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Abstract A novel xyloglucan-specific endo-§-1,4-glucanase
(XEG), xyloglucanase, with a molecular mass of 80 kDa and
a pl of 4.8, was isolated from the fungus Geotrichum sp. M128.
It was found to be an endoglucanase active toward xyloglucan
and not active toward carboxymethylcellulose, Avicel, or barley
1,3-1,4-B-glucan. Analysis of the precise substrate specificity
using various xyloglucan oligosaccharide structures revealed
that XEG has at least four subsites (—2 to +2) and specifically
recognizes xylose branching at the +1 and +2 sites. The full-
length cDNA encoding XEG was cloned and sequenced. It con-
sists of a 2436-bp open reading frame encoding a 776-amino
acid protein. From its deduced amino acid sequence, XEG can
be classified as a family 74 glycosyl hydrolase. The ¢cDNA
encoding XEG was then expressed in Escherichia coli, and en-
zymatically active recombinant XEG was obtained.

© 2004 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction

Xyloglucan is a major hemicellulose polysaccharide found
in the primary cell wall of plants. It consists of a cellulose-like
backbone chain of B-1,4-linked B-p-Glcp residues that are
frequently substituted at the C6 position with side chains of
o-D-Xylp-(1—-6), B-p-Galp-(1 - 2)-0-D-Xylp-(1—-6) or o-L-
Fucp-(1 - 2)-B-p-Galp-(1 = 2)-a-p-Xylp-(1 = 6) residues. Xy-
loglucan associates with cellulose microfibrils by hydrogen
bonding, forming a cellulose—xyloglucan network [1,2]. Partial
disassembly of the cellulose—xyloglucan network is required
for cell expansion and development. Xyloglucan metabolism
is thought to have an important role in cell differentiation, cell
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expansion, and the regulation of plant growth and develop-
ment [3-7]. Recently, it was reported that xyloglucan integra-
tion by xyloglucan endotransglycosylase into the cell wall sup-
presses cell elongation, whereas that of the xyloglucan
oligosaccharide XXXG accelerates elongation [8]. It was pro-
posed that xyloglucan metabolism controls plant cell elonga-
tion. In the growing plant cell wall, xyloglucan oligosaccha-
rides may provide positive or negative feedback control
during cell elongation. Consequently, it is important to deter-
mine the oligosaccharide composition of the xyloglucan poly-
mers.

Glycosidases can be useful tools for analyzing the fine struc-
ture of complex carbohydrates through their unique specific-
ities for substrates. The identification and characterization of
novel glycosidases are important for ensuring progress in gly-
cotechnology. Recently, we identified a unique oligoxyloglu-
can-specific B-glycosidase, oligoxyloglucan reducing end-spe-
cific cellobiohydrolase (OXG-RCBH), from the fungus
Geotrichum sp. M128 [9]. OXG-RCBH is an exoglucanase
that recognizes the structure of the reducing end of oligoxy-
loglucan and releases two glucosyl residues from the main
chain. Upon further analysis, we determined that Geotrichum
sp. M 128 also produced a xyloglucan-specific glycosidase with
endoglucanase activity. In this study, we report the purifica-
tion, characterization, cloning, and expression of a novel xy-
loglucan-specific endo-B-1,4-glucanase, xyloglucanase (XEG),
produced by Geotrichum sp. M128.

2. Materials and methods

2.1. Organism

Geotrichum sp. M128 was isolated from soil from Tsukuba, Japan,
and entered into the International Patent Organism Depository
(IPOD), National Institute of Advanced Industrial Science and Tech-
nology (AIST), Japan (number FERM P-16454).

2.2. Purification of XEG from Geotrichum sp. M128

Geotrichum sp. M128 was cultivated in 4-1 cultures containing 0.8%
xyloglucan from Tamarindus indica (Glyloid, Dainippon Pharmaceut-
ical, Osaka, Japan), 0.8% bactopeptone, 0.2% KH,PO4, 0.05%
MgSOy, and 0.05% yeast extract, pH 6.0, at 30°C for 6 days. Cells
were pelleted, and the supernatant was concentrated by ultrafiltration.
The concentrated supernatant was diluted with 25 mM imidazole-HCI
buffer, pH 7.4, and loaded onto an anion exchange perfusion chro-
matography column, Poros 50 HQ (Boehringer Mannheim), equili-
brated with 25 mM imidazole-HCI buffer, pH 7.4. Elution was per-
formed with a linear gradient of NaCl (0-0.5 M) in 25 mM imidazole—
HCI buffer, pH 7.4. Each fraction was assayed for xyloglucan hydro-
lysis activity by measuring the amount of reducing sugars using the
Nelson-Somogyi method [10-12]. The active fractions were pooled,
dialyzed against 25 mM imidazole-HCI buffer, pH 7.4, loaded onto
an anion exchange perfusion chromatography column, Poros 50
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DEAE (Boehringer Mannheim), equilibrated with 25 mM imidazole—
HCI buffer, pH 7.4, and then eluted with a linear gradient of NaCl (0—
0.5 M). The active fractions were gel-filtrated with a Sephacryl S-300
column (Amersham Biosciences) and applied to another Poros 50
DEAE column. The final active fraction was subjected to sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE)
and analyzed by matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF) mass spectrometry using a Voyager Biospec-
trometry Workstation (Perseptive Biosystems). Operation involved
an acceleration energy of 20 kV, linear mode, and positive-ion detec-
tion. Sinapinic acid was used as a matrix in 50% acetonitrile at a
concentration of 10 mg/ml. Bovine serum albumin was used as an
external calibration standard.

2.3. Identification of optimum pH, temperature, and stability

Xyloglucan hydrolysis activity was assayed using the Nelson—Somo-
gyi method [10-12]. To determine the optimum temperature, the en-
zyme (0.05 U/ml) was incubated with tamarind xyloglucan (2.5 mg/
ml) in 50 mM sodium acetate (pH 5.5) at various temperatures. Ther-
mostability was analyzed by incubating the enzyme without substrate
in the same buffer for 10 min at various temperatures. The remaining
activity was then assayed at 45°C. Mcllvaine buffer solutions (pH 2.5—
9.0), prepared from 0.2 M disodium hydrogen phosphate and 0.1 M
citric acid, were used to identify the optimum pH and to determine
pH stability. Optimum pH was examined by incubation with tamarind
xyloglucan (2.5 mg/ml) at 45°C for 30 min in Mcllvaine buffer solu-
tions. The pH stability was assayed by incubating the enzyme, in the
absence of substrate, at 25 or 45°C for 30 min in buffer solutions. The
buffer solutions were then adjusted to pH 5.5, and the remaining
activity was assayed.

2.4. Substrate specificity of XEG

We tested the hydrolyzing activity of purified XEG towards tamar-
ind xyloglucan, pea xyloglucan, barley xyloglucan, carboxymethylcel-
lulose (CMC), Avicel, and barley 1,3-1,4-B-glucan. Each polysaccha-
ride (5 mg) was incubated in 1 ml of 50 mM sodium acetate (pH 5.5)
containing 0.5 U of purified XEG at 45°C for 18 h, and the resulting
reducing sugars were measured using the Nelson—-Somogyi method.
The degree of hydrolysis was calculated from the total carbohydrate
content estimated using the phenol sulfuric acid method [13] with
glucose as the standard.

Next, the substrate specificity was analyzed using various well-de-
fined xyloglucan oligosaccharide structures prepared from tamarind
seed [9,14,15]. Each oligosaccharide (0.2 mg) was incubated in 20 ul of
50 mM sodium acetate (pH 5.5) containing 0.005 U of purified XEG
at 45°C. After various incubation times (15, 30, 45, and 90 min), the
resulting products were quantified by normal-phase high performance
liquid chromatography (HPLC) and analyzed by MALDI-TOF mass
spectrometry, using previously described methods [9]. These xyloglu-
can oligosaccharides were named according to Fry et al. [16]; G and
X refer to an unbranched B-p-Glcp residue and an o-p-Xylp-(1 — 6)--
D-Glcp segment, respectively. Subsites were labeled according to the
subsite nomenclature proposed by Davies et al. [17].

2.5. N-terminal and internal amino acid sequence analysis

The purified protein was separated by SDS-PAGE and transferred
from the gel onto a polyvinylidene difluoride membrane filter (Milli-
pore) in transfer buffer (10 mM CAPS, pH 11, 10% methanol). The
amino acid sequence was determined by automatic sequential Edman
degradation using a Procise 494 HT Protein Sequencing System (Ap-
plied Biosystems). To determine internal amino acid sequences, the
purified protein was digested with lysyl endopeptidase (Wako Pure
Chemical Industries, Osaka, Japan). The resulting peptide fragments
were fractionated by reverse-phase HPLC on a TSKgel ODS-80Ts
QA column (Tosoh, Tokyo, Japan), and their N-terminal amino
acid sequences were analyzed.

2.6. ¢cDNA preparation

cDNA was prepared from Geotrichum sp. M128 as described pre-
viously [9]. Total RNA was obtained from Geotrichum sp. M128 using
a FastRNA Kit-RED (BIO 101). mRNA was purified using an oli-
20(dT) column and a QuickPrep mRNA purification kit (Amersham
Biosciences). cDNA was synthesized from the mRNA using an oli-
20(dT) primer and a TimeSaver cDNA synthesis kit (Amersham Bio-
sciences).

K. Yaoi, Y. MitsuishilFEBS Letters 560 (2004) 45-50

2.7. ¢DNA cloning

Degenerate primers were designed from internal amino acid sequen-
ces (F1 and F2 from peptide 1, and R1 and R2 from peptide 2): F1,
5"-ATHTAYGCNMGIACIGAYATHGG-3’, F2 (nested primer), 5'-
GCNMGIACIGAYATHGGIGGIAC-3', R1, 5-TGDATNGCNG-
TICCISWNGCIGD-3', and R2 (nested primer), 5'-GCNGTIC-
CISWNGCIGCNACDAT-3'. First, the cDNA fragment was ampli-
fied by polymerase chain reaction (PCR) using primers F1 and RI.
Subsequently, nested PCR was performed with nested primers F2 and
R2. The amplified fragment was subcloned into the T-overhang vec-
tor, pGEM-T Easy (Promega). Dideoxy double-stranded sequencing
of the cDNA insert was performed using an ABI Prism 310 genetic
analyzer (Applied Biosystems), according to the manufacturer’s in-
structions, and the expected amplified fragment was confirmed. The
complete nucleotide sequences were determined by 5’- and 3’-RACE
(rapid amplification of cDNA ends) using a SMART RACE cDNA
amplification kit (Clontech). For 5'-RACE, the following gene-specific
primers were designed: R3, 5'-CAGTCTGACCACTGCGTAG-
GCTG-3', and R4 (nested primer), 5-CTGCTTGAACGTCTT-
GCCGCGGTCG-3'. For 3'-RACE, F3, 5-AGTACCGCTCGCC-
CGTCCCCATG-3', and F4 (nested primer), 5'-CACGGCATAC-
GTCGCTTCGCACG-3’, were used as gene-specific primers.

2.8. Expression of XEG in Escherichia coli

The cDNA fragment encoding the mature region of XEG was am-
plified by PCR with primers that were designed from 5’ and 3’ se-
quences corresponding to the N-terminal and C-terminal regions of
the mature protein: F5, 5'-GGGAATTCCATATGGTCACGGCC-
GAGCTCAAGCCCGT-3', and RS, 5'-GGAAGATCTCTACGTG-
CCGAGGGCCTGGGCACA-3'. Ndel and Bg/II sites (underlined)
were added to the forward and reverse primer, respectively. The am-
plified DNA was digested with Ndel and Bg/lIl, subcloned into the
pET-29a(+) expression vector (Novagen), digested with the same re-
striction enzymes, and transfected into E. coli BL21-CodonPlus(DE3)
RP (Stratagene). The transfected cells were cultured, and expression
was induced with 0.1 mM isopropyl-B-p-thiogalactose (IPTG) for 16 h
at 20°C. The soluble, intracellular recombinant protein was extracted
using the BugBuster protein extraction reagent (Novagen) and puri-
fied on Poros 50 HQ and Poros 50 DEAE columns, as described
above.

3. Results and discussion

3.1. Purification of XEG

XEG activity was found in the supernatant of Geotrichum
sp. M128 cultures, indicating that it was expressed as a se-
creted protein. XEG was then purified from the supernatant
by liquid chromatography (Table 1). Each fraction was as-
sayed for xyloglucan hydrolysis activity. Throughout these
steps, enzymatic activity always appeared as a single peak.
The final purified fraction had a xyloglucan hydrolysis activity
of 68.0 U/mg protein (Table 1) and no detectable OXG-
RCBH activity (data not shown). This fraction was subjected
to SDS-PAGE, thus revealing a single 80-kDa band (Fig.
1A). The purified XEG was also analyzed by MALDI-TOF
mass spectrometry, which revealed an average molecular mass
of 80.5 kDa (Fig. 1B). Chromato-focusing showed that its p/
was 4.8 (data not shown).

3.2. Identification of optimum pH, temperature, and stability

The effect of pH and temperature on purified XEG was
analyzed. The optimum pH was 5.5, and the optimum temper-
ature was 55°C. The pH stability was determined at 25°C or
45°C using Mcllvaine buffer solutions at various pHs. XEG
was stable between pH 5.5 and 8.5 at 25°C, and between pH
5.5 and 6.5 at 45°C. Its thermostability was analyzed at pH
5.5 by incubating the enzyme at various temperatures for 10
min. More than 90% of activity was retained at 50°C.
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Table 1

Purification of XEG from Geotrichum sp. M128

Step Activity* (U) Total protein (mg) Specific activity (U/mg protein)

Culture supernatant 694.8 868.5 0.8

Ultrafiltration 483.6 134.3 3.6

Poros 50 HQ 303.8 14.1 21.6

Poros 50 DEAE (1st) 128.6 2.4 52.8

Sephacryl S300 96.7 1.5 65.3

Poros 50 DEAE (2nd) 78.2 1.2 68.0

20ne unit of activity is defined as the amount of enzyme that released 1 pmol of glucose equivalents as reducing sugars from the substrate per

minute.

3.3. XEG substrate specificity

The enzymatic activity of purified XEG was tested using
tamarind xyloglucan, pea xyloglucan, barley xyloglucan,
CMC, Avicel, and barley 1,3-1,4-B-glucan. XEG hydrolyzed
detectable amounts of xyloglucan, but not other B-glucans
(Table 2), indicating that xylose branching is required for
XEG activity. The specific activities for tamarind xyloglucan,
pea xyloglucan, and barley xyloglucan were 68, 70, and 3 pumol
reducing end/min/mg enzyme, respectively. The results also
show that barley xyloglucan is a much poorer substrate
than tamarind or pea xyloglucan. The barley xyloglucan back-
bone has fewer substituted xylose residues than the tamarind
or pea xyloglucans [1,18]. Since XEG activity requires xylose
residues, barley xyloglucan might have fewer cleavage sites
than tamarind or pea xyloglucan.

To further analyze its substrate specificity, various oligosac-
charide structures were used; the results are shown in Table 3.
It cleaved the reducing side of unbranched Glc residues on
most substrates, similar to most other endoglucanases. On the
non-reducing side, at least two Glc residues were required for
activity, indicating that XEG has at least two subsites on the
non-reducing side (—2 to —1). Xylose branching at the —2 site
had some effect. On the reducing side, two Glc residues were
also required, suggesting that XEG has at least four subsites
(=2 to +2). Interestingly, XEG had minor activity towards
the substrate XXXGX, producing XXX and GX rather than
XXXG and X. The cleavage site was the glycosidic bond of
the branched Glc residue, rather than the unbranched Glc
residue. Therefore, this branching must inhibit its activity,
resulting in very low activity. This suggests that the presence
of two Glc residues on the reducing side (+1 to +2) is more
important for the activity than a lack of branching at the —1
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Fig. 1. SDS-PAGE (A) and MALDI-TOF mass spectrometry (B)
analysis of purified XEG. A: Lane 1, molecular weight markers;
lane 2, final purified fraction. B: The number of charges on the
ions is indicated.

site. If the lack of branching at the —1 site were more impor-
tant, XXXGX would be hydrolyzed to XXXG and X. How-
ever, the recognition of the +1 and +2 sites is more important.
In addition, XEG was not active towards XXXGG, indicating
that XEG recognizes the Xyl branching at the +2 site. XEG
also seemed to recognize the Xyl branching at the +1 site,
because it was less active toward GGGX than toward
GGXX. In summary, XEG has at least four subsites (—2 to
+2) and recognizes the Xyl branching on the reducing side (+1
and +2 site), while branching at the —1 site decreases the
activity.

3.4. N-terminal and internal amino acid sequences

Purified XEG was analyzed to determine its N-terminal
amino acid sequence. The following six amino acids were
determined: VTAELK. To analyze internal amino acid se-
quences, XEG was digested with lysyl endopeptidase, and
the resulting peptide fragments were separated by reverse-
phase HPLC. The N-terminal amino acid sequences of two
peptide fragments were analyzed and determined to be: pep-
tide 1, LIYARTDIGGTY; peptide 2, SIVAASGTAIQS.

3.5. ¢cDNA cloning of XEG

The PCR was carried out using cDNA from Geotrichum sp.
M128 as a template and degenerate primers (F1 and F2 de-
signed from peptide 1, and R1 and R2 designed from peptide
2). First, cDNA fragments were amplified by PCR with F1
and R1. Subsequently, a nested PCR was performed using
primers F2 and R2. The resulting DNA fragment of approx-
imately 600 bp was subcloned and sequenced. The complete
cDNA nucleotide sequence was determined by 5’- and 3’-
RACE, and the full-length cDNA encoding XEG was cloned.
The nucleotide sequence was deposited in DDBJ/EMBL/Gen-
Bank under accession number AB116528. The cDNA se-
quence contained a 2328-bp open reading frame encoding a
putative 776-amino acid protein. The deduced amino acid se-
quence matched the partial amino acid sequences obtained

Table 2

Substrate specificity of XEG on B-glucans

Substrate Degree of hydrolysis (%)
Xyloglucan (tamarind) 19.6

Xyloglucan (pea) 20.8

Xyloglucan (barley) 3.6

CMC 0.0

Avicel 0.0

Barley 1,3-1,4-B-glucan 0.0

Various B-glucans were incubated with purified XEG, and the re-
sulting reducing sugars were measured by the Nelson-Somogyi
method. Degrees of hydrolysis were calculated from total sugars, as
measured by the phenol sulfuric acid method.



48

Table 3
Substrate specificity of XEG on xyloglucan oligosaccharides
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Substrate

Specific activity (umol/min/mg enzyme)

Final products

XXXGXXXG 38
XXGXXXG 16
GXGXXXG 14
XGXXXG 9
GGXXXG 4
GXXXG 0
XXXGXXX 38
XXXGXX 38
XXXGX low
XXXGG 0
GGXX 3
GGGX low

XXXG, XXXG
XXG, XXXG
GXG, XXXG
XG, XXXG
GG, XXXG

XXXG, XXX
XXXG, XX
XXX, GX

GG, XX
GG, GX

Various oligosaccharide structures were incubated with purified XEG. The resulting products were quantified and analyzed using normal-phase

HPLC and MALDI-TOF mass spectrometry.
low: lower than 1 pmol/min/mg enzyme.

from the purified protein. The N-terminal amino acid se-
quence of the mature protein started at the 21st amino acid
residue from the first Met, indicating that 20 amino acids
(from —20 Met to —1 Ala) were cleaved from the N-terminus
of the mature form. These 20 amino acids are probably a
signal sequence. N-terminal proteolytic cleavage resulted in
a 756-amino acid protein with an average molecular mass of
80531 Da, as deduced from the amino acid sequence. This
molecular mass resembles that of the native enzyme as deter-
mined by MALDI-TOF (Fig. 1B). In addition, the treatment
of native XEG with a deglycosylating enzyme, peptide: N-gly-
cosidase F, did not affect the results of SDS-PAGE and
MALDI-TOF (data not shown). Consequently, although
XEG has two potential N-glycosylation sites (208Asn—
210Ser and 684Asn—686Thr), it is likely that native XEG is
not N-link glycosylated.

Pauly et al. reported a 23.6-kDa xyloglucanase from Asper-
gillus aculeatus [19] belonging to glycoside hydrolase family 12
(GH12) (http://afmb.cnrs-mrs.fr/CAZY/). It retains B-gluca-

XEG 1
O0XG-RCBH 1
A. niger EglC
T. fusca Xeg74
T. maritima Cel74

ASQAY--TWKNVVT

—=-VTAELKPVTISGGG-FISGLVAHPTEKDLIYARTDIGGTYRWNAAKWEWEPITDF IINNALAGNGANLLGTESIALDPHNPDRLYLAQGDYVQWDPWAAFLVSD—-
KEHY--EFKNVAIGGGG-YITGIVAHPKTKDLLYARTDIGGAYRWDAGTSKWIPLNDF IEAQDM=-~~~~! NIMGTESIALDPNNPDRLYLAQGRYVG-DEWAAFYVSE-:
1 FTPGIVFNPSAKGVAYARTDIGGAYRLNSDDT-WTPLMDWANNSNW-
1 APASATTGY--TWRNVEIVGGG-FVPGIVFNQSEPDLIYARTDIGGAYRWDPATERWIPLLDHVGWDDW-
1 === ATF--EWKSVEINGGG-FVPGI IFHPASPGLLYARTDVGGLYRWDEETKRWKQLFDFLRRDQS ----- DYMGVLSVALDPSDPKRIYAMTGKYTQ D-WAGYGA-ILISEDYGETWTIV 108

nase activity and is specifically active toward xyloglucan, as
is XEG, which was examined in this study. However, no se-
quence similarity was observed. Although its deduced amino
acid sequence shares 48% identity with OXG-RCBH and ap-
proximately 30-34% identity with several GH74 proteins, in-
dicating that XEG is part of this family, XEG appears to lack
a carbohydrate-binding module (CBM). One member of the
GH74 family, Thermobifida fusca Xeg74, has been reported to
be an inverting enzyme [20], suggesting that all GH74 enzymes
use an inverting mechanism. Our time-dependent nuclear
magnetic resonance studies of XEG indicate that XEG is
also an inverting enzyme (data not shown). Several of the
enzymes in the GH74 family that have been characterized
exhibit B-glucanase activity, although the substrate specific-
ities differ. Aspergillus niger EgIC is an endoglucanase with
strong activity toward xyloglucan and weaker activities to-
ward CMC and B-glucan [21]. Tt has a family 1 CBM and
shows 31% sequence identity to XEG in the catalytic domain.
Thermotoga maritima Cel74 is also an endoglucanase, but it is

~DRGKTFKQY 112
~DRGQSFTIY 107
—HDWGIDAIATDPVDTDRVYVAVGMYTN-D-WDPNDGSILRSTDQGDTWEET 112
~GHSGVVSIATDPVDPDRVYAAVGTYTN-D-WDPNNGAIKRSTDRGETWETT 115

R T L T L kERAE Kk Kk, * . * LERLRE K Kk R k| ok K, . Lok E L
XEG 113 RSP-V--PMGANDMGRNGGERLAVNPH’WTDELWFGSRTQGL WRSTDRAQT JLPDSSTY IGIISVIFDPKNVGTAYV] HAV 212
OXG-RCBH 108 ESP-F--PM \VNPFNSNE I-WKSSDRAKTWTINVTS IPDAFTN= === === = = GIGYTSVIFDPERNGTIYAS—===mm==. ATAPQGMYVTHDGGVSWEPV 207
A. niger EglC 113 KLP- F--KVGGNMPGRGVGERLAVDPNDNSILYFGARSGNGLWKSTDYGETWSNVTAFKWTGTYFQDSSS--TYTSDPVGIAWVTFDST TPRIFVGVVDTG-ESVFVSEL WTW 231
T. fusca Xeg74 116 ELP-F--KLGGNMPGRGMGERLAIDPNDNSVLYLGAPSGHGLWKSTDYGKTWQKVTSFPNPGNYVADP VVWVVFDPTSSSPGHVTKDIYVGVADKQ-NTVYRSTDGGQTWERI 236

T. maritima Cel74 109 NLDKYGIKVGGN'EDGRNAGERLQVDPNFSSVLFMGTTKY GLWKSEDFGKNWKKVDSFPSTSVT

—-FVLFDEKSGEKGSPTPRIFVGCSEPK--GIFVTEDGGTTWNVL 212
K kk Kk k

XEG 213 GGQPTOWSDWTKSIVAASGTAIQSSGPLPIKIALGK-NGRLYITYSDAPGPWGVLYGEVWSYDPTNGNWKHITPSREGANTYPAPTGNKKVVPGGWNGISVGNGDT-~VVVSTLDANGE--~-DSV 331
OXG-RCBH 208 AGQPSSWLNRTTGAFPDKKPA--SIAPQPMKVALTP-NF-LYVTYADYPGPWGVTFGEVWRQNRTSGAWDDITPRV-GNSS-PAPYNNQTFPAGGFCGLSVDATNPNRLVVITLDRDPGPALDST 326

A. niger EglC FLPHKGIL:

YISYSNGAGPYDGTNGTVHKYNITSGVWIDISPTSMTDTYY.

~--GYGGLAVDLQVPGTVMVAALNC--WWPDELT 323

Fig. 2. Sequence alignment of XEG, OXG-RCBH, A. niger EgIC, T. fusca Xeg74, and T. maritima Cel74. Asterisks and periods indicate con-

T. fusca Xeg74 ~GFLAQKGVFDHVNGLLY IATSDTGGPYDGSDGEVWRYDTTTGTWTDITPADPDGFEY 327
T. maritima Cel74 --LIPLRGKIHD--GILYVTLSNALGPNGATRGAVMKYVIADQKWYDVTPMKGDF -==GYCGIDVQEN-~~VVIVSTLDR--WYPHDEL 295
% % * %, * * * % *
XEG 332 YLSRD. DLGKLTT DKESDA-KLRNGTPLPWLSFQON- —-RGSGIVGFGWWLAAILLDPFSDR-LLYGTGAVIWATDAVSR-ADSNQAPS-WYINTEGIEETAILV 441
OXG-RCBH 327 YLSTDAGATWKDVTQLSSPSNLEGNWGHPTNAARYKDGTPVPWLDFNNGPQWGGYGAPHGTPGLTKFGWWMSAVLIDPFNPEHLMYGTGAT IWATDTLSR-VEKDWAPS-WYLQIDGIEENAILS 449
A. niger EglC 324 WRSTDSGGTWS-——————~— PIWAWNGYPSINYYYSYDISNAPWLQDDT- —STDEFPVRVGWMVEALAIDPFDSDHWLYGTGETIYGGHDLON-WDSEHNVT-IESLAVGIEEMAVLG 428
T. fusca Xeg74 328 WRSTDRGETWS-———===- RIWEFSGYPDRTLRYNHDISAAPWLDFNR— —-QDNPPEVSPKLGWMTQAFEIDPFNSDRMLYGTGATIYGSDNLTN-WDEGKKID-IKVRAQGIEETAVQD 434
T. maritima Cel74 296 FISLNGGET PLLEKAN. FDINKAPWIKDLN——————————————— - PHII-ISDVKIDPFDNNRAIFTTGYGVWVTYELKKS PEGNGKPVKWIFENRGLEETVVLQ 384
P RS LRk * Kk,
XEG 442 LKSPPAGPAHLFSGMYDLGGMRHDDFSVPQPMYSK-PTFSSTDGLDFAGRAANVLARVGRNDHPDAGVAGCTQGAYTTNSGDSWTLFQTCVPSLE-~VGNGG-TIAVGADGKTFVWSPSKADGK~ 561
OXG-RCBH 450 LRSPKSG-AALLSGIGDISGMKHDDLTKPQKMFGA-PQFSNLDSIDAAGNFPNVVVRAGSSG-HEYDSA-CARGAYATDGGDAWTIFPTCPPGMNASHYQGS-TIAVDASGSQIVWSTKLDEQAS 569
A. niger EglC 429 LITPP-GGPALLSAVGDDGGFYHTSLTTAPSQYYHTPTYSSTNGIDYAGNKPANIVRSGSSDSDP~-=====~ TLALSSSFGESWYADYAASSS—~-~-TATG--QVALSADADTILLMNSD=--~~~ 534
T. fusca Xeg74 435 LIAPP-GDTELVSALGDIGGFVHDDITVVPDAMFDSPFHGNTRSIDFAELNPSVMARVGEAVDGEVD -HIGIST JEPSGV-=-~TGAG--TVAVNADGSRIVWSPDG~ T 544
T. maritima Cel74 385 LVPPI- GERPLLSAIADWGGFRHESLDTPPSSMYK-PLKWTSLGIAFAYQNSKFVARVHTYTYPF -------- LSYSEDGGINWREIETVPEG---ITDGGRLSLAVSNDGKTLVWSPANH---- 492
ok, ok k%, %k %, % * * *
XEG 562 GPYTSSDYGKTWTAPSG-LSKQTT-GIAADRVQANTFYVYV--EGDFFVSTDGGKSYTKKGNGL---PCCWTYTGTPVTSNLRAGELWVS----VKGVGIYHSTDFGNTFTALAGSGSSLNPAVF 675
OXG-RCBH 570 GPWYSHDYGKTWSVPAGDLKAQTA-NVLSDKVQDGTFYATD--GGKFFVSTDGGKSYAAKGAGL-~~--VTGTSLMPAVNPWVAGDVWVP-~~-VPEGGLFHSTDFGASFTRVGTANATLVSVGA 682
A. niger EglC 535 GAYRSANS-ATLSAVSSLPSGAV---IASDKANNTYFYGAS--GSSFYLSSDTAATFTVTTTLGS-----STTANAIRAQPSLAGDVWVS————- TDTGLFHSTNYGKSFTQIGSG—————— 637
T. fusca Xeg74 545 GVHYSTTLGSSWTPSQGVPAGAR---VEADRVNPDKFYAFA--NGTFYTSTDGGATFTKSSAAG----LPTKGNIRFAAVPGHEGDIWLAGGETNSTYGMWRSTDSGATFTRITAV - 653
T. maritima Cel74 493 EVIVSSDKGKSWKKAISVPVPEFNYFPASDPVNPSKFYIFDWKNGDFLISKDGGKSFMKGAKLPSFDNWWVSLYSFPVLAPDREGDIWLA-—-—LQWNGLYRSKDGGITFERLGNV —————— 607
Fooooeee e e * o I P PR B S AN
XEG 676 SIGAPQTPNATET--LFLWGIPSASQPEGLYMSTDNGGLWTRLNDDAHNYGGATV-IS~-GDPRIYGRVYIGMNGRGIICAQALGT 756
OXG-RCBH 683 PKSKSDGKKASAPSAVFIWGTDKPGSDIGLYRSDDNGSTWTRVNDQEHNYSGPTM~-IE-ADPKVYGRVYLGTNGRGIVYADLTNKKSNEEKSTAKCANGQKGTHCYVKK 789
A. niger EglC 638 GWSFGFGKPSSDGDYPVLFGFFTVDGVTGLFKTEDQGVNWQIISDAEHGFGSASANVVNGDLONYGRVFVGTNGRGIFYGDPSG 721
T. fusca Xeg74 654 GDVVGFGKPAPGRSYPAVYTSSKINGVRGIFRSDDAGTTWVRINDDQHQWAWTGAAITGD-PDVYGRVYIGTNGRGVIVGDLDG 736
T. maritima Cel74 608 689

YVI- GFGAPKPGTDYPAIYLNGMVNGVYGI FMSTDEGKTWMRINNDKHQFGWIHYMI GDMNE- - FGRI FLGTE GRGI IVGEVKEE

served residues and semi-conserved residues, respectively.
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most active toward barley 1,3-1,4-B-glucan and, to a lesser
extent, CMC, glucomannan, and xyloglucan [22]. It lacks a
CBM and shows 30% sequence identity to XEG. T. fusca
Xeg74 is a B-glucanase with a family 2 CBM that specifically
acts on xyloglucan [20], like XEG reported here. However, the
sequence identity of its catalytic domain to XEG is not high
(32%). By contrast, OXG-RCBH is a xyloglucan-specific exo-
glucanase. It lacks a CBM and has the highest sequence iden-
tity (48%). It recognizes the reducing end of oligoxyloglucan
and produces two glucosyl residue segments [9]. OXG-RCBH
also has four subsites (—2 to +2) and recognizes branching at
the —1 site. Unlike XEG, the +2 site must be unbranched. It
is interesting to note how structural differences between XEG
and OXG-RCBH affect the substrate specificity. Fig. 2 shows
an amino acid sequence alignment of the catalytic domains of
these GH74 family enzymes. Three unique regions for XEG
and OXG-RCBH and one unique region for A. niger EgIC
and 7. fusca Xeg74 that are not found in the others are ob-
served. Their roles are unknown, but they do not seem to
correlate with substrate specificity. OXG-RCBH has two
unique regions (375Gly-382Gly and 766Lys—789Lys), as com-
pared to the other proteins. It is possible that these regions
bestow exoglucanase, rather than endoglucanase, activity on
OXG-RCBH. Since no three-dimensional structures are avail-
able for GH74 family members, structural analyses are re-
quired in order to understand their reaction mechanisms.

3.6. Expression of XEG in E. coli

To demonstrate that the protein encoded by the cloned
cDNA had enzymatic activity, the cDNA was expressed in
E. coli strain BL21-CodonPlus(DE3) RP. This strain has addi-
tional copies of the genes argU and proL, which encode
tRNAs that recognize the arginine codons AGA and AGG
and the proline codon CCC, respectively. The XEG cDNA
contains many copies of these codons, particularly CCC. We
tried expressing XEG in other host strains (BL21(DE3) and
BL21(DE3)pLysS), but the protein was expressed at lower
levels than in BL21-CodonPlus(DE3) RP (data not shown).
When expression was induced with 0.1 mM IPTG at 20°C,
recombinant XEG was found in the BugBuster soluble frac-
tion (Fig. 3, lane 6), as was its enzymatic activity (~5 U/ml
culture), indicating that recombinant XEG was expressed in a
soluble enzymatically active form. We then purified recombi-
nant XEG by ion exchange chromatography (Fig. 3, lane 8)
and tested its substrate specificity and the effects of pH and
temperature on recombinant XEG. The results were similar to
those of native XEG. Thus, recombinant XEG will be useful
for future analyses, such as structural or enzymatic studies.

3.7. Conclusion

In this study, we report a xyloglucan-specific glycosidase,
xyloglucanase, belonging to the GH74 family, from Geotri-
chum sp. M128. XEG has at least four subsites (—2 to +2)
and specifically recognizes the xylose branching pattern of
xyloglucan. It recognizes xylose branching at the +1 and +2
sites, and cleaves the B-link of the +1 site on the non-reducing
side. As other enzymes of the GH74 family also exhibit xylo-
glucan hydrolysis activity, they also have substrate-binding
subsites that recognize xylose branching. However, subsites
and precise substrate specificity determination using various
oligosaccharide structures have only been reported for OXG-
RCBH and XEG from Geotrichum sp. M128. We believe that
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Fig. 3. Recombinant XEG expression in E. coli. Recombinant XEG
was expressed in E. coli strain BL21-CodonPlus(DE3) RP and sub-
jected to SDS-PAGE (7.5-15% gradient gel). The gel was stained
with Coomassie brilliant blue. Lane 1, molecular weight markers;
lanes 2-4, E. coli transformed with pET29a(+) alone (without the
XEG cDNA); lanes 5-7, E. coli expressing recombinant XEG; lane
8, purified recombinant XEG. Lanes 2 and 5, whole cells; lanes 3
and 6, soluble BugBuster fraction; lanes 4 and 7, BugBuster insolu-
ble fraction. The arrow indicates the running position of recombi-
nant XEG.

these data will contribute to the understanding of substrate
recognition and the reaction mechanism of this enzyme fam-
ily. We are currently analyzing the crystal structure of re-
combinant XEG and recombinant OXG-RCBH [23]. These
studies should lead to an understanding of the mechanism
that determines xyloglucan oligosaccharide substrate specific-
ity and might be helpful for improving xyloglucan-specific
enzymes.
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