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bstract

A third cel operon containing celE, celF, and celG genes was isolated from Pectobacterium carotovorum subsp. carotovorum LY34 (Pcc LY34)
enomic DNA using a cosmid library. The amino acid sequences of CelE and CelF shared high sequence identity with the cellobiose-specific PTS
nzymes IIB and IIC, respectively. CelF contained the disaccharide binding region essential for acquiring cellobiose molecules. The amino acid
equence of CelG shared high sequence identity with various �-glucosidases (cellobiases) belonging to the glycosyl hydrolase family 1. Sequence
nd structural analysis also demonstrated that this cel operon differs from three operons previously reported from Pcc LY34, including bglTPB

accession number AY542524), ascGFB (accession number AY622309), and bglEFIA (accession number AY769096). In this study, the celF and
elG genes were expressed in the presence of cellobiose. Purified CelG was estimated to be approximately 54 kDa by SDS-PAGE and was able
o hydrolyze salicin, arbutin, pNPG, cellobiose, and MUG, and exhibited maximal activity at pH 5.0 to 40 ◦C. Two glutamic acid residues (Glu172

nd Glu370) were shown to be essential for enzyme activity.
2007 Published by Elsevier B.V.
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. Introduction

�-Glucosidases (EC. 3.2.1.21) are enzymes that hydrolyze
-glycosidic bonds between glucose and aryl or alkyl aglycone
r oligosaccharides [1]. �-Glucosidases are ubiquitous in liv-
ng organisms such as animals, plants, fungi, and bacteria [2].
enerally, these enzymes are present in related families, with
lycosyl hydrolase families 1 and 3 being the most prominent
3–5]. The CAZy (carbohydrate active enzymes) classification

ystem assembles glycosyl hydrolase (GH) enzymes into fami-
ies according to sequence similarity, which also reflects shared
tructural features [6].

∗ Corresponding author at: Division of Applied Life Science, Gyeongsang
ational University, Chinju 660-701, Republic of Korea. Tel.: +82 55 751 5469;

ax: +82 55 757 0178.
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Complete degradation of cellulose requires a number of
ifferent hydrolases including cellulolytic endoglucanases and
ellobiases (�-glucosidase). The �-glucosidases of cellulolytic
nd non-cellulolytic microorganisms are key enzymes for the
ssimilation of cellobiose, the biodegradation product of cellu-
ose, and other plant-derived �-glucosides, such as arbutin and
alicin [7]. In previous studies, the functional activity of cellobi-
ses was observed in bacteria such as Cellulomonas sp. [8,9]
r rumen bacteria [10], and in filamentous fungi, Aspergillus
p. [11], Scytalidium thermophilum [2], and Phanerochaete
hrysosporium [12]. Among the seven families of PTS, systems
elated to cellobiose have been reported in several microorgan-
sms including Bacillus stearothermophilus celRABCD [13] and

acillus subtilis celRABCD [14]. Likewise, two cryptic PTS
enes for cellobiose utilization are present in Escherichia coli
elABCDF [15] and Klebsiella aerogenes casRAB [16]. The
ost prominent cellulase system from many microorganisms is

mailto:hdyun@nongae.gsnu.ac.kr
dx.doi.org/10.1016/j.molcatb.2007.04.002


9 r Cat

d
c

p
t
p
T
e
m
c
p
t
c
p
i

t
(
b
r
i
C
i
e
p
e
u
e
o
f
i

2

2

c
L
b
m
a
p

2

a
g
f
t
f
t
i
w
U
c

D
w
a
C
p
a
D

2
c

p
f
m
l
5
l
a
U
4
a
c
s
t
w
a
T
s
a
(
A
t
v
B
t
p
t

2

E
l
A
T
T
5
T
2
2
c
p

2 S.Y. Hong et al. / Journal of Molecula

efective in cellobiase activity and restricts the conversion of
ellobiose to glucose.

The uptake of microbial carbon sources requires transport
roteins involved in group translocation of carbohydrates. Group
ranslocation of carbohydrates is mediated by the bacterial
hosphoenolpyruvate-phosphotransferase system (PEP:PTS).
his system consists of two general energy-coupling proteins,
nzyme I and HPr, as well as a sugar-specific permease com-
only referred to as the enzyme II complex. This complex may

onsist of up to four distinct polypeptide chains. Each com-
lex contains at least three functional domains: a hydrophobic
ransmembrane domain which binds and transports the sugar, a
losely associated hydrophilic domain which contains the first
hosphorylation site, and a second hydrophilic domain contain-
ng an additional phosphorylation site [17–20].

We have previously reported three �-glucoside utiliza-
ion systems, including bglTPB (AY542524) [21], ascGFB
AY622309) [22], and bglEFIA (AY769096) [23] from Pecto-
acterium carotovorum subsp. carotovorum LY34. Also, early
eports described the presence of three different cellulases
ncluding CelA (AF025768) [24], CelB (AF025769) [25], and
elC (AY188753) [26] in the wild-type LY34 strain, suggest-

ng that it encodes a complex system of cell wall-hydrolyzing
nzymes. They were previously analyzed for their importance in
hytopathogenicity and their capability for utilization of differ-
nt carbon sources. In this study we isolated a fourth �-glucoside
tilization (cel) operon from a LY34 genomic library, and
xpressed it in and purified it from Escherichia coli. Comparison
f its sequence with the previously reported three �-glucosidases
rom same strain, and with other �-glucosidases, revealed that
t belongs to glycosyl hydrolase family 1.

. Materials and methods

.1. Bacterial strains and growth conditions

Tryptone-yeast extract medium was used for the routine
ultivation of P. carotovorum subsp. carotovorum LY34 (Pcc
Y34) strain. E. coli DH5�, BL21 (DE3), EPI300, and recom-
inant E. coli harboring the celG gene were cultured in LB
edium containing 50 �g/ml ampicillin, 50 �g/ml kanamycin,

nd 12.5 �g/ml chloramphenicol, respectively, when appro-
riate.

.2. Recombinant DNA techniques and DNA sequencing

Standard procedures for restriction endonuclease digestions,
garose gel electrophoresis, purification of DNA from agarose
els, DNA ligation, and other cloning-related techniques were
ollowed as described by Sambrook and Russell [27]. Restric-
ion enzymes and DNA modifying enzymes were purchased
rom Promega (Madison, Wisconsin, USA) and gel extrac-
ion kit and plasmid DNA isolation kit were purchased from

NtRON Biotechnology (Seongnam, Korea). Other chemicals
ere purchased from Sigma Chemical (St. Louis, Missouri,
SA). Nucleotide sequences were determined by the dideoxy-

hain termination method using the PRISM Ready Reaction

U
t
f
t

alysis B: Enzymatic 47 (2007) 91–98

ye terminator/primer cycle sequencing kit (Perkin-Elmer, Nor-
alk, Connecticut, USA). The samples were analyzed with an

utomated DNA sequencer (Applied Biosystems, Foster City,
alifornia, USA). The BLAST program was used to find the
rotein coding regions. The nucleotide sequence data reported
re available in the GenBank database under accession number
Q987482.

.3. Construction of cosmid library and cloning of the
elEFG operon

A genomic library was constructed in the cosmid vector
CC1FOS as previously described [28]. Total genomic DNA
rom Pcc LY34 was sheared into approximately 40 kb frag-
ents using a syringe needle, size-fractionated on a 5–40%

inear sucrose gradient, and then end-repaired to yield blunt,
′-phosphorylated ends. The resulting DNA fragments were
igated with cloning-ready pCC1FOS vector and then pack-
ged using a lambda DNA packing kit (Epicentre, Wisconsin,
SA). The library was screened on M9 media, containing 1 mM
-methylumbelliferyl �-d-glucoside (MUG) for �-glucosidase
ctivity (a positive colony has a fluorescent halo). A cosmid
lone (pHY1) bearing �-glucosidase activity was isolated. For
ubcloning, pHY100 was partially digested with Sau3AI. Three
o 6 kb fragments of the cosmid DNA from this partial digestion
ere ligated into the BamHI site of pBluescript II SK+ vector

nd transformants in E. coli DH5� were screened as above.
he positive subclone (4.6 kb) was obtained (pHY100) and
equenced. For high expression of celG, the PCR product gener-
ted with primers 5′-GGATCCATGCACGATCATCTTCAG-3′
sense, containing a BamHI site as underlined) and 5’-
AGCTTTCAAAAGCCATTCTCAGCC-3’ (antisense, con-

aining a HindIII site as underlined) was cloned into expression
ector pET-28a(+) (Novagen, Darmstadt, Germany) using
amHI and HindIII sites, resulting in the addition of a C-

erminal (His)6 tag. The resulting plasmid was designated
ET-28a(+)/CelG (pHY200). The absence of mutations within
he coding region of CelG was verified by DNA sequencing.

.4. Site-directed mutagenesis

Site-directed mutagenesis of the celG gene to create the
172A and E370A mutations was performed using the fol-

owing oligonucleotide primers: E172A, 5′-TTTACGTTCA-
TGAGCCAGTGGTGCCG-3′ (sense) and 5′-CGGCACCAC-
GGGCGATTGAACGTAAAC-3′ (antisense); E370A, 5′-
GCTTTATTTCGGAAAATGGCATGGGG-3′ (sense) and
′-CATGCCATTTTCCGAAATAAAGCAGCG-3′ (antisense).
he 50 �l of reaction mixtures contained 1 �l of pET-
8a(+)/celG DNA (95 ng/�l), 100 pmol of each primer, 5 �l of
mM dNTP mixture, 5 �l of 10× Pfu DNA polymerase buffer
ontaining 20 mM MgSO4, and 2.5 U of cloned Pfu DNA
olymerase purchased from Stratagene (La Jolla, California,

SA). PCR products were incubated on ice for 5 min, and

hen 1 �l of DpnI restriction enzyme (10 U/�l) was added
or 1 h incubation at 37 ◦C. DpnI-treated plasmids were then
ransformed into E. coli DH5� according to the manufacturer’s
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pecifications (Site-directed mutagenesis kit, Stratagene, La
olla, California, USA). The resulting plasmids were designated
s pHY300 and pHY400, respectively.

.5. Enzyme assay

�-Glucosidase activity was determined by using p-
itrophenyl �-d-glucopyranoside (pNPG), 4-hydroxyphenyl
-d-glucopyranoside (arbutin), 2-(hydroxymethyl) phenyl �-d-
lucopyranoside (salicin), 4-methylumbelliferyl �-d-glucoside
MUG), cellobiose as substrates. The standard assay consisted of
ncubating enzyme with 5 mM pNPG in 50 mM sodium phos-
hate buffer (pH 7.0) for 30 min in a total volume of 0.5 ml.
he reaction was stopped by the addition of 0.5 ml of 0.2 M
lycine–NaOH (pH 10.5), and the amount of p-nitrophenol
eleased from the pNPG was determined by measuring
bsorbance at 405 nm. One unit of �-glucosidase was defined as
he amount of enzyme required to release 1 mol of p-nitrophenol
er minute under the assay conditions. All assays were carried
ut in 50 mM sodium phosphate buffer (pH 7.0) at 40 ◦C, unless
therwise noted. In order to detect the �-glucosidase activity
or salicin as substrate, an appropriate aliquot of cell suspen-
ion of the celG clone was added to 800 �l of 30 mM salicin in
0 mM phosphate buffer (pH 7.0). After 30 min of incubation,
he enzymatic reaction was stopped by adding 0.5 ml of 1 M
a2CO3. The production of saligenin from salicin was detected

s described previously. Enzyme activity for the arbutin sub-
trate was measured by washing the culture and resuspending it
n 0.8 ml of 50 mM phosphate buffer (pH 7.0). The reaction was
tarted by adding 0.1 ml of 10 mM MgCl2 and was stopped by
.5 ml of 1 M Na2CO3, as described previously. Cellobiase activ-
ty was assayed by dinitrosalicylic acid (DNS) method and was

easured absorbance at 510 nm. The effects of pH and temper-
ture on �-glucosidase activity were examined with the purified
ecombinant enzyme. The effect of pH on �-glucosidase activity
as determined in the standard assay, but with pH values rang-

ng from pH 2.0 to 10.0; all assays were performed at 40 ◦C. To
etermine the effect of temperature on the enzymatic activity,
amples were incubated at temperatures from 10 to 80 ◦C for 1 h.
he effects of various metal ions classified by a concentration
f 10 mM on �-glucosidase activity were determined.

.6. Expression and purification of the enzyme

E. coli strain BL21 (DE3) carrying pET-28a(+)/CelG was
rown at 37 ◦C to mid-log phase in LB medium containing
0 �g/ml kanamycin. Expression was then induced by adding
PTG to a final concentration of 0.5 mM, and growth was
ontinued for 6 h. The cells were harvested by centrifugation
6000 rpm, 10 min) and washed twice with 10 mM Tris–HCl
uffer (pH 7.0). The cells were resuspended in the same buffer
isrupted by sonication at 4 ◦C, and centrifuged (6000 rpm,
0 min) to remove cell debris. The solubilized recombinant

elG with His-tag (CelG-His) was applied on a HisTrap kit

Amersham Pharmacia Biotech, Pennsylvania, USA). CelG was
luted with 100 mM imidazole. The enzyme samples were
nalyzed by sodium dodecyl sulfate-polyacrylamide gel elec-
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rophoresis (SDS-PAGE). The active fractions were combined
nd purified by ion exchange chromatography on a Q-Sepharose
olumn (Amersham Pharmacia Biotech, Pennsylvania, USA).
or the final purification step, the dialyzed sample was loaded
nto an anion exchange Mono Q HR (Amersham Pharma-
ia Biotech, Pennsylvania, USA) column pre-equilibrated with
0 mM MOPS buffer, pH 6.5. The fractions with �-glucosidase
ctivity eluted as a single protein peak and the purity of the
nzyme was assessed by SDS-PAGE. The protein concentration
as determined by the method of Bradford [29].

.7. Total RNA extraction and RT-PCR

Total RNA was isolated from 100 ml cultures of Pcc LY34
nd recombinant E. coli harboring celEFG, in M63 and M9
inimal media containing 1% cellobiose, using easy-spinTM

otal RNA extraction kit (iNtRON Biotechnology, Seongnam,
orea) according to the manufacturer’s protocol. To detect a
ene expression, reverse transcription polymerase chain reac-
ion (RT-PCR) was performed with mRNA using combinations
f designed primers: celF, 5′-CGTTTAACCTGTTCATCCAGT-
CGC-3′ (sense) and 5′-AAACGGCAGGAACAGCAGCG-3′

antisense); celG, 5′-GTGAAAGCCTATCGTGAACAGTCTC-
′ (sense) and 5′-CCACATATGGTAGCCGAGGC-3′ (anti-
ense). Reverse transcription was performed for 30 min at 45 ◦C
hen PCR was performed under the following condition: denat-
ration for 5 min at 94 ◦C followed by 25 cycles of denaturation
or 30 s at 94 ◦C, annealing for 30 s at 50 ◦C, and extension for
min at 72 ◦C, and final extension for 5 min at 72 ◦C.

. Results and discussion

.1. Cloning and nucleotide sequence analysis of celE,
elF, and celG genes

A cosmid library of Pcc LY34 genomic DNA was screened
or clones expressing �-glucosidase activity on M9 media
ontaining 1 mM 4-methylumbelliferyl �-d-glucopyranoside
MUG). One cosmid clone exhibiting �-glucosidase activity
as isolated and digested by Sau3AI restriction enzyme. Sub-

lones were screened using the same assay. One positive clone
pHY100) was isolated and contained an insert of approximately
.6 kb. This insert was sequenced and single restriction sites
or BglI, ClaI, HindIII, NaeI, and ScaI were identified (Fig. 1).
equence analysis also showed the presence of three open read-

ng frames (ORF) designated celE, celF, and celG, putatively
ncoding proteins of 107, 440, and 465 amino acids in length,
espectively (Fig. 2). All of these proteins were in the same
eading frame.

The first ORF (celE) is 324 nucleotides in length and poten-
ially encodes a protein of 107 amino acids (Fig. 2). Sequence
omparison suggests this ORF encodes a cellobiose-specific

nzyme IIB component protein with a predicted molecular mass
f 11,639 Da and a pI value of 5.30. We also identified that a cell
ttachment signature site, RGD, predicted to play an important
ole in cell adhesion.
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Fig. 1. Physical map of recombinant DNA pHY100 carrying celF, celF, and celG genes of the P. carotovorum subsp. carotovorum LY34. The ORFs are shown by
a HindI
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rrows. The cleavage sites of restriction enzymes BglI (B), ClaI (C), DraI (D),
4.6 kb fragment of cosmid DNA (pHY1) into the pBluescript II SK + vector

HY400 were derived by site-directed mutagenesis (E172A and E370A) from
UG (M), salicin (S), arbutin (A), and cellobiose (C) as substrates.

The second ORF (celF) is 1323 nucleotides in length,
nd its start codon overlaps with the last two bases of the
elE stop codon. Like CelE, this gene encodes a cellobiose-
pecific enzyme IIC component protein belonging to the
actose–cellobiose superfamily. The deduced protein is 440
mino acids in length and has a calculated pI of 8.86. The enzyme
IB component protein is phosphorylated by IIA at a cysteine
r histidine residue in the active site. The CelF protein has nine
ransmembrane domains as predicted by the SOSUI computer
rogram. Comparison with other PTS IIC component proteins
escribes the consensus sequence [FLM]-[GN]-[IV]-[TSN]-
-P-[AIV]-[ILMV]-[FY]-G-[VILMA]-[NPT]-[LI], which is a
nown disaccharide binding site. The conserved domain
NINEPILFGAPI of Pcc LY34 CelF also encodes this con-
erved disaccharide binding site. It is proposed this region may
ind cellobiose molecules outside of the cell, or may be degraded
y extracellular enzymes such as cellulases. One portion of
his sequence (NINE) is predicted to be involved in phosphoryl
ransfer to the bound sugar.

The third ORF (celG) begins 25 nucleotides downstream of
elF and is 1398 nucleotides long. It is predicted to encode a
rotein of 465 amino acids. A putative ribosome-binding site,
GAGA, is positioned eight bases from the start of the cod-

ng region. The predicted CelG protein shares sequence identity
ith �-glucosidases from a variety of organisms, and belongs to

amily 1 of the glycosyl hydrolases. Glu27 and Glu370 are con-
erved in two glycosyl hydrolase family 1 signature sequences
nd are thought to be involved in catalysis and substrate binding
f �-glucosidase. The amino acid sequence of the �-glucosidase
rom Pcc LY34 was compared with the sequences of cellobi-
ses belonging to the glycosyl hydrolase family 1 from several
rganisms (Fig. 2).

.2. Expression of celF and celG genes

We confirmed the expression of celF and celG genes by
erforming reverse transcription-polymerase chain reaction
RT-PCR) experiments. Pcc LY34 and recombinant E. coli har-
oring celEFG were cultured in M63 and M9 minimal media,

espectively, containing 0.1% cellobiose at 37 ◦C for 6 h. Total
NA was isolated and celF and celG sequences were amplified
sing gene specific primers. Electrophoresed of PCR product
howed two bands of approximately 450 and 600 bp were ampli-

3

i

II (H), NaeI (N), and ScaI (S) are shown. pHY100 was constructed by cloning
200 was derived by cloning into pET-28a(+) expression vector. pHY300 and
00. �-Glucosidase activity (CelG/pHY200) was determined using pNPG (P),

ed. Likewise the RT-PCR experiments confirmed that bglTPB,
glEFIA, and ascGFB operons could not use cellobiose on min-
mal medium supplemented with 2 mM cellobiose (data not
hown).

.3. Characterization of CelG

CelG was overexpressed in E. coli and purified using col-
mn filtration techniques as described in Materials and Methods.

sample of each fraction was analyzed by SDS-PAGE, and
nly one protein band (approximately 54 kDa) was present
n each sample after the final purification step (Fig. 3). The
ctivity of CelG on pNPG was determined at 40 ◦C in vari-
us buffers ranging in pH from 4.0 to 9.0 (Fig. 4). Maximal
ctivity was observed at pH 5.0. The activity of CelG on pNPG
as also assessed at various temperatures at pH 5.0. Maxi-
al activity was observed at 40 ◦C (Fig. 4). To check effect

f divalent cations on relative activity of CelG the �-blucosiase
as incubated for 30 min at 40 ◦C and pH 5.0 to 5 mM con-

entration of metal ions and then measured under standard
onditions and expressed relative to the activity measured on
mM cellobiose without added ion. Metal ions such as Hg2+,
g2+, Ca2+, Co2+, Mn2+, Zn2+, and Cu2+ exhibited 11, 87, 90,

4, 52, 36 and 28 relative activity, respectively. However, all
etal ions inhibited enzyme activity and given no significant

ata.
Site-directed mutagenesis is a valuable tool for studying the

elationship between protein structure and function. Therefore
e used this method to replace two Glu residues with Ala at

ites in CelG that might be important for catalytic function.
utant plasmids were sequenced on both strands to confirm

hat only the intended mutation was introduced. Enzyme activ-
ty assays were performed with CelG clones carrying the E172A
nd E370A mutations, and then confirmed that its activities were
ot detectable in all mutants (E172A and E370A). These results
ndicate that Glu172 and Glu370, which are both conserved in
he �-glucosidase sequences of family 1, are essential for CelG
ctivity.
.4. Comparison of four operons for β-glucoside utilization

In order to study the biological role of �-glucosidases
n Pcc LY34, we recently studied a number of cellulolytic
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Fig. 2. Nucleotide sequence and deduced amino acid sequence of the Pectobacterium carotovorum subsp. carotovorum LY34 cel genes and the flanking regions.
The deduced amino acid sequences for each ORF are placed below the nucleotide of corresponding codon. Putative Shine-Dalgarno sequences for ribosomal binding
(RBS) are underlined. Proteins are labeled at their respective start codons. The signature sequence and disaccharide binding site for PTS of CelF are underlined. The
glycosyl hydrolase family 1 signature sequences are also underlined and labeled.
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Fig. 3. Electrophoretic analysis of the purified �-glucosidase. Separation
was performed on a 12.5% (w/v) SDS-polyacrylamide gel. Lane 1; pro-
tein standard marker, lane 2; crude extract from BL21 (DE3) containing
pET-28a(+)/CelG, lane 3; crude extract from IPTG-induced BL21 (DE3) con-
taining pET-28a(+)/CelG, lane 4; purified �-glucosidase (CelG) from HiTrap
kit (Amersham). The gel was stained with 0.025% Coomassie blue R-250.
Molecular weight markers used were �-galactosidase (116,000), bovine serum
albumin (66,200), ovalbumin (45,000), lactate dehydrogenase (35,000), restric-
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ion endonuclease Bsp 981 (25,000), �-lactoglobulin (18,400), and lysozyme
14,400).

nzymes, such as endoglucanses (CelA, CelB, and CelC) and
-glucosidases (AscB, BglA, and BglB. In this study, we iso-

ated a fourth �-glucoside utilization celEFG operon from the
ame strain. This operon differed structurally from the previ-
usly reported operons (Fig. 5), yet like the others it is involved in
he uptake of carbon using the PT system. The translated amino
cid sequences of Pcc LY34 cel operon genes share 95.1%,

9.1%, and 96.6% sequence similarity with the corresponding
enes of E. carotovora subsp. atroseptica SCRI1043. Likewise,
hey share 66.7%, 71.6%, and 68.2% similarity with the corre-

s
f

ig. 4. Effect of pH and temperature on the activity of CelG. (A) Effect of pH on t
n sodium phosphate buffers of indicated pH. (B) Effect of temperature on the relat
ndicated temperature.
alysis B: Enzymatic 47 (2007) 91–98

ponding genes of Photobacterium profundum SSP, and 63.4%,
4.1%, and 80.8% similarity with those of Yersinia intermedia
TCC 29909 (data not shown).

Among the PT systems, the EII complex of the putative
elEFG operon contained factors (CelE and CelF) correspond-
ng to the EIIB component (permease specific direct phosphoryl
onor) and to the EIIC component (sugar-specific permease
r receptor). The Pcc LY34 phosphotransferase (PTS) genes,
elE and CelF, are highly homologous to that of E. carotovora

ubsp. atroseptica SCRI1043, P. profundum SSP, and Y. inter-
edia ATCC 29909, which are all associated with transport and
tilization of cellobioses. However, the celEFG operon genes
ormed an incomplete PTS enzyme lacking the IIA protein (fam-
ly specific indirect phosphoryl donor). This suggests that the
ellobiose utilization system of the LY34 strain could func-
ion with IIA enzyme which encoded in another locus on the
hromosome of LY34. Kotrba et al. [19] has suggested that sev-
ral other E. coli PTS permeases, including maltose-specific
ICBMal, sucrose-specific IIBCScr, trehalose-specific IICBTre,
nd arbutin-salicin-cellobiose-specific IICBAsc, also lack their
ognate IIAs. However, it is possible that these systems use the
IAGlc protein of another system.

Although many PT systems from other organisms are
unctionally uncharacterized, phylogenetic data predicts the
lassification of seven PTS permeases (IIC component pro-
ein) families, including the glucose (Glc), fructose (Fru),
actose (including aromatic �-glucoside and cellobiose), galacti-
ol (Gat), glucitol (Gut), mannose (Man), and l-ascorbate (Asc)
amilies [20]. These permeases were identified and classified by
oing a search of the BLAST database (http://www.ncbi.nlm.
ih.gov/BLAST/) using functionally characterized PTS proteins
btained from the transporter classification database (TCDB;
ttp://www.tcdb.org), as well as by studying the potential sec-
ndary structural membrane proteins (SOSUI; http://bp.nuap.
agoya-u.ac.jp/sosui/). Based on these data we propose that CelF
s the cellobiose-specific enzyme IIC component protein, that it
ontains nine transmembrane helices, and that it may function
CelG (�-glucosidase) shares 28.7%, 30.9%, and 30.2%
equence identity with BglB, BglA, and AscB, respectively,
rom the same strain. It also shares sequence identities of 33.9%

he relative activity of CelG. Enzyme activity was assayed at 40 ◦C for 30 min
ive activity of CelG. Enzyme activity was assayed at pH 5.0 for 30 min at the

http://www.ncbi.nlm.nih.gov/BLAST/
http://www.ncbi.nlm.nih.gov/BLAST/
http://www.tcdb.org/
http://bp.nuap.nagoya-u.ac.jp/sosui/
http://bp.nuap.nagoya-u.ac.jp/sosui/
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nd 32.3% with BglA and BglB, respectively, from Paeni-
acillus polymyxa [30,31], 34.4% with BglA from Thermotoga
aritima [32], 34.3% with BglA from Thermotoga neapoli-

ana [33], and 33.8% with agb from Agrobacterium sp. ATCC
1400 [34]. These analyses suggest that CelG is phylogeneti-
ally related to gentibiases (cellobiases) belonging to glycosyl
ydrolase family 1 (Fig. 6).

These results may explain how the incomplete celEFG sys-
em acts on cellobiose by means of transport and hydrolysis. This
uggests that Pcc LY34 has unique and complex catabolic mech-
nisms to cause soft-rot disease in plants, and to use �-sugar as

nutrition source. Further studies are required to examine the

elationship between the cellobiose–lactose specific PTS system
nd cellobiase.

ig. 6. Phylogenetic placement of CelG amino acid sequences from Pcc LY34.
umbers above each node are confidence levels (100%) generated from 1000
ootstrap trees. Phylogenetic tree between cellobiase (CelG) and gentibiases
cellobiases) belong to glycosyl hydrolase family 1. The aligned proteins are
rom the following sources: AscB, BglB, BglA, and CelG from Pcc LY34.
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. Conclusion

Cellulose and cellulolytic enzymes may be advantageous to
he soft-rot bacteria such as Pcc LY34 by increasing the avail-
bility of energy and nutrients obtained from carbon sources.
ellulose degradation by the LY34 strain is predicted to pro-
eed through a combination of hydrolytic reactions performed
y cellulose specific enzymes secreted. Cellobiose, the main
roduct of the reaction, is further hydrolyzed into two molecules
f glucose by �-glucosidases, called cellobiases. We isolated
nd characterized a cellobiose utilization cel operon from P.
arotovorum subsp. carotovorum LY34 (Pcc LY34) genomic
NA using a cosmid library. This operon consists of a three
ene, celE (cellobiose-specific enzyme IIB component), celF
cellobiose-specific enzyme IIC component), and celG (cellobi-
se). celEFG operon structurally differed from three operons,
glTPB, ascGFB, and bglEFIA from Pcc LY34. The PTS pro-
eins, CelE and CelF, formed an incomplete PTS enzyme lacking
he IIA protein. The CelG belonged to the glycosyl hydrolase
amily 1, was expressed in the presence of cellobiose, and was
ble to hydrolyze salicin, arbutin, pNPG, cellobiose, and MUG.
aximal enzymatic activity was exhibited at pH 5.0 and 40 ◦C.

wo glutamic acid residues (Glu172 and Glu370) were shown to
e essential for enzyme activity.
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