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A single gene (xylB) encoding both P-D-xylosidase (EC 3.2.1.37) and a-L-arabinofuranosidase (EC 3.2.1.55)
activities was identified and sequenced from the ruminal bacterium Butyrivibrio fibrisolvens. The xylB gene
consists of a 1,551-bp open reading frame (ORF) encoding 517 amino acids. A subclone containing a 1,843-bp
DNA fragment retained both enzymatic activities. Insertion of a 10-bp NotI linker into the EcoRV site within
the central region of this ORF abolished both activities. Sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis of cytoplasmic proteins from recombinant Escherichia coli confirmed the presence of a 60,000-
molecular-weight protein in active subclones and the absence of this protein in subclones lacking activity. With
p-nitrophenyl-j3-D-xylopyranoside and p-nitrophenyl-e-L-arabinofuranoside as substrates, the specific activity
of arabinosidase was found to be approximately 1.6-fold higher than that of xylosidase. The deduced amino
acid sequence of the xylB gene product did not exhibit a high degree of identity with other xylan-degrading
enzymes or glycosidases. The xylB gene was located between' two incomplete ORFs within the 4,200-bp region
which was sequenced. No sequences resembling terminators were found within this region, and these three
genes are proposed to be part of a single operon. Based on comparison with other glycosidases, a conserved
region was identified in the carboxyl end of the translated xylB gene which is similar to that of glucoamylase
from AspergiUus niger.

Xylan is a major component in the cell walls of monocots
and hardwoods, representing up to 30% of the dry weight of
these plants (39). This polymer is second only to cellulose in
natural abundance and represents a major reserve of reduced
carbon in the environment. Unlike cellulose, xylan is a
complex polymer consisting of a P-D-1,4-linked xylopyrano-
side backbone substituted with arabinosyl, acetyl, uronyl,
mannosyl, and glucosyl side chains.
Many bacteria and fungi are able to degrade xylan in

the environment (8, 9, 18, 38). Xylan degradation is a
multistep process involving multiple enzymatic activities.
Xylanases (1,4-p-D-xylan xylanohydrolase; EC 3.2.1.8) are
extracellular enzymes which hydrolyze the internal P-1,4-
xylosidic linkages of the xylan backbone structure. Typi-
cally, small oligoxyloside fragments are transported into
microbial cells where xylosidases (1,4-p-D-xylan xylohydro-
lase; EC 3.2.1.37) complete the hydrolysis by releasing free
sugars for glycolysis (10). Removal of side-chain substitu-
ents requires additional enzymatic activities such as arab-
inofuranosidase, uronidase, glucosidase, mannosidase, and
acetyl esterase. These enzymes are important for the effi-
cient utilization of plant materials in animal feed. A mixture
of xylanases is currently being added to feed to increase
digestion of swine feeds in some countries. The genetic
manipulation of anaerobic bacteria and ruminal organisms to
increase the production of xylan-degrading enzymes is cur-
rently being investigated as a complementary means of
improving the digestion of plant materials for increased milk
and beef production (2, 12, 29).

Butyrivibrio fibrisolvens is an obligate anaerobe which is
particularly abundant in the rumen and other anaerobic
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environments in which plant cell wall material serves as a
primary substrate (7, 17). Strains ofB.fibrisolvens have been
isolated that produce the key enzymes necessary to degrade
xylan (16, 34). In three such isolates from an anaerobic
digester, we have previously shown that the expression of
xylanase and xylosidase is repressed by glucose and induced
by xylan (34). The gene encoding 3-D-xylosidase activity
was subsequently cloned and proposed to lie within the
central region of a 4.2 kbp fragment (35).

In this report, we present the complete nucleotide se-
quence of the 4.2-kbp fragment from strain GS113 containing
the xylB gene. This gene encodes a bifunctional protein
which exhibits both P-D-xylopyranosidase and a-L-arabino-
furanosidase activities.

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 amnpicillin per liter (23).

Genetic methods. Plasmid pUC18 was used as a cloning
vector. Xylosidase-positive constructs pLOI1001 and pLOI
1005 were reported previously (35). Restriction enzymes
(Bethesda Research Laboratories) were used according to
the manufacturer's instructions. All DNA ligations, transfor-
mations, isolations, and other manipulations were conducted
by standard methods (24). Transformed colonies were
screened on agar plates containing 20 ,ug of the fluorogenic
substrates 4-methylumbelliferyl-,3-D-xylopyranoside or 4-
methylumbelliferyl-a-L-arabinofuranoside (Sigma Chemical
Co., St. Louis, Mo.) per ml.
DNA sequencing. Double-stranded DNA was sequenced in

both directions by using the dideoxy-chain termination
method and Sequenase (United States Biochemical Corp.)
according to the manufacturer's instructions. Additional
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sequencing primers were synthesized by the University of
Florida ICBR Oligonucleotide Core and the Department of
Microbiology and Cell Science Nucleotide Core.
DNA sequences were assembled and analyzed by using

the GENEPRO software package (Hoefer Scientific Instru-
ments, San Francisco, Calif.) and the University of Wiscon-
sin Genetics Computer Group GCG package (version 6.1).

Preparation of cell extracts. Recombinant cultures were
harvested from the mid-exponential phase by centrifugation
(10,000 x g, 10 min, 4C) and washed twice with cold 5 mM
sodium phosphate buffer (pH 6.8). Cell pellets were stored at
-70°C until needed. Pellets were resuspended in an equal
volume of 5 mM sodium phosphate buffer (pH 6.8) contain-
ing 10 mM 3-mercaptoethanol and lysed by two passes
through a French pressure cell at 20,000 lb/in2. Membranes
and debris were removed by centrifugation (100,000 x g, 1 h,
4°C). The supernatants containing cytoplasmic proteins were
stored at -70°C.
Enzyme assays. ,3-D-Xylopyranosidase and cs-L-arabino-

furanosidase activities were measured by determining the
rate of hydrolysis of p-nitrophenol-p3-D-xylopyranoside and
p-nitrophenol-ot-L-arabinofuranoside (1 mM final concentra-
tion), respectively, in 50 mM phosphate buffer (pH 6.8) at
37°C. Other nitrophenol derivatives of sugars were also
tested as substrates under the same conditions. Assays were
conducted in 1-ml volumes and terminated by the addition of
2 ml of 500 mM sodium carbonate. The cleavage of 1 nmol of
substrate resulted in an increase in absorbance of 0.070 at
405 nm. Specific activities are expressed as nanomoles of
nitrophenol released per minute per milligram of protein.
Sugar derivatives were purchased from Sigma. Protein con-
centration was estimated by the method of Bradford (6).
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis

(SDS-PAGE). Cell proteins were separated in denaturing gels
by the method of Laemmli (21) and stained with Coomassie
blue.

Nucleotide sequence accession number. The nucleotide
sequence reported in this article has been assigned GenBank
accession number M55537.

RESULTS

DNA sequence of xylosidase gene (xylB). The xylB gene was

originally cloned as pLOI1001 (35) on a 4.2-kbp fragment of
B. fibrisolvens DNA. The strategy used to sequence this
fragment in both directions is shown in Fig. 1A. The se-

quence of this entire fragment is summarized in Fig. 2.
Analysis of this sequence revealed three open reading
frames (ORFs) (Fig. 1B). The first ORF (ORF1) is 1,340 bp
long. ORF1 is incomplete and lacks a Shine-Dalgarno se-

quence and an initiation codon. A second ORF was found 15
bp downstream from the translational terminator of ORF1
and defines a complete gene with a putative Shine-Dalgarno
sequence 6 bp upstream from the initiation codon. ORF2 is
1,551 bp long and spans the predicted xylB coding region
(35). The deduced 517-amino-acid polypeptide from ORF2
encodes a protein with a calculated molecular weight of
62,040. A third incomplete ORF was found 123 bp down-
stream and also includes a putative Shine-Dalgarno se-

quence 5 bp upstream from the initiation codon. ORF3
continued for 1,173 bp to the end of the cloned fragment and
was incomplete. No sequences were found with strong
homology to rho-independent terminators.
Codon usage. Table 1 summarizes codon usage in the three

B. fibrisolvens GS113 ORFs. Codon usage for B. fibrisolvens
49 xylA (25) and averaged codon usage for E. coli (1) are
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FIG. 1. Sequencing strategy and map of the 4.2-kbp DNA frag-
ment from B. fibrisolvens. (A) Sequencing strategy of insert in
pLOI1001. Arrows indicate direction of sequencing. Vertical bars at
the front of sequencing arrows indicate sequencing from a subclone
with universal primers for pUC18 as opposed to sequencing from
within B. fibrisolvens DNA with oligonucleotide primers (bars
absent). Abbreviations: E, EcoRI; H, Hindlll; A, AccI; X, XbaI; D,
DraI; S, SspI; P, Pstl; ERV, EcoRV. (B) Diagram showing ORFs
and selected subclones with a qualitative evaluation of xylosidase
and arabinosidase activity by using fluorogenic indicator plates. The
double vertical bars in pLO11040 indicate the site at which a 10-bp
Notl linker was inserted. Abbreviations are the same as those for
panel A.

included for comparison. The patterns of codon usage
among the three GS113 ORFs are very similar to each other
and to strain 49 xylA. The lower GC content of B. fibrisol-
vens compared with E. coli is clearly evident in the preferred
usage of codons with A or T. Dominant codons used by
these two organisms differed for 12 of the 20 amino acids.
With the exception of CAG for glutamine, AAG for lysine,
and GAG for glutamic acid, A or T was present in the wobble
position of all dominant codons in B. fibrisolvens.

Identification of ORF2 as xylB by insertional inactivation
and subclone analysis. A variety of subclones were made
during sequencing, and all were tested for P-D-xylosidase
and ct-L-arabinofuranosidase activities on umbelliferyl-gly-
coside plates (Fig. 1B). Both activities were expressed or
lost coordinately. Only constructs which contained the com-
plete xylB coding region (Fig. 1B) exhibited these activities.
Both activities were retained by pLOI1043, a 1,843-bp SspI
subclone which contained only 17 bp 5' and 274 bp 3' in
addition to xylB.
The xylB gene was expressed only when inserted in the
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MT TGT GGA TGC ACA TAT GAA AAG CTG ATT TAT GCT TAT AAG GCA GGT CTT GTC MAG GMA GAG ACC ATC GAT GAG GCT GTT ACT CGA CTT 90
G LV K E E T I D E A V T R L N C G C T Y E K L I Y A Y K A

ATG GMA ATC ADA CTT CGT CTA GGT ACT ATT CCA DAD ADA MAG AGT MAG TAT DAT DAT ATC CCA TAT GMA GTG GTC GMA TGC AMA GAG CAT 180
M E I R L R I G T I PE R KS K Y D D PTY E V V E C K E H

ATC MAA CTT GCT CTT DAC OCT GCA MAG DAT AGC TTT GYC CTT TTG AAG MAT DAT GGT TTA CTT CCA CTG MAT AAA MAG DAT TAT MAA TCT 270
I KL A L D A A K D S F VIL L K N D G L L P L N K K D Y K S

ATT GCT GTY ATT GDA CCC MAC TCT DAT TCA AGA AGA GCT TTA ATT GGA MAT TAT DAD GGC CTT TCT TCA DAG TAT ATT ACA OTT TTA DAD 360
I A V I G P N S D S RR A L I G N Y E G L SESE Y I T V L E

GGG ATT CDT CAD OTT GTC GOT GAT OAT ATT ADA TTA TTC CAC OCT DAD GGC ACT CAT CTT TGG MAG GAT ADA ATT CAC GTA ATC ADT GAG 450
G R DV V D D D I R 1 F M A E DYT N LUW K D R I N V I S E

CCA AMA DAT GGA TTT DCC DAD OCT AMA ATC GTG GCA DAD CAT TCA DAT TTA GTT GTG ATG TOT CTT GDA CTT DAC OGCA TCA ATC GMA GDA 540
F KDDO F A E A K I V A ENHS DILV V MC L DLD A S I EDG

GMA GMA GDA DAC DAD DOT MAT CAD TTC GOT AGC GGA DAC MDG CCT GDA TTA MAG CTT ACA GGT TDT CAD CMA GAD CTA CTT GAD GMA ATY 630
E GD EDG ND0 F D EDG D K P G L1K LTDG COD0E I I RE I

DCC MAA ATC GGC MDG CCT OTT GTA CTT CTT GTG CTT TCA GGT TCT OCT CTT DAT TTA TCA TOG GCG CAD GMA TCT MAT MAC GTA MAT GCG 720
A K I G K F V V L L V LESG S A I D LE W AGE E N N V N A
ATA ATG CAD TGC TOO TAT CCA GGC GCA ADA GOT GGA COT GCT ATT GCA DAD OTT TTA TTT GGC MAG GCC AGT CCA GGC GGT AMA ATG CCT 810

I MDC W Y FDGA RD DGR A I A E VI PFG K A E PG G0K M F
CTT ACA TTT TAT DCC TCA DAT DAT DAC CTT CCT DAT TTT TCT DAT TAT TCA ATG GMA MAT AGO ACA TAC ADA TAT TTC MOG GGC ACA CCA 900
L T F TA SOD OD IF 0 F SODY EMN EN R T Y R Y F K G T F

CTT TAT CCA TTT GOT TAT GDA CTA GOT TAT TCT AMA ATT DAT TAT CTA TTT GCT TCT ATT DAT AMA DAT MOG GGA GCA ATT GOT DAT ACA 990
I YPF F D Y GDL D YE K I D Y I P A S I O K 0K G A GODT

TTC MAG CTA MAG GTA DAT GTT AMA MAT ACC GOT MAG TAT ACA CAD CAT DAG GCT GTT CMA GTA TAT GTA ACG DAC CTT DAG GCA ACG ACA 1080
F KL1KV D V K N T 0 K Y TONHE A V D V Y V TOD L EA TT

ADA GTG CCT ATT ADA AGC CTT ADA MAG OTT AMA TOT CTA DAG CTT DAG CCT GGT GMA ACA AMA DAG GTT GMA TTT ACC CTT TTT GCA AGO 1170
R VP R ~S IL K V K C L E I E P G E T KRE V E F T I F A R

DAT TYVT DPCC ATIT ARTT DAT GMA AGOGA AMA TGT ACTC ATA GAG CCA GGC MAG TTT MAG ATT TCT ATT OGGG ODA CMA CAD CCA GAC DAT ADA 1260
P A I I 0 E RDG K C I I E P 0GK F K I S I GD DO P O ODR

AGT MAA GMA CTT ATG GGC ADA GAG TOT DAT ATT TTT GMA ATT GMA TTA ACA GGC TCT GTT ACA GMA OTT GMA TAT TMA TTG ADA_GOT GCA 1350
S K E I M G R E C 0 I F E I E I T G S V T E V E Y * S.D

TTC ATG OTT ATA OCT MAC MAT CCA ATT TTA AMA DOT TTT TAT CCA DAC CCT TCT ATC TGC ADA AMA GGG DAT DAT TTT TAT CTA GTT TGT 1439
MV I A N N F I 1 K G FTY PODPS I C R K GODD F Y L V C

TCA AGT TTT GTG TAT OCT CCG GDA GTA CCG ATT TTT CAC ACT MAG DAT TTG GCA CAT TTT DAD CMA ATT GGA MAT ATA TTA GAC AGA GMA 1529
5 PF V Y A F 0 V P I F H T K 0 I A H F E 0 ON I 1 0 R E

AOT CMA CTT CCA TTG TCG GGA DAT ATA TCT ADA GGC ATA TTT DCC CCA ACA ATA ADA GAD CAT MAT GDA ATC TTT TAC ATG ATA ACA ACT 1619
SO0L F I SOGD I S R 0 PA P T I R E HMMD I F T M ITT

MAT GTA AGC TCT GGC GGC MAC TTT ATT OTT ACT GCA MAA OAT CCA OCT GGT CCT TOG TCA DAD CCA TAT TAT TTA GOT GMA OAT DAD GCG 1709
N V S SOOGN P V T A K OFP A O PUWS E FT T I G E 0 E A

CCA GOT ATT DAT CCA TCT CTG TTT TTT OAT DAC DAT GGC AMA TOT TAT TAC OTT GOT ACC AGA CCA MAT CCT DAT GDA GTT COT TAC MAC 1799
PDGI OFP 1 F FOODD OK CT TYV GTE FMP PODG VET N

GOT OAT TOG DAG ATA TOO GTT CMA GAO CTG OAT TTA GAO CMA ATG AMA CTT GTA GOT CCT TCG ATG GCA ATT TOO MAG GGC OCT CTT AAG 1889
GDOW E I U V G E ID L ED M K L V G P S M A I U K G AL K

DAT OTT ATT TOO CCA GMA GGA CCA CAC CTT TAT MOG AMA DAT GDA TAT TAT TAT CTT TTA CAT GCA GMA GCT GGC ACA AGC TTT GMA CAT 1979
D V U F E G PM TL K K 0 D YLTI I MAE A G T S F E N

OCT ATT TCT GTA GCT CGC TCA MOG DAD CTA TTC AMA TOO TTT DAG GDA TGT CCT ADA MAT CCT ATA TTT ACC CAT AGA MAT TTA GGC MOG 2069
A ISEVA R E KE I F K U PEG C F R N P F T M R N I G K

OAT TAT CCA GTA TGC MAT OTT GGA CAT OCT DAT TTA GTT DAT DAT ATC MAT GGC MAC TOG TAT ATG GTG ATG CTG GCA TCT ADA CCA TGC 2159
DYPPVC N V GMH A D LV DOD N GNU TYM V M L A E R P C

MOG GDA MAG TGC AGC TTG GDA CGA GAO ACA TTC CTT GCA AMA GTA ATT TOO GMA DAC GGA TOO CCA GTG GTT MAT CCG GGA GTT GOT CGT 2249
K OK C SIL ORE T F L AK V I U ED G U P V V N PDG V GER
TTG ACT OAT DAG GTG DAD ATG GAC CTT CCT GMA TAT ADA TTC TCA AMA DAD ATT ACT ACA MDG DAT AMA ATG ACC TTT GMA DAD ACA GTC 2339
I T D0 E V E MO I F E YER F EK E I T T K 0 K M T F E E T V

CTA DAT DAT ADA TTT OTT GGA ATT GMA ADA ADA AGT DAD DAC TTT TAT TCC CTT ACT DAC MAT CCT GDA TTC TTA ADA TTA MDG CTT CDT 2429
I D D0 R F V G I E R R S E 0 F Y S I T 0 N P G F I R I K I R

CCT DAD GCC ATA GMA MAT ACT GGC MAT CCA TCT TAC TTA GGA ATT COT CMA MAG ACT CAT TCD TTT ADA DCA AGC TOT GGC CTT MOG TTT 2519
P EA E N T O N FET DL I RDQ K TMH SF R A S C G 1 K P

ACA CCA GCA AMA DAT MAT GMA TOT GCA GDA ATG GTG TTA TTC CAD MAT MAT GMA MAT CAC TTG DAD CTT TTA OTT GTA MAG MOG AMA DAT 2609
T PA K ON E C A G M VIL P0MM EN MIL E I LIV V K K KD

MAG CTA CAG TTT AMA GTA GDA CCA GTT ATT AMA GDA ACC AMA ATC ADA CTT OCT ACT TTT DAT ATT TCA TCA GOT DAT TTA GMA ATT ATT 2699
K 1L 0 F K V G F V I K G T K R I A T F 0 I S S GD I E I

CTT GAO GCA GCA MAT CAD CTG OCT MAT ATC TAT ATT AMA MAG MAT MAT GMA MAG ATT CTT GTG GCA GMA TOT ATT DAT TTG AGC CCA TAC 2789
I E A A NO0LA N I T I K K N N E K I L V A E C I 0 1 SP Y

ACT ACC GMA GMA TCA GGC GGA TTC GTA GDA TOT ACC ATT GDA CTA TAT GCT TCT TCA MAT GDA MOG ACC AGT DAT MAC TAT TDC DAT TAT 2879
T E ESGOG F V D C T I DI TYA SESN G K T SODN Y CODY

TCC TAC TTT ACA GTA GMA GMA DTA TAO CAT TTT CMA TGA GCG MAT TTD CMA OTT TTA TAT ACG GGA TTA ATT GTA CDT AMA MAC CAT ACA 2969
ST PF T V E E V

GOT GTA AMA TAO TTT CCA GAG AMA OTT TTT TCT CTG GMA TTT TTT ATT ATG GAO 000 ATT ATG CTT CAG GMA AGT ATT MOG MAG TTG GTA 3059
S.D. M 1 0 E S I K K I V

CAG TAC GOT ATT DAT ATG GOD CTT ACA CCA GMA TGT DAD ADA ATA TAT ACT ACA MAT CTT TTG CTT GMA TOT ATG AMA GMA DAT GAG TAC 3149
O TY0 I 0 MDI T F EC E R T T T N I I I E C M K E D EY

ATA DAT CCA DAC TOT DAT TTA AGC MAT ATT ATA CTT GMA GAT GTA TTA MAG GMA CTT TTA OAT GAO GCA OTT MAT ADA GOT ATC ATA GAO 3239
ID PPD C DILS N I I E D V I KE 110 E A V NER G I I E

DAT TCA GTT ACA CAT ADO DAT TTG TTT DAT ACA MAG CTA ATG MAT CAG CTA TGC CCA CGT CCT AMA CAD OTT ATA DAT DAT TTT MAC CDT 3329
0ESV T MED0LI P T K I MN QDI C PERP K D V I DO PMFN
ATA TAC DAT MAC CAT GOT CCA ATA OCT GCA ACA DAT TAT TTT TAC MAG TTA AGC AMA 0CC TCT DAC TAT ATC CDT ACT TAC ADD GTA AMA 3419
ITOD N MOGP I A A TODY PTY K I E K A SOT I R T YER V K

MOG DAC CTA AMA TOO ACA TGC OAT ACA GAG TAT GGC ACT CTT DAC ATA ACA ATT MAT CTC TCT MOG CCA GMA AMA DAC CCA MAG GCA ATT 3509
K DL K U T CODT E TOGT I D I T I N I S K F E K OFP K A I

OCT GCA GCT MAG MAT GCA AMA CMA TCC ACA TAT CCG MOG TGC CMA TTA TGT ATG GMA MAT GMA GGC TAT GCT GOT CGC ATT MAT CAT CCT 3599
A A A K N A K O S T Y F K C 0LCMN E N EDT AGER I N M F

OCT ADA DAD MAT CAT CGC ATA ATT CCT ATA ACT ATA MAT MAC AGC MAC TOG GDA TTT CMA TAT AGC CCA TAC OTT TAT TAC MAT GAO CAT 3689
A RE N NER I I P I T I N N SMUWG POTYS FTY VT TYN EH
TGC ATA GTC TTT MAC GDA DAD CAT ACT CCT ATG AMA ATA DAD CDA OCT ACT TTT OTT MAG CTA TTT DAT TTT ATC AMA CTA TTT CCA CAC 3779
C I VVP N G E M T FMN K E R A T P V K I P D F I K I P FM

TAT TTT TTA GDA AGC MAT OCT DAT TTA CCA ATT OTT GGA GGA TCT ATT TTA AGC CAT DAC CAT TTC CMA GGC GGC CAT TAC ACA TTT GCC 3869
Y F LI DE N A D I P I V GDG S I I SM 0 M F 00 0 N Y T F A

ATG GMA AMA OCT CCA ATT ATT CAG GMA TTT ACT GTA AMA GDA TAT GAG DAT GTT MDG OCT GGT ATA OTT AMA TOG CCA CTT TCA GTA ATT 3959
M E K A P I I 0 E P T V K G TYE D V K A G I V K U P I S V I

ADA CTT CAD TGC MAG DAT DAD ACT ADA CTT ATT DAT TTA GCG ACT MAT ATA TTA DAC AMA TOO AGA MAT TAC ACC DAT GMA DAD GCA TAT 4049
RID0 C K 0 E TERL I 0 L A T N 10DK W EN Y TODE EATY

ATT TTT OCT GMA ACA DAT GOT GAG CCT CAC MAT ACG ATT ACA CCT ATT GCT ADA AMA ADA DOG DAT TAC TTT GMA CTA OAT CCT CTA DAD 4139
I PA E TOD GE PMH NT I T P I A EKER GOT P E I D F I

TCG ACC TGC AGO CAT GCA AGC TTG GCA CTG GCC GTC GTT TTA CMA CGT COT DAC TOO 0 4197
S TCE MHA S I A I A V V LORER OW

FIG. 2. Nucleotide sequence and translated amino acid sequence for the 4.2-kbp insert in pLO11001. Putative Shine-Dalgarno (S.D.)
regions and initiation codons are underlined. Translational termination is indicated by an asterisk (*).

direction of transcription from the lac promoter, indicating a Comparison ofspecific activities for xylosidase and arabino-
dependence on this promoter in E. coli. A frameshift muta- sidase in cell extracts was consistent with their origin from a
tion was created within the central region of this gene by the single gene (Table 2). Using p-nitrophenol sugar substrates,
insertion of a 10-bp NotI linker into the EcoRV site arabinosidase activity was 1.6-fold higher than xylosidase
(pLO11040). This mutation resulted in the loss of both activity. The ratio of these activities was essentially the
enzymatic activities (Table 2). same for the three active subclones. The highest enzymatic
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TABLE 1. Comparison of codon usage frequency for the three
B. fibrisolvens ORFs

Frequency (mol%) of codon usage
Amino Codon B. fibrisolvens E. B. fibrisolvensb
acid E._OORF2 ORF3brisoxlven

ORFi ORF2 ORF3 coli' xyfA
Phe TTT

TTC

Leu TTA
TTG
CTT
CTC
CTA
CTG

Ile ATT
ATC
ATA

Met ATG

Val GTT
GTC
GTA
GTG

Ser TCT
TCC
TCA
TCG
AGT
AGC

Pro CCT
CCC

CCA
CCG

Thr ACT
ACC
ACA
ACG

Ala GCT
GCC
GCA
GCG

Tyr TAT
TAC

His CAT
CAC

Gln CAA
CAG

2.7 4.1 3.6 1.3 2.9
0.9 1.2 0.3 2.2 1.5

2.0 2.5 2.8 0.7 0.7
0.2 1.2 1.0 0.9 0.5
5.6 2.7 2.5 0.8 4.4
0 0 0.3 0.8 0
1.4 1.0 1.8 0.2 0.2
0.5 0.8 0.3 6.8 1.0

4.7 3.9 4.3 2.2 2.7
2.0 1.0 0.8 3.7 1.7
0.5 1.7 3.8 0.2 0.5

1.4 1.7 2.0 2.8 2.7

2.9 2.7 2.3 2.9 2.0
0.9 0.2 0.5 1.2 0.5
1.4 2.1 1.3 1.8 4.2
1.1 1.2 0 2.2 1.0

2.3 1.5 0.8 1.3 1.2
0 0.4 0.3 1.5 0.5
1.8 1.5 0.5 0.4 2.9
0 0.6 0.3 0.6 0.2
0.9 0.8 0.3 0.3 0
0.7 1.0 1.8 1.4 1.2

1.4 1.7 1.8 0.5 1.2
0.2 0 0 0.3 0
2.3 3.5 2.8 0.7 2.4
0 0.6 0.3 2.5 0

0.7 1.9 2.3 1.1 0.7
0.7 1.4 0.5 2.4 1.0
2.7 1.7 3.1 0.3 5.1
0.5 0 0.3 0.8 0.5

2.7 2.1 2.8 2.6 1.5
1.1 0.4 0.8 2.2 1.2
2.0 2.3 2.0 2.3 4.1
0.5 0.2 0.2 3.2 0

4.3 3.5 2.8 1.0 3.9
0.2 1.2 2.5 1.5 3.4

0.9 1.4 2.5 0.7 1.5
0.5 0.6 0.5 1.2 0.2

0.7 1.0 1.3 1.0 0.5
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

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

Glu 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

Continued

TABLE 1-Continued

Frequency (mol%) of codon usage
Amino Codon B. fibrisolvens E. B. fibrisolvensb
acid E.__B._fibr___olvens_

ORF1 ORF2 ORF3 colia xylA

Trp TGG 1.3 1.7 1.3 0.7 2.0

Arg CGT 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

a Reference 1.
b Reference 25.

activity was observed with pLOI1005, although pLOI1043
contained a smaller fragment of B. fibrisolvens DNA which
included the complete xylB gene. During subcloning, a clone
was found in which two SspI fragments each containing xylB
had been inserted (pLOI1050). Both fragments were oriented
to allow transcription from the lac promoter. This double
construct was more active than the single insertion
(pLOI1043) but less active than the original construct
(pLOI1005).

Utilization of other nitrophenyl substrates. The activities of
the xylB-encoded protein with various para- and ortho-
nitrophenol-glycosidic substrates was tested (Table 3). A
19-fold-higher activity was observed with o-nitrophenyl-,-
D-xylopyranoside than with the p-nitrophenyl derivative. No
activity above the control level was detected with the other
substrates. The low level of activity observed with o-nitro-
phenyl-p-D-fucopyranoside may not be significant. Activity
with this substrate was 0.5% of that with the analogous
xyloside derivative.
SDS-PAGE analysis of cloned proteins. A new protein band

of approximately 60,000 molecular weight was present in
cells harboring pLOI1005, the most active clone, and was
absent in the pUC18 control (Fig. 3). Extracts from cells
harboring pLOI1040 in which a NotI linker was used to
disrupt the xylB gene also lacked this new protein. The
amount of this protein was reduced in the SspI clone
(pLOI1043) compared with pLOI1005, consistent with mea-

TABLE 2. Expression of xylB activities in recombinant E. coli:
P-D-xylopyranosidase and a-L-arabinofuranosidase activities

Sp acta
Plasmid

Xylosidase Arabinosidase Ratio ara/xylb

pLOI1005 8.9 15.5 1.76
pLOI1040 0.2 0.2
pLOI1043 1.9 3.0 1.65
pLOI1050 6.8 10.2 1.52
pUC18 0.2 0.2

a Nanomoles per minute per milligram of cell protein.
b Ratio calculated after subtraction of background values from the pUC18

control.
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TABLE 3. Hydrolysis of different nitrophenyl-glycosides by the
xylB gene product

Sp act
Substrate

pLOI1005 pUC18

p-Nitrophenyl-,B-D-xylopyranoside 8.9 0.20
p-Nitrophenyl-a-L-arabinofuranosidase 15.5 0.20
p-Nitrophenyl-ct-L-arabinopyranoside 0.14 0.21
p-Nitrophenyl-a-D-galactopyranoside 0.17 0.16
p-Nitrophenyl-a-D-glucopyranoside 3.45 3.21
p-Nitrophenyl-,-D-mannopyranoside 0.10 0.12
p-Nitrophenyl-a-D-mannopyranoside 0.15 0.14
p-Nitrophenyl-a-L-fucopyranoside 0.19 0.21
p-Nitrophenyl-p-D-fucopyranoside 0.22 0.24
p-Nitrophenyl-3-L-fucopyranoside 0.42 0.41
p-Nitrophenyl-oa-L-rhamnopyranoside 0.28 0.20
o-Nitrophenyl-,-D-xylopyranoside 195 3.1
o-Nitrophenyl-,-D-fucopyranoside 1.44 0.98
o-Nitrophenyl-a-D-galactopyranoside 0.78 1.14
o-Nitrophenyl-p-D-galactopyranoside 1.00 1.05

surements of specific activity (Table 2). The recombinant
containing a double insertion of the xylB gene (pLOI1050)
contained higher levels of this protein than the single-
insertion recombinant (pLOI1043).
Comparison of B. fibrisolvens ORFs with other related

genes. The three ORFs from B. fibrisolvens exhibited 42 to
45% amino acid similarity to each other with 14 to 19%
amino acid identity (Table 4). Comparison of xylB (ORF2)
with GenBank and EMBL sequence libraries identified the
,-glucosidase gene from Kluyveromyces fragilis as being
most similar, with 44% similarity and 20% identity. Addi-
tional comparisons were also made to other xylan-degrading
enzymes and selected glycosidases. No genes were found
which showed a high percentage of amino acid identity to the
B. fibrisolvens xylB gene. The Bacillus pumilus 3-D-Xylosi-
dase gene exhibited higher identity in primary structure
(21%), although this translated sequence exhibited poor
overall similarity, only 28%. The identity between these
proteins was more prevalent in the amino-terminal region.
The translated sequences for ORF1 and ORF3 did not

share strong identity with previously sequenced genes. Both
were also most similar to the gene encoding K. fragilis
P-glucosidase. Deduced amino acid sequences for the two

_94
mm 67

_30

~~̂ ^^^^,_2~06 0

1 2 3 4 5 6 7
FIG. 3. SDS-PAGE of cytoplasmic cell extracts from recombi-

nant E. coli harboring selected constructs. Approximately 15 p.g of
soluble protein was loaded in each lane. Lanes 1 and 7, molecular
weight markers (x103); lane 2, DH5a(pLOI1005); lane 3, DH5St
(pUC18); lane 4, DH5ot(pLOI1040); lane 5, DH5ot(pLOI1043); lane
6, DH5a(pLOI1050). The band corresponding to the xylosidase-
arabinosidase enzyme is marked with an arrowhead.

incomplete genes exhibited similarity to other xylan-degrad-
ing enzymes from Bacillus subtilis and Bacillus pumilus and
to cellulases from Clostridium thermocellum.
Comparison of the translated protein sequence of ORF2

(xylB) with those of hen egg white lysozyme (HEWL),
Aspergillus niger glucoamylase, xylanases, and cellulases
revealed a region homologous to the HEWL active site
(Table 5). Glucoamylase provided the best match in this
region, with identity between 8 of the 21 amino acids shown.
The glutamate residues, the asparagine, and spacing were all
conserved. The conserved regions of other carbohydrate
hydrolases are also presented for comparison. In the B.
fibrisolvens xylB protein and in glucoamylase, one glutamate
in HEWL is replaced by aspartate.

DISCUSSION

The xylB gene was initially cloned into pUC18 on a
4.2-kbp segment of B. fibrisolvens DNA (35). This gene is
present as a single chromosomal copy (35). Based on com-
parisons of deduced amino acid sequence, xylB does not
appear to be closely related to the two xylosidase genes from
Caldocellum saccharolyticum (22), the Bacillus pumilus
xylosidase (26), or other glycohydrolases. It does, however,
retain a conserved region which has been previously impli-
cated in catalytic function. Two incomplete ORFs were
found on either side of xylB which do not appear to exhibit
enzymatic activity. Although the identities of ORF1 and
ORF3 are unknown, the similarity in amino acid sequences
to other glycohydrolases is consistent with their involvement
in xylan degradation.
The xylanase and xylosidase in B.fibrisolvens GS113 have

been shown to be under coordinate control, induced by
xylan and repressed by glucose (34). The control of arabi-
nosidase activity was not investigated. A cadre of enzymes
are needed to hydrolyze the backbone and substituents of
plant xylans including xylanase, xylosidase, xylobiase,
acetyl-esterase, arabinosidase, glucosidase, glucuronidase,
and others which may be under similar control. The three
ORFs described share sequence similarity and may all be
involved in hemicellulose hydrolysis. The proximity of
ORF1, ORF2 (xylB), and ORF3 on the cloned DNA is
suggestive of organization for common control. It is unlikely
that a terminator is present between ORF1 and ORF2 since
these are separated by only 15 bases. No terminator func-
tions in E. coli between these two ORFS. The ORF2 protein
is expressed in large amounts in E. coli from the lac
promoter in constructs which include ORFL. It is also
unlikely that a terminator is present between ORF2 and
ORF3. No terminator or prominent stem-loop was identified
by computer analysis. This region of DNA does not function
as a terminator in E. coli. Dual insertions of consecutive
SspI fragments containing the xylB coding region through
part of ORF3 (pLOI1050) expressed over twice the enzyme
activity of single-insertion constructs (pLOI1043) in E. coli.
These data are consistent with the presence of an operon
which includes these three ORFs from B. fibrisolvens.
The gene encoding xylosidase and arabinosidase activi-

ties, xylB, is the first of its kind to be sequenced. The
bifunctionality of this gene product has been correlated with
the presence of a single new protein in SDS-PAGE. Further
evidence for the bifunctional nature of this enzyme includes
the subcloning of a minimal DNA segment from which both
activities are expressed, the establishment that both activi-
ties require the same direction of transcription, and the loss
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TABLE 4. Comparison of the translated amino acid sequences of the three B. fibrisolvens ORFs in pLOI1005 with those of other genes

% Similarity (% identity)
Organism (gene) Reference

ORF1 ORF2 (xylB) ORF3

Butyrivibriofibrisolvens (xynA) 40 (16) 41 (16) 41 (13) 25
Butyrivibriofibrisolvens (endi) 16 (8) 14 (6) 20 (11) 4
Bacillus pumilus (xynA) 46 (21) 44 (16) 12 (8) 13
Bacillus pumilus (xynB) 39 (16) 28 (21) 38 (17) 26
Bacillus subtilis (xynA) 48 (21) 44 (16) 12 (6) 28
Caldocellum saccharolyticum (xynB) 20 (14) 25 (12) 21 (12) 22
Caldocellum saccharolyticum (xynAlxynB) 16 (8) 20 (9) 19 (10) 22
Caldocellum saccharolyticum (xynC) 16 (8) 22 (11) 31 (3) 22
Clostridium thermocellum (xynZ) 18 (7) 40 (16) 15 (8) 15
Clostridium thermocellum (celA) 45 (22) 41 (18) 39 (15) 3
Clostridium thermocellum (celB) 44 (20) 44 (18) 43 (19) 14
Clostridium thermocellum (celD) 45 (16) 39 (15) 43 (18) 19
Aspergillus niger (glucoamylase) 40 (16) 41 (18) 43 (19) 5
Kluyveromyces fragilis (f-glucosidase) 52 (31) 44 (20) 46 (22) 32
ORF1 100 44 (19) 45 (19) This study
ORF2 44 (19) 100 42 (14) This study
ORF3 45 (19) 42 (14) 100 This study

of both activities after disruption of the predicted reading xylanase-xylosidase has been cloned and sequenced from
frame by the insertion of a 10-bp linker. Caldocellum saccharolyticum (22) but lacks arabinosidase
A recent study with Bacteriodes ovatus has reported the activity.

cloning and expression of xylanosidase and arabinosidase It has been suggested that the hydrolytic mechanism of
activities (40). These activities were both encoded by DNA lysozyme (36) and taka-amylase can serve as a model for
within a cluster of genes involved in hemicellulose degrada- other carbohydrate hydrolases (20). Studies of HEWL re-
tion. All subclones with active xylosidase also exhibited vealed a general acid-base catalysis involving Glu-35 and
arabinosidase activity. Both activities copurified and were Asp-52 as important catalytic residues (31). Subsequent
proposed to reside on a single gene product. A bifunctional studies have demonstrated that this catalytic region is con-

TABLE 5. Amino acid sequence alignment of conserved regions

Organism or protein" Sequence Reference

35 44 52
HEWL F E S N F N T Q A T .N R N T D G S T D Y 41

331 338 349
A.n. (glu) P E D T Y Y N G .N P W F L C T L A A A E Q 5

342 350 362
B.f. xylB S E D F Y S L T D .N P G F L R L K L R P E A This study

320 328 337
B.f. endl G E T S A T N R N .N T A E R V K W A D Y 4

355 362 369
B.f. xynA N E K P L I W S N I G V A K P A Y E 25

325 335 343
B.p. xynB I E C T R L A Q L N W N T C S M Q F V E E 26

458 466 475
C.t.xynZ G E A L L R A D V .N R S G K V D S T D Y 15

130 138 149
C.t. celA Q V V N Y C I D .N K M Y V I L N T H H D V 3

418 427 436
C.t. celB T E G G H P L L D L .N L K Y L R C M R D F 14

376 384 395
C.t. celD D E E Y L R D F E .N R A A Q F S K K E A D F 19

408 418 427
C.s. xynB R E V F V E R I D E Y N A N P K R V W L E M 22

244 254 263
T.r. CBH II L E C I N Y A V T Q L N L P N V A M Y L D A 33

586 596 605
K.f. (,-glucosidase) G E W E T E G Y D R E N M D L P K R T N E L 32

33 42 50
S.c. EG I N E S C A E F G N Q . N I P G V K N T D Y 41

" Abbreviations: A.n., Aspergillus niger; glu, glucoamylase; B.f., B. fibrisolvens endoglucanase 1, xylosidase; B.p., Bacillus pumilus xylosidase; Ct.,
Clostridium thermocellum endoglucanases; C.s., Caldocellum saccharolyticum xylosidase; T.r., Trichoderma reesei cellobiohydrolase II; K.f., Kluyveromyces
fragilis; S.c., Schizophyllum commune endoglucanase I.
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served in cellulase enzymes and amylases (20, 33). On the
basis of the similarity of sequence in this region, Morosoli et
al. (27) proposed a similar catalytic mechanism for the
xylanase from Cryptococcus albidus. The B. fibrisolvens
xylB gene product also contains elements of this conserved
region. Thus, it seems likely that the B. fibrisolvens xylB
product also shares a similar catalytic mechanism.

Substrate ambiguity between xylanase and carboxymethyl
cellulases is well known (11). Substrate ambiguity among
xylosidases also occurs and has recently been reported for
cloned genes from Bacteroides ovatus (40) and Caldocellum
saccharolyticum (22). By using enzyme kinetic methods,
Uziie et al. (37) demonstrated that a bifunctional P-D-
xylosidase-,B-glucosidase from Chaetomium trilaterale con-
tained a single active site with dual binding regions (37).
Purified 1-xylosidase from Trichoderma reesei was reported
to also exhibit both xylosidase and arabinosidase activities
(30). Since rotation about the a-1,3 glycosidic bond that links
the arabinofuranosyl residue to xylopyranose produces a
bond conformation that resembles the 1-1,4 linkage between
xylose residues, a single catalytic site could be responsible
for both enzymatic activities in the B. fibrisolvens xylB gene
product.

It seems reasonable to speculate that bifunctionality
among cellulases and hemicellulases is common in the mi-
crobial world. The structural similarities between the vari-
ous cellulosic and hemicellulosic substrates which occur
together in lignocellulose may be responsible for the appar-
ent evolution of bifunctionality. Since many activities are
required for the complete degradation of xylans and cellu-
lose, the evolution of bifunctional enzymes could be of
selective advantage in the rumen and other environments.
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