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Abstract cDNAs encoding two glycoside hydrolase family
1 B-glucosidases (BGL1A and BGL1B) were cloned from
the basidiomycete Phanerochaete chrysosporium, and the
substrate specificities of the recombinant enzymes and the
expression patterns of the two genes were investigated in
relation to cellobiose metabolism by the fungus. The cDNA
sequences contained open reading frames of 1,389 base
pairs (bp) (bgllA) and 1,623 bp (bgliB), encoding 462 and
530 amino acids, respectively. Although high sequence
identity (65%) was observed between the deduced amino
acid sequences of the two enzymes, an apparent difference
was observed at the C-terminal region: BGLIB has a
63-amino acid extension, which has no similarity with any
known protein. Both recombinant enzymes expressed in
Escherichia coli showed hydrolytic activity towards several
[-glycosidic compounds. However, the substrate recogni-
tion patterns of the two enzymes were quite different from
each other. In particular, cellobiose was hydrolyzed more
effectively by BGL1B than by BGL1A. The expression of
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the two genes in the fungus was monitored by reverse
transcription-PCR, which showed that bg//A4 was expressed
constitutively in both glucose- and cellobiose-containing
culture, whereas bgl//B was expressed in cellobiose culture
but was repressed in glucose culture, possibly because of
carbon catabolite repression. We conclude that BGLIB
contributes to cellobiose metabolism during cellulose
degradation by P. chrysosporium.
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Introduction

In filamentous fungi, the biodegradation of cellulose has
been considered to proceed by two-step hydrolysis, i.e.,
cellulose is first degraded to cellobiose by cellobiohydrolases
and endo-glucanases and then cellobiose is hydrolyzed to
glucose by extracellular 3-glucosidases (BGLs). However,
Eriksson and coworkers have demonstrated the importance
of oxidative enzymes in cellulose degradation, and have
isolated cellobiose dehydrogenase (CDH) from the cellulo-
lytic culture of the wood-rotting basidiomycete Phanero-
chaete chrysosporium (Ayers et al. 1978; Eriksson et al.
1974; Westermark and Eriksson 1974). Because this enzyme
effectively oxidizes cellobiose to cellobionolactone, two
independent extracellular pathways for cellobiose metabo-
lism, hydrolysis by BGL and oxidation by CDH, have been
proposed to be involved in cellulose degradation by the
fungus (Eriksson 1978). In our previous studies, however,
we demonstrated that the fungus produces only one
extracellular BGL, and the hydrolysis of cellobiose by the
enzyme is considerably less active than the oxidation of
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cellobiose by CDH (Igarashi et al. 2003; Yoshida et al.
2001). Moreover, when the substrate specificity of the
extracellular BGL was compared among several glucosides,
[3-1,3-glucan was the best substrate. In addition, transcrip-
tion of the BGL gene was repressed in the presence of
cellobiose, whereas it was induced in the absence of any
carbon source (Yoshida et al. 2004). These results suggest
that the extracellular BGL, which was believed to hydrolyze
cellobiose, does not participate in cellobiose metabolism
during extracellular cellulose degradation, but rather plays a
role in reutilization of the fungal cell wall.

Glycoside hydrolases (GHs) are now classified into more
than 100 families, whereas BGLs from filamentous fungi
are categorized into only two GH families, families 1 and 3,
according to the Carbohydrate-Active enZymes server
(CAZy, http://www.cazy.org/CAZY/) (Henrissat 1991;
Henrissat and Bairoch 1993, 1996). The cDNA encoding
the extracellular BGL from P chrysosporium described
above has been cloned, and the deduced amino acid
sequence suggested that the enzyme can be classified into
GH family 3 (Kawai et al. 2003; Li and Renganathan 1998;
Lymar et al. 1995). Recently, the total genome sequence of
P chrysosporium has been disclosed (http://genome.jgi-psf.
org/Phchrl/Phchrl.home.html), and it has been suggested
that the fungus has two putative BGLs belonging to GH
family 1 (Martinez et al. 2004). The occurrence of GH
family 1 BGLs as intracellular enzymes has already been
reported in cellulolytic ascomycetes such as Trichoderma
(Hypocrea) spp. (Saloheimo et al. 2002; Takashima et al.
1999), Humicola spp. (Peralta et al. 1990; Takashima et al.
1996, 1999), and Talaromyces spp. (Mchale and Coughlan
1981a,b), suggesting that the basidiomycete P. chrysospo-
rium utilizes similar enzymes for cellobiose metabolism. As
far as we know, however, there is no report about GH
family 1 BGL from basidiomycetes.

In the present work, we have cloned cDNAs encoding two
GH family 1 BGLs from the basidiomycete P. chrysosporium
and successfully produced the recombinant enzymes in an
Escherichia coli expression system. The kinetic features of
the two recombinant enzymes for cellobiose and the
transcription of their genes were investigated in relation to
cellobiose metabolism.

Materials and methods

Cloning of cDNAs encoding GH family 1 BGLs
Phanerochaete chrysosporium K-3 (Johnsrud and Eriksson
1985) was grown on the Kremer and Wood medium
(Kremer and Wood 1992) containing 2% cellulose (CF11;

Whatman, Clifton, NJ, USA), 0.2% cellobiose, or 0.2%
glucose as a sole carbon source, based on a previous report
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(Habu et al. 1997). After 3 days of cultivation, mycelia
were collected by filtration and frozen with liquid nitrogen.
Total RNA was extracted from the mycelial powder, and
first-strand cDNA was synthesized as described previously
(Kawai et al. 2005). The oligonucleotide primers were
designed based on P. chrysosporium genome information,
as illustrated in Fig. 1.

Transcriptional analysis

The first-strand cDNA from each sample was used for
reverse transcription (RT) PCR analysis with bgl1A-F 5'-AC
CGATGCAAGCAAGGA-3" and bgllA-R 5-TCGAAGTT
ATCGAGAAGACTCCAT-3' for bgliA gene and bgl1B-F
5'-GATGTTGCCATCGGTTGG-3' and bgl1B-R 5-AAGT
TGTCGAGAAGACTCCAGC-3' for bgliB gene. The tran-
scriptional level of the actin gene (accession number
AB115328), a housekeeping gene, was measured using
primers actin-F 5-GCCGTGTTCCCGTCCAT-3" and actin-R
5'-CACTTGTAGATGGAGTTGTACGTCGT-3".

Sequence analysis

A database search using the deduced amino acid sequences
was performed using blastp (http://www.ncbi.nlm.nih.gov/
BLAST/) (Altschul et al. 1990, 1997). Comparative analysis
of homology with BGL1A and BGL1B was performed using
CLUSTAL W (http://www.ebi.ac.uk/clustalw/) (Thompson
et al. 1994) with default parameters. To predict the local-
izations of the two enzymes, the amino acid sequences of the
two enzymes were scanned for the presence of signal
peptides using the SignalP version 3.0 (Bendtsen et al.
2004; Nielsen et al. 1997) server at the Center for Biological
Sequence Analysis (http:/www.cbs.dtu.dk/services/SignalP/).

Production of recombinant BGLs

The oligonucleotide primers BGLIA-F 5-TTTCCATGG
CGATGTCTGCCGCGAAACTACCCAA-3" and BGL1A-R
5'-TTTAAGCTTTCAATGATGATGATGATGATGCTCTTC
GATGTGCTCCTT-3', BGLIB-F 5-TTTCCATGGCGA
TGTCTGCGTCCGCCGCTCCT-3’, and BGLIB-R 5-TTT
AAGCTTTCATGATGATGATGATGATGGAGGCCGAG
GAATGCAGA-3', introducing Ncol and HindIll cleavage
sites (in bold face) and Hisg¢-tag (underlined sequence), were
used to amplify the BGL1A and BGLI1B coding sequences.
Both genes were cloned into the expression vector pET 28a
(+) (Novagen, Madison, WI, USA), and the vectors pET-
BGL1A and pET-BGLI1B thus obtained were transformed
into the E. coli host strain Rosetta (DE3) (Novagen). The
kanamycin-resistant transformants were grown overnight in
200 ml of Luria-Bertani (LB) medium supplemented with
20 pg/ml kanamycin at 37°C. The culture (10 ml) was
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Fig. 1 Schematic diagram a
of ¢cDNA encodin, 100bp
oding 50 ORF (1389bp) 3
P. chrysosporium BGL1A
(a) and BGLI1B (b), showing the 37 RACE
locations and nucleotide 3" F <«3' R
sequences of primers used for 5’ RACE E—
PCR. F and R indicate the S <5’ R
f(?rwa.rd and reverse F Confirmative «R
directions, respectively
Primer Sequence Direction
3’ F 5’ -TTGGCGTCACACATGTTGA-3’
3’ R 5’ -GGCCACGCGTCGACTAGTAC-3’
5'F 5’ -CTAATACGACTCACTATAGGGCAAGCAGTGGTAACAACGCAGAGT-3’ F
5’ -AAGCAGTGGTAACAACGCAGAGT-3’
5" R 5’ -GCCTTGCAGAAGGTGTCCCAGATCG-3'
5’ -ATGTCTGCCGCGAAACTACC-3’
5’ -TCACTCTTCGATGTGCTCCTTGAAC-3’
50 - ORF (1623bp) Y
3' F 3’ RACE <3’ R
5' F)» 5’ RACE <«5' R
F)» Confirmative <R
Primer Sequence Direction
3'F 5’ -TCGGTGTCACCTATGTCGACTA-3’
3’ R 5’ -GGCCACGCGTCGACTAGTAC-3"
5'F 5’ —-CTAATACGACTCACTATAGGGCAAGCAGTGGTAACAACGCAGAGT-3’ F
5’ -AAGCAGTGGTAACAACGCAGAGT-3’
5’ R 5’ -CCAGAATAGAGATGCACCACGGCTCGT-3' R
5’ -ATGTCTGCGTCCGCCGCTCCT-3"
5’ -TCAGAGGCCGAGGAATGCAGATAT-3' R

inoculated into 1 1 of same medium and the culture was
grown at 37°C until the ODggyo reached 0.5-0.6. Then,
isopropylthiogalactoside was added to a final concentration of
50 uM and the cultures were grown at 26.5°C for 4 h. Cells
were harvested by centrifugation at 3,000xg for 10 min, and
stored at —80°C.

Purification of recombinant BGLs

Induced cells (500 ml culture) were resuspended in 50 ml
of 20 mM potassium phosphate buffer (pH 7.0) supple-
mented with 1 mM EDTA and 1 mM phenylmethanesul-
fonyl fluoride and disrupted by sonication in a Bioruptor

UCD-200T (COSMO BIO, Tokyo, Japan). All subsequent
manipulations were carried out at 4°C, except for the
enzyme assay. The cell debris was eliminated by centrifu-
gation at 10,000xg for 30 min. The supernatant was
concentrated by adding ammonium sulfate to 70% final
saturation, then the precipitate was dissolved in 50 ml of
20 mM methanesulfonic acid (MES) (pH 6.0) with 1 M
ammonium sulfate. The resulting solution was applied to a
Phenyl-Toyopearl 650S (Tosoh, Tokyo, Japan) column
(22x150 mm) equilibrated with 20 mM MES (pH 6.0)
containing 1 M ammonium sulfate and eluted with a linear
reverse gradient of ammonium sulfate from 1.0 to 0 M in
100 ml. Fractions were assayed for p-nitrophenyl-(3-D-
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glucoside (pNP-Glu, Sigma-Aldrich, St. Louis, MO, USA)
hydrolyzing activity, as described in the following “Enzyme
assays” section. The active fractions were pooled and
concentrated in a stirred ultrafiltration cell (Model 8050,
Millipore, Billerica, MA, USA) equipped with an ultrafil-
tration disc (Biomax-10, Millipore). The enzyme solution
was applied to a diethylaminoethyl-Toyopearl 650S (Tosoh)
column (16x150 mm) equilibrated with 20 mM Tris—HCI
(pH 8.0) and eluted with a linear gradient of potassium
chloride from 0 to 0.3 M in 240 ml. The active fractions
were pooled, concentrated, applied to a Ni-Sepharose
high-performance (GE Healthcare Bio-Sciences, Piscat-
away, NJ, USA) column (16x80 mm) equilibrated with
20 mM 4-2-hydroxyethyl-1-piperazineethanesulfonic acid
(pH 7.4) containing 0.5 M sodium chloride, and eluted with
a linear gradient of imidazole from 0 to 0.3 M in 50 ml.
Fractions containing BGL activity were pooled and
concentrated by centrifugal filtration (Vivaspin 15, Sartorius
AG, Goettingen, Germany). The enzyme was judged to
be homogeneous by sodium dodecyl sulfate polyacrylamide
gel electrophoresis [12% (w/v) polyacrylamide] and the
concentrations of the two BGLs were determined from the
absorbance at 280 nm (BGLIA; &g=123 cm 'mM !,
BGLIB; £40=126 cm 'mM ).

Enzyme assays

p-Nitrophenyl-3-D-galactoside (pNP-Gal), p-nitrophenyl-(3-
D-xyloside (pNP-Xyl), and p-nitrophenyl-[3-D-mannoside
(pNP-Man) were purchased from Sigma-Aldrich. Enzyme
activities towards pNP-Glu, pNP-Gal, pNP-Xyl, and pNP-
Man were determined by monitoring the amount of released
p-nitrophenol at various substrate concentrations in 50 mM
MES buffer, pH 6.5, at 30°C, as described previously
(Igarashi et al. 1997). Activities of BGL toward cellobiose
(Seikagaku, Tokyo, Japan) were determined by monitoring
the amount of released glucose at various substrate concen-
trations. The enzymatic reactions were stopped by boiling
the reaction mixture for 3 min. The amount of glucose
released by BGL activity was detected using Glucose CII-
Test Wako (Wako Pure Chemical, Osaka, Japan) after
10 min incubation in 50 mM MES buffer, pH 6.5, at 30°C,
as described previously (Kawai et al. 2003). The obtained
data were fitted to the Michaelis—Menten equation. To
calculate the kinetic parameters for substrate transglycosy-
lation, in the case of cellobiose, the following equation was
used for the curve fitting (Kawai et al. 2004):

Vglucose :(2kcath2S +kC6112S2)/(Kme2 +K’Vl2S+S2>

Where K,, is the Michaelis constant, K., is the trans-
glycosylation constant, k., is the catalytic constant, and
kearr 1s the maximum transglycosylation activity. All kinetic
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parameters were calculated using Delta Graph 5.5.5 (Red
Rock, Salt Lake City, UT, USA) and KaleidaGraph 3.6.4
(Synergy, Reading, PA, USA).

Nucleotide sequence accession number

The nucleotide sequences of the cDNAs encoding
P. chrysosporium BGL1A and BGL1B have been submitted
to the DNA Data Bank of Japan/European Molecular
Biology Laboratory/GenBank databases under accession
numbers AB253326 and AB253327, respectively.

Results
Cloning of two cDNAs encoding GH family 1 BGLs

Based on the nucleotide sequences named gx.44.14.1 and
gx.79.11.1 in the total genomic sequences of P. chrysospo-
rium, primers were designed as shown in Fig. 1, and two
cDNAs encoding putative GH family 1 BGLs were cloned
by RT-PCR. The gene in gx.44.14.1, termed bgliA,
contained an open reading frame (ORF) consisting of
1,389 base pairs (bp) encoding 462 amino acid residues
(ESM Appendix 1). The gene in gx.79.11.1, termed bglIB,
contained an ORF consisting of 1,623 bp coding 540 amino
acid residues (ESM Appendix 2).

BGL1A and BGL1B showed high sequence identities
(more than 50%) with other GH family 1 BGLs from the
ascomycetes. BGL1A and BGL1B had the highest identities
with bgl4 from Humicola grisea, 56 and 58%, respectively.
Two glutamic acids corresponding to the putative catalytic
proton donor and nucleophile, Glul70 and Glu365
(BGL1A) and Glul75 and Glu380 (BGL1B), are conserved
in P. chrysosporium BGLs, as well as in other fungal BGLs
belonging to GH family 1 (Fig. 2). When the amino acid
sequences of BGL1A and BGL1B were compared with
each other, BGL1B was found to have a 63-amino acid
extension at the C-terminal region, which does not show
similarity with any known protein in the BLAST search.
Excluding the extension, 65% identity was obtained for the
catalytic domain, where the catalytic residues are con-
served, suggesting BGL1A and BGL1B may have similar
structural features. To predict the localization of these
enzymes, web-based analysis of their amino acid sequences
with SignalP was performed. The program predicted that
both BGL1A and BGL1B are intracellular proteins because
there is no secretion signal at the N-terminal region.

Substrate specificities of two recombinant BGLs

The bgliA and bgliB genes were expressed with a C-terminal
Hisg-tag in E. coli and purified by three-step column
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Fig. 2 Multiple alignment of bgl4 1 mmmmmmmme e MSLPPOFKWGFATAAYQIEGSVNEDGRGPS IWDTFCAIPGKIADGSSG 48
amino acid sequences of Bgl2 1 mmmmmmmmm e MLPKOFQWGFATAAYQIEGAVDQODGRGPS IWDTFCAQPGKIADGSSG 47
FP. chrysosporium BGLIA, Bgl 1 MTTTETPTTTTTSTLPPOFLWGFATASYQIEGAFDEDGRLPSIWDTFSKTPGKVEDGTNG 60
BGLIB, and other BGLs from BGL1A 1 ----MSA----- AKLPKYFVWGYATAAYQIEGSPDKDGREPSIWDTFCKAPGKIADGSSG 51
ascomycetes belonging to GH BGL1B 1 ----MSASAAPPNKLPAQFLWGFATASFQIEGATDVDGRGKSIWDDFSKIPGKTLDGKNG 56
family 1. The conserved GH kk ok kk,kkk ., kkkk, * Kk * kokkk k| * ok * *k Kk
family 1 N-terminal signature is
highlighted. The putative bgl4 109 EAGITPFITLFHWDLPDALDKRYGGFLNKEEFAADFENYARIMFKAIP-KCKHWITFNIZP 167
catalytic proton donor is boxed, Bgl2 108 DAGITPFITLFHWDLPEGLHQRYGGLLNRTEFPLDFENYARVMFRALP-KVRNWITFNIGP 166
and the putative catalytic Bgl 121 AAGIEPFVTLFHWDLPDELMKRYGGMLNKEEFVADYANYARVVFNALGSKVKHWITFNI@P 180
nucleophile is marked with BGL1A 112 KEGITPFVTLYHWDLPQALDDRYGGWLNKEEAIQDFTNYAKLCFESFGDLVONWITFNEP 171
half-toned boxes. bgl4, H. grisea BGL1B 117 ERGIVPFVTLYHWDLPQALHDRYLGWLNKDEIVQDYVRYAGVCFERFGDRVKHWLTMNIHP 176
var. thermoideabgl4 * % **:**:*****: * Rk **: * *: LRk : * . ::*:*:***
(AB003109); Bgl2, Hypocrea
Jjecorina QM9414 Bgl2 bgl4 347 SFWLRPHAQGFRDLLNWLSKRYGYPKIYVTENGTSLKGENDMPLEQVLEDDFRVKYFNDY 406
(AB003110); Bgl, Talaromyces Bgl2 337 SPWLRPCAAGFRDFLVWISKRYGYPPIYVTENGTSIKGESDLPKEKILEDDFRVKYYNEY 396
emersonii Bgl (AF439322) Bgl 360 CEWLRPFPLGFRKLLKWLADRYNNPKIYVTENGTSVKGESDKPLEEVLNDEFRVQYYRDY 419

BGL1A 336 MGWLQTYGPGFRWLLNYLWKAYDKP-VYVTENGFPVKGENDLPVEQAVDDTDRQAYYRDY 394

BGL1B 351 CSWLQDYAPGFRDLLNYLYKRYRKP-IYVTENGFAVKDENSKPLEEALKDDDRVHYYQGV 409

* % . * % % K e . * * sk ok ok okokok Lk x| * k. s x * * .

bgl4 407 VRAMAAAVAEDGCNVRGYLAWSLLDNFEWAEGYETRFGVTYVDYANDQKRYPKKSAKSLK 466

Bgl2 397 IRAMVTAVELDGVNVKGYFAWSLMDNFEWADGYVTRFGVTYVDYENGQKRFPKKSAKSLK 456

Bgl 420 IGAMVDAVAQDGVNVKAYMAWSLLDNFEWSEGYRSRFGVTYVDYKNGQKRIPKKSALVIG 479

BGL1A 395 TEALLQAVTEDGADVRGYFGWSLLDNFEWAEGYKVRFGVTHVDYET-QKRTPKKSAEFLS 453

BGL1B 410 TDSLLAAVKEDGVDVRGYFGWSLLDNFEWADGYITRFGVTYVDYDT-QKRYPKDSGKFLS 468

* % * % :*:.*:‘***:*****::** *****:*** "*** **.*.

bgl4 467 PLEDSLIRKE----—- - - oo - oo oo oo 476

Bgl2 457 PLEDELIARA--- - - - - - - - m o m oo oo 466

Bgl 480 ELFNKYIRKE - - - - oo oo o oo o oo oo 489

BGL1A 454 RWFKEHIEE- - - - - - oo oo oo oo oo oo oo 462

BGL1B 469 QWFPAHIAESPKPAAETKKAATPSPLKPHGAISNGVSKKSSATKEPKSASRKKGRKAPFA 528

* *

bgla -

Bgl2 ----------—-

Bgl = —-mmmmm----

BGL1A ------------

BGL1B 529 RFTAYISAFLGL 540

chromatography. The purified BGL1A and BGL1B each gave
a single band with molecular weights of 53 and 60 kDa,
respectively, as shown in Fig. 3. The recombinant enzymes
successively hydrolyzed several glycosidic substrates, indicat-
ing that the recombinant proteins are correctly folded. The
substrate specificities of the two BGLs are summarized in
Table 1. In both cases, pNP-Glu was hydrolyzed more
effectively than other substrates, although apparent activity
was detected when pNP-Gal was used as the substrate. Little
or no activity was seen with pNP-Xyl and pNP-Man,
suggesting that recognition at the C2 hydroxyl group and C6
methylol group is strict in the active site of the enzymes.

To evaluate cellobiose hydrolysis, the substrate concen-
tration dependence of hydrolytic velocity by BGL1A and
BGLI1B was compared with that of extracellular BGL3A, as
shown in Fig. 4. With the increase of substrate concentration
above 1 mM cellobiose, the specific activity of BGL1B
decreased. This is presumably because of transglycosylation,
as reported in the case of BGL3A (Kawai et al. 2004)

because an additional triose spot was observed by thin-layer
chromatography in the reaction mixture of BGL1B (data not
shown). Although the K,, values of BGLIA (6.80+
0.29 mM) and BGL3A (3.35+0.32 mM) (Igarashi et al.
2003) are in the same range, the affinity of BGL1B for

Fig. 3 Sodium dodecyl S 1 2
sulfate polyacrylamide gel 250
electrophoresis of purified re- 150
combinant BGL1A and BGLI1B. 100
S, molecular weight standards 75
(kDa); lane 1, BGL1A; lane 2,
BGLI1B
50 | e
37
25 [
20
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Table 1 Substrate specificities of BGLIA and BGL1B for pNP-glycosides

Substrate BGLIA BGLIB
Kun (mM) kear 571 kealKm (s"'mM ™) Kpn (mM) ke 57 keadKm (s 'mM ™)
pNP-Glu 0.229+0.001 20.8+0.0 91 0.619+0.001 9.354+0.20 15
PpNP-Gal 10.2+0.2 67.6+£0.8 6.6 4.02+0.32 9.16+0.39 2.3
PpNP-Xyl 0.752+0.142 0.384+0.019 0.51 ND ND ND
pNP-Man ND ND ND ND ND ND

Hydrolytic activities for the substrates were estimated from the amounts of released p-nitrophenol from the substrates, and the kinetic parameters

were calculated as described in the “Materials and methods” section
ND not detected

cellobiose was quite high, with a K, of 0.218+0.017 mM,
indicating a kinetic advantage of BGL1B over other BGLs.

Transcriptional analysis of P. chrysosporium BGLI1s

To monitor the gene expression of hgl/i4 and bglIB in
glucose and cellobiose culture, the amounts of their tran-
scripts were monitored by RT-PCR. Because the primers
had been designed not to include intron regions, the
obtained results could be directly compared without
interference from contaminating genomic DNA. As shown
in Fig. 5, a significant difference was observed in the
transcription of BGL1B between glucose and cellobiose
cultures, whereas BGL1A was expressed equally in both
cultures, compared with the expression of actin gene as a
house-keeping gene. This suggests that the transcriptional
response of bgl/B is similar to that of other cellulose-
degrading enzymes with carbon catabolite repression
(Broda et al. 1995; Tempelaars et al. 1994).

)
8
|

-1

—
T

Reaction rate (s

[Cellobiose] (mM)

Fig. 4 Hydrolysis of cellobiose by BGLs from P. chrysosporium.
Hydrolytic velocity for cellobiose was estimated from the amount of
glucose released by each enzyme, as described in the “Materials and
methods” section. Filled squares, BGL1A; filled circles, BGL1B;
open squares, BGL3A. The plot of BGL3A is taken from a previous
report (Igarashi et al. 2003)
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Discussion

Cellobiose metabolism is one of the important steps of
cellulose degradation, and extracellular BGL has been
thought to act as a cellobiase in filamentous fungi.
However, previous studies demonstrated that P. chrysospo-
rium produces only one extracellular BGL belonging to GH
family 3 (BGL3A), and the enzyme seems unlikely to be
involved in cellobiose metabolism from both kinetic and
transcriptional points of view. To find the enzyme respon-
sible for cellobiose metabolism, therefore, we have focused
in the present study on the kinetic features of GH family 1
BGLs and the expression patterns of the genes.

There are numerous reports about GH family 1 BGLs
from ascomycetes Trichoderma, Humicola, and Talalomy-
ces species, although information about basidiomycetes
BGLI1 is limited. In ascomycetes, all enzymes are charac-
terized as intracellular BGLs because they are purified from
the mycelium, but not from the culture solution. The

Fig. 5 RT-PCR analysis of the a
expression of hgllA (a), bgllB (bp)
(b), and actin (c) genes in

. 872-
mycelia grown on glucose and
cellobiose-containing media. 603-
Lane 1, glucose culture; lane 2,
cellobiose culture. The PCR
products were separated on a 310-
2% agarose gel b

872-
603-
310-
C
1078-
872-
603-
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sequence analysis in the present study indicates that P
chrysosporium BGL1A and BGLI1B both lack a secretion
signal, suggesting they operate intracellularly. Both recom-
binant P. chrysosporium BGLs have hydrolytic activity
towards various glycosidic compounds. Similar substrate
recognition patterns for pNP-glycosidic substrates indicate
that BGL1A and BGLI1B have similar environments in the
subsite —1. In contrast, the kinetic parameters of the two
enzymes for cellobiose hydrolysis were quite different. This
might be because of a difference at subsite +1. In addition,
substrate transglycosylation has been observed in BGLIB
with a quite low K, value (3.20+0.69 mM), but not in
BGLI1A; this again suggests a difference in affinity for a
glucose unit at the subsite +1. The kinetic efficiency (k../Ky,)
of BGLIB (75 s 'mM ") for cellobiose was 280 and 14
times higher than those of BGL1A (0.27 s'mM ") and
BGL3A (5.5 s 'mM '), respectively. This result clearly
shows a kinetic advantage of BGLIB for cellobiose
metabolism, compared with BGL1A or BGL3A.

Although transcription of bgl/A was detected in glucose
culture as well as cellobiose culture, that of bgl/B was
apparently repressed in glucose culture, whereas a signif-
icant expression level of bg//B was maintained in cellobi-
ose culture. The gene response of bg//B is not only similar
to that of the intracellular BGL gene (bgl2) in Trichoderma
reesei (Saloheimo et al. 2002), but also resembles those of
other cellulolytic enzymes whose expressions are regulated
by carbon catabolite repression. In a previous study of
intracellular BGLs from P. chrysosporium, the production
patterns of two BGLs were compared in glucose and
cellobiose cultures (Smith and Gold 1979). In that work,
one intracellular BGL production was induced by cellobi-
ose and repressed by glucose, whereas the response of
another intracellular BGL production to carbon source was
slow. These production patterns are similar to the gene
responses of BGL1B and BGLIA, respectively, in the
present study. Considering that the transcription of hg/34 is
repressed in both glucose and cellobiose cultures, as
reported previously, only bgl/B positively responds to
cellobiose among the three BGLs.

A comparison of the kinetics and gene responses of the
three BGLs from P. chrysosporium (BGL1A, BGL1B, and
BGL3A) indicates that BGL1B may be responsible for
cellobiose. For this to occur, however, cellobiose should be
transported from extracellular to intracellular regions,
contrary to the formerly proposed pathway, in which
cellobiose is hydrolyzed to glucose by extracellular
enzymes. In addition, because the affinity of CDH for
cellobiose (K,=0.0432 mM) is still comparable with that of
BGLI1B (Yoshida et al. 2001), and BGL1B also hydrolyzes
cellobionolactone (K,,=1.07+0.07 mM, k.,=3.05+0.06 s ),
both cellobiose and cellobionolactone may serve as
substrates for BGLIB. Further investigations, such as

transgenic and metabolomic analysis, will be necessary to
establish how the fungus utilizes cellulosic substrates.
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