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Abstract. DNA sequencing techniques have revealed widespread molecular diversity of the genomic
organization of apparently closely related bacteria (as judged from SSU rDNA sequence similarity). We
have previously described the extreme thermopl@idicellulosiruptor saccharolyticyswhich is
unusual in possessing multi-catalytic, multidomain arrangements for the majority of its glycosyl
hydrolases. We report here the sequencing of three gene clusters of glycosyl hydrolas@alttioedlu-
losiruptor sp. strain Tok7B.1. These clusters are not closely linked, and each is different in its organization
from any described fo€s. saccharolyticusThe catalytic domains of the enzymes belong to glycosyl
hydrolase families 5, 9, 10, 43, 44, and 48. The cellulose binding domains (CBDs) of these enzymes from
Caldicellulosiruptorsp. Tok7B.1 are types llib, llic, or VI. A number of individual catalytic and binding
domains have been expressedBscherichia coli and biochemical data are reported on the purified
enzymes for cellulose degradation encoded by engineered derivatizelBahdcelE

The enzymes involved in the metabolism of plant carbo+esidues [35]; (iv) two surfaces with conserved residues,
hydrate polymers have been grouped into nearly 7®ne a planar array of polar and aromatic residues that
different families on the basis of sequence homologiegprobably is involved in binding to cellulose, and the other
[12-14]. Cellulases are found in glycosyl hydrolasea groove on the opposite side of the molecule that may be
families 5109, 12, 44, 45, 48, and 61. Cellulases are ofter secondary binding site [37].

highly modular in structure and can be composed of  Microorganisms from New Zealand hot springs are a
either a single domain or a number of distinct domainsrecognized potential source of alkalophilic thermophilic
broadly classified as catalytic or noncatalytic [1]. The enzymes [20]. We have examined a number of bacteria
usual situation is the covalent association of a singlgsplated from thermal pools for their cellulase activity
domain with enzyme activity plus one or more cellulose nder alkaline conditions. These samples were enriched
binding domains (CBDs). Linker peptides typically delin- op, gjther amorphous cellulose or cotton fibers at pH 7.0
eate the individual domains of multidomain enzymes intog 4 pH 8.5 and 70°C. The enrichment strategy was based
discrete and functionally independent units. Substratg), he assumption that the presence of the cellulosic
binding domains can enhance the activity of glycosylginers would induce expression of the cellulase genes in

hydrolases by binding to cellulose and/or xylan SUb'the microorganisms, and from this collection of organ-

strates. Considerable homology exists between the CBD|§ms the anaerobic cellulase producer, Tok7B.1, was

of several xylanases and cellulases [11, 34, 37], of Whlcrfsolated. This bacterium was determined to be a strain of

the following features are h'ghly _gonserved. .(') low the genugCaldicellulosiruptor[23] from SSU sequence
contents of charged amino acids; (ii) two cysteines are .
L . = .. analysis. We have reported on genes that encode cellu-

present close to the N- and C-termini respectively; (iii) : .
highly conserved tryptophan, glycine, and aspara inéases, mannanases, and xylanases f@smsaccharolyti-
gnly yptophan, gy ' parag cus[1, 2, 16] and expected to find similar arrangements in

Correspondence td?.L. Bergquist at Sydney Caldicellulosiruptorsp. Tok7B.1, but the extensive and
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Table 1. N-terminal sequences of proteins containing cellulase activity were isolated which expressed thermophilic xylanase and/or cellulase

isolated from the supernatant@&ldicellulosiruptorTok7B.1 growth activity. Each plasmid was mapped by use of a range of endonucleases
supernatants. Six protein bands were observed in the fractions after conversion to the plasmid form with the Exassist system (Strata-
containing cellulase activity. All six proteins were N-terminally gene, La Jolla, CA). Common digestion patterns indicated that they
sequenced, resulting in two N-termini. Four of the N-termini were contained overlapping DNA from the same region of @& Tok7B.1
translated from theelE2gene, and two from theelB2gene genome. Recombinant DNAs from W2-4 and N17 were partially
sequenced by creating simple plasmid deletions with known restriction
Apparent sites within the Tok7B.1 inserts. Initial DNA sequence comparison data
Protein molecular Genetic indicated the existence of at least two genes coding for enzymes,
band N-terminal amino mass Domain including xylanase and am-arabinosidase domain and several internal
detected acid sequence (kDa) (see Fig. 4)  cellulase binding domains (CBDs). The genomic DNA insert of W2—4
was sequenced in full, as well as portions of N17, by subcloning and
12 AAYNYGEALQKAIMFYEFXM 210 E2 sequencing internal restriction fragments and by using suitabthetim
3 AAYNYGEALQ 141 E2 DNA oligonucleotide primers (Table 2). The cptatexynAsequence was
5 GAYNYGEALQ 103 E2 obtained by genomic walking PCR (GWPCR) as described by Morris et
6 GAYNY 84 E2 al. [17].
2 APDWSIPSLWESKYND 205 B2
4 APDWSIPSLW 150 B2 Isolation of celE using consensus PCRIwo major cellulolytic enzymes

are secreted b@aldicellulosiruptorsp. Tok7B.1, and one of them, the

a Three separate sequences of B1 resulted in the identification of the firsielEgene product (CelE), was identified by amino-terminal sequencing
two amino acids as alanine alanine. of purified peptides. CelE showed N-terminal homology to family 9
glycosyl hydrolases from other thermophilic clostridial microorganisms

. in the GenBank database (Fig. 1). Homology alignments indicated that
compl'ex nature of the egcosyI hydrOIase genes from th'ﬁt would be possible to design consensus oligonucleotide primers
organism was novel and unusual. Three clusters of gen@gmplementary to the coding sequence for highly conserved amino
have been sequenced, and each of them codes for an arrayjds of these glycosyl hydrolases. Consensus primers could then be
of multidomain enzymes. Some of these enzymes havesed in PCR to amplify any related gene or genes from Tok7B.1. Two
been isolated, and the biochemical characteristics of thefimers were designed, the first, named TOKCELA, bound to DNA

recombinant enzvmes have been determined coding for the peptide sequence -QKAIMFYEF-, and the second,
y ’ TOKCELR, which bound in the reverse orientation (with respect to the

) gene sequence) and corresponded to DNA coding for the peptide
Materials and Methods sequence -DYNAGFVGAL- (Table 2).

General procedures and assay#\garose gel electrophoresis, plasmid Long PCR to confirm postulated gene arrangementsLong PCR

isolation, M13 mpl0 single-stranded DNA isolation, use of DNA (expand Long Template PCR System, Boehringer Mannheim) was used
modifying enzymes anc. coli transformation were performed as i, getermine the positional relationships of sequence information

previously described [15, 17, 25]. High molecular mass genomic DNAgenerated with GWPCR [17]. Two examples of PCR products gener-
suitable for gene library construction was prepared from cultures of_ ;.4 by Long PCR are shown in Fig. 3a. Long PCR with the primer
Caldicellulosiruptor sp. Tok7B.1 grown anaerobically for 1-2 days cg| 4GWF in combination with TOKCELERI (Table 2) generated a
with shaking at 70°C as described previously [8]. This DNA was usedPCR product 11.2 kb in length. Similarly, the primer CELHGWF was

for the construction of a\ZAPII exp_ression Iibra_ry as described ;50 in combination with the primer AVICELR to generate an 8-kb
previously [8], and the twa\ recombinants described below were product. A number of Long-PCR products were generated in this

isolated after staining for cellulase and xylanase activity at _70°C by themanner and mapped, confirming that the gene encoding ORF5 lies
substrate overlay method [31]. The soluble cellulose derivative carboxy-directly upstream of the ORF6 andlEgenes as shown in Fig. 3a.

methyl cellulose and Oat Spelts xylan were used as substrates. Plaques

were also screened for cellobiohydrolase activity with the chromogenid®CR cloning of individual genes into expression vectors itk. coli.
substrate methylumbelliferyl cellobioside as described by Saul et alThe general method of Gibbs et al. [8] was used to transfer Tok7B.1
[26]. cellulase genes into controlled-expression plasmid vectors, initially into
) . ) pJLAG02 [27], but later into the pET9a vector (Novagen, CA, USA)
CMCase assays, pH rate profiles, and thermostability studies. 1[29]' Several truncated genes encoding either individual catalytic

CMCase activity was determined according to the method of Gilkes €domains or catalytic domains connected to CBDs by linker sequences
al. [10]. Cellulases were assayed at 50°C for the derivation of pH rate

profiles and thermostability as described by Farrington et al. [6]. were constructed.

Phylogenetic analysis of Tok7B.1.The 16S (small subunit, SSU)

) ) . rRNA gene was isolated by PCR with oligonucleotide primers designed
supernatant resulting from growth Gldicellulosiruptorsp. Tok7B.1 to amplify the SSU rRNA gene from all known prokaryotic species. The

was fractionated by Mono-S ion exchange chromatography. \mtua”yapproximately 1500-bp PCR fragment obtained was cloned into M13

all cellulase activity from the supernatant was recovered in fractions . . .
) mpl10 in the forward and reverse orientation and sequenced. Close
from the mono-S column (data not shown). Fractions were assayed for ) .
. . homologs of the Tok7B.1 SSU rRNA gene were aligned with the GCG

CMCase activity, and appropriate samples were analyzed by SDS- . ) - - )
ultiple alignment software ‘Pileup’ and analyzed by parsimony

PAGE. Proteins revealed by Coomassie Blue staining were blotted and’ - - -
N-terminally sequenced. Two different N-termini were identified of the methods [30]. Figure 2 ShOW.S. the ph‘yl.ogenetlc _posmon of Tok7B.1
six proteins sequenced (Table 1) among cluster D of thermophilic clostridia [22]. It is closely related to

two other Caldicellulosiruptor strains from which we have cloned
DNA sequencing and sequence analysis of the Tok7BxynA and glycosyl hydrolases previouslycs. saccharolyticusand Cs strain
celB genes.Two positiveNZAPII plaques, designated W2—4 and N17, Rt8B.4 [5, 23].

Analysis of the Tok7B.1 cellulases secreted by the native hosthe
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Table 2. Oligonucleotide primers designed and synthesized for PCR amplification, GWPCR and sequencing of glycosyl hydrolase genes
from CaldicellulosiruptorTok7B.1. Engineered restriction sites are shown in reverse text

Primer name Nucleotide sequence Target gene Engineered site
AVICELR 5'-TGTATCCCATGCCGTCTT orf4, orfé —
CELAF 5'-CAAAGCAGACGAATCTGT XynA —
CELAGWR 5'-TGGTGCTGGCAATGTTGAGTTGGC XynA —
CELAGWR2 5'-TCGGTAGTGCCACTTTCAAATCCA XynA —
CELHGWF 5'-GAGAAACATATCCTGCAA orfs —
CELHGWR 5'-CCCATTTTATACCCAGGC orfs —
CELHGWR2 5'-TCTTGAGCAGCCATTGGA orfs —
N17A 5'-GATGGCCAGTTCACGTTTATATGG celB, orf4 —
TOKCBDF 5'-GAGGAACGGTCATATGAAGGTATGGTATGCGAATGGGAA Al Ndd
TOKCBDXSR 5'-GTGCAGCTCGAGCTCCTCCCGGCTCCTGCCCCCA All Xhd, Sad
TOKCELA 5'-CAAAAAGCAATTATGTTTTATGAATT celE —
TOKCELBR 5'-GAAGTATGGATCCATTTATTAATTCTTTGGG celB Bant|
TOKCELEBAMR 5’-CCTGGATCCCTACGCTCCTCCCGGCTC celE Bant|
TOKCELEFI 5'-ATGCAAGGCATGCAAGCAATTAAGAGGGTTG celE Sph
TOKCELEFII 5'-GGGAATTCCATATGGCGGCGTATAATTACGGTG celE Ndé
TOKCELEGWF 5’-AGCACTGGTTGGTGGTCCTGGTAG celE —
TOKCELERI 5'-TCAACAAAGATCTAATCATTTGTGGGTGTTTC celE Bgll
TOKCELERII 5'-GTGGATGAGATCTAACCCGGCTCTAAACCCCA celE Bgll
TOKCELERII 5'-GCAGCAGTGTCGACATTTTTATTCTTTAATCTAC celE, orf5 Sl
TOKCELERIV 5'-TATTATTATCATATGCGGC celE Ndé
TOKCELGGWF 5'-TTGAGGGATATGGTGACC orfé —
TOKCELGWEFII 5'-GATTGACGGGTTACAATTGGGAGAAC celE, orf5F —
TOKCELR 5'-AGWGCACCNACAAATCCGGCATTGTARTC celE —
TOKGW 5'-CTCCAGAATGTCATTTGTAAGATACAT XynA —
A. . Rt8.B7

Tok7B.1 N-terminal sequence FYNINYGEALQKAIMFYEFR RSBIS

Cs. saccharolyticus CelC

Cs. saccharolyticus Cel A
Clostridium stercorarium CelZ
Clostridium cellulolyticum CelCCG
Clostridium thermocellum CelF
Consensus

B.

Cs. saccharolyticus CelC

Cs. saccharolyticus CelA
Clostridium stercorarium CelZ
Clostridium cellulolyticum CelCCG
Clostridium thermocellum CelF
Consensus

Fig. 1. Regions of highly conserved amino acid sequences of glycosyl
hydrolase family 9 domains used to design the consensus primers (A

QKAIMFYEF

MAONEVACDYNAGHVGALAKMY[R
MA'IVNEVACDYNAGFVGALAKMY[RE

NOJONEVANDYNAGFVGALAKMY|S
DYNAGFVGAL

TOKCELA and (B) TOKCELR.

Results and Discussion

Rt8B.4
Caldicellulosiruptor sp. isolate Tok7.B1

—

Dictyoglomus thermophilum

Caldicellulosiruptor saccharolyticus
Comp.B1
Anaerocellum thermophilum
R12.B1

BTN E VACDYNAGFVGALAKMYENY GRS E Clostridium thermocellum
IRVNERACDYNAGFIIGALAKMY[CS G —|:

Clostridium stercorarium

Clostridium thermoautotrophicum

Bacillus subtilis

Fig. 2. Phylogenetic relationships @aldicellulosiruptor strains in
clostridial clusters D and E of Rainey et al. [24], as determined from

Glycosyl hydrolases expressed by the native organism.

Analysis of cellulase proteins isolated frogaldicellu-

SSU sequence data with PAUP version 3.1.1. [30]. The tree is rooted
with Dictyoglomus thermophiluras an outgroup.

each indicated that they arose from the N-terminal

losiruptor sp. Tok7B.1 culture supernatant showed thatportion of the CelB or CelE proteins. In all cases, the
CelE and CelB were expressed and secreted under th@oteins were exact matches for the Tok7B.1 gene
conditions used for the growth of the Tok7B.1 strain. sequences afelE andcelB except for the N-terminus of
Mono S-Sepharose fractionation and SDS-PAGE reCelE, which did not exactly match the expected sequence
vealed two high-molecular-weight protein species thatfrom the DNA. The N-terminus of the native protein
exhibited CMCase activity. These proteins were desigwould have been predicted to be GTYNY, but instead the
nated CelB and CelE. A number of lower molecular sequence found was AAYNY. This sequence was incorpo-
weight proteins were also detected, and the N-termini ofated into the N-termini of thecelE gene products
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expressed byE. coli. These results suggest that the sequences have no similarity to other sequences in the
Caldicellulosiruptor sp. Tok7B.1 may modify post- GenBank database. The translated product ofceil&
translationally the amino acids on the N-terminus of thesegene matches perfectly with two amino-terminal se-
proteins, or its translational machinery may deviate fromguences obtained for native cellulolytic peptides secreted
the standard genetic code. by Tok7B.1 (peptides B2 and B4, see Table 1), implying
that thecelB gene expresses one of the major cellulases

Architecture of glycosyl hydrolase genes on th€aldi- secreted by the bacterium.

cellulosiruptor sp. Tok7B.1 genome.Many bacteria
have been reported to carry a multiplicity of genes forCelE and other putative glycosyl hydrolasesHomol-
cellulases and hemicellulases [9, 34, 35]. Figure 3a is agy alignments indicated that it would be possible to
diagrammatic representation of the three clusters oflesign consensus oligonucleotide primers that would
glycosyl hydrolases fromCaldicellulosiruptor sp.  bind to DNA coding for clusters of highly conserved
Tok7B.1, which form the subject of this report. Note that amino acids found in all thermophilic clostridial family 9
only xynA celB, andcelE have been sequenced on both glycosyl hydrolases (see Fig. 1). A PCR product ampli-
strands and that some gene orders have been confirméed with the consensus primers TOKCELA and
only by long PCR and Southern blots. They are differentTOKCELR was ligated into M13 mp10, transformed into
in their organization from the situation previously de- E. coli strain JM101, and plated to give individual
scribed forCs. saccharolyticufrefs. 1, 16; see Fig. 3b). recombinant plaques, the DNA of which were sequenced.
Several putative catalytic domains have been identified\fter sequencing, GWPCR primers were designed and
on the basis of sequence similarity to characterizedused to obtain the completelE gene sequence (Fig. 3a
enzymes, and it has not been possible to confirm thend Table 2).

putative enzymatic activity on any substrate available to  CelE consists of two catalytic domains, both endoglu-
us. For example, a plasmid expressing the recombinartanases, but from different families (9 and 44) and four
N-terminal domain of ORF6 demonstrated no enzymatiadype Il binding domains with PT linkers. Analysis of the
activity on any cellulosic substrate, any mannan orGWPCR products revealed that there were further se-
glucomannan, on lichenan, cellobiose, @glucoside quence similarities with cellulases-50 celE GWPCR
(data not shown). While we cannot rule out the possibilitywas used to obtain DNA sequence from upstreacetft

that an inactive protein was expressedtircoli, it should  (Fig. 3a). Two further genes were identified in this way.
be noted that all other recombinant genes expressed weBoth of these genes, designated ORF5 and ORF6, are
highly active, indicating that they have maintained theirassumed to code for multidomain, multicatalytic proteins
native confirmation. The catalytic domains belong to aon the basis of sequence similarity comparisons, with the
limited number of glycosyl hydrolase families (5, 9, 10, same general structure as XynA, CelB, and CelE. As the
43, 44, and 48) [refs. 12, 13], and there are no gene®NA sequence obtained was not contiguous, long-PCR
coding for multidomain enzymes containing a family 5 was used to amplify DNA between the sequenced regions
B-mannanase as seen witimanA and celC of Cs. to confirm thatthey were linked (Fig. 3a). Approximately
saccharolyticus(see Fig. 3b). The CBDs are of either 13,500 bp of genomic DNA'5 to the celE gene was
type Il or VI [35]. The positions for the primers (listed in partially sequenced.

Table 2) used for the_ co_nﬁrmatlon c_:f gene order byGenes coding for ORF3 and ORF4The primer N17A
Long-PCR are shown in Fig. 3a. The important features(_l_ ; :

: ; able 2) was used as a GWPCR primer during the
of the genes in the clusters are described below. . .

isolation of the completgynAgene sequence. A number

XynA and celB. Representative GWPCR products span-of PCR products were obtained that did not match DNA
ning the region of th&ynAgene and a representation of sequence already obtained for tedBandxynAgenes. It
the complete DNA sequence containing tkgnA and  was clear from these results that the N17A primer was not
celBgenes are displayed in Fig. 3a, with each gene shownniquely specific foicelB and was binding at other sites
according to its translated domain structure. The DNAon the genome with high homology to the Bnd ofcelB.
can be seen to code for two genes, each of which contains number of the GWPCR products were sequenced and
a family 10 xylanase, in one case with putative thermostashown to code for a protein with an amino-terminal
bilizing domains (TSDs) [ref. 40] and CBDs of type Ill domain identical to that of CelB. However, the gene
[35]. There are different C-terminal catalytic domains. sequence clearly was not derived from tedB gene as
The genexynApossesses anrarabinosidase of family 43 the intergenic sequence upstream of the start codon
andcelBan endoglucanase from family 5 that is active ondiffered from the intergenic sequence upstreanceiB.
carboxymethyl cellulose (see Fig. 3a). At theahd 3 Also, the 3-terminus of a second gene (coding for a
ends of the cluster are open reading frames whosémily 48 glycosyl hydrolase) was identified upstream of
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enriched medium in a fermenter and induced with heat or

; a1 2
Name Domain Structure Thermostability pH IPTG for the production of the individual enzymes,
CelE1/2/3 75°C 4-11 which were then purified and characterized as described
elsewhere [6].
CelE1/2 75°C 4-11
Characterization of the activities of thecelB and celE
CelEl 50°C 5.9 gene products. Under the assay conditions used, the
highest temperature at which no loss of enzyme activity
CelBS 70°C 4-10 was detected after 45 min of incubation varied from 50°
to 75°C depending on the number of CBDs associated
CelB4/5 60°C 4-10 with the purified recombinant enzyme (Fig. 4). There
were no significant differences in temperature stability
CelB3/4/5 60°C 10 opserved whether or not the catalytic domain was associ-
CelE3/CelBS 60°C 410 ated with CBDs of type Illb and their accompanying PT

linker sequences (for example, compare CelE1/2 with
! Maximum temperatures at which there was no loss of activity for 45 min. CelE1/2/3). However, the absence of a CBD that was not
Assays were carried out at pH 7.0. associated with a PT linker (for example, type Ilic CBD
of CelE1/2) had a dramatic effect, as seen in the results
Fig. 4. Diagrammatic representation of the recombinant proteinsfc'r C.:eIEl compared with CelE1/2 (Fig. 4). The pH rgt'e
expressed from the various constructions involving CelB and Celg profiles of the CMC assays paralleled the thermostability
showing the catalytic and binding domains and linker sequences. Eachesults. The presence of catalytic domains plus CBDs
protein is named according to the domains included in the recombinanfyith PT linkers had little effect, but the addition of a type

protein, where the catalytic and non-catalytic domains are numbere . .
from the N-terminus of the native protein. Signal peptides and domain(iiIIC CBD to a Catalytlc domain (for example’ CeIE1/2)

linkers are not numbered in this nomenclature. The pH rangeforactivitySigniﬁcamly _broadenEd the pH range for 50% aCti_Vit)’-
and the temperature optimum of each recombinant protein under thd he pH profiles for CelB5 and CelB4/5 were identical,

conditions used for the assay are shown. but the catalytic domain CelB5 was slightly more thermo-
stable than the construction containing the PT linkers and

thecelBhomolog. This gene shares no similarity with the the type llib CBD. Afull description of the purification of
xynA gene lying upstream ofelB. These genes were the recombinanénzymes, discussion of the kinetic param-
designatedorf3 and orf4 (Fig. 3a). Oligonucleotide e€ters of the recombinant cellulases, a@heir biochemical
primers specific to the’&erminal end of theorf3 gene  properties are included in the paper by Farrington et al.
and the 5-terminal end of therf4 gene were synthesized [6].

and.used in combination le[h primers that bound to DNAQyerall architecture of the glycosyl hydrolases.A
coding for the CBDs found irynA celB, celE, orf5, and

2 pH at which at least 10% of the maximum activity is observed. Assays were
carried out at 50°C.

6. The orf ; ) i h number of multifunctional enzymes involved in cellulose
or 6'|.;£ eor 3 andd orf4 genes we:ce F')delgt' |eddafter tTi or hemicellulose degradation have been reported recently
amp lcatlon_ and sequencing 0 CR products. N€and their genes cloned and expresseisnherichia coli
results obtained indicated that they coded for proteinsy .<q include CenC fro@ellulomonas fimi36], which

\_’rV'tE7éhf Sﬁn]'el b_a5|c dom_?r:n strl_Jctutre O_f tlhg Oth_erhas both exo- and endocellulase activity, and the bifunc-
ok7B.1 cellulolytic genes. The amino-terminal domain xylanase fromRuminococcus flavifaciengi2].

of %RFS cfonggzt .beh|dent:f|ed, butt thfe C"’.‘lrbz)éy'tfrm'n?l Bacteria of the genuSaldicellulosiruptorseem to have a
Er% UIC 0 d h|s 0”;9 cr:g(cj)us 0 a;nl_y i gzy(;OStyh ropensity for this multidomain structure, as shown by
ydrolases and has a nigh degree of simiarity to he characterization of CelA from the closely related

carboxy-terminal domains of ORF3 and ORF6. Clearly"AnerocelIum thermophilufd1] and XynA, B, and C of
there has been substantial domain duplication and recoms o

o ~aldicellulosiruptorsp. isolate Rt69B.1 [18].
blnat_lon among the glycosyl hydr(_)lases .Of Tok78B.1, and Multidomain/multifunctional cellulose/hemicellulose-
possibly, lateral gene transfer [reviewed in ref. 3].

degrading enzymes are a common arrangemerg€sn
Cloning of the genes for selected catalytic and binding saccharolyticusAll the cellulase/hemicellulase enzymes
domains. The structure of the catalytic and binding from this organism (CelA, ManA, CelB, and CelC/
domains contained in the various pJLA602 and pET9avlanB) contained at least one CBD with two to three
recombinant plasmids are shown in Fig. 4. References tproline-threonine-rich linkers, and two catalytic domains
related sequences are given, along with the predictefll6]. The situation inCaldicellulosiruptorsp. Tok7B.1 is
function from similarity comparisons. Strains Bf coli  related but more complex. Figure 3a shows a stylized
carrying each of these plasmids were grown up inline-up of three of the glycosyl hydrolase genes that we
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have sequenced. The CBDs of XynA, CelB, and CelEgenes in the same orientation is frequently part of an
that are separated from the catalytic domains by PToperon and is regulated by transcription from a single
linkers are all classified in the Type lllb subgroup of promoter. A possible primitive alternative regulatory
Tormo et al. [37], where the conserved amino acids of thanechanism may have had the genes encoding the hydro-
planar array of polar and aromatic residues are believetytic enzymes fused, resulting in the production of a
to interact with crystalline cellulose. These residues haveanultifunctional protein on transcription. Multifunctional
been shown to be involved in substrate binding in theenzymes would guarantee equivalent transcription and
example of the modular cellulase, CelzZ, fro@los- translation of the related enzyme activities, and the
tridium stercorariun{24]. Other open reading frames are substrate-binding domain(s) would ensure coordinate
inferred to contain similar CBDs, but the sequence dataction at the same site on the substrate. Others have
are incomplete. The Type Ilic CBD of CelE of Tok7B.1 constructed gene fusions coding for multidomain en-
has been demonstrated to have a thermostabilizing rolgymes by recombinant DNA techniques [19, 33, 38].
[6], confirming similar results fromC. stercorarium Riedel and Bronnenmeier [24] constructed a fusion
Celz, where virtually the complete domain was requiredbetween theelYandcelZof C. stercorariumand showed
for thermostability and catalytic activity [24]. a significant increase in synergism of the fusion protein in

What is the explanation for the diversity in gene the hydrolysis of crystalline cellulose as compared with
structure found in homologous genes in closely relatedhe enzyme<oded by the individual genes. Thusplau-
bacteria? It has been generally assumed that the glycosysible alternative explanation for multidomain enzymes
hydrolases have evolved by domain-shuffling [34, 35, 39]may be the selective growth advantage they offer cellulo-
although exact mechanisms have not been describedi/tic bacteria.
Linkers are often found in xylanases and cellulases [7,
16], which are thought to function as flexible hinges ACKNOWLEDGMENT
between the catalytic and substrate-binding domains. Thx?hiS work was su . .

. . pported in part by a grant from the Macquarie

DNA encoding the repeated linkers may have a roleypiyersity Research Committee.
analogous to that of introns, enabling sequences that
encode discrete domains to be excised and fused to Othﬂterature Cited
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possibility is that, after duplication of glycosyl hydrolase Morris DD (1993) Molecular genetics of thermophilic bacterial
genes by DNA replication, acombinational evergimilar genes coding for enzymes involved in cellulose and hemicellulose
to that postulated for the origin of multiple tRNA genes  degradation. In: Shimada K, Hoshino K, Ohiyma K, Sakka K,
['unequal crossing-over’, ref. 28] or intragenic recombi- g’ga%’gzh' Y. Karita S (eds). Tokyo, Japan: Uni Publishers Co. pp
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(Fig. 3a) in comparison with the other related proteins 4. CooperVJC, Salmond GPC (1993) Molecular analysis of the major
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the PT-linker regions [3]. However, although this is a plau- 5. pwivedi PP, Gibbs MD, Saul DJ, Bergquist PL (1996) Cloning,
sible model, alignment of the amino acid sequences of the sequencing and overexpressionBacherichia coliof a xylanase
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