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Abstract Genes encoding dextranolytic enzymes were
isolated from Paenibacillus strains Dex40-8 and Dex50-
2. Single, similar but non-identical dex1 genes were
isolated from each strain, and a more divergent dex2
gene was isolated from strain Dex50-2. The protein de-
duced from the Dex40-8 dex1 gene sequence had 716
amino acids, with a predicted Mr of 80.8 kDa. The
proteins deduced from the Dex50-2 dex1 and dex2 gene
sequences had 905 and 596 amino acids, with predicted
Mr of 100.1 kDa and 68.3 kDa, respectively. The de-
duced amino acid sequences of all three dextranolytic
proteins had similarity to family 66 glycosyl hydrolases
and were predicted to possess cleavable N-terminal sig-
nal peptides. Homology searches suggest that the
Dex40-8 and Dex50-2 Dex1 proteins have one and two
copies, respectively, of a carbohydrate-binding module
similar to CBM_4_9 (pfam02018.11). The Dex50-2 Dex2
deduced amino acid sequence had highest sequence
similarity to thermotolerant dextranases from thermo-
philic Paenibacillus strains, while the Dex40-8 and

Dex50-2 Dex1 deduced protein sequences formed a
distinct sequence clade among the family 66 proteins.
Examination of seven Paenibacillus strains, using a
polymerase chain reaction-based assay, indicated that
multiple family 66 genes are common within this genus.
The three recombinant proteins expressed in Escherichia
coli possessed dextranolytic activity and were able to
convert ethanol-insoluble blue dextran into an ethanol-
soluble product, indicating they are endodextranases
(EC 3.2.1.11). The reaction catalysed by each enzyme
had a distinct temperature and pH dependence.
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Introduction

Dextrans are polydisperse, long-chain polymers of glu-
cose linked predominantly through a-1,6-glycosidic
bonds. A variety of other linkages found in natural
dextrans introduce branching into the polymer (Walker
1978). Dextrans are produced by members of the Lac-
tobacillaceae and are biotechnologically useful as chro-
matography supports (Porath 1997), blood expanders
(Tollofsrud et al. 2001) and potential drug delivery
vehicles (Davis and Anseth 2002). Despite their useful-
ness, naturally occurring dextrans are detrimental as a
component of dental plaque (Loesche 1986) and as a
contaminant of deteriorated sugarcane and beets (Til-
bury and French 1974; de Bruijn 2000).

Dextranases (EC 3.2.1.11) cleave the a-1,6-glycosidic
linkages in the interior of dextrans, producing linear
oligosaccharides. Based on protein sequence compari-
sons, the characterised dextranases fall into two distinct
groups of glycosyl hydrolases. The dextranases from five
Streptococcus species (Wanda and Curtiss 1994; Igarashi
et al. 1995, 2001, 2004; Ohnishi et al. 1995) belong to
glycosyl hydrolase sequence family 66. The cycloiso-
maltooligosaccharide glucanotransferases (citases) from
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Bacillus circulans also attack dextran endolytically and
have high sequence similarity to the family 66 hydro-
lases, but catalyse a translocation reaction that produces
cyclic oligosaccharides (Oguma et al. 1994). Unlike the
enzymes from the bacilli, the dextranases from strains of
the actinobacterium Arthrobacter globiformis belong to
glycosyl hydrolase family 49 (Oguma et al. 1999). This
family also includes the dextranase sequences from
Penicillium minioluteum and P. funiculosum (Coutinho
and Henrissat 1999).

During a survey to discover potential biotechno-
logically useful endodextranases, ten dextranolytic
Paenibacillus strains showing a wide range of optimal
growth temperatures and containing multiple dex-
tranolytic proteins were isolated from garden compost
and sugar-mill samples (Finnegan et al. 2004a). The
gene sequences of two approximately 70-kDa ther-
mostable dextranases from different thermotolerant
Paenibacillus strains were determined and found to
encode glycosyl hydrolase family 66 proteins (Finne-
gan et al. 2004b). Both recombinant enzymes had
optimal activity at about 60�C and pH 5.5. The
sequence and biochemical diversity of dextranolytic
enzymes produced by the non-thermophilic Paeniba-
cillus strains Dex50-2 and Dex40-8 are explored here.
Dex50-2 and Dex40-8 have the most diverse 16S
rRNA gene sequences of the non-thermophilic Paeni-
bacillus strains examined (Finnegan et al. 2004a).
These strains also possess the most diverse sets of
monomeric dextranolytic enzymes. Dex50-2 produces
three enzymes, of 70, 90 and 105 kDa, while Dex40-8
produces up to five enzymes, of 68, 70, 85, 105 and
120 kDa (Finnegan et al. 2004a).

Materials and methods

Bacterial strains and growth

Dextranolytic Paenibacillus strains Dex40-8 and Dex50-
2, isolated from Australian sugarcane-mill samples, were
grown to confluence at their optimal growth tempera-
ture of 45�C on indicator plates containing dextran
coupled with Cibacron Blue (Blue Dextran, Amersham
Biosciences, Sydney, Australia), as described (Finnegan
et al. 2004a). Escherichia coli TOP10F¢ cells (One-Shot
Competent Cells, Invitrogen, Mount Waverley, VIC,
Australia) were used for all DNA cloning and protein-
expression experiments.

DNA manipulation and screening of genomic libraries

Unless otherwise stated, DNA was manipulated using
established methods (Sambrook et al. 1989). Libraries
were constructed from genomic DNA purified (Morris
et al. 1995) from freshly grown Paenibacillus strains
Dex40-8 and Dex50-2. Approximately 10 lg genomic

DNA was partially digested with Sau3AI and twice size-
selected for 4- to 8-kb fragments on agarose gels stained
with methylene blue (Flores et al. 1992). Size-selected
DNA fragments were ligated into pBluescript II (Strat-
agene) previously digested with BamHI and treated with
shrimp alkaline phosphatase (Amersham Biosciences) as
instructed by the supplier prior to transformation into E.
coli. The libraries were screened for dextranolytic
activity as described (Finnegan et al. 2004b), except
dextran degradation was performed at 37�C. Dextran-
olytic E. coli were recovered by coring the colonies from
plates and growing in liquid Luria–Bertani medium be-
fore isolating the plasmid DNAs carrying putative dex-
tranase genes. The recognition sites of selected
restriction endonucleases within each plasmid insert
were mapped.

DNA sequencing and sequence analysis

Plasmid DNA sequencing templates were purified from
small-scale SDS-alkaline lysis preparations, using a
commercial kit (Concert Rapid PCR Purification Sys-
tem, Invitrogen), and sequencing reactions were per-
formed using fluorescent dideoxy terminator chemistry
(BigDye, Applied Biosystems, Scoresby, VIC, Austra-
lia), according to the manufacturers’ instructions. The
sequencing products were separated (DNA Sequencing
Facility, Macquarie University, Sydney, Australia),
analysed (MacVector Sequence Analysis Software, Ac-
celrys, Sydney, NSW, Australia) and compared to public
database sequences, using the BLAST and rpsblast
algorithms available at the National Center for Bio-
technology Information Web site (http://
www.ncbi.nlm.nih.gov/BLAST/). The GenBank acces-
sion numbers for the genomic DNA fragments encoding
the identified Paenibacillus dextranase genes are
AY326309 (Dex40-8 dex1), AY326310 (Dex50-2 dex1)
and AY326311 (Dex50-2 dex2). Deduced amino acid
sequences were analysed using SignalP, version 3.0
(Bendtsen et al. 2004), to detect possible N-terminal
signal sequences and predict cleavage sites.

Assay of recombinant dextranases

E. coli cells transformed with plasmids carrying genes
encoding dextranolytic enzymes were lysed by resu-
spending in B-Per II detergent solution (Pierce, Rock-
ford, Ill., USA). Dextranolytic activity was determined
as previously described (Finnegan et al. 2004b), either by
monitoring the release of Cibacron Blue dye from Blue
dextran (Wynter et al. 1995) or by monitoring the release
of reducing sugars from Dextran T-2000 (Amersham
Biosciences) using p-hydroxybenzoic acid hydrazide
(Lever 1973). Lysates of non-transformed E. coli lacked
detectable dextranolytic activity.
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Oligonucleotide primer design

BLOCKMAKER software, available at the Baylor
College of Medicine Web site (http://www.bcm.edu), was
used to identify blocks of amino acid sequence that were
highly conserved across family 66 protein sequences. The
aligned sequence blocks corresponding to Val143–
Tyr153 and Phe306–Glu316 of the Paenibacillus strain
Dex40-8 Dex1 protein were used to design a convergent
pair of degenerate oligonucleotide primers, using the
CODEHOP strategy (Rose et al. 1998; http://www.bio-
informatics.weizmann.ac.il/blocks/codehop.html). The
primer sequences were 5¢-GTTTCAACTGATTGGA-
CCAAATWYCCNCGNTAYG-3¢, which corresponds
to the sense sequence encoding Val143–Tyr153, and 5¢-
TCTCCAATTGTATCACCATGCMWNCCRTCAA-3¢,
which corresponds to the antisense sequence of the re-
gion encoding Phe306–Glu316.

PCR assays

Each 20-ll reaction contained 10 mM Tris-HCl
(pH 8.3), 50 mM KCl, 1.5 mM MgCl2, 0.2 mM each
dNTP, 0.2 lM each primer and 0.8 U thermostable
DNA polymerase (MasterTaq, Eppendorf, Sydney,
NSW, Australia). The templates were added by touching
fresh bacterial colonies with a sterile plastic pipette tip
and transferring the smallest visible amount of biomass
to the reaction tube. Reactions were cycled using a
touchdown protocol: (95�C, 10 min) · 1 cycle; (95�C,
30 s; 65�C, 30 s; 72�C, 1 min) · 15 cycles, with the
annealing temperature (initially 65�C) decreasing 1�C
per cycle; (95�C, 30 s; 50�C, 30 s; 72�C, 1 min) · 30
cycles; and (72�C, 10 min) · 1 cycle. The products were
separated on agarose gels and the approximately 525-bp
product excised, purified (Concert Rapid PCR Purifi-
cation System, Invitrogen) and ligated into a T-tailed
vector (TA Cloning Kit, Invitrogen), using commercial
kits as directed by the manufacturers. Recombinant
plasmids were obtained, purified and sequenced.

Results

Isolation of genes encoding dextranolytic enzymes

Plasmid-based genomic DNA libraries were constructed
for the dextran-degrading Paenibacillus strains Dex40-8
and Dex50-2. Library screening showed that the Dex40-
8 and Dex50-2 libraries contained three and five plas-
mids, respectively, that were able to confer dextranolytic
activity onto E. coli. Mapping of restriction sites within
each plasmid insert showed that the three Dex40-8 li-
brary plasmids contained the same 5.3-kb insert (Fig. 1).
The five Dex50-2 library plasmids covered two distinct
genomic regions, of 4.2 kb and 5.4 kb (Fig. 1).

The DNA sequence was determined from both
strands of each isolated genomic DNA fragment. One
open reading frame (ORF) on each fragment encoded a
protein with significant sequence similarity to the Strep-
tococcus mutans family 66 dextranase (Fig. 2) and other
family 66 glycosyl hydrolases (Fig. 3). Of the remaining
ORFs, only incomplete ORF IV on the 4.2-kb Dex50-2.1
genomic fragment (Fig. 1) encoded a protein with
homology to a known glycosylase. The protein encoded
by incomplete ORF IV had greatest identity (59%) to the
Bacillus cereus ATCC7064 oligo-1,6-glucosidases, a
family 13-glycosyl hydrolase. The dextranolytic activity
of E. coli transformed with the Dex50-2.1 fragment was
probably not due to oligo-1,6-glucosidase activity
encoded by ORF IV, because, by analogy, a B. cereus
oligo-1,6-glucosidase with an N-terminal truncation
similar to that of the ORF IV-encoded protein was
inactive (Watanabe et al. 2001).

The Dex40-8 family 66 ORF was designated dex1.
The family 66 ORF located on the Dex50-2.1 genomic
DNA fragment (Fig. 1) was also designated dex1, be-
cause the deduced protein sequence was more similar to
the protein sequence deduced from the Dex40-8 dex1
gene (78% identical) than to the protein sequence
deduced from the family 66 ORF on the Dex50-2.2
genomic fragment (32% identical, Figs. 2, 3). The family
66 ORF on Dex50-2.2 was designated dex2.

Characteristics of the deduced family 66 proteins

The deduced Dex40-8 dex1 protein had 715 amino acid
residues and a predicted Mr of 80.8 kDa. The amino
acid sequence was similar to other family 66 glycosylases
over its entire length, with 25% sequence identity with
the analogous portion of the S. mutans dextranase
(Fig. 2). The deduced Dex50-2 dex1 protein had 905
amino acid residues and a predicted Mr of 100.1 kDa.
This protein sequence was 78% and 24% identical to the

Fig. 1 Localisation of dextranolytic enzyme genes on Paenibacillus
genomic DNA fragments. The locations of open reading frames
(ORFs) (boxes) found within each genomic DNA fragment are
shown. The BLAST algorithm at the National Center for
Biotechnology Information Web site (http://www.ncbi.nlm.nih.-
gov) was used to determine the most likely function of each ORF
(I, II, III and V permeases of ABC sugar transport systems, IV
oligo-1,6-glucosidase, VI and VII two component sensor histidine
kinase/methyl accepting chemotaxis proteins). ORFs I, IV, V and
VII are incomplete. The recognition sites for BamHI (B), BstXI
(X), EcoRI (E), EcoRV (V), HindIII (H), KpnI (K), SacI (C), SalI
(S) and SmaI (M) are shown
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analogous portions of the Dex40-8 dex1 protein and the
S. mutans dextranase, respectively. The Dex50-2 dex1
protein also had a 200 amino acid residue C-terminal

extension relative to the Dex40-8 dex1 protein (Fig. 2).
The deduced Dex50-2 dex2 protein had 596 amino acid
residues with a predicted Mr of 68.3 kDa, making it the
smallest family 66 glycosylase so far characterised. The
Dex50-2 dex2 protein had sequence similarity across its
entire length to all family 66 glycosylases, including 32%
identity with both the Dex40-8 and Dex50-2 dex1 pro-
teins and 25% identity with the S. mutans dextranase
(Fig. 2). The Dex50-2 dex2 protein sequence was 56%
and 57% identical to the sequences deduced from dex1
genes encoding thermoactive family 66 glycosylases in
Paenibacillus strains Dex70-34 and Dex70-1B, respec-
tively (Finnegan et al. 2004b). The Dex40-8 and Dex50-2
dex1 protein sequences had 32–36% identity to the
Dex70-1B and Dex70-34 protein sequences.

Structural relationships among Paenibacillus
family 66 hydrolases

All three Paenibacillus family 66 proteins described here
had the aspartate residue that is absolutely conserved in
all characterised family 66 glycosylases (Asp312 in
Dex40-8 Dex1, Fig. 2) and is necessary for catalytic

Fig. 2 An alignment of Paenibacillus family 66 amino acid
sequences. The amino acid sequences deduced from the Paenibacil-
lus Dex40-8 dex1 (40-8.1, accession AY326309) and Paenibacillus
Dex50-2 dex1 (50-2.1, accession AY326310) and dex2 (50-2.2,
accession AY326311) genes were aligned, along with the Strepto-
coccus mutans dextranase sequence (SmDex, accession BAA08409),
using the Clustal W algorithm (Baylor College of Medicine Search
Launcher, http://searchlauncher.bcm.tmc.edu/). Gaps were intro-
duced to maximise the alignment. Numbers on the left indicate
residue positions within each sequence. Amino acid identities (black)
or similarities (grey) present in three or more of the sequences are
boxed. The boundaries of the N-terminal and C-terminal variable
regions with the conserved region (Igarashi et al. 2002) are marked
(r). Putative signal peptide cleavage sites ( [ ) are indicated by
vertical arrows. The aspartate residue that is absolutely conserved
among family 66 dextranases and has been implicated in catalysis is
indicated (*), as is the site of the approximately 120-amino acid
residue insertion present in the Bacillus circulans citase sequences (h,
accessions P94286 and P70873). The boundaries of the repeated
sequences found in Dex50-2 dex1 protein are indicated by the
double-headed arrows above the alignment. The residues within the
repeat sequences that are identical to the consensus sequence derived
from 49 proteins containing the CBM_4_9 (pfam02018.11) carbo-
hydrate-binding domain are underlined

N-terminal Variable Region 
40-8.1   1 ---------------------------------------------------------------MVYLRRKRFKSLAMLLLIGVMLFSQSGFHPDESEAAS
50-2.1   1 --------------------------------------------------------------------------MLAVSLTCTLLFSQMGWGSDEAAAAS
50-2.2   1 --------------------------------------------------------------MIMKFWRLRRTSLVILCCLTVLIAGCSKKQLLKAEEVT
SmDex    1 MEQSNRQTAEPAIRSNETVDSAINSFQETDLKVQEKEDAAAAVQTESASIDSNEQEQSVSANTNTQPQAKKLSNNSHQEPMQMVSAANKERAVLETAQNQ

40-8.1  38 TGDLIYDVTTDKAMYDPGAKVELRIDLKNRLGRHMVDGSVEIKAKHLQEQVGNTITKALNLNNNSDLMMIADWNAPESDFT---GYLIEVDVKDSAGVIV
50-2.1  27 TGKVVYDVTTDKAMYDPGSTVEVRIDLKNRLGRDLTGGTVEIKAKHLESQIGETIRKPLDLKHSADVIMVGNWQAPNQDFK---GYLLEVDVKDASGNVV
50-2.2  39 GESKMDRVATDKAAYKPGEQVNFTLYLKENVS----DAEVRVQYRHLEEVIEQQELKAAGEKLN------WTWNPPKEDGK---GYMAEIFLMKK-GEAQ
SmDex  101 KNGNMINLTTDKAVYQAGEAVHLNLTLNNTTS-LAQNITATVEVYSLENKLKTLQYTKYLLPNESYTTQKGEFVIPANSLANNRGYLLKVNISDSQNNIL

40-8.1 135 DSDTVGVDVSSTWTKFPRYGYVWDFRQNTN---------TMERIDKLKNYHINVLQYYDWKYRHHKPVPPNLAQ----WDDWSGRMIYGDTVRSYITQAR
50-2.1 124 DSDTVGVDVSSSWVKFPRYGYVWDFGQNTN---------TAERIDKLKNYHINALQYYDWKYRHHKPVAPDLRQ----WDDWSGRPIYGDTVRSYIASAK
50-2.2 125 DHLNIAVDVSSDWTKFPRYGYLADFHAMSQDE-------MASIIERLNRFHINGVQFYDWQYKHQTPIKMDADQPAKSWDDIANRPVAFDTVKGYIDLVH
SmDex  200 EQGNRAIAVEDDWRTFPRYAAIGGSQKDNNSVLTKNLPDYYRELEQMKNMNINSYFFYDVYKSATNPFPNVPKFDQS-WNWWSHSQVETDAVKALVNRVH

*
40-8.1 222 AMGMSNMAYNMVYAATSGYEQDGVEQDWALYYADDNPGGKGHFSFKMADSTPTGITHLYFFNPRNPGWQNYIFGEMNKVFQSFDFDGWHGDTVGEWGKMK
50-2.1 211 AVGMANMAYNMIYAATSGYDKDGVKQEWALYYADDNPRGQGHFSFKMADSTPTGITHLYFFNPLNPGWQNYIFAETNKIFEHFDFDGWHGDTVGEWGKMK
50-2.2 218 GYNMKAMNYNLIFGAYEDAEQDGVKREWGLFKDPSAMNQDKHP------LPENWASDIMLYDPSNTDWQKYLIEKEAEVFKHLPFDGWHVDQLGDRGGLW
SmDex  299 QTGAVAMLYNMILAQNANETAVLPDTEYIYNYETGGYGQNGQVMT----YSIDDKPLQYYYNPLSKSWQNYISNAMAQAMKTGGFDGWQGDTIGDNRVLS

Conserved Region
40-8.1 322 TSD------NQTLYVKDTYTEFLNKAKQAIGDKKLVFNPVGAQGIENVNISNVDALYAEIWPWDRDSDGLL-YDTYYSLKKEIEQSRRESGGKS-LVVPA
50-2.1 311 TSD------NRTLYVKDTYTEFLNKAKQAIGGKYLVFNPVGAQGIENASKANVDAIYAEIWPWDRDSEGEL-YDTYYSLKKEIEQSRKESGGKS-LIVPA
50-2.2 312 NAQ------GESVKLPEGYVSFLKSAKERLDIYYVMNAVGQYGQAFMAPNAPLDFLYTEVWDG---------HPKYKNLKEIIDQNAKYSKNQLNTVLAA
SmDex  395 HNQKDSRDIAHSFMLSDVYAEFLNKMKEKLPQYYLTLNDVNGENISKLANSKQDVIYNELWPFGTSALGNRPQESYGDLKARVDQVRQAT-GKS-LIVGA

40-8.1 414 YMS--YDYGEQNPGS----------PFNTAAVMLTGATVYAAGGSRMELGDNGN--------MLSNEYFPAQNLYMTEELQHRISKLYDFIVAYENLLRD
50-2.1 403 YMS--YDYGEQNPGS----------PFNTAAVLLTDAAVYAAGGSRMELGDNGN--------MLSNEYFPAQNLYMTEDLKYRIGKLYDFIVAYENLLRD
50-2.2 397 YMN--YEFGQNTPG-----------EFNTPGVLLTDAVIFASGGSHLELGEN----------ILAKEYFPNKNLKIPAELEEQLIHYYDFLVAYQNILRD
SmDex  493 YMEEPKFDDNRIPLNGAARDVLASATYQTDAVLLTTAAIAAAGGYHMSLAALANPNDGGGVGVLETAYYPTQSLKVSKELNRKNYHYQQFITAYENLLRD

40-8.1 494 GQT-----EMMNRIEFP-AYASSPYGDANKIWAYSKKDSQYEIVQMINLLGVSRNDWRANDGQK--ETPRQISNFEMKYYYS--------NEVTGVWLAS
50-2.1 483 GQT-----ETANRIEFP-QYASSATGEPNKIWAYGKKDNRYEIIQMINLLGVSKNDWRANDGRK--ETPQKISNFEVKYYYT--------NDVNSVWLAS
50-2.2 474 GME-----ESEVTVEGTDEVQISASADQGKVWSFAKHKDGEDIVHFINFTDAVTMDWNDSAGEQ--TEPAERQNVKVIVQTS--------GTVDRIMFAS
SmDex  593 KVENDSAEPQTFTANGRQLSQDALGINGDQVWTYAKKGNDFRTIQLLNLMGITS-DWKNEDGYENNKTPDEQTNLLVTYPLTGVSMAEADRIAKQVYLTS

40-8.1 578 PDAHDGRSKPLAFTKGTDG--NGNYVKITVPSLEYWNLIYMSTEDSGGETDPP-VKEYLVNGDFENGEQGWTFTGTAAHGVDSNDAYEGNKYWIYGTESY
50-2.1 567 PDSDDGRSKRLQFTKGSDG--KGKYVLISVPSLEYWNMIYMSSDRSGGEEEQPGGIGKLMNGGFESGEAGWTYAGTAAHGVDSNDAFEGSKYWIWGPDAY
50-2.2 559 PDYYGGSPVELSFEQ------KDGQISIELPKLKYWDLIKISYK--------------------------------------------------------
SmDex  692 PDDWLQSSMISLTTQVKTNENGDPVLYIQVPRLTLWDMIYINETIKPETPKVP--EQPQHPARTLEPAIPQTPEAVSPLPVANKQAEDGNKNELVSALTG

40-8.1 675 TASVSQTVSGLNPGTYTVSAKVKQNTGTPSSSRMKLTGYGG-----------------------------------------------------------
50-2.1 665 TAKVSQTVSGLEPGTYSVSAKVKQNTGTPMISRMELSGLGGETVFVNIPHSGQYENISGTVQVVNGELNIAFYQEAPGNTNLQIDNVELIAGTGSSEENP
50-2.2     ---------------------------------------------------------------------------------------------------- 
SmDex  790 EENDLQLPTLSKRSLSISQAELPQTGDNNETRSNLLKVIGAGALLIGAAGLLSLIKGRKND---------------------------------------

50-2.1 765 PGSFPALVNGGFESGDISGWKATGTNVGVDGSDVNDGSFKCYFWSGQNYQQKIEQELTGLENGKYTVSAMVKQNTGTPLLSRMELSGYGGSPVYTNISHG

50-2.1 865 NDYSMIKGTVQVTNGKLNIAFYQAAPGETNLQIDKVELVKD

C-terminal Variable Region

[
[

[
[
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function of the S. mutans dextranase (Igarashi et al.
2002). Like the streptococcal dextranases, all three Pa-
enibacillus sequences lack the insertion of approximately
120 residues found in the citases of family 66 (Fig. 2).
The Paenibacillus dextranases have a truncated N-ter-
minal variable region compared to the S. mutans and
other streptococcal dextranase sequences (Igarashi et al.
2002). Despite the shorter N-terminal variable regions,
the SignalP algorithm predicted that all three Paeniba-
cillus family 66 proteins possess cleavable N-terminal
signal peptides (Fig. 2). After processing, the mature
Paenibacillus proteins would be 76.7 kDa (Dex40-8
dex1), 97.7 (Dex50-2 dex1) and 64.5 (Dex50-2 dex2)
kDa. The N termini produced by the predicted cleavage
of the Dex40-8 and Dex50-2 dex1 proteins (Fig. 2)
would coincide well with the N-terminal sequences di-
rectly determined for other bacterial dextranases. A
strain identified as P. illinoisensis produces three dex-
tranolytic proteins, each with the N-terminal sequence
ASTGL (Khalikova et al. 2003), while the N terminus of
a dextranase from Thermoanaerobacter strain Rt364
has the sequence **TGNLIQRVYTDCARYNPGDLV-
TIAANLI, where the first two residues (designated *)
were not determined (Wynter et al. 1997).

The Paenibacillus family 66 proteins differ from one
another in length largely due to variation in their C-
terminal variable regions (Fig. 2), as defined by Igarashi
et al. (2002) from sequence comparisons among the
streptococcal family 66 proteins. In alignments of de-
duced amino acid sequences (Fig. 2), the C terminus of
the Dex50-2 dex2 protein is almost precisely at the
designated boundary between the central conserved core

region and the C-terminal variable region of the S. mu-
tans family 66 dextranase (Igarashi et al. 2002). Unlike
the Dex50-2 dex2 protein, the Dex40-8 and Dex50-2
dex1 proteins have C-terminal variable regions, of 98
and 298 amino acid residues, respectively. While the C-
terminal regions have high sequence similarity (69%
sequence identity) over the 98 residues of overlap
(Fig. 2), they have only limited similarity to the corre-
sponding region of the S. mutans family 66 dextranase.
The 98 residue overlap between C-terminal variable re-
gions of the Dex40-8 and Dex50-2 dex1 proteins covers
nearly one complete iteration of a 134 amino acid
imperfect direct repeat sequence located within the
C-terminal variable region of Dex50-2 dex1 (Fig. 2). A
rpsblast search of the Conserved Domain Database
(Marchler-Bauer et al. 2003) through the National
Center for Biotechnology Information Web site revealed
that the N-terminal 75 amino acid residues of each
repeat motif had limited sequence similarity with the
N-terminal half of the CBM_4_9 (pfam02018.11) car-
bohydrate-binding domain (Fig. 2). The CBM_4_9
motif is found in a number of glycosylases, where it has
been shown to bind xylan and a variety of b-glucans.

Multiple family 66 genes among the Paenibacillus

A PCR-based assay was used to investigate whether
other dextranolytic Paenibacillus strains harbour more
than one family 66 gene. Degenerate primers were
designed to anneal to the Paenibacillus family 66 gene
sequences that encode highly conserved amino acid

Fig. 3 A phylogram of the family 66
glycosylases. Included in the comparison are
amino acid sequences of the Paenibacillus Dex40-
8 dex1, and Paenibacillus Dex50-2 dex1 and dex2
dextranases described here, the Paenibacillus
Dex70-1B (accession AY326312) and
Paenibacillus Dex70-34 (accession AY326313)
dextranases, the Streptococcus salivarius
(accession Q59979), S. mutans (accession
BAA08409) and Streptococcus sobrinus
(accession T30291) dextranases and the B.
circulans Cit1 (accession P94286) and Cit2
(accession P70873) citases. The phylogram was
constructed using a Clustal W alignment package
(European Bioinformatics Institute, http://
www.ebi.ac.uk). Branch lengths and associated
numerals indicate the fraction of positions that
differ between sequences
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sequences. The primers were used to amplify a 521-bp
DNA fragment corresponding to Val143–Glu316 of
the Dex40-8 dex1 protein from strains Dex40-4, Dex40-5,
Dex40-6, Dex40-8 and Dex50-2. Paenibacillus strains
Dex70-1B and Dex70-34 (Finnegan et al. 2004a) were
also included in this analysis to determine if these ther-
motolerant strains contained additional family 66 genes
to those previously isolated by library screening (Finne-
gan et al. 2004b). The amplified products were ligated
into a plasmid vector and individual inserts sequenced.
Fragments from multiple family 66-like genes were ob-
tained for strains Dex40-4, Dex40-5 and Dex50-2, while
fragments from single genes were found for Dex40-6,
Dex40-8, Dex70-1B and Dex70-34. The two Dex50-2
sequences were identical to the corresponding dex1 and
dex2 gene sequences. Sequences homologous to both
dex1 and dex2were obtained fromDex40-4 andDex40-5,
but Dex40-5 also yielded a third divergent family 66 gene
sequence. The Dex40-4 dex1 and dex2 partial sequences
were identical to the homologous sequences from the
corresponding Dex50-2 genes, supporting the conclusion
that Dex40-4 and Dex50-2 are independent isolates of the
same species (Finnegan et al. 2004a). The partial Dex40-5
dex1 sequence was identical to the corresponding region
of Dex40-8 dex1, but the two other Dex40-5 family 66
partial gene sequences that were obtained were unique.
While fragments from single dex1-like genes were iso-
lated from Dex40-6, Dex40-8, Dex70-1B and Dex70-34,
the sequencing of more recombinant plasmids is needed
to verify that there are no other genes. The family 66 gene
fragments isolated for Dex70-1B and Dex70-34 were
identical in sequence to the respective dex1 genes isolated
by library screening (Finnegan et al. 2004b).

Biochemical characteristics of the family
66 glycosylases

Each Paenibacillus family 66 enzyme was expressed in E.
coli and assayed for dextranolytic activity. Incubation of
the recombinant enzymes with blue dextran resulted in
the time-dependent conversion of the dextran-bound
Cibacron Blue dye from an ethanol-insoluble to an
ethanol-soluble form. The solubilisation of Cibacron
Blue went to completion if adequate time was allowed.
These observations suggested the family 66 enzymes
were endo acting (Wynter et al. 1997). When Dextran T-
2000 was used as the substrate, reducing sugars were
released, indicating these family 66 enzymes catalysed a
hydrolysis reaction. Thus, the Paenibacillus enzymes
appear to be dextranases (EC 3.2.1.11) and not citases.

The Dex40-8 dex1 and Dex50-2 dex2 enzymes had
similar thermoactivity profiles (Fig. 4a), with maximal
activity between 35�C and 40�C, under the assay con-
dition used here. Both enzymes declined in activity at
higher incubation temperatures and were largely inactive
above 50�C. The enzyme from the Dex50-2 dex1 gene
was more thermotolerant, having maximal activity at
about 45�C with the assay conditions used.

The reaction catalysed by each enzyme had a unique
pH dependence (Fig. 4b). The Dex40-8 dex1 enzyme had
>80% maximal activity from pH 6.5 – 8, with highest
activity between pH 7.0–7.5. The Dex50-2 dex1 enzyme
had a similarly broad, but somewhat more acidic, pH
dependence profile, with maximal activity at pH 7.0.
The Dex50-2 dex2 protein had a substantially narrower
pH dependence profile, due to being largely inactive
within one pH unit below its pH optimum of 6.0–6.5.

Discussion

ORFs encoding family 66 glycosyl hydrolases from Pa-
enibacillus strains Dex40-8 or Dex50-2 conferred dex-
tranolytic activity on transformed E. coli. This
conclusion is based upon the presence of ORFs encoding
family 66 hydrolases on all three genomic DNA frag-
ments characterised here, the absence of any other set of
homologous ORFs common to all three DNA fragments
and the previous demonstration that family 66 enzymes
from other Paenibacillus strains (Finnegan et al. 2004b),
Streptococcus spp. (Wanda and Curtiss 1994; Igarashi

Fig. 4 Temperature and pH dependence of Paenibacillus dextran-
ases. The activity of recombinant PaenibacillusDex40-8 dex1 (black
circles) and Paenibacillus Dex50-2 dex1 (black squares) and dex2
(black triangles) dextranases expressed in Escherichia coli was
measured by determining the amount of reducing sugar equivalents
released from Dextran T-2000 during a 30-min incubation. For a
given enzyme, the activities are expressed relative to the maximal
activity obtained in each experiment. a Cleared lysates were
assayed at the indicated temperatures in reaction mixtures at
pH 7.5. b Cleared lysates were assayed at the indicated pH, at the
temperature found in a to give maximal activity. Each point
represents the average of triplicate determinations of the reducing
sugar released in triplicate reactions
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et al. 1995) and B. circulans (Oguma et al. 1994) are
dextranolytic. Indeed, all three Paenibacillus family 66
proteins characterised here are clearly true dextranases
(EC 3.2.1.11), as each enzyme completely converts Blue
Dextran into an ethanol-soluble form in plate and
solution assays. Moreover, the degradation of both Blue
Dextran and Dextran T-2000 in solution assays pro-
duced reducing sugars, demonstrating that the dextran-
olytic activity was due to hydrolysis of glycosidic bonds
rather than a citase-like translocation, which does not
produce reducing ends (Oguma et al. 1994).

Of the non-family 66 proteins encoded by the char-
acterised genomic fragments, only the partial oligo-a-
1,6-glucosidase encoded by the N-terminally truncated
ORF IV (Fig. 1) has sequence similarity to enzymes
known to hydrolyse dextran. The truncated Dex50-2
oligo-a-1,6-glucosidase is unlikely to be active, because
the enzyme lacks residues essential for substrate binding
and catalysis (Watanabe et al. 2001). In addition, the
activity of an oligo-a-1,6-glucosidase would remove
successive glucose residues from the non-reducing end of
dextran and stop at non-a-1,6 branch points. Therefore,
only a true dextranase, not encoded by ORF IV, can
account for the fact that lysates of the Dex50-2.1 clone
are able to fully convert Blue Dextran into ethanol-sol-
uble products.

The three Paenibacillus dextranase protein sequences
characterised here are fairly typical of family 66 proteins
(Igarashi et al. 2004), having the conserved aspartate
residue that has been implicated in catalysis (Igarashi
et al. 2002) and a central core region whose sequence is
well conserved across the family. Like the five charac-
terised streptococcal proteins (Igarashi et al. 2001, 2004),
the Paenibacillus proteins were predicted to have cleav-
able N-terminal signal peptides, consistent with the
presence of dextranase activity in Paenibacillus culture
supernatants (Finnegan et al. 2004a). In sequence com-
parisons (Fig. 3), the deduced Dex50-2 dex2 protein
sequence clustered with the thermoactive enzymes from
Dex70-1B and Dex70-34 (Finnegan et al. 2004b), despite
being one of the least thermoactive of the Paenibacillus
dextranases examined so far, while the sequences in-
ferred from the Dex40-8 and Dex50-2 dex1 genes formed
a separate clade within the previously characterised
family 66 proteins.

The clustering of the Dex40-8 and Dex50-2 dex1
protein sequences was in part due to the proteins having
homologous C-terminal variable regions. These regions
are absent from some family 66 proteins, including the
Dex50-2 dex2 protein (Fig. 2). The extensions in the
Dex40-8 and Dex50-2 dex1 proteins shared little or no
similarity with the C-terminal variable regions defined
for the streptococcal family 66 proteins (Igarashi et al.
2001) and contained one and two copies, respectively, of
a sequence with limited similarity to the CBM_4_9
carbohydrate-binding module. The CBM_4_9 motif has
been shown to bind xylan and a number of b-glucans,
and it is counterintuitive that the Dex40-8 and Dex50-2
dex1 proteins, which hydrolyse the a-1,6 linkages in

dextran, would have the ability to bind to xylans or b-
glucans. It is more likely, given the low sequence identity
between the Paenibacillus motifs and CBM_4_9 (Fig. 2),
that the Paenibacillus domains represent a novel dex-
tran-binding module. It is also likely, by analogy to
other family 66 proteins, that all three Paenibacillus
family 66 proteins possess at least one dextran-binding
module within their core conserved regions. As shown
by Morisaki et al. (2002), N-terminal deletions of the
family 66 enzyme of S. mutans abolished catalytic
activity, but not dextran binding. Enzyme with all but 20
residues of the C-terminal extension deleted also re-
tained dextran-binding activity, but the affinity (and
activity) was lost if 117 residues were deleted from the
C-terminus of the core region. The nature of the dex-
tran-binding domain within the conserved core region is
unclear, but the conservation across the Paenibacillus,
Bacillus and Streptococcus family 66 proteins of invari-
ant amino acid residues within the C-terminal 117 resi-
dues of the conserved core (Fig. 2, Finnegan et al.
2004b; Igarashi et al. 2004) will give guidance for further
study.

Paenibacillus strains Dex40-8 and Dex50-2 possess
five and three dextranolytic proteins, respectively
(Finnegan et al. 2004a). However, library screening and
PCR using degenerate primers only revealed two family
66 genes for Dex50-2 and a single family 66 gene for
Dex40-8. This could mean that there are no other dex-
tranase genes in these species, and that the multiple
dextranolytic proteins seen on activity gels are the result
of post-translational modifications such as glycosylation
or proteolysis. However, we cannot rule out the
existence of other dextranase genes, which might have
escaped detection because they failed to produce
active enzymes in the library screening and did not
hybridise with the degenerate primers used for PCR
amplification.

The gene sequence diversity seen here among three
Paenibacillus family 66 proteins, coupled with the size
diversity of dextranolytic proteins among Paenibacillus
isolates revealed by electrophoretic profiling (Finnegan
et al. 2004a), indicates that dextranase sequence diversity
may be considerably wider than illustrated by the five
Paenibacillus family 66 gene sequences currently avail-
able. The genus Paenibacillus, then, is an important and
readily accessible repository for diverse dextranase genes
and potentially novel carbohydrate binding domains.
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