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A A recombinant bacteriophage coding for xylanase and D-xylosidase activity has been isolated from a

genomic library of the extremely thermophilic anaerobe "Caldocellum saccharolyticum." Partial Sau3AI
fragments of the recombinant DNA were ligated into pBR322. A recombinant plasmid with an insertion of
ca. 7 kilobases of thermophilic DNA expressing both enzymatic activities was isolated. The location of the genes

has been established by analyzing deletion derivatives, and the DNA sequence of 6.067 kilobases of the insert
has been determined. Five open reading frames (ORFs) were found, one of which (ORF1; Mr 40,455) appears

to code for a xylanase (XynA) which also acts on o-nitrophenyl-o-D-xylopyranoside. Another, ORF5 (Mr
56,365), codes for a ,3-xylosidase (XynB). The xynA gene product shows significant homology with the xylanases
from the alkalophilic Bacillus sp. strain C125 and Clostridium thermocellum.

Xylan is a major component of hemicellulose and is found
in large amounts in straw and as a component of hardwood
and softwood. The enzymatic hydrolysis of xylan, which is a

heteropolymer of the pentose sugar xylose, is accomplished
by the action of endo-1,4-,-xylanase (EC 3.2.1.8) and P-
D-xylosidase (EC 3.2.1.37). The first enzyme acts on xylan
to generate small xylooligosaccharides, and the 3-xylosidase
hydrolyzes dimers and trimers of xylose to the monomeric
sugar (5).
"Caldocellum saccharolyticum" is an extremely thermo-

philic anaerobic microorganism which is capable of growing
at 80°C under laboratory conditions. This organism can use
xylan as the sole carbon source (4). The temperature opti-
mum and stability of the cellulolytic and xylanolytic en-
zymes produced by "C. saccharolyticum" exceed those
reported for other cellulases and xylanases (4, 20, 35, 47).
These properties may become important, as xylanases and
other hemicellulases may play a role in the enzymatic
bleaching of pulp in the manufacture of paper (19, 33). In this
report we describe the molecular cloning of a gene encoding
a xylanase which also acts on o-nitrophenyl-P-D-xylopy-
ranoside (OPNX) and a gene for a P-xylosidase from "C.
saccharolyticum. "

MATERIALS AND METHODS

Bacteria and culture conditions. Escherichia coli Q359 (F-
suII 4+80 P2 [rk- Mk+]) (24) was used to construct the
genomic library. E. coli TG1 [A(lac pro) supE thi hsdS
F'(traD36 proAB+ lacIq lacZAM15)] (44) was used to grow
up M13mp recombinant bacteriophages and as a host for the
different plasmids. Media and culture conditions are de-
scribed in reference 8.

Nucleic acid procedures and construction of the genomic
library. Standard recombinant DNA techniques were used
as described previously (26). Preparation of phage and phage
DNA is described in reference 24. A genomic library of 14-
to 20-kilobase-pair Sau3AI fragments of "C. saccharolyti-
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cum" was prepared in the X1059 BamHI substitution vector
as described previously (24).

Identification of xylanase and ,-xylosidase-positive X1059
clones. Individual plaques were stabbed to duplicate agar
plates overlaid with soft agar containing E. coli Q359. The
plates were incubated overnight at 37°C, and one set of
plates was overlaid with 0.8% (wt/vol) soft agar containing
0.8% (wt/vol) xylan coupled to Remazol brilliant blue or oat
spelt xylan (Sigma Chemical Co.) plus 1% (wt/vol) OPNX
and incubated at 70°C for 2 h. Xylanase activity was detected
as a pale blue halo on plates containing xylan coupled to
Remazol brilliant blue. 3-Xylosidase activity was detected
as a diffuse yellow color due to the hydrolysis of ONPX.
These plates were subsequently stained with Congo red to
detect xylanase activity, which appeared as a yellow halo in
a red background (42).

Construction of pNZ1076 and derivatives. DNA of a X1059
recombinant expressing xylanase and P-xylosidase activity
was partially digested with Sau3AI, and the fragments were

ligated into pBR322 (6) to give pNZ1076, which expressed
xylanase and ,-xylosidase activity. The approximately 7-
kilobase thermophilic DNA fragment inserted in pNZ1076
was deleted with BAL31 exonuclease from the Sall site in
the vector portion ofpNZ1076, cut with EcoRl, and recloned
in pCGN566 (41) to give pNZ1400, pNZ1408, pNZ1437, and
pNZ1440. Plasmids pNZ1437 and pNZ1440 also have the
EcoRV fragment deleted. Other deletions were constructed
by digesting pNZ1400 with HincII and religation (pNZ1438)
and by directional cloning of restriction enzyme fragments
from pNZ1400 in pCGN566, pBS(-), and pUC18 (39, 41,
49). For diagrams of all plasmids, see Fig. 2.

Determination of enzyme activities in E. coli. The presence
of xylanase activity was tested by using the Congo red
staining method (42). Bacteria were grown overnight at 37°C
on minimal agar plates, overlaid with 0.8% (wt/vol) soft agar
containing 0.8% (wt/vol) oat spelt xylan, and incubated at
70°C for 3 to 5 h prior to staining with Congo red. ,-
Xylosidase activity and acetyl esterase activity were deter-
mined as follows. Cells were grown overnight in L broth at
37°C. A 500-,ul portion of cells was spun down and sus-
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1 GGTCCCAGCAATATCTTGAGTGAAATGTTTACTGATAGTATAATCGGTCTT 100
101 TGGTACAGTTGTATAAATAAAGCTAGTGAATCAGTT TzTTIAAAAGATAG 200

1M R
201 TGTATGGGGAATAAAGTACTTATGAAAAAAAATCTAATGTCGATATCAAAT 300

C LI V C EMN L E M L N L S L A K T Y K D Y F K I G A A V TAl K D L
301 TAAGATCTGGTTCTTAGATTAACTAACGAAGCTAGTGAAATACAAGGAAAA 400

E G V H R D I LL K H FMN S L T P E MA M KF E N IMHP E E Q R Y
401 TATTGAAGTCAGTAAATTCATAATAAGATAGGAAAATGTGCTACACCGGTG 500

NMF E E VA R I KE F AlI K ND MK L R GH T F VWNH NQ0 T P G W
501 GTTTTGTAATGGAAGCCAAATATATAAGTAAACTTAACTGGGGGTCAGTTG 600

V F L D K N G EE A S K E L V IE R L REMH1IK T L C E R Y K D V V
601 TTTCTGAGGTACAGATGAAAACGAACTTCAATAAT,.AAAATTGAAGTAATA 700

Y A WD VVMNE A VE D K T E K L L R E 5MNW R K I I G D D Y I1K
701 AATCTTAAACAAATTCGAAGAATATTTAGTAACAGATCTAAATGAAACAAA 800

I A F ElI A RE Y AG D AK L F Y ND Y NMNE M P Y K L E K T Y K
801 GTCAAGGTTAAAAGATCAAAGATGTTCACCCGATTTGAAAACTTATATAAA 900

V L K E L L E R GT P1I D G I G I Q ANH WMN I W D KMN L V S N L K K
901 AGCAAAGAAGTCTAGTAAATAATCGATGCTTATTTATTAGTAAGCGCTTTA 1000

AlI E V YA S L G L E INH I T E L D I S V FE F ED K R T D L F E
1001 ACACCGAAGTGATCACAATTTAGTTTTCGTTCAATTAGTTAACTTTAATTG 1100

P T P E ML E LQ0A KV YE D V F A VF R EY K D V I TS V T L W
1101 GGATGGCGCCCTGAGTATCCGAAGTGAAATGCCCTTCAGAAGAACAAGACT 1200

G I S D R M T W KD N F P VK G RK D W P L LF D VMNG KP K E A L
1201 TTCGAATAATTAGTTTACAGM GfTCTTATTGTTAGAACATTATAAAGTAAA 1300

Y R I L R F * M A I MQ0 I N F Y S K ML K K
1301 GACCAATTGCATTCCTGTACAAAGATCAAAAGTAATAATTAACTAACTTCT 1400

M T T I L A I L P V D K P D K K F Q K D V D S EN L K T L Y L LNH
1401 GGTTCGTATCTGTGTGGGACCATGTATACAGGTTAGTCGGTCGCTAGGAAA 1500

G Y A GMN Y M D W L C G A R I V E L S M R'Y NMV A V F L P S G EMNS
1501 GTTTTTGTAGAAAGAGAATTGGATGGGATAATTGATAAGACTTTCATCCAA 1600

F Y L D D EE K E E Y F GE F VGMN ElII E F T R S V F P IP Q K
1601 AAGAAACTTTGCGTACAGGGTAGTCCTGATGCTATTAAGATTTGTTAACTA 1700

R E KTF I GG L SMG GY GA LR NG L KY NKMNF VG II A L
1701 TCATCAGCACTAATAATTCATAAGATTGCAGGTATTCCTAAGGATTATAGGAATGCTTATGCAAGTTATAACTATTATAGACGAGTGTTTGGAGACCTAA 1800

S S A L lINIHK I A G I P K D Y RN A Y A S YMNY YR R VF G D L M
1801 ACCTATGTGGTAGCTATCTATATACAACAAAAGATTCAAAAAAGCTCGAAA 1900

S L I G S D K D I N A L VT K L K Q E K G S IP K I Y MAC GR D
1901 TGCTTATCAAACGGTTTTATTTAAAGAGAAAGGTTTAGAAGAGGAAGCGGT 2000

D F L VQ E N RD L F N F L KN E G I D V VY E E D E G GNHD WD
2001 TTTGAAAAATCATCTTATGTATAGTCGTAGCTAGACTTTAGTTCATGTTTG 2100

F W N K Y I A M AF E W M S KV S D *

2101 GGTGAATAGGTTTTTTTAACACTATTTTATTAAGGAAGAGGATGAAAAATAAAAAAAGTGGACAAATTTCTTGTTAATTGzTLATACATGCATTGCAATG 2200
N

2201 GTTCTTTCTGGATTCGCGTTGGAAGAACGTAGATTGGAATGTAATAGCAAA 2300
V F F F T S C T I Q S AlI E Q K K T V E ElI L G K I G E S E D K TMN

2301 ATCAGGCACGACAGAGGAGATGAAATCTTAAAGAAAAATTTCGTGACGATA 2400
S R G Q P AIN K E D E VE D N P L K D V Y K D Y F L V G A A I N

2401 TGCATTTGACGTCACACTCGTTGTCATTAAAATTAAICAC.ACATTAGACA 2500
G Y S V ET A A INNH P G M A A I LK K T L T V Q P Y L I * M K Q Q

2501 AATACCTTTTAGATTATGAAGCTACAAAAGCAAGTAAAAATGGAATGCCAGTGTGTAAATTTGACAGCTGCATTCCTGCTTTACAATTTTGTAAGAAA 2600
Y L L D YE A T K A S K NGNMP V C K F D S C I P A LQ F C KE N

2601 TGCTAATAAGCTTTATTGAATAAACGATGTTCAAAATTAGACAACCTTGTC 2700
G I KNMRGNHV LV WN Q I P E WF F N KD Y D V S K P L VD A

2701 GCTACTATGGAACGCCGGTTGGAAAGTTATATCAAACAGGTAATTGAAITTTTGTCAAAAATTATCCCGGTGTAGTCTATTGCTGGGATGTTGTTAACG 2800
A T M E R RL E S Y I1K Q V IE F C Q KMNY P GV VY C WD V VN E

2801 AAGCTATACTTGATGATGGTTCATGGAGAGAAATCAATAATAATTGGTATACCATTATGAAAGAAAAGTATGTGGAAAGGCATTTTATTATGCAAGAAA 2900
A I L D D G S WR E I MMM W Y TII M KE K Y VE K AF Y Y AR K

2901 ATTCAAAGTTGCTTTAATATCAGTTCTCTCAGGGACATAATTGTAAATAAA 3000
Y AK K D VA L FY ND YMNV F L P A KR E AlI Y N L A QK L K E

3001 AAAGGATTGATTGACGGGTTGGGTCTTCAACCTACAGTAGGCTTGAATTATCCTGAATTAGATTCTGATGATATAGATTCATTCAAACGACATTAGAA 3100
K G L ID G L G LQP T V G L N YP E LD S D D ID S F KITT LE T

3101 CATGAACTGTAAATAATCGGTATTGATAGGGTAACACTCCTAATTAAACAC 3200
F A K L GL Q INH IT ELMN F E I K GD E S MR I P EN L K K QA

3201 AGATAGGTATTACGAAATGATGAAGTTATTATTGAAGGAAGATACTGATAATGGTGGGCCTTGCAACATAACTTGTGTTACTGTTTTTGGTATCTGTGAC 3300
D RY Y E M MK L L L K E D I D N G GP CMNI I C V TV FG I C D

3301 GATTATCCACTATATAAAAATTTTAAGCAGTGCATGTATCTTTGGGATAAAAATGCAATCCTAACCATGTTTTTATTCATTTCTCCAAGCAGGTTTAG 3400
D Y P LY K NF KQ0CNM Y L WD K NC NP K P C F Y S F L Q A G L D

3401 ACGAACTTTTAGAAA2 GAACCTTGGCGGN TAGAAACATATTGAGGCTGA 3500
W K A S L L S K * *MNE R RK INMK IITI NMYG K RL G K

3501 AAAAAATTGCAAGGTGACGCTCAACGCTAGGAATGGAGATAAAAGCTAGAT 3600
I NK F W A KC VG SCMH All A LR E D W R KQ L K KC R D E L

3601 GGTTTTGAGTATATTCGATTTCATGGTTGGTTGAATGATGATATGAGTGTTTGTTTTAGAAATGATGATGGGCTACTTTCATTCTCATTCTTCAACATAG 3700
G F E Y I R F N G WL N D DNM S V CF R ND D G L L S FS F FMN I D

3701 ATCAATGTTCTTGGTGTTAACTTTGACGGTTTCAAGGTGGCGTCAGCGTTC 3800
SlIID F L L E I GNMK P F I E L S FNMP E A L A SGIT K T V F N

3801 TTCAGAAAACCGCAACTTAGAGGTACTATAGGTGAGCTTATGAAAGGAATA 3900
Y K GN IIT P P K S Y E E W G Q L I E EL ARMH L I S R YG K NE

3901 GTAAGAGAATGGTTTTTTGAGGTATGGAACGAACCAAATCTAAAGGATTTTTCTGC GCAGGAACAATGGAAGAATAITTTTAGCTTTACAIAATAGCG 4000
V RE W F F E VW NE P N L KD F F W AG TINE E Y F K L Y K YA A

4001 CTTGATAGAGGATTAATAGTGTGCACATCATGTCTGT TACAAGATTTTTGTACAAAAAA 4100
F A I1K K VD S E L R V GG P AlTA I D AW I P E L KD F C 1KMN

4101 TGGTGTTCCAATAGATTTTATTTCAACGCATCAATATCCAACAGATTTAGCATTCAGTACAAGCCAAATATGGAAGAGGCTATGGCAAAAGCAAAGAGA 4200
G VP I D F I S IN Q Y P ID L AF SITS S N ME EA MA K AK R

4201 GGGATGAAAGTAAAGTTGGAGAACATGCGTATCCGAGATATTCATCCAACA 4300
G E L A E R V K K A LE E A Y P L P V Y Y I E WMN N S P S P R D P Y

4301 ATAGCTCTAGTCGTTATTAACAATGCATTGTTCATGGGTTCTTGAATAAAA 4400
N D IP Y D A A F I V K TIl I D II D L P L G C Y S Y W I F ID I
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F E E C G Q S S L P F H G G F G L L N I H G I P K P S Y R A F Q I
TTAGATAAACTAAACGGTGAGAGGATTGAGATAGAGTTTGAAGATAAAAGCCCAACCATTGATTGTATAGCTGTCCAGAATGAGAGAGAGATAATACTTG
L D K L N G E R I E I E F E D K S P T I D C I A V Q N E R E I I L V
TGATCTCAAACCATAATGTTCCGCTGTCTCCTATTGATACCGAAAATATAAAAGTTGTTTTAAAAGGTATTGAGAATTGCCGAGAAGTTTTTGTTGAGAG

I S N H N V P L S P I D T E N I K V V L K G I E N C R E V F V E R
AATAGATGAATATAATGCCAATCCAAAAAGAGTATGGCTTGAAATGGGCAGTCCTGCGTATCTCAATAGAGAACAGATTGAGGAGTTGATAAAAGCATCA
I D E Y N A N P K R V W L E M G S P A Y L N R E Q I E E L I K A S

GAACTAAAGAAAGAGAAAGTTTCATGGGGGATTGTGAATAATAATGAAATTACATTTGATTTAAGTGTTTTACCTCACTCAGTTGTGGCTGTTACAATTA
E L K K E K V S W G I V N N N E I T F D L S V L P H S V V A V T I K
AGAATGGTTAGTGAAATGTTAAGAGAGAAAAGCAATTTTGTATATCTCTTTTAATTTTTACCTT TGACACATCAAACAATCTAAATTAAAATTAAAGTAT

N G * *

4500

4 600

4700

4800

4 900

5000

AGTGTTTTGCATACTCAACATAGTATAAATTATATAAGGGTAACATTAATACCCTTTTTGTTTTTGTAAGGGGGTGTTTTTGTGGCAAAGCACACGCAAA 5100
AAGGTAAATCAGCTGCCACAGCCGCCGTGTCAGACAAAGAAAAAGCAAGGTTTGTTCCTAAAAATATTCAAGCTGAGATAAAAGAAAAGATTAAAGACAC 5200
TGGTGAAAAAGTAGCAAAGGCTGAGGGTAAGGACAAAGCACTTTTACAGTTAAAGCTGGAGAGCAACAAAAAGGTTGATAAGAAAAAATTCAAAAAGGAT 5300
AGAAGTGTTGAGAGGAATAAAACTTCATTAAATAGATTTTTAAGTTTAGATAAAATTAAATCCCTATATTCAAAAGAGATACATAATAAACTTTCACACA 55400
TCTTTGAAGATGCAGITTCTCAMTTIATAGAATTTTAATGGGGCTAAAGTATATCAAAAAGGCGCCAAATTACACCGAAATTGTTCTGAAGGCAAAGAT 5500

M G L K Y I K K A P N Y T E I V L K A K I
ATTTTCAACCTTGATTTTGATGATTGTAATATTATTTTTAATCAACAAAATGCCTTCTACATACAAAAAAGCGTATGCAGTTGTTTTGAACAATCAGATT 55600
F S T L I L M I V I L F L I N K M P S T Y K K A Y A V V L N N Q I
GTAGGGTATGTGAAGGACAAGACTGAAGCACAAAACCTTCTTACCCAGATTAAAAAAGAAGTAGAGGAAAGACACAATACAGACAGTTTCATTTTACAAA 5700
V G Y V K D K T E A Q N L L T Q I K K E V E E R H N T D S F I L Q S
GTAAGCTTCAACTAAAGAGCATTGAGCCTGGTCAATATCGTGAGACAAGGGTTGATGAGCTGAAAAATACTATCATAGAAAAGGGGAAGGTCCTTGTAAA 55800

K L Q L K S I E P G Q Y R E T R V D E L K N T I I E K G K V L V K
AAGGTATGCTATTTTTGTTAATTCAAAACCATATTTTGTATTTGAAAATCCACAAACTCCAAATAATATTCTTAACAAGCTAAAAAAGGTCTATTATAAT 55900
R Y A I F V N S K P Y F V F E N P Q T P N N I L N K L K K V Y Y N
GACAAGGCATCACAGGCAAAATTCTTAGAGAAGGTAGAAATAAAACCAGTTTATGTCTCACCAGCTATTAAAGTAGCTGATGAAGCTACTGCCTTAACAA 66000
D K A S O A K F L E K V E I K P V Y V S P A I K V A D E A T A L T K
AGATTATGTTTGGGAAAGACCAGGTAATAGAATATACAGTCAAGGAAGGAGATACTCTTTGGGATCC 6067

I M F G K D O V I E Y T V K E G D T L W D

FIG. 1. Nucleotide sequence of the "Caldocellum" DNA inserted in pNZ1400 (see Fig. 2, shaded bar). Numbers on the side of the
nucleotide sequence denote nucleotide positions. The first 7 nucleotides including the BamHl site are part of the multiple cloning site of the
vector pCGN566. Six ORFs are present on the cloned fragment coding for a xylanase/,-xylosidase (ORF1, XynA, positions 195 to 1220), an
acetyl esterase (ORF2, XynC, positions 1257 to 2054), two ORFs with unknown function (ORF3, positions 2198 to 2488; ORF4, positions 2491
to 3426), and a P-xylosidase (ORF5, XynB, position 3445 or 3463 to 4908; two translational start sites are possible). A sixth ORF (ORF6,
position 5439) reads out of the cloned fragment. Sequences homologous to the E. coli SD sequence (11) are underlined in front of each ORF.
A * shows stop codons. The putative signal peptide for the xynA gene product (positions 195 to 293) is indicated by a box around the amino
acids. There are three possible cleavage sites (see text).

pended in 100 pul of 50 mM citrate -100 mM phosphate buffer
(pH 6.5) for the 3-xylosidase assay. For the acetyl esterase
assay, cells were suspended in the same buffer at pH 6. A
drop of toluene was then added. For the f-xylosidase assay,
10 p.l of ONPX (20 mg/ml in dimethylformamide) was added
and the cells were incubated at 70°C for 30 min. Cells
expressing 3-xylosidase activity were detected by the yellow
color produced from the degradation of the substrate (21).
For the acetyl esterase assay, 10 pul of (x-naphthyl acetate (20
mg/ml in dimethylformamide) was added and the cells were

incubated at 70°C. After 30 min, 50 ,u1 of coloring reagent (1
M sodium acetate buffer [pH 4.5] containing 0.01% Fast
Corinth Salt V and 10% Tween 20 [36]) was added. Cells
expressing acetyl esterase activity were detected by the
purple color produced. E. coli TG1 was used as a negative
control.

SDS-polyacrylamide gel electrophoresis. A 15-ml portion of
an overnight culture in L broth was spun down, resuspended
in 1.5 ml of L broth, and sonicated for 15 s. Cell debris were

removed by centrifugation. Portions (50 p.l) of the superna-
tant were boiled for 5 min in the presence of sodium dodecyl
sulfate (SDS)-loading buffer. Samples were electrophoresed
in an SDS-10% (wt/vol) polyacrylamide gel by the method of
Laemmli (22). For activity staining, SDS was removed and
the gel was assayed for xylanase and P-xylosidase by trans-
fer to an agar sheet containing 0.5% (wt/vol) Remazol
brilliant blue-xylan or 1% (wt/vol) ONPX. The method is
described in reference 2. Xylanase activity was detected as

blue halo, whereas ,B-xylosidase activity was seen as yellow
band.
DNA sequence analysis. The sequence of the entire "Cal-

docellum" insert in pNZ1400 (6,067 base pairs) has been
determined by dideoxy sequencing (37) of a randomly
sheared library and a pseudorandom library (by using the
enzymes HaeIII, RsaI, and AluI) constructed in M13 vectors

and after directional cloning of restriction fragments into
M13 vectors and plasmids pBS(+) and pBS(-) (1, 39). All
computer analysis of the sequence data was carried out by
using the Sequence Analysis Software Package of the Uni-
versity of Wisconsin Genetics Computer Group on a Micro
Vaxll (Digital Equipment Corp.).

RESULTS
Sequence analysis and location of enzyme activities. Se-

quence analysis of the thermophilic DNA fragment present
in pNZ1400 (Fig. 1 and 2) showed five open reading frames
(ORFs) which could code for proteins of Mr 40,455 (ORF1,
positions 195 to 1220), Mr 30,611 (ORF2, positions 1257 to
2054), Mr 10,731 (ORF3, positions 2198 to 2488), Mr 36,493
(ORF4, positions 2491 to 3426), and Mr 56,365 or 55,551
(ORF5, positions 3445 to 4908). There are two possible
translational start sites for ORF5 (positions 3445 or 3463).
Each is preceded by a Shine-Dalgarno (SD) sequence.
Which ATG is used for translation is not known, since the
N-terminal sequence of the ORF5 gene product has not been
determined. A sixth ORF (ORF6, position 5439) reads out of
the cloned fragment.

Deletion analysis of the cloned thermophilic DNA frag-
ment (Fig. 2) shows that ORF1 codes for an enzyme (called
XynA) that acts on xylan and on ONPX, a substrate nor-
mally used to detect ,-xylosidase activity (21). Xylanase/
3-xylosidase activity can be found on the 1,317-base-pair

BamHI-BalI fragment of pNZ1435 containing only ORF1.
Deletion of 20 amino acids (HaeIII site, pNZ1445) or 131
amino acids (RsaI site, pNZ1446) from the C terminus of
ORF1 abolishes xylanase and ,B-xylosidase activity. ORF5
codes for a P-xylosidase (called XynB), as can be seen by the
enzyme activities encoded by pNZ1438, which contains the
C-terminal part of ORF4 and ORF5. Deletion into ORF5
(pNZ1408) abolishes 3-xylosidase activity.

VOL. 56, 1990 1019
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ORFI ORF2 ORF3 ORF4
(xynA) (xynC)

xylanase / B-xylosidase / acetyl esterase
+ + +
+ + +

pNZ1400 (pCGN566)
pNZ1434 (BS-)

+ + - pNZ1430
+ + - pNZ1435

nt pNZ1445
-- nt pNZ1446

- - - pNZ1440
- + - pNZ1438
- - - pNZ1408

(pCGN566)
(BS-)

(BS-)
(pUC18)
(pCGN566)
(pCGN566)
(pCGN566)

+ pNZ1437 (pCGN566)

xylanaseWlBxylosidase,
acetyl esterase,
not known,
not blown,
l-xylosidase,

40.5kD
30.6kD
10.7kD
36.5kD
56.4kD or 55.5kD

Restriction enzyme abbreviations
B BamHl Hc HincII
Bal Ball Pv PvuII
E EcoRI R RsaI
Ev EcoRV S SalI
Ha Haem S3 Sau3AI
Hp HpaI Sp SphI

0 1 2Kb
I

FIG. 2. Restriction map of thermophilic DNA cloned in pNZ1076 (F ). The shaded bar indicates the sequenced part of the cloned
fragment and is identical with the insert in pNZ1400. The extent of thermophilic DNA remaining in derivatives of pNZ1076 constructed by
Bal3l exonuclease digestion or by subcloning of specific restriction enzyme fragments is shown as enclosed bars. Numbers in front of
corresponding bars indicate the end of the BAL31 deletion according to the sequence (Fig. 1). Vectors used for subcloning are shown in
parentheses beside plasmid numbers. Numbers above restriction enzyme sites give the distance in base pairs from the BamHI site of the
multiple cloning site of pCGN566 which is present in pNZ1400. Restriction enzyme sites clustered around the BamHI site at position 1 are

part of the multiple cloning site. Not all RsaI and HaeIII sites are shown. The Sau3AI and HincII sites in pBR322 are not shown. The arrows

show the ORFs that can be identified by computer analysis. Only part of ORF6 is present on the cloned fragment. There are two translational
start sites for ORF5, each preceded by a SD sequence; hence, two molecular masses are given (in kilodaltons [kD]). No enzymatic activities
could be found for ORF3 and ORF4. Symbols: +, enzyme activity; -, no enzyme activity; nt, not tested. Kb, Kilobases.

Preliminary results suggest that ORF2 could code for an
acetyl esterase (called XynC). E. coli TG1(pNZ1434) de-
graded a-naphthyl acetate, a substrate used for acetyl es-

terases (36), whereas no acetyl esterase activity could be
found by using pNZ1430 or pNZ1435. Acetyl esterase activ-
ity does not seem to be encoded by ORF3 or ORF4, since no

enzyme activity was detected in TG1 (pNZ1440).
Ribosomal-binding sites. Sequences homologous to SD

sequences from E. coli and Bacillus subtilis (11, 27, 29) can
be located from 4 to 13 base pairs upstream of the initiation
codon for all putative proteins, but the similarities are lowest
for ORF3 and ORF4 (Table 1). ORF1, ORF3, and ORF4 do
not have the GGAGGA sequence most often found in SD
sequences (11). Comparison of the two SD sequences cor-

responding to the two possible translational start sites of
ORF5 (Table 1) shows that SD1 (corresponding to the ATG
at position 3463 [Fig. 1]) has good homology to both the E.
coli and B. subtilis SD sequences, whereas SD2 shows only
minor homology. This observation suggests that SD1 may be
preferentially used as a ribosome-binding site in E. coli.

Putative promoter sequences. Several E. coli p70-like and
B. subtilis p55-like promoter structures (17, 18) can be found
upstream of all ORFs. Transcription of the ORFs seems not

to be dependent on plasmid promoter sequences, since the
genes are cloned in the opposite direction to the tetracycline
resistance promoter of pBR322 (6) or to the lacZ promoter
region ofpCGN566 (41). The promoter regions for ORF2 and
ORF5 might be positioned within the structural gene of
ORFi or ORF4, respectively, since there are only a few
nucleotides between the end of one ORF and the beginning
of the other (Fig. 1). These sequences seem to be used for
transcription in E. coli, as shown by the enzyme activities
encoded by pNZ1437 or pNZ1438 (Fig. 2). In these plasmids
the ORF upstream of ORF2 or ORF5 has been deleted,
suggesting that ORF2 and ORF5 are expressed indepen-
dently. Experiments are being carried out to study the
transcriptional organization of the ORFs.

Signal sequences. Only ORFi appears to have a signal
sequence in broad conformity with the rules given in refer-
ence 45. This observation is to be expected, since xylanases
are thought to be secreted enzymes (5). A hydropathy plot of
ORFi shows a hydrophobic region within the first 10 to 15
amino acids (data not shown), and there is a charged amino
acid within the first 5 amino acids (Arg-2), as well as a

16-amino-acid, mainly hydrophobic sequence, which con-
tains two negatively charged amino acids (Glu-8 and Glu-11)

pNZ10J76 (pBR322)
ORF5
(xynB)

ORF6

189 L

ORFI (xynA):
ORF2 (xynC):
ORF3
ORF4
ORF5 (xynB):
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-'kTrFlr%"F,e' ,

I 1- i

APPL. ENVIRON. MICROBIOL.

E

I

I

I D



XYLAN-DEGRADING ENZYMES FROM A THERMOPHILE

TABLE 1. Comparison of ribosome-binding site sequences of
ORFs found on the sequenced DNA fragment from

"C. saccharolyticum" with the SD sequences
from B. subtilis and E. coli

Organisma Sequenceb

E. coli C T A G T G G A G G A A T
B. subtilis A G A A A G G A G G T G A T C
"C. saccharolyticum" * * * * * *
ORF1 (xynA) T T A G T T G C T T T A T

ORF2 (xynC) A G A A A G G G £ T T C T T

ORF3 T G T T A A T T G T A A T

ORF4 A C A G T A C A A C C C T A T C

ORF5 (xynB) SD1 G G A G A G G A G G A A A

ORF5 (xynB) SD2 A G C A A T A A G A A T G
* * * * * *

ORF6 G T T T C T G A G G T T T

a There are two possible translational start sites for ORF5, each preceded
by an SD sequence. ORF1 codes for a xylanase/p-xylosidase (XynA); ORF2
is probably an acetyl esterase (XynC); and ORF5 codes for a ,B-xylosidase
(XynB). No enzyme activity has been found for ORF3 and ORF4. ORF6 reads
out of the cloned fragment.

b Homology with the E. coli SD sequence (11) is shown as *; homology with
the B. subtilis SD sequence (27, 29) is underlined.

and two polar amino acids (Asn-9 and Asn-14) followed by a
stretch of charged and hydrophobic amino acids with small
side chains. The cleavage site could be either after the two
alanine residues (positions 29 and 30) or after Thr-32 or
Ala-33 (Fig. 3).
The presence of charged and polar amino acids in the

hydrophobic core and at the C-terminal end of the ORFi
signal peptide is quite atypical and cannot be found in the
xylanases from the alkalophilic Bacillus sp. strain C125 (15)
or B. pumilus (9), which are compared in Fig. 3. It is also

1 10 20
+ - * + +-_

M R C L I V C E N L E M L N L S L A K T Y K D Y
" C. saccharolyticum n xyn2A

different from the signal peptide found in the celB gene of
"C. saccharolyticum" (Fig. 3) (38) and from most of the
procaryotic signal peptides compiled in reference 45. A
similar structure can be found for the signal peptides of
penicillinases from B. cereus (28) and B. licheniformis (Fig.
3) (31). The B. licheniformis penicillinase signal peptide is 50
amino acids long, and 14 of the last 22 are charged and polar
amino acids. In B. cereus the signal peptide is 45 amino acids
long, and 7 of the last 14 are charged or polar residues.
Homology comparisons. Comparison of the predicted

amino acid sequence of ORF1 (xynA gene) with those of
other xylanases, 3-xylosidases, glucanases, or ,-glucosi-
dases compiled in the GenBank data base revealed signifi-
cant similarities to the following enzymes (Fig. 4): (i) xyla-
nase of alkalophilic Bacillus sp. strain C125 (xynA) (15); (ii)
C-terminal domain containing the xylanase activity of the
xylanase (xynZ) of Clostridium thermocellum (13); (iii) cel-
lobiohydrolase domain of the "Caldocellum" bifunctional
exocellulase-endocellulase (celB) (38); (iv) exoglucanase cex
from Cellulomonas fimi (32); and (v) ORF4 (function un-
known) (see above). We also found similarity between ORF1
and the N-terminal sequence of the xylanase from the yeast
Cryptococcus albidus (7; data not shown). It has been shown
by others (46) that this enzyme is similar to the exoglucanase
from Cellulomonas fimi and to the xylanase from the alka-
lophilic Bacillus sp. strain C125, which are compared in Fig.
4. We found no similarities to the xylanases or ,-xylosidases
reported from B. circulans (48), B. subtilis (34), and B.
pumilus (9, 30).
Enzyme characteristics. To estimate the molecular mass of

the xylanase/P-xylosidase and ,3-xylosidase, the proteins
produced by pNZ1076 were separated on a denaturing
SDS-polyacrylamide gel, the SDS was removed, and the gel
was assayed for xylanase and ,-xylosidase activity. Activity
gels showed ONPX breakdown at positions corresponding to
proteins of Mr 42,000 and 76,000 (data not shown), in
reasonable agreement with predicted protein sizes from the
sequence data. Xylanase activity was also seen at Mr 42,000,

30
+ v v v

F K I GA A VT A

40

+ +* + +
M K R N L F R I V S R V V L I A F I A S I S L V G A M S

C.saccharolyticum " celB

+ + *

M I T L F R K P F V A G L A I S L L V G G G I G N V A A
alk. Bacillus sp. strain C125 xynA

* + + +

M N L R K L R L L F V M C I G L T L I L T A V P A H A
B.purrilus xynA

+ + + + * ** * * + *_+ _-

M K L W F S T L K L K K A A A V L L F S C V A L A G C A N* N Q T N* A S Q* P A E K N E K T E M K D D F
B. licheniformis penicillinase

FIG. 3. Comparison of the "C. saccharolyticum" xylanase/p-xylosidase (xynA) signal peptide with signal peptides of two Bacillus
xylanases (9, 15) and a penicillinase (31) and the "C. saccharolyticum" celB gene product (38). Positively charged amino acids are indicated
by + above their single-letter code; negatively charged amino acids are indicated by -; polar amino acids are marked by *; and the
helix-breaking residues are in bold type. Three possible cleavage sites are shown by the V above the xynA signal peptide. A dot marks the
cysteine residue used for the glyceride thioether bond in B. licheniformis membrane-bound penicillinase. The C-terminal part integrated into
the membrane is underlined.
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which is in agreement with the suggestion that the xylanase
also acts on ONPX.

DISCUSSION

We report here the cloning and sequence structure of a
gene (xynA) that has xylanase/,-xylosidase activity, of a
separate gene that does not show activity against xylan but
does have ,-xylosidase activity (xynB), and of a third gene,
which could code for an acetyl esterase (xynC). These three
genes have little sequence similarity with each other. The
xynA gene product has sequence similarity with the gene
product encoded by the putative ORF4. Consideration of the
upstream control sequences of ORF4 suggests that this
protein may not be expressed, and it could be a pseudogene
by analogy with the celX gene described for Clostridium
thermocellum (14).

Others have noted the homology between the exogluca-
nase domain of Cellulomonas fimi, the alkalophilic Bacillus
sp. strain C125, and the Cryptococcus albidus xylanases and
have suggested that the glycosidases from Cellulomonas,
Trichoderma, and Bacillus spp. may have evolved from the
reshuffling of two catalytic domains and several binding
domains (46). The "Caldocellum" xylanase/,B-xylosidase
shares similarities with the catalytic domains described for
the exoglucanase of Cellulomonas fimi, the cellobiohydro-
lase domain of "Caldocellum" celB (38), and the C-terminal
domain of the Clostridium thermocellum xynZ gene product,
which contains the xylanolytic activity (13). It also has
similarities with the xylanases of the alkalophilic Bacillus sp.
strain C125 (15) and Cryptococcus albidus (7). It does not
show significant similarity to the endoglucanase domains
compared in reference 46. Thus, the "Caldocellum" xyla-
nase/4-xylosidase enzyme may be the product of reshuffling
of catalytic and binding domains, resulting in an enzyme
with different substrate specificity.
The similarity of the xynA gene product to the exogluca-

nase domains of Cellulomonas fimi cex and "C. saccharo-
lyticum" celB gene products may be explained by the fact
that the enzyme also degrades 4-methylumbelliferyl-3-D-
cellobioside (MUC), a substrate used as a test for exogluca-
nase activity (43). Others also have recorded the action of
cloned xylanases on MUC (10, 12, 16) and have presumed
that this activity represents nonspecific cleavage of the
agluconic bond (12). Purified xylanases have been reported
which either hydrolyze xylan only (40) or also show endo- or
exoglucanase activity (23). In addition to MUC activity, the
xynA gene product shows low-level activity on carboxy-
methyl cellulose, as measured by reducing-sugar assays (our
unpublished data).
The xylanase/p-xylosidase does not show the three-do-

main structure separated by "PT" boxes that characterize
the bifunctional enzyme we have identified in "Caldocel-
lum" (CelB) (38) and which can also be found in the
Clostridium thermocellum xylanase (13). Nor does it show
the conserved region seen by others for the endoglucanases
EGA and EGB of Clostridium thermocellum, the endo- and
exoglucanases of Cellulomonas fimi, and the cellulases of
Trichoderma reesei (see reference 13 and references there-
in).
The putative signal peptide for the xylanase/p-xylosidase

is quite atypical in comparison with leader sequences found
for other xylanases (9, 13, 15, 34) or glucanases (14, 25)
because of the presence of charged and polar amino acids in
the hydrophobic sequence. It also differs from the "Caldo-
cellum" celB gene product signal peptide (38). However, the

charged C terminus of the xynA gene product signal peptide
resembles signal peptides found for the penicillinases of B.
cereus and B. licheniformis. The B. cereus 3-lactamase is
almost completely secreted (28), whereas in B. licheniformis
a substantial proportion is found as hydrophobic membrane-
bound form (31). The charged and polar part of the penicil-
linase is anchored in the membrane via a glyceride thioether
bond formed with a cysteine residue. The conserved se-
quence proposed (31) for the membrane-bound penicillinases
and other membrane-bound lipoproteins is -Leu-Ala-Gly-
Cys-a-Ser-Asn- (where a designates a neutral or nonpolar
residue). This sequence cannot be found in the xynA gene
product signal peptide, but other signals may be relevant for
membrane-bound "Caldocellum" proteins.
The temperature optimum of the "Caldocellum" xynA

gene product exceeds those reported for other xylanases, for
example, the xylanase of Clostridium stercorarium, which
has an optimum of 65°C (3). Although the 70°C temperature
optimum (our unpublished data) for the xynA gene product is
not as high as for other enzymes from the same organism (4,
38), this property may be of value in the bleaching of
chemical pulp (19, 33).
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