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The gene for 6-D-xylosidase from the rumen bacterium

Butyrivibrio fibrisolvens encodes a protein that exhibits

hydrolytic activity against 6-D-xylopyranosides and a-L-

arabinofuranosides. This gene, xylB . was cloned into E.

coli as a 4.2 kilobase pairs (kbp) insert in pUC18 and

sequenced in both directions. The xylB gene is present as a

single copy on the B. fibrisolvens chromosome and consists

of a 1,551 base pair (bp) open reading frame (ORF) which

encodes a protein of 517 amino acids. Insertion of a 10 bp

linker into the coding region resulted in a frameshift that

abolished both activities. Deletions from the 3' end and

the 5' end of xylB also resulted in inactive proteins. SDS-

PAGE analysis of cytoplasmic extracts from recombinant E.

coli clones harboring xylB confirmed the presence of a new

protein with an apparent molecular weight of 60,000.
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Although the xylB gene did not exhibit a high degree of

amino acid identity with other xylan-degrading enzymes or

glycohydrolases, a conserved sequence was identified with

significant identity to the active site region of hen egg

white lysozyme and Aspergillus niger glucoamylase. No

predictable stem loop structures or sequences resembling

terminators were found on the xylB gene fragment and this

gene appears to be part of an operon. In vitro analysis of

xylB mutants demonstrated structural and functional

relationships between the two enzyme activities. All point

mutations investigated in xylB resulted in the reduction or

loss of both enzymatic activities. Most of these mutations

were clustered in a region near the proposed active site.

The point mutations decreased the apparent affinity of the

enzyme for xylan. The partially purified xvlB-encoded

protein exhibited thermal inactivation kinetics and

temperature optima that were essentially the same for both

enzymatic activities. The pH optimum for both activities

was 6.0. However, the arabinofuranosidase activity

exhibited a broader pH range, retaining 90% of maximal

activity up to pH 9.0. The apparent Km for p-nitrophenyl-B-

D-xylopyranoside and p-nitrophenyl-a-L-arabinofuranoside

were 3.7 mM and 1.8 mM respectively. Substrate competition

experiments corroborated the genetic evidence and

demonstrated that the same active center was responsible for

both enzymatic activities of the xyIB-encoded protein.

X



CHAPTER I

GENERAL INTRODUCTION

Plant cell walls represent the largest reserve of fixed

carbon on earth. Plant cell walls are composed primarily of

cellulose, hemicellulose, and lignin (Weinstein and

Albersheim, 1979) . Cellulose is the most abundant

carbohydrate found in plant biomass (Coughlan, 1985) while

hemicellulose is a major plant structural polymer that ranks

second only to cellulose in natural abundance (Dekker and

Richards, 1976) . The amount of hemicellulose in dry wood is

between 20% and 30% (Eriksson et_al. 1990) . The composition

of hemicellulose varies between softwoods and hardwoods.

The major hemicellulose in softwoods is galactoglucomannan

(Eriksson et al . 1990) . This polymer has a backbone

composed of a linear chain of 1,4-linked 6-D-glucopyranose

and 6-D-mannopyranose units. The mannose and glucose

moieties of the backbone may be substituted with acetyl

groups at the C-1 and C-2 positions.

Glucouronoxylan (0-acetyl-4-0-methyl-glucurono-6-D-

xylan) is the major hemicellulosic component of hardwoods

and agricultural residues (Eriksson et al . 1990) . The major

structural feature of xylan is a linear chain consisting of

1
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chain is often substituted with acetyl, arabinofuranosyl,

ferulyl glucopyranosyl , and mannopyranosyl side chains to

form a complex heterogeneous structure.

Several genera of bacteria and fungi are able to

partially or completely depolymerize xylan in various

habitats (Biely, 1985) . Xylan depolymerization by

microorganisms is a multistep process which involves the

concerted activities of several different enzymes.

Xylanases (1, 4-6-D-xylan xylanohydrolase; EC 3.2.1.8) are

extracellular enzymes which hydrolyze the internal 6-1,4-

xylosidic linkages on the main chain. The resulting smaller

oligosaccharides are transported into the microbial cells

where xylosidases (1, 4-6-D-xylan xylohydrolase; EC 3.2.1.37)

continue the hydrolysis and release monosaccharides for

glycolysis (Dekker and Richards, 1976) . The hydrolysis and

removal of side chain substituents requires additional

enzyme activities including arabinofuranosidase, which

removes substituted arabinofuranosyl residues from the xylan

backbone. (Biely, 1985) . This may be particularly important

since arabinose substituents on the xylan chain have been

shown to limit the complete enzymatic breakdown of xylan

(Chesson et al . 1983). One of the organisms which is

particularly adept at xylan depolymerization in Butvrivibrio

fibrisolvens . B. fibrisolvens is a Gram variable.



obligately anaerobic bacillus that is frequently found in

the rumen and anaerobic digesters (Dehority, 1966) . This

organism produces a cadre enzymes which enable it to degrade

plant biomass, including cellulose and hemicellulose

(Hespell, 1987). The genus Butyrivibrio contains only a

single species but consists of many strains that vary in DNA

relatedness between 20% to 100% (Mannarelli, 1988). This

organism is also characterized as having a low (38% to 42%)

guanine plus cytosine (mole percent) content. Butyrivibrio

produces an extracellular polysaccharide (EPS) that contains

an unusual 4-0- (1-carboxymethyl) -rhamnose sugar (Mannarelli

et_al. 1990) . These investigators suggested that the .

unusual sugars found in the EPS of B. fibrisolvens serve to

protect the organism from glycosidases and other enzymes

found in the digestive tract of the host animal.

B. fibrisolvens GS113, an anaerobic digester isolate

used in these studies, was shown to produce high levels of

both xylanase and xylosidase (Sewell et al . 1988) . These

two enzymes were shown to be repressed by glucose and

induced by xylan and xylose.

In a previous study, the xylB gene encoding the 6-D-

xylosidase from B. f ibrisolvens GS113 was isolated from a

plasmid pUC18 genomic library (Sewell et al . 1989) .

During the course of the current investigations, an a-

L-arabinofuranosidase activity was detected in all clones

harboring the xylB gene. This characteristic became the



principle focus of this research. The principle question

that was addressed relates to the dual activity exhibited by

this enzyme against 6-D-xylopyranosides and a-L-

arabinofuranosides: do these two activities reside in the

same active center of the enzyme or are they on separate

domains?

The following research examined the structure and

function of the xylB gene and gene product and includes:

A) The complete nucleotide sequence of xylB and

sequence comparisons with related enzymes from other

organisms

.

B) Genetic evidence that the two enzymatic activities

are encoded by a single open reading frame.

C) Mutational analyses to investigate the genetic

interdependence of the two enzymatic activities of

xylB .

D) Purification and characterization of the xylB-

encoded protein.

E) Biochemical and kinetic experiments to investigate

the functional relationship between the two enzymatic

activities.



CHAPTER II

REVIEW OF THE LITERATURE

Many different bacteria have been characterized which

are able to depolymerize xylan including: Bacteroides

succinoaenes (Forsberg et__al. 1981) , Clostridium

acetobutvlicum (Lee et al . 1987) , Bacillus pumilus

(Panbangred et al . 1983), Bacillus subtilis (Paice et al .

1986) , Butvrivibrio f ibrisolvens (Hespell et al . 1987)

,

Caldocellum saccharolyticum (Luthi et al . 1990) , and

Clostridium thermocellum (Garcia-Martinez et al . 1980)

.

These microorganisms which degrade xylan have been isolated

from numerous environments. Varel (1987) demonstrated that

pig large intestine contained xylanolytic Bacteroides

succinoaenes and Ruminococcus flavefaciens . Both of these

organisms are also present in large numbers in the bovine

rumen. Other studies demonstrated that up to 30% of the

metabolic energy requirements of the pig can be met via the

utilization of volatile fatty acids, products of microbial

cellulose and hemicellulose digestion (Rerat et al . 1987)

.

In addition, Salyers et al . (1981) isolated two species of

human colonic Bacteroides that were able to utilize xylan as

a carbon and energy source, thus producing volatile fatty

acid products. However, only 5 to 10 % of the maintenance

5
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energy requirements are derived from volatile fatty acids

produced in the human colon (MacNeil, 1984). Xylanolytic

enzymes have also been isolated and characterized from

several fungi including Trichoderma reesei (Poutanen and

Puis, 1988) ,
Aspergillus niger (Fukumoto et al . 1970) , and

Fusarium roseum (Gascoigne and Gascoigne, 1980)

.

The rumen is the primary organ in which cattle, sheep,

and other ruminants derive their energy and nutrition

through breakdown of complex carbohydrates. Starch,

cellulose and hemicellulose are degraded by enzymes that are

secreted by resident microorganisms and metabolized to

volatile fatty acids as the end products of fermentation

(Hobson and Wallace, 1982). In general, cellulose and

hemicellulose depolymerization by rumen microbial flora

releases free monosaccharides and short chain

oligosaccharides. The predominant metabolic waste products,

volatile fatty acids, are released and either absorbed and

utilized by the animal or used by other microorganisms in

the rumen and other digestive organs (omasum, abomasum and

the small intestine)

.

The rumen microbial community represents a diverse

group of organisms, many of which have the ability to

degrade hemicellulose (Dehority, 1966) . The rumen ecosystem

differs from other microbial ecosystems in substrate

availability and product accumulation. The rumen is close

to an industrial fermentation in that substrate availability
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is very high and constant while product accumulation is low.

It has been established that microbial cells in the rumen

are present in high numbers and contains: lo" bacteria ml"\

10* ciliate protozoa ml''', and 10^ fungi ml"'' (Patterson,

1989) .

Butyrivibrio fibrisolvens is a Gram variable,

obligately anaerobic, motile bacillus (Hespell and Bryant,

1981) . Bj. fibrisolvens is particularly abundant in the

rumen and anaerobic digesters in which plant material serves

as the primary substrate (Hespell et al . 1987) . B.

fibrisolvens converts hemicellulose to mono and

oligosaccharides. These are transported and metabolized to

yield butyric acid. Mannarelli et al . (1990) cloned and

sequenced the gene encoding 6-D-xylanase from B.

fibrisolvens strain 49. Sewell et al . (1988) isolated

several strains of B. fibrisolvens that produced both

xylanase and xylosidase. In this study, the synthesis of

both enzymes were concurrently repressed by glucose and

induced by xylan and xylose. This was surprising since

earlier work on rumen isolates of B. fibrisolvens had

reported that these enzymes were expressed constitutively

(Hespell et al . 1987). Similarly, it was reported that

xylose served as an inducer of the xylanase and 6-D-

xylosidase in Pullularia pullulans ( Pou-Llinas and Driguez,

1987) . In addition, 6-D-xylosidase of Bacillus pumilus was

found to be induced by xylose (Kersters-Hilderson et al .



1969) . Xylobiose was found to induce synthesis of 6-

xylanase in Cryptococcus albidus (Biely et al . 1980) and in

Streptomyces sp. (MacKenzie et al . 1987). Biely and

Petrakova (1984), studying the xylan-degrading system in C.

albidus . found that certain positional isomers of xylose and

xylobiose, notably 1 , 4-6-xylobiose, could serve as inducers

of 6-xylanase and 6-D-xylosidase.

Some organisms produce multiple xylanase enzymes.

Esteban et al . (1982) reported that Bacillus circulans WL-12

secretes two endo-6-xylanases and one 6-D-xylosidase when

grown on xylan as a sole carbon source. Three distinct

xylanase genes have been identified and cloned from

Clostridium thermocellum (MacKenzie et al . 1989) . A

multiplicity of xylanases has also been reported in fungi

including Aspergillus niqer (Frederick et al . 1985) , and

Trichoderma harzianum ( Wong et al . 1986) . It has been

suggested that the multiplicity serves to enhance the

ability of microbes to depolymerize a wide range of

substituted xylans under different environmental conditions.

In some organisms, the xylanolytic and cellulolytic

systems are combined. Recently Morag et al . (1990)

demonstrated that, in addition to free xylanases,

Clostridium thermocellum possessed a cellulosome-associated

xylanase which exhibits endo-glucanase activity. However

this organism was unable to utilize or grow on xylan. These

investigators postulated that cellulosome-associated



xylanolytic enzymes act to increase the availability of

cellulose to cellulases of the cellulosome through removal

of associated xylan chains. In the rumen, cooperativity

between xylanase and cellulase degrading enzymes is also

apparent. In Bacteroides succinoqenes isolated from rumen

fluid it was demonstrated that carboxymethylcellulase (6-

1, 4-endo-glucanase) , 6-xylanase, and 6-D-xylosidase were

expressed by the organism when grown on media containing

cellulose as a sole source of carbohydrate (Forsberg et al .

1981) . These investigators postulated that cooperativity

between the cellulose and hemicellulose degrading enzymes

helps to enhance polymer breakdown and increase substrate

availability for rumen microorganisms which lack these

enzymes. This cooperativity among different organisms may

serve to maintain a stable microbial population in the

rumen

.

Enzymatic cooperativity and synergism is also present

within the hemicellulose-degrading systems. A synergistic

action of 6-xylanase and 6-D-xylosidase has been

demonstrated in cultures of Neurospora crassa when grown on

xylan (Deshpande et al . 1986) . In this study the degree of

hydrolysis of D-xylan by xylanase was increased 30% by the

addition of 6-D-xylosidase to a cell-free system.

Another example of enzymatic synergism involves the

enzyme acetyl esterase. Acetyl esterase (EC 3.1.1.6) is

active against esters of acetic acid and are widely
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distributed in nature (Poutanen et_al. 1991) . The acetyl

residues on the xylan backbone are removed by acetyl

esterase (Biely et al . 1985) . These enzymes have been found

to act cooperatively with xylanases. The acetyl esterase

serves to increase the rate of glycosidic bond cleavage by

6-xylanase from Trichoderma reesei (Biely et al . 1986)

.

These enzymes were also found to act synergistically to

liberate acetyl residues. More recently it was demonstrated

that the rate of liberation of acetic acid from acetyl-xylan

by acetyl esterase of T. reesei was increased by the

addition of endo-xylanase and 6-D-xylosidase (Poutanen and

Sundberg, 1988)

.

Also involved in enzyme synergism is the enzyme a-L-

arabinofuranosidase (Greve et al. 1984). This enzyme was

purified from Ruminococcus albus 8 and had a pH optimum of

6.9 and a Km of 1.3 mM, both for p-nitrophenyl-a-L-

arabinofuranoside as a substrate. They showed that this

enzyme enhanced the rate of hydrolysis of alfalfa cell wall

hemicellulose when combined with other xylanolytic or

pectinolytic enzymes. It was hypothesized that this enzyme

functioned to provide rumen microbes with suitable

substrates for xylanase.

The mechanism of xylan hydrolysis by microbial

xylanases has been studied extensively. Xylanases are

usually small proteins having molecular weights ranging

between 20,000 to 50,000 (Bastawde et al . 1991). Most
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xylanases are in fact endo-xylanases by virtue of the fact

that they attack the interior 6- ( 1 , 4) -D-xylosidic linkages

of the xylan polymer rather than the exterior linkages (Ward

and Moo-Young, 1989). The 6- ( 1 , 4
) -D-endo-xylanases have a

pH optimum in the range of 3.5 to 6.5 while the temperature

optima and thermal stabilities vary depending upon the

source (Ward and Moo-Young, 1989) . Xylanase from Bacillus

pumilus IPO has a molecular weight of 22,000 and is a 6-D-

1, 4-endo-xylanase (Panbangred et al . 1983). The pH and

temperature optimum of this enzyme are .6.5 and 40''C,

respectively. Quantification of the hydrolysis end products

from larchwood xylan indicated that the B. pumilus enzyme

had the greatest affinity for the second and sixth 6-

xylosidic linkages of the polymer.

The xynZ gene product from Clostridium thermocellum is

also an endo-xylanase with pH and temperature optima of 6.0

and 65°C, respectively (Grepinet et al . 1988) . Lee et al .

(1987) purified and characterized two different endo-

xylanases, xylanase A and xylanase B, from Clostridium

acetobutylicum . Xylanase A has a molecular weight of

65,000, a pH optimum of 5.0, an optimum temperature of 50°C,

and is stable for up to 30 min at 40''C. Xylanase B is a

smaller protein having a molecular weight of 29,000. It had

a pH optimum of 5.0 to 6.0, showed a temperature optimum of

60°C, and is stable for 30 min at 50°C. Both enzymes

hydrolyze larchwood xylan randomly, however xylanase B
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produced only xylotriose and xylobiose as products whereas

xylanase A also yields xylohexose, -pentose, and -treaose as

end products. Xylanase A was also active against

carboxymethylcellulose, acid-swollen cellulose and lichenin.

The two enzymes were antigenically different as judged by

"Ouchterlony"-immunodiffusion assays. The two enzymes were

therefore presumed to be encoded by separate genes.

Some xylanases, such as those that are produced by

fungi, notably Aspergillus niger, produce endo-1 , 4-6-D-

xylanases that can hydrolyze the 1, 3-a-L-arabinofuranosyl

side chains from arabinoxylans (Dekker, 1985) . These

enzymes have been termed "debranching" xylanases. Recently

a unique "appendage-dependent" xylanase was isolated and

purified from Bacillus subtilis (Nishitani and Nevins,

1991). This enzyme is classified as a 6-(l,4)-xylan

xylanohydrolase and has a prerequisite for glucuronosyl

substituted side chains in order to initiate hydrolysis of

the xylan backbone structure. Three novel xylanases were

purified from B. subtilis which exhibited activity against

ferulylolated arabinoxylans (Nishitani and Nevins, 1988)

.

These enzymes acted on ferulic acid-substituted arabinoxylan

and liberated the terminal arabinofuranosyl , terminal

gluconopyranosyl, and ferulic acid moieties from the

polymer. While much recent work has concentrated on the

extracellular microbial xylanases, less is known concerning

the molecular biology and properties of the intracellular 6-



D-xylosidase component of the microbial xylanolytic system.

Early mechanistic studies of the B. pumilus xylosidase

indicated the enzyme contained several thiol groups and at

least one of which is involved in the catalysis (Saman et

al. 1975) . Panbangred et al . (1983) first cloned the genes

for 6-xylanase and 6-D-xylosidase from Bacillus pumilus IPO.

Both cloned proteins were expressed in Escherichia coli from

a hybrid plasmid and were immunologically and chemically

identical to those of B. pumilus . The cloned genes from B.

pumilus IPO were later sequenced by Moriyama et al . (1987)

.

The gene for 6-D-xylosidase was localized to a 1617 base

pairs open reading frame encoding a deduced 62,607d protein.

The N-terminal amino acid sequence agreed with that

predicted from the DNA sequence and that obtained from the

purified enzyme. It is interesting to note that the 6-

xylanase gene from the same organism was located 4,600 base

pairs downstream from the 3 ' -end of the 6-D-xylosidase. The

B. pumilis enzyme was not reported to exhibit any additional

enzymatic activities.

More recently, two xylosidase genes were cloned and

sequenced from the obligately anaerobic, thermophilic

organism Caldocellum saccharolvticum (Luthi et al . 1990)

.

The protein encoded by one of these xylosidase genes was

found to possess xylanase activity in addition to the

expected xylosidase activity. These genes were also found

to reside in close proximity to each other and to a gene



encoding a protein having acetyl esterase activity.

Additional fi-D-xylosidase enzymes with multiple activities

have been reported earlier. Kinetic methods were used to

investigate the active site of a 6-D-xylosidase from

Chaetomium trilaterale (Uziie et al . 1985) . In this study,

which employed substrate analogues as inhibitors, a single

active center was postulated to function for both the 6-D-

xylosidase and 6-glucosidase activities exhibited by this

enzyme. A B-D-xylosidase purified from Trichoderma reesei

was also found to exhibit an a-L-arabinofuranosidase

activity (Poutanen and Puis, 1988) . Additionally, a cloned

gene cluster from Bacteroides ovatus was also found to

exhibit 6-D-xylosidase and a-L-arabinofuranosidase

activities (Whitehead and Hespell, 1990) . These dual

activities co-purified and were encoded by a single open

reading frame present in the cloned gene fragment. While

the dual activities of 6-D-xylanases and 6-D-xylosidases

have been documented, little is known about the genetic and

biochemical basis of this property. Multiple substrate

activities can be attributed to the presence of more than

one catalytic region on the enzyme. Another possibility is

the presence of a single catalytic region with wide

substrate specificity. It has been proposed that the more

evolved an enzyme or protein is, the more narrow its

specificity becomes (Knowles, 1988) . Accordingly the more

primitive proteins tend to have multiple functions. It has
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also been proposed that the environment in which an enzyme

evolves also contributes to the enzyme specificity (Robson

and Gardier, 1988) . The rumen, an environment with

specialized substrate-hydrolyzing requirements, may exert

selective pressures resulting in the evolution of organisms

and enzyme systems that reflect the heterogeneous nature of

available substrates.



CHAPTER III

CLONING, SEQUENCING, AND SEQUENCE ANALYSIS OF THE
XYLOSIDASE GENE FROM BUTYRIVIBRIO FIERISOLVENS

Introduction

The synthesis of enzymes needed for xylan

depolymerization has been found to be constitutive in many

ruminal isolates of B. fibrisolvens (Hespell et al . 1987)

.

Recently, anaerobic digester isolates of B. f ibrisolvens

have been described in which the synthesis of xylanase and

xylosidase were coordinately repressed by glucose and

induced by xylans and xylose (Sewell et al . 1988) . The gene

for 6-D-xylosidase from B. fibrisolvens GS113, in which this

enzyme is inducible, has been cloned on a multicopy plasmid

pUC18 in Escherichia coli (Sewell et al . 1989) . Subcloning

analysis localized the coding region to a 5.8 kilobase pairs

(kbp) segment of cloned B. fibrisolvens DNA. The enzyme was

found to be predominantly intracellular in B. f ibrisolvens

with 25% of the activity associated with the cell membrane

fraction. The cloned xylosidase is primarily cytoplasmic

with less than 2% of the active protein being membrane

associated in E. coli.

This investigation has been extended by restriction

endonuclease mapping the B. f ibrisolvens DNA insert in pUC18

16
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and to further define the coding region of the 6-D-

xylosidase gene in the insert. The number of chromosomal

copies of this gene was determined by Southern

hybridization. Additional subclones and primers were

generated to allow complete DNA sequencing of both strands.

Finally, the DNA sequence was compared with other, related

gene sequences.

Materials and Methods

Medium and growth conditions . Escherichia coli DH5a

was propagated at 37°C in Luria broth or on Luria agar

supplemented with 50 mg of ampicillin per liter (Maniatis et

al. , 1982).

Genetic methods . Plasmid pUC18 was used as a cloning

vector in all cloning and sequencing experiments unless

otherwise noted. The plasmids pLOIlOOl and pLOI1005 harbor

the xylosidase coding region (Sewell et al . . 1989).

Analysis of restriction sites, plasmid purification,

subcloning, DNA ligation. Southern hybridization and other

DNA manipulations were performed using standard methods

(Maniatis et al . . 1982). Restriction enzymes (Bethesda

Research Laboratories, Gathersburg, MD) were used according

to the manufacturer's instructions. Transformed colonies

were screened for xylosidase and arabinofuranosidase

activity on Luria agar plates containing 20 Mg/ml of the

flurorogenic substrates 4-methylumbelliferyl-6-D-

xylopyranoside or 4-methylumbelliferyl-a-L-arabinofuranoside



(Sigma Chemical Co., St. Louis, MO.). The internal Sau3A

and large internal PstI fragment from pLOI1005 were utilized

as probes in the

Southern hybridization analysis of digested chromosomal B.

3

fibrisolvens and E. coli DNA.

DNA sequencing . Double-stranded DNA was sequenced in

both directions using the dideoxy-chain termination method

(Sanger, 1982) and Sequenase (United States Biochemical

Corp.) according to the manufacturer's instructions.

Additional sequencing primers were synthesized by the

University of Florida Interdisiplinary Center for

Biotechnology Research and the Department of Microbiology

and Cell Science Nucleotide facility. The DNA sequences

were assembled using the "GENEPRO" software package (Hoefer

Scientific Instruments, San Francisco, Calif.) and the

University of Wisconsin Genetics Computer Group GCG package,

version 6.1 (Devereux et al . 1984) Primary sequence

comparisons were made with GenBank and EMBL sequence

libraries

.

Preparation of cell extracts . E. coli cells harboring

the recombinant plasmids were harvested while in mid-

exponential phase of growth by centrifugation (10,000 g, 10

min, 4°C) and washed twice with 5 mM phosphate buffer (pH

6.8). Cell pellets were stored at -70°C, until needed.

Cell pellets were thawed on ice and resuspended in an equal

volume of 5 mM phosphate buffer (pH 6.8) containing 10 mM 6-



mercaptoethanol and were lysed by two passes through a

French pressure cell at 20,000 lb in'^. Cell membranes and

other debris were removed by centrifugation (100,000 g, l h,

i°C) . Supernatants containing the total cytoplasmic

proteins were stored at -70°C.

Enzyme assays . 6-D-xylosidase and a-L-

arabinofuranosidase activities were determined by measuring

the rate of hydrolysis of p-nitrophenyl-6-D-xylopyranoside

and p-nitrophenyl-a-L-arabinofuranoside (1 mM final

concentration)
, respectively, in 50mM phosphate buffer (pH

6.8) at 37°C. The nitrophenyl derivatives of other mono-

and disaccharides were examined as possible substrates under

the same conditions. All assays were conducted in a volume

of 1 ml catalysis was terminated by the addition of 2 ml of

500 mM sodium carbonate. The hydrolysis of one nmole of

substrate resulted in an increase of absorbance of 0.007 at

405nm. Specific activities are expressed as nmoles p-

nitrophenol released per minute per milligram of total

protein. Carbohydrate derivatives were purchased from Sigma

Chemical Co. Protein concentration was estimated by the

method of Bradford (Bradford, 1976)

.

Sodium dodecvl sulfate-polvacrvlamide ael

electrophoresis r sDS-PAGEK Cell proteins were separated in

denaturing gels by the method of Laemmli (Laemmli, 1970).

Protein bands were visualized by staining with Coomassie

blue.
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Nucleotide sequence accession number . The nucleotide

sequence reported here has been assigned GenBank accession

number M55537.

Results and discussion
i

Identification of the xylosidase coding region . Many

restriction endonuclease sites on the original xylosidase-

positive subclone, pLOIlOOS (3.2 kb B. f ibrisolvens insert),

were mapped to facilitate the generation of futher subclones

for analysis (Fig. 1) . Plasmid DNA was purified using

cesium chloride and digested with a battery of restriction

enzymes. Restriction endonuclease sites were used to

generate subclones in both directions with respect to the

lac promoter in pUC18. Each subclone was examined for

enzyme activity on 4-methylumbelliferyl-6-D-xylopyranoside

(MUX) indicator plates. Based upon the results of these

experiments (Fig. 2) , the region encompassing the xylosidase

gene was localized to a 2.1 kb DNA segment that spans an

internal EcoRI site and the internal PstI site. The

predicted gene size was in excess of the 1.4 kb Dral

fragment. In addition to the indicated xylosidase a

ctivity, arabinofuranosidase activity was also associated

with all xylosidase-positive subclones. It seems possible

that the gene, classified as xylB, encodes an enzyme that

has activity against both substrates.

The number of chromosomal copies of xylB was examined

using Southern hybridization. The large internal PstI and



Figure 1. Restriction endonuclease digestion maps of
plasmids pLOIlOOl and pLOIlOOS that express 6-D-xylosidase
activity in E. coli DH5a.



PstI



Figure 2. Subclone analysis of pLOIlOOS to localize the xylB
coding region: xyl; xylosidase activity, araf;
arabinofuranosidase activity. A "+" or "-" denotes the
presence or absence of enzyme activity.
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Sau3A fragments were used as probes against PstI and Sau3A

digests of E. coli DH5a, B. fibrsolvens GS113 chromosomal

DNA and plasmid pLOIlOOS (Fig. 3) . These probes did not

bind to the DH5a chromosomal DNA but did bind to a single

band in each B. fibrisolvens chromosomal digest. A single

copy of the xylB gene appears to be present in B.

f ibrisolvens GS113.

Multiple copies of xylosidase genes have been reported

for Bacillus pumilus (Panbangred et al . . 1984) and for

Caldocellum saccharolyticum (Luthi et al . . 1990). If there

are additional xylosidase genes present in GS113, then they

must share limited homology with xylB .

DNA sequence of the xylosidase gene fxylB) . Plasmid

pLOIlOOl, the original GS113 library clone (Sewell et al.,

1989), contained a 4.2 kb insert of B. fibrisolvens DNA.

Both strands of this fragment were sequenced utilizing the

strategy summarized in Fig. 4A. The complete nucleotide

sequence of this fragment is outlined in Fig. 5. Analysis

of the sequence revealed the presence of three open reading

frames (ORF's) in this DNA segment. The first ORF, ORFl,

was incomplete and is 1,340 bp in length. It lacks a Shine-

Dalgarno sequence and an ATG initiation codon. 0RF2 , was

1,551 bp in length and was found 15 bp downstream from ORFl.

0RF2 has a Shine-Dalgarno sequence located 6 bp upstream

from the initiation codon and defines a complete gene. This

gfene spans the predicted xylosidase coding region and



Figure 3. Southern hybridizations of chromosomal DNA from B.
fibrisolvens GS113 (8 hr exposure) and E. coli DH5a (8 hr
exposure) and plasmid DNA from pLOIlOOS (2 hr exposure)

.

Lanes l, 2, and 3 contain PstI digests from E. coli . B.
f ibrisolvens . and pLOIlOOS, respectively, probed with the
internal PstI fragment from pLOIlOOS. Lanes 4, 5, and 6 are
Sau3A digests of E. coli DH5a, B. f ibrisolvens GS113 and
pLOIlOOS which were probed with the internal Sau3A fragment
from pLOI1005. The additional bands in lane 6 represent
larger, incomplete restriction endonuclease digestion
products

.
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3 4 5 6



Figure 4. Outline of sequencing strategy of pLOIlOOl and
subclone analysis of xylB . (A) Sequencing strategy of the
complete 4.2 kb B. f ibrisolvens insert in pLOIlOOl. Arrows
indicate the direction of sequencing. Subclones were
sequenced using universal pUC18 primers (vertical bars in
front of arrows) and additional oligonucleotide primers
(vertical bars absent) were both used. (B) Outline of the
three ORF's sequenced and selected subclones and insertional
inactivation used to identify xylB . Enzyme activity was
evaluated using MUG indicator plates. Double vertical bar in
pLOI1040 indicates the site of insertion of a 10 bp NotI
linker. Abbreviations: E; EcoRI . H; Hindlll . A; AccI, X;
Xbal . D; Dral, S; Sspl . P; PstI . ERV; EcoRV, xyl; xylosidase
activity, araf; arabinofuranosidase activity. A "+" or "-"

denotes the presence or absence of enzyme activity,
respectively.
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Figure 5. The complete nucleotide sequence and translated
amino acid sequence of the 4.2 kb insert from pLOIlOOl.
Putative Shine-Dalgarno (S.D) sequences and initiation codons
are underlined. Translational termination is indicated by an
asterisk (*)

.
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1 AATTGTGGATGCACATATGAAAAGCTGATTTATGCTTATAAGGCAGGTCTTGTCAAGGAA 60NCGCTYEKLIYAYKAGLVKE
61 GAGACCATCGATGAGGCTGTTACTCGACTTATGGAAATCAGACTTCGTCTAGGTACTATT 120ETIDEAVTRLMEIRLRLGTI

121 CCAGAGAGAAAGAGTAAGTATGATGATATCCCATATGAAGTGGTCGAATGCAAAGAGCAT 180PERKSKYDDIPYEVVECKEH
181 ATCAAACTTGCTCTTGACGCTGCAAAGGATAGCTTTGTCCTTTTGAAGAATGATGGTTTA 240IKLALDA AKDSFVLLKNDGL
241 CTTCCACTGAATAAAAAGGATTATAAATCTATTGCTGTTATTGGACCCAACTCTGATTCA 300LPLNKKDYKSIAVIGPNSDS
301 AGAAGAGCTTTAATTGGAAATTATGAGGGCCTTTCTTCAGAGTATATTACAGTTTTAGAG 360RRALIGNYEGLSSEYITVLE
361 GGGATTCGTCAGGTTGTCGGTGATGATATTAGATTATTCCACGCTGAGGGCACTCATCTT 420GIRQVVGDDIRLFHAEGTHL
421 TGGAAGGATAGAATTCACGTAATCAGTGAGCCAAAAGATGGATTTGCCGAGGCTAAAATC 480WKDRIHVISEPKDGFAEAKI
481 GTGGCAGAGCATTCAGATTTAGTTGTGATGTGTCTTGGACTTGACGCATCAATCGAAGGA 540VAEHSDLVVMCLGLDASIEG
541 GAAGAAGGAGACGAGGGTAATCAGTTCGGTAGCGGAGACAAGCCTGGATTAAAGCTTACA 600EEGDEGNQFGSGDKPGLKLT
601 GGTTGTCAGCAAGAGCTACTTGAGGAAATTGCCAAAATCGGCAAGCCTGTTGTACTTCTT 660GCQQELLEEIAKIGKPVVLL
661 GTGCTTTCAGGTTCTGCTCTTGATTTATCATGGGCGCAGGAATCTAATAACGTAAATGCG 720VLSGSALDLSWAQESNNVNA
721 ATAATGCAGTGCTGGTATCCAGGCGCAAGAGGTGGACGTGCTATTGCAGAGGTTTTATTT 780IMQCWYPGARGGRAIAEVLF
781 GGCAAGGCCAGTCCAGGCGGTAAAATGCCTCTTACATTTTATGCCTCAGATGATGACCTT 840GKASPGGKMPLTFYASDDDL
841 CCTGATTTTTCTGATTATTCAATGGAAAATAGGACATACAGATATTTCAAGGGCACACCA 900PDFSDYSMENRTYRYFKGTP
901 CTTTATCCATTTGGTTATGGACTAGGTTATTCTAAAATTGATTATCTATTTGCTTCTATT 960LYPFGYGLGYSKIDYLFASI
961 GATAAAGATAAGGGAGCAATTGGTGATACATTCAAGCTAAAGGTAGATGTTAAAAATACC 1020DKDKGAIGDTFKLKVDVKNT

1021 GGTAAGTATACACAGCATGAGGCTGTTCAAGTATATGTAACGGACCTTGAGGCAACGACA 1080GKYTQHEAVQVYVTDLEATT
1081 AGAGTGCCTATTAGAAGCCTTAGAAAGGTTAAATGTCTAGAGCTTGAGCCTGGTGAAACA 1140RVPIRSLRKVKCLELEPGET
1141 AAAGAGGTTGAATTTACCCTTTTTGCAAGAGATTTTGCCATTATTGATGAAAGGGGAAAA 1200KEVEFTLFARDFAIIDERGK
1201 TGTATCATAGAGCCAGGCAAGTTTAAGATTTCTATTGGGGGACAACAGCCAGACGATAGA 1260CIIEPGKFKISIGGQQPDDR



1261 AGTAAAGAACTTATGGGCAGAGAGTGTGATATTTTTGAAATTGAATTAACAGGCTCTGTT 1320SKELMGRECDIFEIELTGSV
1321 ACAGAAGTTGAATATTAATTGAOAgOTGCATCATGGTTATAGCTAACAATCCAATTTTAA 1380TEVEY* MVIANNPILK
1381 AAGGTTTTTATCCAGACCCTTCTATCTGCAGAAAAGGGGATGATTTTTATCTAGTTTGTT 1440GFYPDPSICRKGDDFYLVCS
1441 CAAGTTTTGTGTATGCTCCGGGAGTACCGATTTTTCACACTAAGGATTTGGCACATTTTG 1500SFVYAPGVPIFHTKDLAHFE
1501 AGCAAATTGGAAATATATTAGACAGAGAAAGTCAACTTCCATTGTCGGGAGATATATCTA 1560QIGNILDRESQLPLSGDISR
1561 GAGGCATATTTGCCCCAACAATAAGAGAGCATAATGGAATCTTTTACATGATAACAACTA 1620GIFAPTIREHNGIFYMITTN
1621 ATGTAAGCTCTGGCGGCAACTTTATTGTTACTGCAAAAGATCCAGCTGGTCCTTGGTCAG 1680VSSGGNFIVTAKDPAGPWSE
1681 AGCCATATTATTTAGGTGAAGATGAGGCGCCAGGTATTGATCCATCTCTGTTTTTTGATG 1740PYYLGEDEAPGIDPSLFFDD
1741 ACGATGGCAAATGTTATTACGTTGGTACCAGACCAAATCCTGATGGAGTTCGTTACAACG 1800DGKCYYVGTRPNPDGVRYNG
1801 GTGATTGGGAGATATGGGTTCAAGAGCTGGATTTAGAGCAAATGAAACTTGTAGGTCCTT 1860DWEIWVQELDLEQMKLVGPS
1861 CGATGGCAATTTGGAAGGGCGCTCTTAAGGATGTTATTTGGCCAGAAGGACCACACCTTT 1920MAIWKGALKDVIWPEGPHLY
1921 ATAAGAAAGATGGATATTATTATCTTTTACATGCAGAAGCTGGCACAAGCTTTGAACATG 1980KKDGYYYLLHAEAGTSFEHA
1981 CTATTTCTGTAGCTCGCTCAAAGGAGCTATTCAAATGGTTTGAGGGATGTCCTAGAAATC 2040ISVARSKELFKWFEGCPRNP
2041 CTATATTTACCCATAGAAATTTAGGCAAGGATTATCCAGTATGCAATGTTGGACATGCTG 2100IFTHRNLGKDYPVCNVGHAD
2101 ATTTAGTTGATGATATCAATGGCAACTGGTATATGGTGATGCTGGCATCTAGACCATGCA 2160LVDDINGNWYMVMLASRPCK
2161 AGGGAAAGTGCAGCTTGGGACGAGAGACATTCCTTGCAAAAGTAATTTGGGAAGACGGAT 2220GKCSLGRETFLAKVIWEDGW
2221 GGCCAGTGGTTAATCCGGGAGTTGGTCGTTTGACTGATGAGGTGGAGATGGACCTTCCTG 2280PVVNPGVGRLTDEVEMDLPE
2281 AATATAGATTCTCAAAAGAGATTACTACAAAGGATAAAATGACCTTTGAAGAGACAGTCC 2340YRFSKEITTKDKMTFEETVL
2341 TAGATGATAGATTTGTTGGAATTGAAAGAAGAAGTGAGGACTTTTATTCCCTTACTGACA 2400DDRFVGIERRSEDFYSLTDN
2401 ATCCTGGATTCTTAAGATTAAAGCTTCGTCCTGAGGCCATAGAAAATACTGGCAATCCAT 2460PGFLRLKLRPEAIENTGNPS
2461 CTTACTTAGGAATTCGTCAAAAGACTCATTCGTTTAGAGCAAGCTGTGGCCTTAAGTTTA 2520YLGIRQKTHSFRASCGLKFT
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2521 CACCAGCAAAAGATAATGAATGTGCAGGAATGGTGTTATTCCAGAATAATGAAAATCACT 2580PAKDNECAGMVLFQNNENHL
2581 TGGAGCTTTTAGTTGTAAAGAAGAAAGATAAGCTACAGTTTAAAGTAGGACCAGTTATTA 2640ELLVVKKKDKLQFKVGPVIK
2641 AAGGAACCAAAATCAGACTTGCTACTTTTGATATTTCATCAGGTGATTTAGAAATTATTC 2700GTKIRLATFDISSGDLEIIL
2701 TTGAGGCAGCAAATCAGCTGGCTAATATCTATATTAAAAAGAATAATGAAAAGATTCTTG 2760EAANQLANIYIKKNNEKILV
2761 TGGCAGAATGTATTGATTTGAGCCCATACACTACCGAAGAATCAGGCGGATTCGTAGGAT 2820AECIDLSPYTTEESGGFVGC
2821 GTACCATTGGACTATATGCTTCTTCAAATGGAAAGACCAGTGATAACTATTGCGATTATT 2880TIGLYASSNGKTSDNYCDYS
2881 CCTACTTTACAGTAGAAGAAGTATAGCATTTTCAATGAGCGAATTTGCAAGTTTTATATA 2940YFTVEEV*
2941 CGGGATTAATTGTACGTAAAAACCATACAGGTGTAAAATAGTTTCCAGAGAAAGTTTTTT 3000

3001 CTCTGGAATTTTTTATTATOOAGGGGATTATGCTTCAGGAAAGTATTAAGAAGTTGGTAC 3060MLQES .IKKLVQ
3061 AGTACGGTATTGATATGGGGCTTACACCAGAATGTGAGAGAATATATACTACAAATCTTT 3120YGIDMGLTPECERIYTTNLL
3121 TGCTTGAATGTATGAAAGAAGATGAGTACATAGATCCAGACTGTGATTTAAGCAATATTA 3180LECMKEDEYIDPDCDLSNII
3181 TACTTGAAGATGTATTAAAGGAACTTTTAGATGAGGCAGTTAATAGAGGTATCATAGAGG 3240LEDVLKELLDEAVNRGI lED
3241 ATTCAGTTACACATAGGGATTTGTTTGATACAAAGCTAATGAATCAGCTATGCCCACGTC 3300SVTHRDLFDTKLMNQLCPRP
3301 CTAAACAGGTTATAGATGATTTTAACCGTATATACGATAACCATGGTCCAATAGCTGCAA 3360KQVIDDFNRIYDNHGPIAAT
3361 CAGATTATTTTTACAAGTTAAGCAAAGCCTCTGACTATATCCGTACTTACAGGGTAAAAA 3420DYFYKLSKASDYIRTYRVKK
3421 AGGACCTAAAATGGACATGCGATACAGAGTATGGCACTCTTGACATAACAATTAATCTCT 3480DLKWTCDTEYGTLDITINLS
3481 CTAAGCCAGAAAAAGACCCAAAGGCAATTGCTGCAGCTAAGAATGCAAAACAATCCACAT 3540KPEKDPKAIAAAKNAKQSTY
3541 ATCCGAAGTGCCAATTATGTATGGAAAATGAAGGCTATGCTGGTCGCATTAATCATCCTG 3600PKCQLCMENEGYAGRINHPA
3601 CTAGAGAGAATCATCGCATAATTCCTATAACTATAAATAACAGCAACTGGGGATTTCAAT 3660RENHRIIPITINNSNWGFQY
3661 ATAGCCCATACGTTTATTACAATGAGCATTGCATAGTCTTTAACGGAGAGCATACTCCTA 3720SPYVYYNEHCIVFNGEHTPM
3721 TGAAAATAGAGCGAGCTACTTTTGTTAAGCTATTTGATTTTATCAAACTATTTCCACACT 3780KIERATFVKLFDFIKLFPHY
3781 ATTTTTTAGGAAGCAATGCTGATTTACCAATTGTTGGAGGATCTATTTTAAGCCATGACC 3840FLGSNADLPIVGGSILSHDH
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3841 ATTTCCAAGGCGGCCATTACACATTTGCCATGGAAAAAGCTCCAATTATTCAGGAATTTA 3900FQGGHYTFAMEKAPI IQEFT
3901 CTGTAAAAGGATATGAGGATGTTAAGGCTGGTATAGTTAAATGGCCACTTTCAGTAATTA 3960VKGYEDVKAGIVKWPLSVIR
3961 GACTTCAGTGCAAGGATGAGACTAGACTTATTGATTTAGCGACTAATATATTAGACAAAT 4020LQCKDETRLIDLATNILDKW
4021 GGAGAAATTACACCGATGAAGAGGCATATATTTTTGCTGAAACAGATGGTGAGCCTCACA 4080RNYTDEEAYIFAETDGEPHN
4081 ATACGATTACACCTATTGCTAGAAAAAGAGGGGATTACTTTGAACTAGATCCTCTAGAGT 4140TITPIARKRGDYFELDPLES
4141 CGACCTGCAGGCATGCAAGCTTGGCACTGGCCGTCGTTTTACAACGTCGTGACTGGG* 4198TCRHASLALAVVLQRRDW



encodes a 517 amino acid protein having a calculated

molecular weight of 58,421. 0RF3 , is located 12 3 bp

downstream from 0RF2 and includes a Shine-Dalgarno sequence

with an initiation codon 5 bp downstream. This ORF

continues for 1,173 bp until the end of the clone and is

also incomplete. No predicted "stemloop" structures or

sequences that resemble rho-independent transcriptional

terminators were identified by computer analysis in the

region between 0RF2 and 0RF3 . It is therefore unlikely that

this DNA functions as a transcriptional terminator in E.

coli. It is also unlikely that any transcriptional

terminators are present between ORFl and 0RF2 since these

two ORF's are only separated by 15 bp and 0RF2 is expressed

in large amounts in E. coli in constructs that also contain

ORFl. This evidence suggests that these three ORF's may

constitute part of a xylan-degrading operon in B.

f ibrisolvens .

Codon usage . The codon usage of the three B.

fibrisolvens ORF's is summarized in Table 1. For

comparative purposes, codon usage for B. fibrisolvens 49

xynA (Mannarelli et al . 1990) and the average codon usage

for E. coli (Allf-Steinberger, 1984) are included. The

three B. fibrisolvens ORF's have similar patterns of codon

usage with each other and with strain 49 xynA . The low

guanine plus cytosine content of B. f ibrisolvens is

reflected in the three ORF's in the usage of an A or a T in
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TABLE 1. Comparison of codon usage frequency for the three B.

f ibrisolvens ORF ' s

.

Frequency (mol Codon Usage

Codon B. fibrisolvens E. coli B. fibrisolvens

ORF 1 ORF 2 ORF 1 xvlA

Amino Acid

Phe TTT 2.7 4.1 3.6 1.3 2.9

TTC 0.9 1.2 0.3 2.2 1.5

Leu TTA 2.0 2.5 2.8 0.7 0.7

TTG 0.2 1.2 1.0 0.9 0.5

CTT 5.6 2.7 2.5 0.8 4.4

CTC -0- -0- 0.3 0.8 -0-

CTA 1.4 1.0 1.8 0.2 0.2

CTG 0.5 0.8 0.3 6.8 1.0

He ATT 4.7 3.9 4.3 2.2 2.7

ATC 2.0 1.0 0.8 3.7 1.7

ATA 0.5 1.7 3.8 0.2 0.5

Met ATG 1.4 1.7 2.0 2.8 2.7

Val GTT 2.9 2.7 2.3 2.9 2.0

GTC 0.9 0.2 0.5 1.2 0.5

GTA 1.4 2.1 1.3 1.8 4.2

GTG 1.1 1.2 -0- 2.2 1.0

Ser TCT 2.3 1.5 0.8 1.3 1.2

TCC -0- 0.4 0.3 1.5 0.5

TCA 1.8 1.5 0.5 0.4 2.9

TCG -0- 0.6 0.3 0.6 0.2

*
AGT 0.9 0.8 0.3 0.3 -0-

AGC 0.7 1.0 1.8 1.4 1.2
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TABLE 1. (continued)

Frecmency (mol %) Codon Usage

Codon B. fibrisolvens E. coli B. fibrisolvens

ORE 1 ORE 2 ORE 1

Amino Acid

xvlA

Pro CCT 1.4 1.7 1.8 0.5 1.2

CCC 0.2 -0- -0- 0.3 -0-

CCA 2.3 3.5 2.8 0.7 2.4

CCG -0- 0.6 0.3 2.5 -0-

Thr ACT 0.7 1.9 2.3 1.1 0.7

ACC 0.7 1.4 0.5 2.4 1.0

ACA 2.7 1.7 3.1 0.3 5.1

ACG 0.5 -0- 0.3 0.8 0.5

Ala GCT 2.7 2.1 2.8 2.6 1.5

GCC 1.1 0.4 0.8 2.2 1.2

GCA 2.0 2.3 2.0 2.3 4.1

GCG 0.5 0.2 0.2 3.2 -0-

Tyr TAT 4.3 3.5 2.8 1.0 3.9

TAC 0.2 1.2 2.5 1.5 3.4

His CAT 0.9 1.4 2.5 0.7 1.5

CAC 0.5 0.6 0.5 1.2 0.2

Gin CAA 0.7 1.0 1.3 1.0 0.5

CAG 1.6 0.6 1.5 3.2 2.2

Asn AAT 2.0 4.2 3.8 1.0 5.4

AAC 0.5 1.1 1.3 2.8 2.7



TABLE 1. (continued

Freauencv (mol % ) Codon Usaae

Amino Acid Codon B. fibrisolvens E. coli B. fibrisolvens

ORF 1 ORF 2 ORF 1 xvlA

Lys AAA 3 .

4

3.1 3.6 4.1 3.4

AAG 4 .

7

3.5 3.3 1 .

3

3 .

9

Asp GAT 5 .

8

5.6 5.9 2 .

5

3 .

9

GAC 1 .

6

1.4 2.0 3 .

0

0 .

2

61u GAA 4 .

3

3.7 3.7 4 .

9

1 .

7

GAG 4 .

9

3.5 3.8 1 .

8

2 .

7

Cys TGT 1 .

4

1.4 1.0 0.4 0.7

TGC 0 . 7 1.0 1.5 0 .

5

0. 5

Trp TGG 1 .

3

1.7 1.3 0.7 2 .

0

Arg COT 0 .

7

0.8 1.3 3.1 1.0

CGC -0- 0.2 0.5 2.0 0.2

CGA 0 .

2

0.2 0.2 0.2 -0-

CGG -0- -0- -0- 0.2 -0-

AGA 3.1 2.9 2.0 0.1 2.0

AGG 0.5 -0- 0.8 0.1 0.2

Gly GGT 3.4 1.7 1.5 3.8 2.4

GGC 2.3 2.1 1.0 3.1 1.5

GGA 3.1 4.4 1.5 0.4 2.7

GGG 0.5 0.2 0.8 0.6 0.5
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the wobble position with the exception of CAG for Gin, AAG

for Lys, and GAG for Glu.

Insertional inactivation and subclone analysis of

0RF2 . Subclones were generated to investigate the

relationship between the xylosidase and arabinofuranosidase

activities encoded by the xylB gene (Fig. 4b) . Retention or

loss of enzymatic activity was initially asssayed on 4-

methylumbelliferyl-6-D-xylopyranoside (MUX) and 4-

methylumbelliferyl-a-L-arabinofuranoside (MUA) indicator

plates. The Sspl fragment (1,843 bp) from pLOIlOOS, which

contains 17 bp upstream and 274 bp downstream in addition to

xylB . was subcloned in both directions in pUC18. Both

activities were concurrently expressed only when xylB was

cloned in the direction of transcription of the lac promoter

(pLOI1043) , indicating a dependence on this promoter in E.

coli . The insertion of a 10 bp NotI linker into the unique

EcoRV site of xylB (pLOI1040) resulted in a frameshift

mutation that abolished both enzymatic activities (Fig. 4b)

.

The results of the indicator plate assays were confirmed by

comparing the specific activities for xylosidase and

arabinofuranosidase in cell free extracts (Table 2.). Using

p-nitrophenol derivatives, arabinofuranosidase activity was

approximately 1.7-times higher than the xylosidase activity.

The ratio of these activities was the same for the three

active subclones. The original subclone, pLOIlOOS,

exhibited the highest specific activity. The smaller active



TABLE 2. Expression of enzyme activities in recombinant E. coli
harboring xvlB .

Sp act'

plasmid xylosidase arabinofuranosidase Ratio ara/xyl*"

pLOIlOOS 9.0 16.0 1.8

PLOI1040 0.2 0.2

PLOI1043 2.0 3.0 1.5

pLOIlOSO 6.8 10.1 1.5

pUClB 0.2 0.2

' Nanomoles per minute per milligram of cell protein.

^ Ratio calculated after subtraction of background values from

the pUClS control.
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subclone, pLOI1043, exhibited a four-fold decrease in both

activities but retained a similar ratio of

arabinofuranosidase to xylosidase activities. An additional

subclone, pLOI1050, contained two Sspl fragments each

harboring xylB oriented with the direction of transcription

from the lac promoter. This subclone exhibited a three-fold

increase in both enzymatic activities with respect to the

single insertion (pLOI1043) but less than the original

clone. Again the ratio of the two activities remained

essentially the same as the wild type (pLOIlOOS) . The

results of these experiments demonstrate the dependence of

both enzymatic activities on 0RF2

.

Presence of other qlycosidic activities . The presence

of additional hydrolytic activities was examined in the

xylB-encoded protein using various ortho- and para-

nitrophenyl glycosidic substrates (Table 3). No additional

activity above the background levels was detected with 12

other pentose and hexose derivatives. Low levels of

activity was detected against the o-NP-B-D-fucopyranoside.

This may not be significant since the activity represents

less than 5% of the activity against the B-D-xylopyranoside.

A 19-fold higher activity was detected against o-

nitrophenyl-6-D-xylopyranoside relative to the para-

substituted derivative. This phenomenon is analogous to

B-galactosidase from E. coli. The para- and ortho-

substituted substrates are known to have different rates for
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TABLE 3. Hydrolysis of different nitrophenyl-substituted glycosides by the xvlB
gene product.

substrate
Specific activity'

pLOIlOOS pUClS

p-NP-B-D-xylopyranoside 8.9 0.2

p-NP-a-L-arabinofuranoside 15.5 0.5

p-NP-a-L-arabinopyranoside 0.1 0.2

p-NP-a-D-galactopyranoside 0.2 0.2

p-NP-a-D-glucopyranos ide 3.5 3.3

p-NP-a-L-fucopyranoside 0.2 0.2

p-NP-fl-D-fucopyranoside 0.2 0.2

p-NP-fl-L-fucopyranoside 0.4 0.4

p-NP-a-L-rheunnopyranoside 0.3 0.2

o-NP-13-D-fucopyranoside 1.4 1.0

o-NP-a-D-galactopyranoside 0.8 1.0

o-NP-B-D-galactopyranoside 1,0 1.0

' Nanomoles per minute per milligram of cell protein.



the glycosidic bond-breaking step (Martinez-Bilbao et al .

,

1991) . Under the conditions of these assays it appears that

the xylB-encoded protein is limited to hydrolytic activity

against 6-D-xylopyranosides and ot-L-arabinofuranosides only.

Electrophoretic analysis of cloned proteins . Using

SDS-PAGE analysis of cell-free cytoplasmic extracts, a new

protein band with an apparent molecular weight of 60,000 was

observed in cells harboring plasmid pLOIlOOS (Fig. 6)

.

This band was absent in extracts from cells containing the

vector plasmid pUC18 alone. Extracts from which the gene

was inactivated by a frameshift mutation (pLOI1040) also

lacked this protein band. The observed levels of this

protein band in the single (pLOI1043) and double (pLOIlOSO)

Sspl subclones was consistent with the presence of the

enzyme.

Primary sequence homology comparisons . Homologies of

the B. f ibrisolvens ORF's to other glycohydrolases were

compared to determine evolutionary relatedness. The

translated amino acid sequences of the three B. fibrisolvens

ORF's exhibited 42 to 45% similarity (a conservative match)

and 14 to 19% identity (an exact match) with each other

(Table 4.). The xvlB was found to be most similar (44%

similarity, 20% identity) to the 6-glucosidase from

Kluvveromvces fraqilis . Additional comparisons with other

glycohydrolase sequences revealed no significant amino acid

identities. Although the N-terminal sequence of the



Figure 6. SDS-PAGE analysis of cytoplasmic extracts from
recombinant E. coli DH5a harboring selected plasmids.
Approximately 20 )ug of protein was loaded in each lane. Lanes
1 and 7; molecular weight markers, lane 2; pLOIlOOS, lane 3;
pUC18, lane 4; pLOI1040, lane 5; pLOI1043, lane 6; pLOIlOSO.
The band cooresponding to the xylosidase-arabinofuranosidase
enzyme is indicated by an arrow. The numbers in the right
represent the apparent molecular weight of the standards
(X 10^) .
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TABLE 4. Comparison of the translated amino acid sequences of the three B.
fibrisolvens ORF's in pLOI 1001 with those of selected proteins.

Organism (gene)
wKr ± ORF 2 ORF 3

xylB)
Reference

B. fibrisolvens (xvnA) 40 (16) 41 (16) 41 (13) Mannarelli et al. 1990

B. fibrisolvens (endl> 16 (8) 14 (6) 20 (11) oercjer et ai • lyoy

B. tiumiluH / wnA \ AC. / 5 1 \ 44 (16) 12 (8) Fukusaki et al. 1984

B. pumilus (xvnB) 39 (16) 28 (21) 38 (17) Morivama et al. 1987

B. subtilis (xynA) 48 (21) 44 (16) 12 (6) Paice et al. 1986

Caldocellum
saccharolvticus (xvnBl

20 (14) 25 (12) 21 (12) Luthi et al. 1990

(xvnA / xvnB)
16 (8) 20 (9) 19 (10) Luthi et al. 1990

C. saccharolvticus
( xvnC

)

16 (8) 22 (11) 31 (3) Luthi et al. 1990

Clostridium
thermocellum 18 (7) 40 (16) 15 (8) Grepinet et al. 1988

(xynZ)

C. thermocellum
( celA)

45 (22) 41 ( lo

)

39 (15) Benquin et al. 1985

C. thermocellum
(celB)

44 (20) 44 (18) 43 (19) orepinet et al. 1986

C. thermocellum
(celD)

45 (16) 39 (15) 43 (18) Joliff et al. 1986

Asoeraillus
niaer
(a-eunylase) 40 (16) 41 (18) 43 (19) Boel et al. 1984

Kluvveromvces
fraailis
(i3-glucosidase)

52 (31) 44 (20) 46 (22) Raynal et al. 1987

ORFl 100 44 (19) 45 (19) This study

0RF2 44 (19) 100 42 (14) This study

ORF3 45 (19) 42 (14) 100 This study
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Bacillus pumilus S-xylosidase did exhibit strong amino acid

identity in selected regions, the overall identity was only

21%. Thus the B. f ibrisolvens xylB gene is evolutionarily

divergent from other glycohydrolases. The translated,

primary sequences for ORFl and 0RF3 also exhibited

similarity (52% and 46%, respectively) and identity (31% and

22%, respectively) to the K. fraqilis 6-glucosidase. This

is consistant with these two ORF's also beinq involved in

carbohydrate deqradation.

It has been postulated that the hydrolytic mechanism of

lysozyme (Teeri, et_al. 1987) and cellulases (Knowles et

al., 1987) can serve as a model for other carbohydrate-

hydrolyzing enzymes. Studies of hen egg-white lysozyme

(HEWL) indicate a general acid-base catalytic mechanism

involving Glu-35 and Asp-52 as the catalytic residues

(Quiocho, F. A., 1986). Subsequent studies have

demonstrated that this catalytic region is conserved in some

cellulases (Knowles et al . 1987) . An analysis of the

translated primary sequence from xvlB reveal a reqion

homoloqous to the active site reqion from HEWL, and

qlucoamylase from Aspergillus niqer (Table 5) . The

conserved reqion from additional carbohydrate hydrolases are

included for comparison. The xylB reqion was most similar

to the qlucoamylase, with 38% identity between the amino

acids in the catalytic reqion. The catalytically important
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TABLE 5. Amino acid sequence alignment of conserved regions.

Protein' Concensus sequence Reference

35 44 52
HEWL FESNFNTQAT.NRNTDGS. . .TDY Yaguchi et_al. 1983

331 338 349
A. n. (a-aml) PEDTY.YNG. .NPWFLCTLAAAEQ Boel et al . 1984

342 350 362
B. f. xvlB

|
SEDFYSLTD. .NPGFLRLKLRPEA This study

144 149 160
B.f. xvlB-, PDGVRY NGAWEIWVQELDL This study

320 328 337
B.f. endl GETSATNRN. .NTAERVKWA. .DY Berger et al . 1989

355 362 369
B.f. xvnA NEKPLIWS. . .NIGVAKPAY. .DE Mannarelli et al . 1990

769 785
B.f. bqll SDWWGFGEHYK BVLAGNDI Barnett et al . 1991

325 335 343
B.p. xvnB lECTRLAQLNWNTCSMQFV. . .EE Moriyama et al . 1987

' Abbreviations: Hen egg-white lysozyme (HEWL), Aspergillus niger a-eunylase (a-
ami)/ B. fibrisolvens B-D-xylosidase ( xvlB> . B. fibrisolvens endoglucanase 1 (endl),
B. fibrisolvens B-D-xylanase ( xvlA ) . B. fibrosolvens fl-glucosidase ( bqll ) , Bacillus
pumillus B-D-xylosidase ( xvlB > . Clostridium thermocellum B-D-xylanase ( xvnZ ) . C.
thermocellum cellobiohydrolase B (celB) , C. thermocellum cellobiohydrolase D (celD)

,

C. cellulolvticum endoglucanase A (EGCCA), Caldocellum saccharolvticum B-D-
xylosidase ( xvnB ) . Cellulomonas fimi endoglucanase A (cenA) , C. fimi exoglucanase A
(cex), Trichoderma reesei cellobiohydrolase II (CBH II), Kluweromvces fraailis
cellobiohydrolase I (CBH I), Schizophvllum commune endoglucanase (EG I).
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TABLE 5. (continued)

Protein* Concensus sequence Reference

458 466 475
C.t. xvnZ GEALLRADV. .NRSGKVDS. .TDY Grepinet et al . 1988

418 427 436
C.t. celB TEGGHPLLDL.NLKYLRCMR. .DF Grepinet and Benguin,

1986
376 384 395

C.t. celD DEEYLRDFE. .NRAAQFSKKEADF Joliff et al . 1986

408 418 427
C.8. xvnB REVFVERIDEYNANPKRVWL. .EM Luthi et al . 1990

244 254 263
T.r. CBH II LECINYAVTQLNLPNVAMYL. .DA Rouvinen et al . 1990

586 596 605
K.f. CBH I GEWETEGYDRENMDLPKRTN. .EL Raynal et al . 1987

33 42 50
S.c. EG I NESCAEFGNQ.NIPGVKN...TaY Yaguchi et al . 1983

* Abbreviations; Hen egg-white lysozyme (HEWL), Aspergillus niger a-amylase (a-
ami), B. fibrisolvens fl-D-xylosidase ( xvlB) . B. fibrisolvens endoglucanase 1 (endl),
B. fibrisolvens B-D-xylanase ( xvlA ) . B. fibrosolvens fl-glucosidase (ball), Bacillus
pumillua fl-D-xylosidase ( xvlB i , Clostridium thermocellum B-D-xylanase ( xvnZ ) , C.
thermocellum cellobiohydrolase B (celB) , C. thermocellum cellobiohydrolase D (celD)

,

C. cellulolvticum endoglucanase A (EGCCA), Caldocellum saccharolvticum fl-D-
xylosidase ( xvnB ) , Cellulomonaa fimi endoglucanase A ( cenA ) , C. fimi exoglucanase A
(cex), Trichoderma reesei cellobiohydrolase II (CBH II), Kluvveromvces fraoilis
cellobiohydrolase I (CBH I), Schizophvllum commune endoglucanase (EG I).
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glutamic and aspartic acid residues and the approximate

spacing were found to be conserved conserved.

Conclusions

The xvlB gene, encoding 6-D-xylosidase and a-L-

arabinofuranosidase activities is the first of its kind to

be sequenced. The xylB gene is 1,551 bp in length and

encodes a 517 amino acids protein having a predicted

molecular weight of 58,000. The absence of any significant

stem-loop structures or terminators in the regions between

ORFl, 0RF2, and 0RF3 as well as the strong expression of

0RF2 in E. coli even when preceded by ORFl suggests that

these three genes may constitute a xylan-degrading operon.

The subcloning analysis and insertional inactivation studies

demonstrate the dependence of both activities on the intact

xylB gene.

The codon usage of the three ORF's is consistent with

the low guanine plus cytosine content of this organism in

general (Mannarelli et al . 1990)

.

This enzyme exhibited 6-D-xylopyranosidase and a-L-

arabinofuranosidase activities. No additional glycosidic

bond cleavage activities were detected in the xylB gene

product

.

The xylB gene displayed limited homology to other

reported xylosidase sequences and must therefore be

considered to be evolutionarily divergent from genes

encoding similar functions from other organisms. It did



however exhibit partial identity with the 6-glucosidase from

Kluyveromyces fragilis which is consistent with the

similarity of the substrates which these two enzymes attack.

A single gene encoding xylanase/xylosidase activities

has been cloned and sequenced from Caldocellum

saccharolyticum (Luthi et al . 1990) . This protein, however,

lacked arabinofuranosidase activity. Recently, a

xylosidase/arabinofuranosidase gene was proposed to reside

in a gene cluster isolated from Bacteroides ovatus

(Whitehead and Hespell, 1990). All clones exhibited both

activities concurrently and both activities co-purified.

Additionally, an enzyme having xylosidase and

arabinofuranosidase activities has been purified from

Trichoderma reesei (Poutanen and Puis, 1988) . No sequence,

however, for the encoding gene has been reported.

Substrate ambiguity between carboxymethylcellulase and

xylanase enzymes is relatively common (Flint et al . 1989) .

The substrate ambiguity for other xylosidase enzymes has

also been reported. By employing kinetic methods on the

purified, bifunctional 6-xylosidase/6-glucosidase from

Chaetomium trilaterale . Uziie et al . (1985) demonstrated

that this enzyme possessed a single active site with dual

substrate-binding regions. More recently, a neopullulanase

from Bacillus stearothermophilus was cloned, sequenced, and

characterized (Kuriki and Imanaka, 1989). This enzyme

possessed activity against a- (1, 6) -glycosidic linkages in
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addition to the usual hydrolysis of a- (1 , 4) -glycosidic

linkages. Mutational analysis demonstrated that a single

active center was involved in the catalysis of both these

linkages (Kuriki et al . 1991)

.

It seems reasonable to speculate that bifunctionality

and substrate ambiguities among the microbial carbohydrate

hydrolases is common. The celB gene encoding a "true"

bifunctional cellulase has been cloned from Caldocellum

saccharolyticum and sequenced (Saul et al. 1990) . This

enzyme exhibited both endo-glucanase and exo-glucanase

activities. The endo-glucanase activity was localized to

the carboxy terminal domain and the exo-glucanase activity

was localized to the amino terminal domain. This protein

also exhibited homology with both endo- and exo-glucanase

enzymes from other organisms. The organization of separate

functions to separate domains has also been demonstrated

with the endo-glucanase 2 from Bacteroides succinoqenes

(McGavin and Forsberg, 1989) . These investigators used

protease treatments to demonstrate that this enzyme

possessed separate substrate binding and catalytic domains.

The structural similarities between the various 6- and

a-linked glycosyl residues may be responsible for the

apparent evolution of enzymes with broad substrate

specificity.



53

Since many enzymatic activities are required to completely

depolymerize xylans and cellulose, the evolution of such

enzymes could represent a selective advantage in the rumen

and other environments.



Chapter IV

Mutational analysis of the xylB gene

Introduction

Carbohydrate-degrading enzymes have been studied

extensively in the microbial world and form the basis of

much of what we know about the cycling of carbon in the

environment (Weinstein and Albersheim, .1979) . Lysozyme, an

enzyme which hydrolyzes bacterial cell wall carbohydrates,

was one of the first such enzymes to be s'Cudied extensively

and as a result much is known about this enzyme's catalytic

mechanism and structure (Quiocho, 1986) . The cellulases

have also been extensively studied as they are responsible

for the cycling of the most abundant natural polymer

cellulose (Knowles et al . . 1987). Studies of the

mechanistic properties of these enzymes have been

facilitated by the use of molecular genetic techniques.

Gene cloning, sequencing, and oligonucleotide-directed

mutagenesis have allowed mutations to be made in a site

specific manner. A kinetic study of the mutant proteins can

then be done and predictions about catalytic mechanisms

tested.

54
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The active center for a neopullulanase from Bacillus

stearothermophilus has been recently examined using

mutagenesis (Kuriki et__al. , 1991) . This enzyme exhibits

dual activities against a- (1,4) and a- (1,6) glycosidic

linkages. The catalytically important amino acids were

tentatively identified using sequence alignment and homology

searches. The putative catalytic amino acids were changed

using site-directed mutagenesis and activities were examined

in the resulting mutants. This approach identified that one

active center containing Glu-357 and Asp-424 was responsible

for both catalytic activities.

Enzymes which exhibit substrate ambiguity are

interesting both from mechanistic and evolutionary

perspectives. The obvious question that arises with respect

to bifunctionality is does this enzyme have two separate,

specialized, catalytic sites? This situation would imply

that the protein has evolved from a gene fusion to perform

two separate functions. Another possibility involves the

presence of a single active site in which two structurally

similar substrates are bound and hydrolyzed. This situation

would be analogous to a case of mistaken substrate identity

which proves advantagous to the organism, and has been

evolutionarily conserved. Examples of multifunctional

xylosidases have been reported in the literature and are

discussed in the previous chapters. The apparent

bifunctionality of the xvlB gene was demonstrated in chapter
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III. A series of genetic experiments were designed to

investigate the presence or absence of two catalytic or

functionally separate domains on the xylB gene that are

responsible for the dual activities exhibited by this

enzyme.

Materials and Methods

Medium and growth conditions, genetic methods and DNA

sequencing were done as described in chapter III.

In vitro nitrous acid mutagenesis of xylB . A total of

80 of pLOIlOOS which contains the xylB gene was

resuspended in 50 /xl Tris-EDTA (TE) buffer (pH 8.0).

Mutagenesis was initiated by the addition of 10 nl of 2.5 M

sodium acetate (pH 4.3) and 50 /xl 2.0 M sodium nitrite.

Exposure times were zero, thirty seconds, one, two five and

ten minutes. Mutagenesis reactions were terminated by the

addition of 200 nl 100% ethanol. The precipitation step was

repeated twice to ensure the complete removal of the

mutagenic agent. The mutagen-treated plasmids were

resuspended in 80 /il TE buffer (pH 8.0). A total of 5 /xl of

the plasmid was transformed into competent E. coli DH5a.

Serial ten-fold dilutions of the transformed cells were

plated in triplicate onto Luria agar supplemented with the

fluorogenic substrates. A 99% reduction in transformation

by the mutagenized plasmid was observed after ten minutes of

mutagenesis.
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Localization of point mutations . The entire xylB

coding region was divided into five domains based upon

restriction sites (Fig. 7) . Three restriction fragments,

the PstI . EcoRI . and Hindlll fragments were isolated from

each mutant plasmid. These fragments were used to replace

the corresponding fragment in the wild type gene which had

been modified to construct receiving vectors for each

respective restriction fragment (pLOIlOSl, pLOI1052, and

pLOI1053) to test the functionality of individual fragments.

This strategy, outlined in Fig. 8, allowed the localization

of point mutations to one or more of the five domains.

Exonuclease III deletion of xylB . Plasmid pLOI1043

containing the xylB coding region was deleted from the 3

'

terminal region into the coding region by exonuclease III

using the "Erase-a-Base" deletion kit (Promega Corporation,

Madison, WI.) according to the manufacturer's instructions.

The deleted plasmids were subsequently transformed into

competent E. coli DH5a and screened in the same fashion as

the in vitro-aenerated mutant plasmids.

5' deletion analvsis and lacZ' fusions . The internal

PstI fragment from pLOIlOOS was subcloned in the original

orientation into plasmid pUC18. This in-frame fusion with

lacZ results in the subsequent deletion of the 5' terminal

54 base pairs (18 amino acids).

Preparation of cell extracts . Extracts were prepared

as described in chapter III.



Figure 7. The assignment of domains to the xylB gene (solid
bar) . Restriction endonuclease fragments used to localize
mutations are shown below. Abbreviations: E; EcoRI . S; Sspl .

P; Pstl . H; Hindlll .





Figure 8. Subcloning strategy used to localize in vitro
mutations to one of five domains on the xylB gene.
Abbreviations: E; EcoRI . S; Sspl . P; PstI . H; Hindlll .



PstI

PLOI1053
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Krizyme assays . Enzyme assays were done as described in

chapter III.

Sodium dodecvl sulfate polyanrylamide gel

electrophoresis fSDS-PAGE) . SDS-PAGE gels were done as

described in chapter III.

Native polvacrvlamide ael electrophoresis (native

PAGE) . Cell proteins were separated in non-denaturing gels

by the method of Ornstein and Davis (1964). Following

electrophoresis, gels were equilibrated in 50 mM sodium

phosphate buffer (pH 6.8). The equilibrated gels were then

overlaid with Whatman #1 filter paper soaked with a solution

of 20 mg per ml of the fluorogenic substrates, 4-

methylumbelliferyl-B-D-xylopyranoside or 4-

methylumbelliferyl-a-L-arabinofuranoside in 70% ethanol.

Overlays were incubated at 37°C for 15 min or until activity

bands were visible under long-wave UV light. Native-PAGE

gels were also stained for protein as outlined before.

Western hybridization analvsis of wild type and mutant

proteins . Native and SDS-PAGE protein gels were

electroblotted using the Trans-Blot apparatus (BioRad

Laboratories, Richmond, CA.) according to the manufacturer's

instructions. "Western" hybridizations were done using

polyclonal antisera raised to E. coli DH5a cell extracts

harboring pLOI1005 in rabbits. Protein bands were

visualized using alkaline phosphatase conjugated goat anti-
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rabbit antisera. All procedures and conditions used have

been described elsewhere (Harlow and Lane, 1988) .

Native agarose-xylan gel electrophoresis . Separating

gels consisted of 0.75% agarose with or without the

inclusion of 0.75% birchwood xylan. Both the gels and the

running buffer were standard Tris-borate-EDTA buffer (TBE-pH

8.0). Approximately 40 fig cell protein was added per well.

Proteins were electrophoresed at 75 V and 21 mA in a

horizontal electrophoresis unit until the dye front reached

a point 1 cm from the end of the gel. Agarose gels were

either directly stained for activity (zymograms) or

electroblotted and analyzed immunologically as outlined

above

.

Results and discussion

Deletion analysis . Exonuclease III deletions from the

3
' end of xylB resulted in the concurrent loss of both

enzymatic activities in all deletions (Fig. 9a) . DNA

sequencing of the deletion end points identified a minimal

deletion of the terminal 27 base pairs (9 amino acids)

resulted in the loss of both enzymatic activities. A "TAA"

termination codon in the pUC18 polylinker immediately

downstream from this deletion served to define the new 3

•

end of this mutant gene.

A LacZ ' fusion of the internal PstI fragment of xvlB

resulted in the deletion of the 5' terminal 54 base pairs

(18 amino acids) including the Shine-Dalgarno sequence and



Figure 9. Deletion analysis of xylB gene. (A) Exonuclease III
deletion series from the 3' end of xylB . Shaded arrow denotes
direction of transcription from the pUC18 lac promoter. Solid
arrow denotes direction of deletion. Underlined "taa"
indicates relative location of stop codon from the 3 ' end of
deletion. Retention or loss of respective enzyme activites is
indicated by a "+'• or (B) LacZ' fusion of 5' end of the
large internal PstI fragment of xylB resulting in a deletion
of 56 base pairs.
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the "ATG" initiation codon with the loss of both enzymatic

activities (Fig. 9b)

.

In vitro mutagenesis . Twelve mutants were isolated

using selective media on the basis of reduced or abolished

enzyme activities. Two mutants could not be classified due

to multiple mutations and were not analyzed further. A

total of ten mutants were classified as negative for both

enzymatic activities against the fluorogenic substrates

based upon agar plate assays. Two mutants, number six and

number ten, displayed reduced but significant fluorescence

on fluorogenic indicator plates (Table 6)

.

Localization of point mutations . Most of the point

mutations were determined to reside in domains II and III

(Table 6) . None of the mutations were localized in the

lacZ

'

promoter of pUC18. The generation of point mutations

is consistent with the deamination activity of nitrous acid.

The point mutations were clustered in domains II and III

near the region proposed to be the active site of this

enzyme.

DNA sequencing of in vitro mutants . The amino acid

substitutions resulting from in vitro mutagenesis were

deduced from the base changes as determined by DNA

sequencing (Fig. 10) . The point mutations were all AT to GC

transitions which is consistant with the mode of action for

nitrous acid mutagenesis. Two frameshift mutations were

identified, in domain I and domain V. These were not
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Table 6. Localization of point mutations by restriction
fragment replacement analysis.

MUTANT PHENOTYPE PstI EcoRI Hi ndTTT

1 -/- -/- +/+ II fs^

2 -/- -/- -/- +/+ II

3 -/- -/- -/- +/+ II

4 -/- -/- -/- III

5 -/- +/+ -/- +/+ I

6 w/v/* w/w +/+ +/+ II

7 w/w w/w +/+ +/ + II

8 -/- -/- -/- + / + V fs

9 -/- + / + II

10 -/- -/- -/- -/- III

11 -/- ' -/- -/- -/- III

12 -/- -/- -/- -/- III

denotes presence or absence of xylosidase activity.

^ denotes presence or absence of arabinofuranosidase
activity.

^ denotes a frameshift mutation.

^ denotes "weak" activity.



Figure 10. Location and identification of point mutations in

xylB by DNA sequencing. Numbers above sequence indicate the
position of the amino acids. Amino acids in parentheses below
the sequence indicates the new amino acid inserted by
mutation. A "-" denotes loss of enzymatic activity. A "w"

denotes weak enzymatic activity.
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Region of autation

180 186 192
Asp . Val . I le . Trp . Pro. Glu . Gly . Pro. His . Leu . Tyr . Lys . Lys

(Arg)

197 203 209
Tyr.Leu.Leu.His.Ala.Glu.Ala.Gly.Thr.Ser.Phe.Glu.His

(Thr)

204 210 216
Gly.Thr.Ser.Phe.Glu.HiB.Ala.Ile.Ser.Val.Ala.Arg.Ser

(Val)

1 7 13
Met . Val . I le . Ala . Asn . Asn . Pro . lie . Leu . Lys . Gly . Phe . Tyr

(Leu)

172 178 184
Ala

.
He

.
Trp . Lys . Gly . Ala . Leu . Lys . Asp . Val . I le . Trp . Pro

(Phe)

1'*^ 152 158
Val . Arg . Tyr . Asn . Gly . Asp . Trp . Glu . He . Trp . Val . Gin . Glu

(UGA)

197 203 209
Thr . Leu . Leu . His . Ala . Glu . Ala . Gly . Thr . Ser . Phe . Glu . His

(Val)

232 238 244Phe . Thr . His . Arg . Asn . Leu . Gly . Lys . Asp . Tyr . Pro . Val . Cys
(Asp)

204 210 216Gly
.
Thr

.
Ser

. Phe . Glu . His . Ala . He . Ser . Val . Ala . Arg . Ser
(Thr)

^^^ 203 209Thr . Leu . Leu . His . Ala . Glu . Ala . Gly . Thr . Ser . Phe . Glu . His
(Thr)

23
Ser. ILe. Cys. Arg. Lys. Gly. .

.

Phenotype
xyl/ara

-/-

Mutant

G186R

-/-

-/-

-/-

w/w

'

t .

w/w

-/-

-/-

-/-

-/-

-/-

A203T

A210V

P7L

L178F

W158UGA

A203V

G2380

A210T

A203T

fs
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Studied further. Ten mutations are clustered in an area of

60 amino acids. Six of these mutations; glycine 185 to

arginine 185, alanine 202 to threonine 202, alanine 202 to

valine 202, alanine 209 to valine 209, glycine 237 to

aspartate 237, and alanine 209 to threonine 209 all resulted

in an inactive protein. Each of these mutations represent

nonconservative amino acid changes that would be expected to

effect the function and/or conformation of the protein.

Another mutation in this cluster, leucine 178 to

phenylalanine 178, resulted in a mutant having one-tenth the

enzymatic activities of the wild type. This is a

conservative change in that both leucine and phenylalanine

are hydrophobic amino acids and have similar structural

properties. It is possible that the larger aromatic group

on phenylalanine is affecting substrate binding and/or

catalysis. In addition, the substitution of a "UGA" stop

codon for tryptophan at position 152 also resulted in a

protein with one-tenth the enzymatic activities of the wild

type. The most probable explaination is that the "UGA"

codon is functioning as tryptophan in this E. coli strain

and the efficiency of read through is very low which yields

a reduced expression of the xylB protein. The existence of

such suppressor mutations has been previously demonstrated

(Hirsh, 1971) . One mutation, proline (7) to leucine (7)

occurred in the amino terminus of the protein and resulted

in a negative phenotype. The amino terminus of the xylB



71

protein therefore plays an important in the structural

and/or catalytic role.

SDS-PAGE analysis of mutant proteins . The presence of

the 60,000 molecular weight monomer ic subunit encoded by

xylB was confirmed for the various mutants (Fig. 11) . In

two cases, cell extracts from recombinants harboring the

proline (7) to leucine (7) and glycine (185) to arginine

(185) , did not contain the xyIB-encoded protein band. The

insertion of the plasmid containing the proline (7) to

leucine (7) mutation into a Ion-negative strain of E. coli,

which is deficient in serine proteases, resulted in the

restoration of the xyIB-encoded protein band on SDS-PAGE

gels. It seems likely that proteolysis of an improperly

folded protein is responsible for the absence of this

protein in cell extracts of these two mutants.

Native polyacrylamide gel comparisons of mutant and

wild type proteins . Zymograms of the wild type and mutants

L178F and W158UGA proteins indicated that the mutant

proteins are approximately the same size as the wild type

protein (Fig. 12). Western hybridizations of blotted

protein bands from native-PAGE indicated that all of the

expressed mutations result in proteins that have unaltered

electrophoretic mobilities and subunit assemblies relative

to the wild type protein (Fig. 13). This evidence suggests

that the point mutations that result in expressed protein do

not induce any destabilizing secondary structural



Figure 11. SDS-PAGE analysis of wild type and mutant
proteins. Lane assignments: A and J; wild type (pLOIlOOS) , B;
pUC18, C; G186R, D; A203T, E; A210V, F; P7L, G; L178F, H;
W158UGA, I; molecular weight markers, K; A203V, L; G238D, M;
G238D expressed in a Ion" strain of E. coli N; A210T, 0;
A203T. Molecular weight marker sizes (X 10^) : 1; 94, 2; 67,

3; 43, 4; 30, 5; 20.
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Figure 12. Native-PAGE comparison of W158UGA and L178F
mutants proteins with the wild type (pLOIlOOS) stained with
Coomassie blue. Lane assignments: A; mutant L178F, B; pUClB
control, C; W158UGA, D; pLOIlOOS.



BCD



Figure 13. Western hybridization of native-PAGE of wild type
and mutant proteins. Lane assignments: A; A203T, B; pUC18,
C:; P7L, D; A210V, E; L178F, F, W158UGA, G; pLOIlOOS.
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perturbations that would result in proteolysis by the cell

or a major change in tertiary structure of the proteins.

The reduced levels of the xylosidase protein in the

W158UGA mutant correlates to the reduced enzymatic

activities for recombinants harboring this mutant. The

"UGA" termination codon can be decoded as a tryptophan at

low efficiency in E. coli (Hirsh, 1971) . It is likely that

this is the case also for the W158UGA mutant in xylB .

Substrate-binding comparisons of mutant proteins .

Electrophoresis of the wild type and mutant proteins on

native gels that contained agarose alone and agarose plus

birchwood xylan indicated a differential mobility between

the wild type and mutant proteins (Fig. 14) . Using agarose

alone no differences between electrophoretic mobilities of

the respective mutant proteins and the wild type were

detected using Western hybridization analysis. The

inclusion of birchwood xylan (0.75 %) resulted in a change

in the mobility of the proteins. Without exception, all the

mutant proteins exhibited faster electrophoretic mobilities

relative to the wild type protein. It is possible that the

xylan is functioning as a psuedo-substrate and the point

mutations have affected the relative affinities of these

proteins for the substrate.



Figure 14. Substrate binding native gel Western hybridization
assays of wild type and mutant proteins. Lane assignments: A
, F, and G; native (pLOIlOOS)

, B; G186R, C; A203T, D; W158UGA,
E; L178F, G; A203V, H; G238D, I; A210T, J; A203T. Arrow
indicates the direction of protein migration. The "+" and "-"

indicated the relative location of the anode and cathode,
respectively.
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Analysis of enzvmatic activities of expressed mutant

proteins . In all cases, the point mutations affected both

enzymatic activities concurrently (Table 7). All mutations

resulted in an expressed phenotype in which enzymatic

activities were reduced or abolished. The clustering of

these mutations in the 60 amino acid region (12% of the

coding region) which contains the catalytic consensus

sequence is evidence that the two enzymatic activities

expressed by this protein are not functionally confined to

separated domains. There is a dependance of function

relating both enzymatic activities to this region of the

protein.

The effects of substrate concentration on reaction rate

of the mutant enzymes was investigated using the crude

extracts as a source of protein (Table 8) . Mutants A203T,

A210V, L178F, G238D, and A210T exhibited an increase in

apparent increase in reaction rate relative to increasing

substrate concentration. Increasing substrate concentration

had no effect on reaction velocity for mutants G186R and

A203V, however the activities for these two mutant proteins

were above that for the pUC18 background. It is possible

that the lowest concentration of substrate used, 3 mM, is at

saturation with respect to these two mutant proteins.

4
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Table 7. Enzymatic activities of recombinants harboring

point mutations on xvlB relative to the wild type protein.

Clone Xyl Sp.Ac. AJLCL op • AC* • R =

pLOIlOOS 10.5 17.4 1.7 . 46

G186R 0.1 0.1 1.0 .51

A203T 0.1 0.3 3.0 .49

A210V 0.2 0.2 1.0 .49

P7L 0.2 0.2 1.0 N/D

L178P 1.2 1.8 1.5 .53

W158AUG 2.1 2.9 1.4 .46

A203V 0.2 0.2 1.0 .49

G238D 0.2 0.2 1.0 N/D

A210T 0.2 0.1 0.5 .50

pUC18 0.0 0.0

^ Specific activity in nmoles p-nitrophenol released per min
per mg protein.

Ratio computed after subtraction of pUC18 background values.

Determined by comparing relative migration distances of each
protein verses that for the dye front on agarose/xylan native
gel electrophoresis using "Western" hybridization to visualize
protein bands.
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TABLE 8. Effects of substrate concentration on 6-D-
xylosidase activity* for xylB in vitro mutants''.

Clone 3 mM 6 mM 9 mM Km,_^
app

p-nitrophenyl-6-D-xylopyranoside

wild type 18.6 24.0 25.6 4 mM

G186R 0.4 0.4 0.5 2 mM

A203T 0.4 0.7 0.9 11 mM

A210V 0.8 0.9 1.2 2 mM

L178F 1.4 1.8 3.0 18 mM

A203V 0.6 0.8 0.8 3 mM

G238D 0.6 1.1 1.3 7 mM

A210T 0.4 0.7 0.8 12 mM

* Specific activity expressed as nmoles p-nitrophenol
released per min per mg protein.

Does not include the frameshift mutations or those mutant
proteins that are not expressed.

Apparent Km values determined using the direct linear
method of Cornish and Bowden.
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Conclusions

The mutation and deletion data are consistant with the

proposal that both enzymatic activities exhibited by the

xylB-encoded protein are not functionally separate but

depend upon the same region of the protein for complete

activity. The clustering of mutations about the consensus

sequence and the 60 amino acids region is strong evidence in

favor of this region being important for substrate-binding

and/or catalytic activity of the protein. This region of

the protein is rich in aspartic acid, glutamic acid and

histidine residues which have been previously implicated in

the catalytic function of related proteins such as lysozyme

(Quiocho, 1986) , taka-amylase from Aspergillus niger

(Matsuura et al., 1984), cellobiohydrolase II from

Trichoderma reesei (Rouvinen et al., 1990), and a

neopullulanase from Bacillus stearothermophilus (Kuriki et

al., 1991).

The point mutations that were expressed as complete

proteins did not affect either subunit assembly or the

apparent size of the native protein relative to the wild

type. These mutations did, however, change the protein's

mobility during electrophoresis on agarose-xylan native

gels. It is possible that this change in mobility is due to

a reduced affinity of the various mutant proteins for xylan,

which is functioning as a surrogate substrate for the
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enzyme. There appears to be a dependence of velocity on

substrate concentration for at least some of the mutants.

The mutation evidence supports the hypothesis that one

active center or domain is responsible for both enzymatic

activities. It does not, however, totally rule out the

possibility that the protein may contain separate catalytic

sites or subsites which are spacially close together.

Future kinetic experiments, including the investigation of

substrate competition between arabinofuranosides and

xylopyranosides, will allow further definition of the

catalytic regions responsible for both activities.



Chapter V

Purification and characterization of the
xylB-encoded protein

Introduction

The existance of polysaccharide-hydrolyzing enzymes

having broad substrate specificities is well documented

(Ward and Moo-Young, 1989) . One such example includes the

exoglucanase, EXG, produced by Cellulomonas fimi (Beguin,

1991) . This enzyme also exhibits 6-D-xylanase activity. The

xylanase from Clostridium thermocellum (XYNZ) also exhibits

endo-glucanase activity towards carboxymethylcellulose

(Grepinet et al . 1988) . In particular, several xylanase and

xylosidase enzymes have been characterized which exhibit

substrate ambiguity (Flint et al . 1989) . A recent example

is a B-D-xylosidase that was cloned from Caldocellum

saccharolyticum that also exhibits endoxylanase activity

(Luthi et al . 1990) . Enzymes which exhibit both

endoxylanase and 6-glucosidase activities have been shown to

be fairly common among micoorganisms (Gilkes et al . 1991)

.

Substrate ambiguity among the glycohydrolases has been

attributed to the similarities between the various

substrates involved. Upon closer examination, this

phenomenon is not totally unexpected. The 6- (1, 4) -xylosidic

bonds of xylan and the 6-(l,4)-glycosidic bonds of cellulose

86
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are structurally related and have quite similar molecular

configurations about the 6- (1,4) bonds with respect to the

hydroxyl group on the a-carbon being in the axial or

equatorial positions.

Some true bifunctional cellulases have been

demonstrated which contain separate active sites for each

enzymatic activity. Saul et al . (1990) isolated a cellulase

from Caldocellum saccharolyticum which exhibited both endo-

glucanase and exo-glucanase activities. These authors used

DNA sequence homology comparisons and deletion analysis to

demonstrate that the endoglucanase activity was located in

the carboxy terminal domain and the exoglucanase activity

was located at the amino terminal domain.

In an earlier study purified a 6-xylosidase from

Chaetomium trilaterale that also exhibited B-glucosidase

activity (Uziie et al . 1985) . These investigators used

kinetic analysis employing substrate competition and

inhibitors to demonstrate that a single active site was

responsible for both enzymatic activities. It was also

suggested that two kinetically separate substrate binding

sites may reside in the active center of this enzyme.

In the previous chapter mutational analysis

demonstrated that the two enzymatic activities encoded by

xylB were not functionally separate but both appeared to be

catalytically dependent upon the same region of the protein.

The proposal that a single active center is responsible for
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both enzymatic activities in this enzyme was tested using

analogous kinetic experiments including substrate inhibition

and competition of the enzyme with respect to both the

xylopyranosyl and arabinofuranosyl substrates.

Materials and Methods

Medium and growth conditions . Medium and growth

conditions were described in chapter III.

Preparation of cell extracts . Cell extracts were

prepared as described in chapter III.

Partial purification of fi-xvlosidase by preparative

electrophoresis . Extracts containing the total cytoplasmic

proteins from pLOIlOOS or L178F recombinant clones were used

as a source of xylosidase. Proteins were fractionated in an

8% native polyacrylamide gel in a BioRad-Prep Cell

preparative electrophoresis system. Gel and buffer

formulations were: separating gel buffer; 240 mM Tris (pH

8.48), stacking gel buffer; 40 mM Tris (pH 6.9), lower tank

buffer; 63 mM Tris/50 mM HCL (pH 7.5), upper tank buffer; 38

mM Tris/ 40 mM glycine (pH 8.9). A total of 50 mg/ml

protein was loaded onto the gel. Electrophoresis was done

at constant power of 31 W. Starting conditions were 250 V

and 40 mA. Protein elution was monitored at 280 nm.

Fractions were collected and assayed for xylosidase

activity as described below. The most active fractions were

pooled and concentrated using an Amicon Centriprep

concentrator (Amicon Division, Danvers, MA) . Xylosidase in
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the concentrate was then precipitated by the addition of

solid arnxnoniu. sulfate to 70% saturation. The enzyme was

stored as an axtunonium sulfate pellet at S^C until needed.

NO loss of enzyxnatic activity was detected after storage for

one weeK under these conditions. Pellets were resuspended

in 5 mM phosphate (pH 7.0) containing 10 mM B-

mercaptoethanol immediately prior to use.

uy^r-nphnbic -ir.^-or-;,nt-,ion rhromatoqraphy .
The

xylosidase-containing pellet from preparative

electrophoresis was resuspended inl ml of 1.7 M (NH,),SO, in

5 mM phosphate buffer (pH 6.8) and loaded onto a 2.0 x 3.0

cm Pharmacia XK 16/20 chromatography column (Pharmacia LKB,

Uppsala, Sweden) packed with Toyopearl "TSK-Gel" hydrophobic

gel (Supelco, Inc., Bellefonte, PA.). The column was

equilibrated with 1.7 M (NH,),SO, in 5 mM phosphate buffer

(pH 6.8) prior to the addition of sample. Xylosidase was

eluted using a linear negative salt gradient starting with

1.7 M (NH,)2S0, down to zero in a total volume of 200 ml.

Fractions were collected in 3 ml volumes and analyzed as

described below.

Pn.v^e assays ,
xylosidase activity in each fraction

was assayed using p-nitrophenyl-B-D-xylopyranoside (p-NP-X)

at a final concentration of 2.5 mM unless otherwise noted

and in 50 mM phosphate buffer (pH 6.8) at 37^0. Assays were

done in a total volume of 1 ml and allowed to continue until

the yellow color indicating enzyme activity was detected.
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Assays were then terminated by the addition of 2 ml 0.5 M

carbonate. The p-nitrophenol released by hydrolysis was

measured spectrophotometrically at 405 nm. The liberation

of 1 nmole of p-nitrophenol results in an increase in

absorbance of 0.0184 at 405 nm. Samples were assayed for a-

L-arabinofuranosidase activity under the same conditions

using p-nitrophenyl-a-L-arabinofuranoside (p-NP-A) as a

substrate.

Electrophoretic analysis of proteins . SDS-PAGE,

native-PAGE, activity stains, and "Western" hybridizations

were done as described in chapter III.

Optimum activity pH . The optimum pH for both

activities was determined in duplicate using citrate (40

mM) -sodium phosphate (80 mM) buffer in the pH range of 3.0

to 7.4. Tricine (50 mM) was used for the 7.5 to 8.5 pH

range and Bicine (50 mM) for the 8.6 to 9.0 pH range. All

activities were determined using a 6 mM final concentration

of p-NP-X or p-NP-A at 37"'C.

Thermal optimum and thermal inactivation

determinations . Thermal stability was determined by

incubating the enzyme for 30 min at 10, 25, 35, 45, 55, and

65°C. After 30 min the enzyme was placed in ice for 10 min

prior to assaying both enzymatic activities. The optimum

temperature for activity was determined by assaying the

enzyme for both activities at 10, 25, 35, 45, 55, and 60°C

for 10 min. Assays were done in duplicate at 37"'C using 6



mM final concentration of p-NP-X or p-NP-A in citrate (40

mM) -sodium phosphate (80 mM) buffer at pH 6.0.

Determination of Km and Vmax for both enzymatic

activites . Both p-NP substrates were tested at various

concentrations to determine the Km and Vmax values with

respect to both substrates. All assays were done in

duplicate at 37°C and at pH 6.0. Kinetic parameters were

graphically determined using the Lineweaver-Burk and direct

linear methods.

Substrate competition experiments . The analogue 6-

methyl-D-xylopyranoside was used as an inhibitor for a-L-

arabinofuranosidase activity. The fluorogenic substrate 4-

methylumbelliferyl-a-L-arabinofuranoside was used as an

inhibitor for 6-D-xylosidase activity.

Results and discussion

Purification of xylosidase . The xylosidase-containing

fractions were separated as one large peak during

preparative electrophoresis (Fig. 15) . This peak consisted

of 15, 3 ml fractions which contained both xylosidase and

arabinofuranosidase activities. The fraction which

corresponded to the middle eight fractions exhibited the

highest activities and were pooled, concentrated, and

precipitated with ammonium sulfate. The xylosidase was

further purified by hydrophobic interaction chromatography

and was separated as a single peak consisting of six 3 ml

fractions (Fig. 16) . The four most active fractions were



Figure 15. Elution profile of the xylB gene product during
preparative electophoresis on BioRad Prep Cell system.





Figure 16. Elution profile of the xylB gene product during
hydrophobic interaction chromatography.
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pooled and concentrated by ultrafiltration. A summary of

this purification scheme is shown in Table 9.

SDS-PAGE analysis of the pooled fractions from all the

purification steps showed the xylosidase to be approximately

90% pure with low levels of contaminating proteins (Fig.

17) .

Active enzyme conformation . Native-PAGE analysis of

the enzyme using Coomassie blue, activity stains, and

Western hybridization to visualize the protein indicated

only one predominant form of the xylosidase was active (Fig.

18) . This active band had an apparent molecular weight of

120,000 which corresponds to the dimeric form of the enzyme.

Enzyme optima . The temperature activity profiles for

both activities were also essentially the same with 45°C

being the optimum temperature for both the xylosidase and

arabinofuranosidase activities (Fig. 19) . The thermal

inactivation profiles for both activities in the wild type

protein were essentially the same with activity diminishing

rapidly after incubation for 30 min at 35°C (Fig. 20) .

The pH profiles for both activities in the wild type

protein showed marked differences (Fig. 21) . The xylosidase

activity had a sharp peak at pH 6.0 which was followed by a

rapid decline in activity with less than 50% relative

activity remaining at pH 6.8. Arabinofuranosidase activity

peaked at pH 6.0 but remained at 90% relative activity up to

pH 9.0.



97

TABLE 9. Purification of the B. fibrisolvens xylB encoded
xylosidase from E. coli DH5a (pLOI1005)

.

Fraction Vol
(ml)

Protein
(mg)

Activity
(mU)*

Sp Act
(mU/mg)

Yield
(%)

Crude
extract

2.0 100 4600 46 100

Prep
Cell

7.0 3.4 1068 314 23

Hydrophobic
column

3.0 0.9 587 652 13

* Specific activity expressed as nmoles p-nitrophenol
released per min per mg protein for B-D-xylosidase
activity only.



Figure 17. SDS-PAGE analysis of pooled xylosidase-containing
fractions from preparative electrophoresis on 8% native PAGE:

A and E; molecular weight markers, B; hydrophobic column
purified preparation, C; Prep-Cell purified preparation, D;

crude extract.
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Figure 18. Native-PAGE analysis of the 6-D-xylosidase. A;

Coomassie blue stained protein bands, B; Western hybridization
of electroblotted native-PAGE gel, . C; activity stain
(xylosidase activity/arabinofuranosidase activity) . Arrows
indicate approximate region where the apparent dimeric and
monomer ic forms of the enzyme would be located.
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Figure 19. Thermal inactivation profile of xylosidase (closed
circle) and arabinofuranosidase (open circle) activities.
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Figure 20. Temperature optimum profile for xylosidase (closed

circle) and arabinofuranosidase (open circle)

.
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Figure 21. pH profiles for xylosidase (closed circles) and
arabinofuranosidase (open circles) activities.
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Kinetic properties . A characteristic Michaelis-Menten

relationship was observed for the native protein using p-NP-

X and p-NP-A as substrates. The Km and Vmax values for

xylosidase and arabinofuranosidase activities were 3.8 itiM ,

1.7 mM and 1,111 nmoles min"^ mg'^ protein, 833 nmoles min'''

mg"'" protein, respectively (Fig. 22) . These values give a

Kcat or turnover number per subunit of 1111 sec"^ for

xylosidase activity and 833 sec"^ for arabinofuranosidase

activity.

Substrate competition experiments . The fluorogenic

substrate 4-methylumbelliferyl-B-D-arabinofuranoside proved

to be a potent competitive inhibitor of 6-D-xylosidase

activity when p-NP-X was the substrate (Fig. 23).

Alternatively, 6-methyl-D-xylopyranoside, a xylobioside

analogue, was a competitive inhibitor of a-L-

arabinofuranosidase activity when p-NP-A was the substrate

(Fig. 24).

In separate experiments, the enzymatic activities were

measured with the two substrates, p-NP-X and p-NP-A

individually and together at 10 mM (saturation)

concentration at 37°C for 10 min. Xylosidase activity alone

was 1160 mU, and arabinofuranosidase activity alone was 809

mU. When both substrates were combined in the same assay

the resultant activity was 948 mU which is essentially the

average of the two activities separately. These individual

activities are not additive when both substrates are present



Figure 22. Double recipricol plots of xylosidase and
arabinofuranosidase activities. Xylosidase; closed circles,
arabinofuranosidase; open circles.
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Figure 23. Competitive inhibition of xylosidase activity by
4-inethylunibelliferyl-a-L-arabinofuranoside: closed circles; no
inhibitor, open circles; 100 /xM inhibitor, open squares; 250
juM inhibitor.
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Figure 24. Competitive inhibition of arabinofuranosidase
activity by B-D-methylxylopyranoside: closed circles; no
inhibitor, open circles; 1 mM inhibitor, closed squares; 2 mM
inhibitor.
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together in the assay system. An additive result would have

indicated that separate active sites might be present for

the two enzymatic activities. This data is consistent with

the results of the competitive inhibition experiments and

demonstrate that both substrates are competing with each

other for the same catalytic center on the enzyme.

Conclusions

The xylB gene encodes an enzyme that exhibits substrate

ambiguity with respect to the two p-nitrophenol-derived

xylopyranosides and arabonofuranosides. The activities

against these two substrates co-purified during preparative

electrophoresis and were both stable as ammonium sulfate

pellets for up to one week at 5°C. Only a single active

form of this enzyme is present on native-PAGE gels and

appears to have a molecular weight of 120,000.

The thermal stability and the optimal temperature were

essentially the same for both activities with activities

being stable up to 42°C after 30 min and the optimal

temperature was 45°C. The thermal stability of this enzyme

is relatively low when compared to xylosidases purified from

other microorganisms. The temperature optimum for this

enzyme is similar to xylosidases produced by Clostridium

acetobutvlicum (Lee and Forsberg, 1987) and Bacillus pumilus

(Panbangred et al . 1984)

.

Investigations of optimal pH revealed a major

difference with respect to both activities. Both activities
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exhibited an optimum pH of 6.0 which compares with that of

the £. acetobutvlicum xylosidase. There are four histidine

residues in the proposed active center for this enzyme.

Since the pKa of histidine is 6.5, it is likely that one or

more of these residues are involved in both catalytic

activities.

The proposed mechanism for glycohydrolase, and the

related glycosyltransferase catalysis, involves

contributions from a hydrogen donor and a hydrogen acceptor

moiety (Mooser et_al. 1991) . In the usual scheme, an

aspartic or glutamic acid in deprotonated form serves as a

hydrogen acceptor and stabilizes the hydrolytic

intermediate. A general acid donates a proton to the

glycosidic oxygen to facilitate the cleavage of the

monomeric glycoside. The pH dependence of the xyIB-encoded

protein with respect to the B-D-xylosidase activity is

probably due to one or more histidine residues serving as

the general acid.

The broad pH activity profile for the

arabinofuranosidase activity is uncommon. At the higher pH

ranges, histidine is completely deprotonated and could no

longer serve as a general acid and donate a proton. It is

possible that the arabinofuranoside substrate, once bound in

the active pocket, protects the histidine from further

deprotonation at high pH. This charge transfer phenomenon

has been demonstrated to occur in other enzymatic systems
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(Robson and Garnier 1988) . The binding of the

arabinofuranoside may also induce a conformational change in

the enzyme which somehow leads to the protection of the

histidyl moiety from deprotonation at high pH ranges.

It should be noted that the effective pKa of these amino

acids can vary markedly from the intrinsic pKa due to the

electonic environment in the active center of the protein.

The possibility that a different amino acid is

contributing a proton at the higher pH ranges cannot be

ruled out. Tyrosyl residues (pKa 10) in this region of the

protein could possibly substitute for histidine as a general

acid at the higher pH ranges. This phenomenon might be

explained if the two activities were catalyzed by different

mechanisms that in turn involve different amino acids

present in the same active center. This was shown to be the

case with the neopullulanase from Bacillus

stearothermophilus in which two separate enzymatic

activities were found to reside in the same active center

but were catalyzed by different amino acids and thus

different mechanisms (Kuriki et al . 1991) . In an earlier

work, The 6-D-xylosidase from Bacillus pumilus was found to

hydrolyze a-D-xylosylfluoride by a mechanism that was

separate from that for the hydrolysis of 6-D-xylosylfluoride

(Kasumi et al . 1987) . The number and nature of the active

centers is not known for this protein.
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The kinetic properties of the xylB-encoded enzyme with

respect to the xylosidase activity is similar to the

xylosidase enzymes from C. acetobutylicum and B. pumilus

which have Km's for p-NP-X of 3.8 mM, 3.7 mM, and 2.4 mM,

respectively. The Km for the arabinofuranosidase activity

against p-NP-A was 1.7 mM which compares favorably with 1.3

mM for the a-L-arabinofuranosidase isolated from another

rumen bacteria, Ruminococcus albus (Greve et al . 1984) . The

maximum velocity values for the xylosidase activity of the

xyIB-encoded protein is approximately tenfold lower than

that for the C. acetobuty 1 icum enzyme and approximately one-

half that for the B. pumilus enzyme. Lee and Forsberg

(1987) purified and characterized an a-L-

arabinofuranosidase from C. acetobutylicum ATCC 824. This

enzyme exhibited Km and Vm values of 4 mM and 36.4 /nmole

min"^ mg'^ protein respectively against p-nitrophenyl-a-L-

arabinofuranoside. It had a pH optimum of 5.0 - 5.5 and

exhibited no activity against other p-nitrophenylglycosides.

High catalytic efficiency is usually associated with highly

evolved enzymes having a narrow substrate specificity

(Robson and Garnier, 1988) . It is possible that the xvlB-

encoded enzyme has sacrificed catalytic efficiency for a

broader substrate range since neither the C. acetobutylicum

or the B. pumilus xylosidase enzymes have additional

activities.
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The substrate competition experiments, using model

substrates, unequivicaly demonstrated that xylopyranoside

and arabinofuranoside are competitive inhibitors of each

other

.



CHAPTER VI

PARTIAL PURIFICATION AND CHARACTERIZATION OF
THE L178F MUTANT PROTEIN

Introduction

As outlined in chapter IV, point mutations were

introduced into the xylB gene using in vitro mutagenesis.

All the mutations resulted in proteins having a reduction or

loss of both enzymatic activities concurrently.

Additionally, 10 of these point mutations were clustered in

a 60 amino acid region of the protein. Native agarose-xylan

gel electrophoresis of the expressed wild type and mutant

proteins revealed that the mutant proteins bind to the

surrogate substrate xylan with less affinity relative to the

native protein indicating an apparent increase in the Km

values for these mutant enzymes. The L178F mutant appeared

to have the least affinity (highest apparent Km) for the

surrogate substrate.

To further investigate the possibility of altered Km

due to the L178F mutantion, the mutant protein was partially

purified and characterized.
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Materials and methods

All methods used to purify and characterize the L178F

mutant enzyme were essentially the same as those described

for the native enzyme in Chapter V.

Results and Discussion

Partial purification of L178F protein . The elution

profile for the mutant protein was essentially the same as

that for the wild type protein, have a single broad peak

consisting of 15, 3 ml fractions (Fig. 25) . The fractions

which corresponded to the middle six fractions exhibited the

highest relative activity and were pooled, concentrated, and

precipitated at 70 % saturation with ammonium sulfate. SDS-

PAGE analysis of the partially purified protein indicated it

was approximately 80 % to 90 % pure with low levels of

contaminating proteins (Fig. 26)

.

Enzyme optima . The mutant protein exhibited a higher

thermal stability relative to the wild type (Fig. 27) . This

protein was stable up to 55°C for 3 0 min and still retained

100 % relative activity with respect to both substrates.

Since the replacement of a phenylalanine for leucine

introduces a more hydrophobic residue at this position, it

is possible that this strengthened the hydrophobic

interactions at the core of the protein and thereby

increased the thermal stability. The optimal temperature

was not investigated.



Figure 25. Elution profile of the xylB-encoded protein
harboring the L178F mutation during preparative
electrophoresis

:



123

250

50 100 150 200

Elulion Volume (ml)

250



Figure 26. SDS-PAGE analysis of partially purified L178F
mutant protein: A; Prep-Cell purified
preparation, B; crude extract, C; molecular
weight markers.
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Figure 27. Thermal inactivation profiles of xylosidase and
arabinofuranosidase activities of the L178
mutant protein: open squares; xylosidase
activity, closed squares; arabinofurnanosidase
activity.
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The pH profile for both enzymatic activities for the

mutant protein was essentially the same as that for the wild

type protein (Fig. 28) . Xylosidase activity had a sharp

activity peak at pH 6.0 which was followed by a rapid

decline. Arabinofuranosidase activity also peaked at pH 6.0

but remained at 90 % relative activity up to pH 9.0.

Kinetic properties . A characteristic Michaelis-Menten

linear relationship was observed for the mutant protein with

respect to both substrates (Fig. 29) . The Km values for the

xylosidase and arabinofuranosidase activities were 16 mM and

3 3 mM respectively. This represents a decrease in the

affinity of the enzyme for both substrates. The increase in

Km agrees with the data in chapter IV using the agarose-

xylan gel binding assays.

Conclusions

It is apparent that the replacement of leucine with

phenylalanine at position 178 decreases both the affinity of

the enzyme for both substrates and the catalytic efficiency

of the enzyme. This amino acid substitution also increases

the thermal stability of the xylB protein. It is possible

that these three properties are related. The increase in

thermal stability could represent a general increase in the

stability of the enzyme by strengthening hydrophobic

interactions at the core of the protein.

An increase in the overall stability of the protein

could influence the plasticity of the active center. The



Figure 28. pH activity profiles of xylosidase and
arabinofuranosidase activies of the L178F mutant
protein: open squares; arabinofuranosidase
activity, closed squares; xylosidase activity.
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Figure 29. Double recipricol plots of xylosidase and
arabinofuranosidase activities for the L178F
mutant protein: open squares;
arabinofuranosidase activity, closed squares
xylosidase activity.
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"induced-fit" model of enzyme catalysis proposes that the

three-dimensional conformation of an enzyme will change as

it binds to the substrate to allow closer contacts to be

made between the substrate and the catalytically important

functional groups (Koshland, 1966) . Increasing the

hydrophobic interactions in the core or active center of the

protein might also decrease the ability of the protein to

change conformation upon binding substrate. This would lead

to a loss of catalytic efficiency and possibly affect

substrate binding.

A more general explanation of the effects of the L178F

mutation would be that the protein is simply folded

incorrectly and this results in a less accessible active

center which is reflected in the increase in Km for p-NPX

and p-NPA in this mutant protein.

The addition of a large aromatic R-group by the

substitution of phenylalanine for leucine could also

introduce a steric hindrance factor which prevents optimal

enzyme-substrate interactions and therefore decreases the

affinity and/or catalytic efficiency of the enzyme. This

assumes, however, that the amino acid substitution has

occurred in an area within or near the active site.



Based upon the data in this chapter and in chapter IV

it is reasonable to conclude that the L178F mutation is in

an area of the xylB protein that is important in substrate

binding and possibly catalysis with respect to both

enzymatic activities.



CHAPTER VII

SUMMARY AND GENERAL CONCLUSIONS

The studies presented here have characterized the 6-D-

xylosidase from the rumen bacteria Butyrivibrio fibrisolvens

using genetic and biochemical techniques. This enzyme is

important in the final steps of depolymerization of

hemicellulose in that the products of hydrolysis, usually

monomers, are used directly in the metabolism of the

bacterium. This enzyme is particularly interesting in that

it exhibits substrate ambiguity. Both 6-D-xylopyranosides

and a-L-arabinofuranosides are hydrolyzed by this enzyme.

Previous studies involving 6-D-xylosidase enzymes from

other organisms have shown that substrate ambiguity among

the xylosidase and related enzymes is not universal. The

xylosidase from Bacillus pumilus only exhibits activity

against aryl-6-D-xylopyranosides (Panbangred et al . 1983) .

The same is true for the 6-D-xylosidase from B. subtilis

(Paice et al., 1986). Notably a 6-D-xylosidase from

Caldocellum saccharolyticum was cloned and sequenced that

also exhibited endoxylanase activity (Luthi et al . 1990)

.

In this case the two substrates are structurally identical

but vary in size with the endoxylanase acting on the longer

chain length polymers while the xylosidase is specific for
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the shorter hydrolytic products of the endoxylanase

activity. No data is yet available concerning active site

studies of this enzyme as to whether or not one or two

catalytic centers are responsible for this phenomenon.

The present study is unique in that it examines the

substrate ambiguity of the B. fibrisolvens enzyme using

both genetic and biochemical techniques. This work

represents a complete study of the enzyme and has elucidated

a number of important aspects of the 6-D-xylosidase from B.

fibrisolvens . (A) The gene that encodes this enzyme in B.

fibrisolvens . xylB is present as a single copy in the

chromosome (Fig. 3) . Any additional xylosidase genes

present in this organism must share limited homology with

xylB . (B) The DNA sequence is 1,551 bp in length, encodes

517 amino acids and is located between two additional large

open reading frames (ORF's) each in excess of 1,000 bp (Fig.

5) . The size of this enzyme is essentially the same as the

B. pumilus xylosidase. (C) No stem loop or rho-independant

teminators were identified between any of the three ORF's

and the expression data indicates that this region does not

function as a terminator in E. coli (Table 2) . This result

suggests that these three ORF's represent part of a xylan-

degrading operon in B. f ibrisolvens . The subcloning and

expression data also demonstrate that the single xylB gene

is responsible for both the xylosidase and

arabinofuranosidase activities (Fig. 4b) . (D) The codon
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bias of these three ORF's is consistent with the low guanine

plus cytosine ratio of the DNA from this organism (Table l)

.

(E) The xylB-encoded protein shares limited amino acid

identity with other published amino acid sequences of 6-D-

xylosidase enzymes and related proteins (Table 4) . This is

an indication that the xylB gene from B. f ibrisolvens is

evolutionarily divergent from these other genes. (F) A

consensus sequence has been identified in xylB that has

significant identity to an amino acid sequence that has been

previously implicated in catalytic function of other

glycohydrolases (Table 5)

.

Mutational analysis of the xylB-encoded protein has

revealed several important structural and functional

relationships. (A) All point mutations within the xylB gene

resulted in a protein in which both enzymatic activities

were reduced or abolished (Table 6) . (B) All point

mutations that were isolated are localized or clustered in

single region of the protein that is near the proposed

catalytic center (Fig. 10) . (C) All but two of the point

mutations result in a stably expressed protein (Fig. 11)

.

(D) All of the point mutations that result in expressed

protein exhibit a decrease of affinity in native gel assays

(Fig. 14) and an increase in apparent Km. These results

demonstrate that the catalytic center for these two

enzymatic activities is not functionally independent but is

localized on the same region of the xylB-encoded protein.
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Finally, a biochemical characterization of the purified

enzyme was initiated to examine whether or not a single

active center was responsible for both enzymatic activities.

The partially purified enzyme exhibited thermal inactivation

and temperature optimum profiles that were essentially the

same for both activities (Figs. 19 and 20).

The pH optima for both activities were essentially

the same however the activity range with respect to pH

differed for the two activities (Fig. 21) .
Several

hypotheses may be invoked to explain this difference in pH.

Hydrolytic mechanisms usually involve the contributions of a

proton donor and a proton acceptor to the catalysis (Knowles

et_al. 1988) . The proton donor acts as a general acid in

donating a proton to the glycosidic bond oxygen generating

an oxycarbonium ion intermediate. The proton acceptor

serves to stabilize the hydrolytic intermediate and acts as

a general base. At pH 6.0, the pH optimum for this enzyme,

carboxyl groups on aspartic and glutamic acid residues are

fully charged. At this pH a histidinyl residue (pKa 6.5)

may serve as a proton donor in that it is still protonated.

At pH values above 6.0 the xylosidase activity diminishes

reflecting the deprotonation of histidinyl residues in the

active center demonstrating the dependence of xylosidase

activity on this amino acid.

The relatively high arabinofuranosidase activity at

elevated pH may indicate that this catalytic activity
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proceeds by a mechanism different from that of xylosidase

activity. This phenomenon, involving separate hydrolytic

mechanisms, was shown to exist with the Bacillus pumilus

xylosidase (Kasumi et al . 1987) . These investigators

demonstrated kinetically that the enzyme was able to

catalyze the hydrolysis of a- and 6-D-xylosylfluoride by a

mechanism entirely different from that for the hydrolysis of

p-nitrophenyl-6-D-xylopyranoside. It was postulated that

separate catalytic groups were responsible for the two

mechanisms. In a more recent study Kuriki et al. (1991)

demonstrated that a neopullulanase from Bacillus

stearothermophilus . exhibited separate a-1,4 and a-1,6 bond

cleavage activities. These investigators used site-directed

mutagenesis to demonstrate that the two activities were

catalyzed by separate amino acids in the same active center.

It is possible that an analogous process occurs in the

xyIB-encoded protein. A tyrosinyl residue (pKa 10.0) could

serve as a general acid and donate a proton at the pH range

where the arabinofuranosidase activity is present. There

are five tyrosine residues in the proposed active center

which may be involved.

Another explanation involves the relative stabilities

of the two substrates at elevated pH. If the

arabinofuranoside is less stable at higher pH values

relative to the xylopyranoside, it follows hydrolysis will

proceed more easily for the former and therefore requires
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less of proton donating potential from involved hisidinyl

residues. This explaination may also be invoked to support

the possbility that separate amino acids and/or mechanisms

are involved in the two separate activities.

Also relating to substrate effects is the concept of

substrate-assisted catalysis (Carter and Wells, 1990)

.

Substrate-assisted catalysis was first demonstrated with

proteolytic enzymes. In the enzyme subtilisin, a serine

endopeptidase, it was demonstrated that a histidine in the

protein substrate could replace a catalytic histidine in the

active site of subtilisin that had been mutated to an

alanine by site-directed mutagenesis. It is possible that a

glycosyl carboxylate could serve as an alternate proton

acceptor under certain conditions.

The kinetic constants for the two activities were

comparable to other xylosidase and arabinofuranosidase

enzmes that have been reported. The catalytic efficiency or

Kcat for this enzyme is not as high as that reported for

other xylosidase or arabinofuranosidase enzymes. Since both

arabinofuranosidase and xylopyranosidase are substrates that

are indigenous to hemicellulose, this protein appears to

have saccrificed catalytic efficiency for a broader

substrate specificity. This may represent an evolutionary

adaptation to the highly competitive rumen environment.
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The substrate competition experiments corroborate the

genetic evidence and demonstrated that the two activities

reside in the same active center of the xylB-encoded enzyme.

This study demonstrates that the xylB gene from

Butyrivibrio fibrisolvens encodes a single protein having 6-

D-xylosidase and a-L-arabinofuranosidase activities. These

activities are localized in the same active site of the

protein.
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