et al., 1988). This would mean that there is an abundant

source of cellulose for these soil bacteria to use without the need of a complete cellulase
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system. The Bacillus sp. mentioned in this thesis can grow on cellobiose. They may be able
to grow on larger oligosaccharides, but the lafger'.oligomers are either hard to make or
expensive to buy aﬁd therefore have not heen tested as a carbon source. The |
endoglucanases may not have to produce cellobiose as the end product and therefore
exoglucanase activity would not be needed. This group of enzymes might form one type or
subclass of endoglucanases which would fill a sﬁecific need for cellulose degradation
outside of the hydrolysis of crystallin'éic‘ellulosé.' . —-

On tﬁe basis of the discussion and data prbviq;:d so far, ] would like tc; propose that
" all the B-1,4-endoglucanases aligned in Fig. lj)aré in one functional subclass of
endocellulases. As mentioned in the introduction, Dr. T. ‘Wood has pbstulate‘d that more
~ than oﬁe endc;glucanase is needed for the different steric pos.ition of cellulose, It is also
" possible that other types of endoglﬁcanase activity are needed/for non-crystalline cellulose.
Whatever the function, the similarity in all the sequences around the Asn-Glu-Pro residues
to the consensus Isoleucine suggeéts a commonality in these sequences even though it is
recognizable that some of the sequences are not related through evolution. At the
‘ International Congress of Genetics (Torcnto, Canada, Aug. 22-30, 1988) a ninth sequence
was presented that also shared the same consensus sequences. This- sequence was an
endoglucanase from Cellulomonas flavigna (Al-Tawheed and McConnel, 1988) t.hat sh_are:;
over 30% amino acid similarity with both C. thenn'océllum cg/B and the B, polymyxa

| endoglucanase. This sequence links Cellulomonas flavigna, C. thermocellum and

B. polymyxa as-related organisms and reinforces that a preservation of a certain type of

A
endoglucanase sequénce exists. ’
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V. Appendix A
DNA Clones and Constructs used in this Theslis

(T+ = Direction of transcription of cloned gene is the same as the lacZ gene of the vector,

T- =

opposite of T+, # is a variable for numbers)

Descriptiorr _
.M13mp19 + 3.4 kbp HindIII fragment with B. circulans EG gene T+
same as Bc-H4 with opposite orientation insert, T-

M13mp9 + 3.1 kbp Pstl fragment with B. circulans EG gene, T+,
original clone

same as Bp-P1

Be-P3...icririiennnces same as Bp-P1

Bp-op19...ccvevcarns M13mp19 + 1.6 kbp Pstl fragment with B. polymyxa EG gene, T-

Bp-Pl i M13mp9 + 1.6 kbp Pstl fragment with B. polymyxa EG gene fused with
5’ of lacZ gene, T+, original clone

Bp-P2 s as above with 0.2 kbp PstI fragment included on the 3‘end of the insert

Bs-P3.2..ccnieiiricernns ¥13mp19 + 3.1kbp Pstl fragment with B. subtilis PAPl 15 EG gene,

: +
< BS-P3.3ers same as Bs-P3.2 with insert in the opposite orientation, T-

D# vovvrresrssssssssinersns deletion clones of Bp-P1, T+, see Fig. 9

El2.iiciins M13mp19 + 2.35 kbp EcoRI fragment 5’ of B. polymyxa EG gene, T-

E12-# . / deletion clones of E1.2, T-see Fig. 9

E2.1 i same as E1.2 .

Ed.1..ee SR M13mp19 + 2.35 kbp EcoRl fragmeni 3 of B. polymyxa EG gene, T+

| 8- 5 B deletion clones of E4.1, T+, see Fig. 9

OPF cevmrrerrarenressssessenens deletion clones of Bp-op19, T-, see Fig. 9

PC2.2 e * pUCY + 1.6 kbp PstI fragment with B. polymyxa EG gene, fused with
5’ of lacZ gene, T+

PCO3 i pUC8 +31 kbp Pstl fragment with B. subtilis PAP115 EG gene, T+,
see Seligy et al., 1987

PCO.S orrierisnrsisionens opposite orientation clone of pC6.3, T-

10 3 iy A pUCB + 3.4 kbp HindII with B. circulans EG gene

PCHO s same as pCH.7

) £ 11 M13mp9 + 2.8 kbp HindlII fragment with B, subtilis PAP115 EG gene

\ T+. see Seligy et al., 1987
] 33 SR

opposite orientation clone of SBO, T-
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Appendix.B

Varients of the -10 and -35 r;ccignlﬂon sequences of E. coli ¢™ (Sienbenlist, 1980)

Sequences in each column are in alphabetical order and are not matched togeiher.

-10 -35
CATAAT . ATGAGG
CATGAT ATGCAA®
GAAAAT ATGTCA \
GACAAT : CACACT
GATAAT CTGACG
GATACT CTTCCG
TAAAAT . - GTGCAA
TAAATT GTGTTT ,
TAAGAT TACCCA
TAAGCT . TACTCA
TAATAT TAGACA
TACAAT TAGACT : -
TACACT TAGATA
TACAGT TCGAAA
TACGAT TTCAAA
TACTAT TTGAAT
TACTCT PTGACA
TACTGT TTGACG
TAGACT . TTGACT
TAGATT TTGAGT
TAGGTT TTGCAA
TAGTCT TTGCAC .
TATAAT TTGCGG
TATGAT TTGCTT
. TATGCT TTGTAA
TATGGT TTGTAC
TATTAT - .  TTGTAT |
TATTGT TTGTCA /?
TGTCAT . - TTGTCT .
TTAACT TTGTGC i
TTTAAT TTGTTA
TTTCAT TTTACA
‘ TTTACG
TTTCCT

TTTGCA
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T. reesei EG3
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B. polymyxa EG
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B. subtilis PAP115S EG
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Size (bp)
7250 -
5996
4906
3584
2686
2319
1809
1444
1307
779

475

368

© 315

313
234
141

note: some bands due to partial digests of the DNA lwith.Tan of around 2400 to 2500 bp
and 830 to 930 bp ranges are evident in the pictures of the stained DNA in the gels.

@

Appendix D '

DNA $ize markers for Fig. 3B and Fig. 5

hY

DNA Type
M13mp7
pBR325
pBR328
pBR322
pUCS8

. pBR322

pBR322 ..

pBR33
pBR322

REN
Pstl

Pstl

Pstl

PstI/HindIII

Pstl X
Bgll

Tan'

PstI/HindIIl °
Tagql t

Bgll -
Taql
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