CHAPTER 3

New endo-B-1,4-glucanases from the parabasalian symbionts, Pseudotrichonympha

grassii and Holomastigotoides mirabile of Coptotermes termites

Abstract

An endo-B-1,4-glucanase (EG) was purified from the hindgut of an Australian
mound-building termite, Coptotermes lacteus. The hindgut extract formed a peak
separate from those for extracts obtained from the salivary glands and the midgut in
Sephacryl S-200 gel chromatography, and also demonstrated an origin different from
the endogenous EGs of the termite itself. The recovery was further purified by
SDS-PAGE, and its N-terminal amino-acid sequence was analyzed. The obtained
N-terminal sequence showed high homology to EGs from glycoside-hydrolase family
(GHF) 7. PCR-based cloning methods were applied to the hindgut content of C.
lacteus and the protozoan symbionts (Pseudotrichonympha grassii and
Holomastigotoides mirabile) of C. formosanus. As a result, cDNAs encoding putative
EGs homologous to GHF7 members were 1dentified. The functionality of one of the

putative proteins was confirmed by its expression in £. coli.

Introduction

Although termites are well known as xylophagous animals, until recent
reports of endogenous and protozoan cellulose genes (Ohtoko et al., 2000; Tokuda
et al., 1999; Watanabe et al., 1998), little had been known about cellulolytic enzymes
apart from chromatographic separations of cellulolytic activities (Slaytor, 2000;

Watanabe and Tokuda, 2001). Termites (order Isoptera), which consist of 7 families,

The content of this chapter has been published in; H. Watanabe et al. (2002) New endo-B-1,4-glucanases from the
parabasalian symbionts, Pseudotrichonympha grassii and Holomastigotoides mirabile of Coptotermes termites. Cell.
Molec. Life Sci. 59: 1983-1993.
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are divided into two categories; one made up of protozoa-independent species (family
Termitidae), and the other of protozoa-dependent species (families Mastotermitidae,
Kalotermitidae, Termopsidae, Hodotermitidae, Rhinotermitidae and
Serritermitidae)(Krishna, 1970). The first group does not harbor cellulolytic protozoa
in its gut, thus to account for the deviating distribution of cellulase activity detected
in this group’s midgut, it has been presumed by termite researchers that cellulolytic
enzymes must be produced in the midgut tissue where no cellulolytic symbionts have
been identified (Breznak and Brune, 1994; O'Brien et al., 1979; Slaytor, 1992, 2000).
Still, the endogenous production of cellulolytic enzymes had not been generally
accepted until the recent finding of a gene encoding an endo-B-1,4-glucanase (EG;
EC 3.2.1.4; a type of cellulolytic enzyme which often represents cellulase) of
glycoside-hydrolase family (GHF) 9 from the protozoan-independent termite,
Nasutitermes takasagoensis (Tokuda et al., 1999; Watanabe and Tokuda, 2001).

In the second group, composed of protozoa-dependent species, the original
proposal for the protozoan cellulose digestion was made by Cleveland (Cleveland,
1924), and the combined cellulose digestion of endogenous and protozoan cellulases
in termites were proposed because of the simultaneous distribution of cellulolytic
activities both in secreting organs (the salivary glands and midgut, which do not have
cellulolytic symbionts), and non secreting organ (the hindgut) harboring protozoan
fauna (O'Brien et al., 1979, Yamaoka and Nagatani, 1975). The endogenous and
protozoan enzymes have been considered to share responsibility for cellulose
digestion (Breznak and Brune, 1994; Hogan et al., 1988a; O'Brien and Slaytor, 1982;
Yamaoka and Nagatani, 1975). In spite of these historical background, only the role
of hindgut protozoan fauna has been emphasized, but gene level demonstration had
been done only for the endogenous EGs (GHF9) (Watanabe et al., 1998) until recent

finding of a GHF 45 cellulase from hindgut hypermastigote protozoa of
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Reticulitermes speratus (Ohtoko et al., 2000). Nakashima and Azuma purified a
cellulase to be placed GHF7 from the termite, Coptotermes formosanus, and
attributed the salivary glands as the producer of this enzyme (Nakashima and Azuma,
2000), but it was renounced and re-attributed to the hindgut protozoan fauna based on
an identification and relocation of each cellulases among different digestive organs
(the salivary glands, fore-gut, midgut, and the hindgut) (Nakashima et al., 2002a).
Yamaoka and Nagatani (1975) demonstrated presence of two different enzymes in the
gut of the protozoa inhabited termite, Reticulitermes speratus;, one from the salivary
glands was active against carboxymethylcellulose (Cx-cellulase;
endo-f-1,4-glucanase), and the other from the hindgut protozoan fauna was active
against filter paper (Cl-cellulase; cellobiohydrolase), which were assumed to digest
crystalline cellulose synergistically (Yamaoka and Nagatani, 1975). Despite the
identification of cellulolytic activities in the termite digestive systems, the exact
contribution of each species of protozoa in cellulose digestion largely remains to be
clarified. The report of cellulase genes from the hindgut protozoa of R. speratus has
partially addressed to elucidate the cellulolytic enzymes produced by the symbiotic
protozoa (Ohtoko et al., 2000), however it does not provide a general explanation for
composition of protozoan enzymes in other protozoa-inhabited termite species.

In the present study, a possible protozoan EG was purified from the hindgut
extract of the Australian mound-building termite, Coptotermes lacteus, analyzed
amino-acid sequences and elucidated the major protozoan cellulolytic component.
Following the isolation of EG, expression of EG coding genes in the hindgut contents
(contain protozoan fauna) of C. lacteus and, in addition, that in the parabasalian
symbionts of the worldwide pest species, C. formosanus, which shares common
hindgut protozoan composition of genera Pseudotrichonympha, Holomastigotoides

and Spirotrichonympha with other Coptotermes species (Kitade and Matsumoto,
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1998a; Koizumi, 1921; Yamin, 1979) were demonstrated by employing PCR-based

cloning techniques.

Materials and methods

lermites

Coptotermes lacteus workers were collected from a termite mound in Wyong, N.S.W.,
Australia and used for protein purifications. Part of C. lacteus workers were
preserved in absolute acetone for following cDNA cloning (Fukatsu, 1999) because
of its limited supply and access for the collection site. C. formosanus workers were
collected on Iriomote Island in Okinawa Prefecture, Japan and used for ¢cDNA
cloning in fresh form. Termites for fresh use were kept with their nest materials and

tissue paper or sawdust for food for several days until used for the experiments.

Detection of EG activity

Enzymatic samples (crude extracts or fractions of gel filtration, 10 pl) were
incubated 200 pl of 2% (w/v) sodium carboxymethylcellulose (CMC; standard
molecular weight: 250,000, degree of carboxymethyl substitution: 0.7 (w/v); Aldrich)
in sodium acetate buffer (0.1 M, pH 5.5) at 37 °C for 5 min. Reducing sugars were
detected with tetrazolium blue regent (Sigma) as glucose equivalents (Jue and Lipke,

1985).

Gel filtration and SDS-PAGE

The hindgut, salivary glands and the midgut including the esophagus and
proventriculus from 200 workers of C. lacteus were homogenized separately in 500
ul of ammonium acetate buffer (0.3 M, pH 5.0). Each homogenate was centrifuged
for 5 min at 9,000 g and the supernatant was applied to a gel filtration column
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(HIPREP 16/60 Sephacryl S-200 High Resolution, Amersham Biosciences). Samples
were eluted with ammonium acetate buffer at a flow rate 0.5 ml/min, and the peak
fractions and its shoulders were separately stored. Shoulder fractions were applied to
the same column and eluted under the same conditions. The recovered peak fraction
was added to the first recovery. The stored recovery was denatured with SDS-PAGE
sample buffer and applied for SDS-PAGE (0.75%, 1 mm in thick and 100 mm

running length) according to the conventional method (Laemmli, 1970).

N-terminal amino-acid analysis

Proteins on the SDS-PAGE gels were transferred to PVDF membrane using a
semi-dry blotting cell (Bio-Rad) according to the method of Hirano and Watanabe
(1990). Protein bands on the membrane were cut out and applied to an N-terminal

amino-acid sequencer (Beckman).

cDNA cloning

mRNA was extracted from the hindgut contents using the QuickPrep micro
mRNA extraction kit (Amersham Biosciences). First-strand ¢cDNA was constructed
with oligo-dT primer with (for 3’-RACE) or without an anchor sequence and
Superscript II reverse transcriptase (Invitrogen) according to the manufacturer’s
recommended conditions. PCR amplification of the first-strand cDNA was performed
with a set of degenerate primers designed from the N-terminal sequence of the
purified protein with recombinant Taq polymerase (Takara, Japan) according to the
manufacturer’s recommended buffer and substrate conditions. For identification of
5°- and 3’-flanking regions, RACE (rapid amplification of ¢cDNA ends) was
employed with gene specific primers. For cloning cDNA of EG from the hindgut of C.

lacteus, a degenerate primer was redesigned from its N-terminal amino-acid sequence,
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and 3’-RACE method was directly applied to amplify the cDNA (Tokuda et al., 2002).
All RACE amplifications were performed using the SMART RACE c¢DNA
amplification kit (Clontech). Nested PCR was performed for RACE of the

5’-flanking regions. The cloning strategy employed is summarized in Fig. 1.

Identification of protozoan species expressing EG genes

To identify EG expressing protozoan species, RT-PCR based on individual
protozoan cells (single cell RT-PCR) was employed. The hindgut contents of the
workers were suspended in a 90% concentration of Solution U (Trager, 1934), and
each cell of protozoa was separated using a pipette with 200 pl tips under a
microscope. Subsequently each protozoan cell was ejected into 100 pl of acetone in a
0.5 ml PCR tube to be dehydrated. The acetone was dried by heating the tube on a
heating block (100 °C) for 1 min. Ten pl of the first-strand mixture (10 mM Tris-HCI
[pH 8.3], 50 mM KCl, 5 mM MgCl,, 1 uM of anti-sense side gene-specific primer,
each 0.25 pM of dNTPs, 0.5 ul of reverse transcriptase [Superscript 11, Invitrogen]
and 0.25 pl of human placenta ribonuclease inhibitor [Toyobo, Japan]) was added to
the dried specimen and incubated for 1 hour at 42 °C. The reaction was stopped by
heating at 70 °C for 5 min, following which the tube was placed on ice. Supplemental
regent solution was added to make 50 ul of PCR reaction mixture (10 mM Tris-HCI
[pH 8.3], 50 mM KCI, 15 mM MgCl, and finally, 2.5 units of recombinant Taq
polymerase [Takara]). The PCR reaction was performed using the hot start technique.
This technique was used for identification of origin of particular mRNA but
inadequate for cloning for full length cDNA because of the small recovery of cDNA

recovered from the reverse-transcription step.

DNA sequencing
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For all PCR amplifications, the products were cloned into a plasmid cloning
vector using the pMOSBlue blunt end cloning kit (Amersham Biosciences), or
pGEM-T plasmid cloning vector (Promega) with JM109 bacterial host. The
constructed plasmids were extracted from the host bacterial cells using conventional
alkaline mini-prep and sequenced with an ABI377 or ABI3700 automated DNA
sequencer with BigDye Terminator with appropriate primers (designed for vector
sequences or the same primers as used for the PCR amplifications). All gene handling
procedures were performed according to textbook methods (Ausubel et al., 1989)

unless otherwise noted.

Expression of protozoan EG cDNA in E. coli

The region coding from N-terminal to the stop codon (i.e., that without
putative signal peptides) of one protozoan EG ¢cDNA was amplified by PCR using a
sense side primer (HmEx, Table 1) and an anchor primer (joined at the 3’-end)
following the method for 3°’-RACE, and then ligated in a Lac Z coding frame at the
EcoRYV site of the pMOSBIlue plasmid vector. The construct was transformed by
pMOSBIue host cells (Amersham Biosciences). Expression and activity detection

were performed using the method described previously (Tokuda et al., 1999).

Sequence analysis
Homology searches of the determined sequences were performed using the
BLAST program (Altschul et al, 1997) through the NCBI server at

http://www.ncbi.nlm.nih.gov/BLAST/. Alignment of the searched homologues was

performed using CLUSTAL X (Ver. 1.8) for Windows (National Center for
Biotechnology Information) with Gonnet 250 pairwise parameters with matured-form

amino-acid sequences (Altschul et al., 1990). Phylogenic trees were constructed
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by TREE-PUZZLE tree reconstruction software, with quartet-sampling
and neighbor-joining of 1,000 puzzling steps using the WAG substitution
model (Strimmer and Von Haeseler, 1996), based on alignments of
amino-acid sequences recorded on the GenBank, EMBL and DDBIJ
databases by CLUSTAL X.

Results

Purification of the protozoan EG and N-terminal sequencing

Hindgut, midgut, and salivary gland extracts of C. lacteus were separately
applied to the gel filtration column. EG activity of the hindgut formed a peak at 69.6
ml, while the others formed peaks at 74.4 ml (salivary glands), or 72.0 and 74.4 ml
(midgut), as seen in Fig. 2. The hindgut peak fraction from each chromatography was
stored and applied for SDS-PAGE. Proteins on the SDS-PAGE gel were transblotted
on PVDF membrane where one band of EG was separated from contaminations.
N-terminal amino-acid sequencing was conducted for the EG band and the
amino-acid sequence (EKHPKFTWQEVTKOGOTNDN [©: blank positions
assumed to be Cys residues, which are undetectable using conventional amino-acid

sequencers] ) showed homology to other EGs in GHF7 by the BLAST X search.

Cloning of protozoan EG cDNAs

Degenerate primers (DS for sense side and DA for anti-sense side) (Table 1)
were designed from the N-terminal amino-acid sequence of the purified hindgut EG
of C. lacteus. First-strand cDNAs were synthesized with oligo-dT primer with or
without an anchor sequence from mRNA extracted from the hindgut contents from C.
lacteus, which had been dehydrated and preserved in absolute acetone, and from that
of freshly collected C. formosanus. The first-strand cDNAs were applied for PCR

46



amplifications to isolate target cDNA. The overall PCR strategies for cloning are
summarized in Fig. 1. From the hindgut contents of C. lacteus, two cDNAs
(CLhgEGI [GenBank accession: AB089800] and CLAgEG2 [AB089801], 1,031 bp
and 1,085 bp, respectively) were obtained (Fig. 1a). From C. formosanus, although
the N-terminal coding region of the intended cDNA was not amplified by the
designed degenerate primers, a partial sequence of protozoan EG cDNA
(corresponding to the 274th-892nd bases of PgEGla with the anti-sense side primer
sequence [DA, 20 bp, Table 1] at both ends) was obtained (Fig. 1b). From this partial
sequence, a sense side primer (PCEL-F1) and an anti-sense primer (PCEL-R1) were
designed (Table 1). Using these primers, two different groups of partial cDNAs were
identified from the protozoa, Pseudotrichonympha grassii and Holomastigotoides
mirabile (PgEGs and HmEGs, respectively) by the single cell RT-PCR (Fig. 1a and b).
The amplification of HmEGs from H. mirabile was considered to be due to the
unexpected similarity of PCEL-F1 and PCEL-R1 in corresponding sequences (Table
1). From these partial sequences, anti-sense primers for 5’-RACE (Pg5’-1 and
Hm5’-1) and for nested amplifications (Pg5°-2 and Hm5’-2) were designed (Table 1).
By the 5°-RACEs and the nested PCR amplifications which followed, 5’-regions of
PgEGs and HmEGs were obtained (Fig. 1b and c¢). The obtained DNA sequences of
the 5’-regions encoded a putative N-terminal amino-acid sequence homologous to
that of the purified EG from the hindgut of C. /acteus. Sense-side primers (PgEx and
HmEx) were designed from the DNA sequences of the putative N-terminal coding
regions (Table 1) and conducted 3> RACEs with these. Ten different cDNAs were
identified for PgEGs and three for HmEGs. These sequences were aligned with the
5’-RACE sequences. As a result, PgEGla (GenBank accession: AB071001), HmEGI
(AB071011), HmEG2 (AB071012) and HmEG3 (AB071013) were identified with

their region spanning from the putative start codons to downstream of the stop codons,
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while for the other cDNAs (PgEG1b-PgEG1h, AB071002-AB071010), the 5° RACE
did not reach either to the putative start codons or to the following signal peptide

coding regions.

Origin of hindgut EGs

The single cell RT-PCR method elucidated the origin of the cloned EG
cDNAs as well as clarifying their nucleotide sequences. Each protozoan cell from the
hindgut of C. formosanus was carefully separated with a pipette while keeping record
of the species with a digital camera. RT-PCR was performed for each single
protozoan cell, priming the first-strand cDNA with PCEL-F1, and amplifying with
PCEL-F1 and PCEL-R1 (Table 1, Fig. 1b and ¢). The PCR products were then cloned
and sequenced. All PgFEG and HmEG homologues were amplified from
Pseudotrichonympha grassii and Holomastigotoides mirabile, rtespectively. No
cross-contamination or exceptions occurred, as verified by the recordings of the
preparation of the protozoa. No amplification was obtained using background
Solution U as a control sample. Fresh samples of C. lacteus were not available to

perform the single cell protozoan RT-PCR.

Sequence comparison of protozoan EG cDNAs

Cloned c¢cDNAs from P grassii and H. mirabile encoded PgEGI (328
amino-acids on PgEGla), HmEGI, HmEG2 and HmEG3 (326 amino-acids on each),
and part of PgEG! (from the putative N-terminal to the putative C-terminal, 318
amino-acids on PgEGIb-PgEGIh). The putative amino-acid sequences encoded on
the isolated cDNAs showed over 99% identity in nucleotides within species except
CLhgEG1 and CLhgEG2, and 61-62% between protozoan species. The putative

proteins encoded by each cDNA had one amino-acid substitution between each other,
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except for HmEG3, which had 13 substitutions against HmEGI and 14 against
HmEG2. The cDNAs obtained from the hindgut content of C. lacteus (CLhgEG1 and
CLhgEG2) encoded 307 and 303 amino-acids, respectively, corresponding from the
downstream of the N-terminal region used to design the degenerate primer (CL5’,
Table 1, Fig. 1a) to the down stream of putative C-terminal and stop codon.
CLhgEG]1 showed 76.9%, 88.6-89.9%, and 69.1-69.9% identities in amino-acids to
CLhgEG2, HmEGs, and PgEGs, respectively, while CLhgEG2 showed 68.9% and
77.8-79.8% identities in amino-acids to PgEGs and HmEGs, respectively. By BLAST
X homology searches, the PgEGs, HmEGs and CLhgEGs showed high homology to
EGs and endo-B-1,4-glucanasecellobiohydrases (CBH; E.C. 3.2.1.91) both from
GHF7 (Fig. 3). The PgEGs, HmEGs and CLhgEGs encoded only putative catalytic
domains. No other domains homologous to linkers or cellulose-binding domains of
multi-domain cellulases were encoded. Specifically, the PgEGs, HmEGs and
CL-hindgut EGs showed 32-39% identity in amino-acid sequence to TrEG1 (=Cel7B),
and 37-43% identity to TrCBH1 (=Cel7A) from 7richoderma reesei, whose crystal
structures have been firmly elucidated (Divne et al., 1994; Divne et al., 1998;
Kleywegt et al., 1997). The protozoan and hindgut EGs lacked all of the loop forming
regions and many of the shift loop forming regions covering over the catalytic clefts
of TrCBH1 and TrEG1, respectively (Divne et al., 1994; Divne et al., 1998; Kleywegt
et al., 1997) (Fig. 3). Phylogenetic analysis of protozoan EGs and CLhgEGs with
other members of GHF7 showed that protozoan (and C. lacteus hindgut) EGs, fungal
EGs, and CBHs form distinctive clades (Fig 4).

Expression of the protozoan EG
To confirm the functionality of the protozoan EGs, one of the obtained EG

cDNAs (HmEG3) was sub-cloned to pMOSBIlue cloning vector and the expression of
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a functional EG was confirmed by the formation of halos on an activity-stained
CMC-LB plate (Fig. 5). The control, transformed pMOSBIlue without insert, did not

create any recognizable halos (Fig. 5).

Discussion

There have been several descriptions on Holomastigotoides sp. in
Coptotermes  (Grassi, 1917, Koizumi, 1921; Yamin, 1979). In C. formosanus,
“Holomastigotoides hartmanni” was originally identified as solo Holomastigotoides
species by Koizumi (1921) (Koizumi, 1921). Recently, phylogenic analyses of the
hypermastigotes in C. formosanus were performed by Ohkuma et al. (2000), in which,
Holomastigotoides sp. was described as H. mirabile (Ohkuma et al., 2000). Although
the name H. hartmanni is still supported by many researchers, the present study has
followed Ohkuma’s description in order to avoid possible confusion on DNA
databases.

The gel filtration using Superdex 75 distinguished EGs from the salivary
glands, the midgut and the hindgut of C. lacteus. The simultaneous presence of
endogenous and protozoan cellulase activities was first proposed by Yamaoka and
Nagatani (1975) based on their investigations of the salivary glands and hindgut of
Reticulitermes speratus from the family, Rhinotermitidae, of which Coprotermes
species are members. Following this report, endogenous and protozoan activities
were also identified in the digestive system of C. /acteus and chromatographically
separated using a Superose 6B molecular sieving column (O'Brien et al., 1979). The
present results coincide with these earlier studies.

In addition to the peak at the same fraction as that from the salivary gland
extract, the C. lacteus midgut extract formed a second active peak at higher molecular
weight, which was assumed an aggregate form of the protein consisting in the first
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peak (Fig. 2). In termites, all known endogenous EG genes encode proteins consisting
of 448 amino-acids and their expression in the salivary glands and/or midgut have
been established (Nakashima et al., 2002a; Tokuda et al., 1999; Watanabe et al., 1998;
Watanabe and Tokuda, 2001). Homologues to the termite’s endogenous EG genes
have also been found in cockroaches, including omnivorous species, and a crayfish,
which are evolutionarily cross-related to termites and to insects, respectively (Lo et
al., 2000; Watanabe and Tokuda, 2001).

The esophagus and proventriculus (foregut) included in the midgut extract are
unlikely to be origins of EG activity, since no secretion or stable symbionts have ever
been reported in these organs in insects as far as the author knows, and the foregut is
generally considered a non-secreting organ (Chapman, 1998). The salivary glands are
connected to the esophagus through the salivary canals, both enzymes would be
produced by the salivary glands and midgut would contribute to the activity from the
extract of foregut and midgut (Nakashima et al., 2002a).

The purified hindgut EG and CLhgEGs from C. lacteus showed high
homology to PgEGs and HmEGs, consisting of 315 and 318 amino-acids,
respectively. Therefore, the hindgut EG of C. lacteus is expected to have similar
molecular weights, and thus, they would be smaller the termite endogenous EGs with
432 amino-acids without signal peptides in molecular weights (Nakashima et al.,
2002a; Tokuda et al., 1999; Watanabe et al., 1998), although the hindgut EG of C.
lacteus was eluted earlier than those from its salivary glands and midgut from
Superdex 75 (Fig. 2). This might again be explained by molecular clustering due to
the experimental conditions.

The result demonstrated that H. mirabile and P. grassii (both from
Hypermastigida) of C. formosanus have genes encoding GHF7 members, that is

expected to be the case for the hindgut fauna of C. lacteus sharing Holomastigotoides
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and Pseudotrichonympha as one of Coptotermes species (Kitade and Matsumoto,
1998a; Yamin, 1979). Possible prokaryote origins (externally attached spirochaeta,
secondary bacterial or archeal intracellular-symbionts ef al.) of the hindgut cellulases
would be ruled out since our experimental methodology recovered poly-A tailed
mRNA specific to eukaryotes. The negative result for the RT-PCR amplification of
the background solution U, which possibly contained those micro organisms except
protozoa, also supports this conclusion. In another protozoon, 7richonympha
sphaerica (Hypermastigida) from the hindgut of Zootermopsis sp., it was formally
concluded that the cellulose digestion in the protozoon is independent of its
endosymbiotic bacteria (Yamin, 1980). The fact that no GHF7 members have ever
been reported outside of Fungi would disclaim possible prokaryote origins, too. The
phylogenetic analysis of GHF7 members also supports the protozoan origin of PgEGs,
HmEGs and CLhgEGs by forming a clade unique for them (Fig. 4). GHF45 members
or their cDNA could not be found in the hindguts both of C. lacteus and C.
formosanus. This might be explained by the difference in protozoan fauna between
Coptotermes and Reticulitermes termites. Many of isolated GHF45 cDNAs were
unidentified of their origin, but part of them were attributed to Teranympha
mirabilis and Trichonympha agili of R. speratus (Ohtoko et al., 2000),
which were absent in the hindgut of Coptotermes (Kitade and Matsumoto,
1998a; Yamin, 1979).

The glycoside-hydrolase family 7 consists of both EGs and cellobiohydrases
(CBHs) (Henrissat, 1991) (http:afmb.cnrsmrs.fr/~pedro/CAZY/ghf.html). The
three-dimensional structure of GHF7 has been elucidated on cellobiohydrase (CBH1)
and endo-B-1,4-glucanase (EG1) from 7. reesei (Divne et al., 1994; Divne et al,,
1998; Kleywegt et al., 1997). CBHI1 from 7. reesei has a B sandwich structure

consisting of two large anti-parallel B sheets opposite to each other (Divne et al.,
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1994; Divne et al., 1998, Kleywegt et al., 1997). The comparison of amino-acid
sequences suggests that this overall structure of CBH1 seems to be conserved among
GHF7 members including the protozoan EGs (Fig. 3). CBH1 and EG1 from 7. reesei
are retention-type cellulases which have two glutamate residues, one acting as a
nucleophile and the other as a Bronsted acid/base catalyst, and one aspartic acid
residue, which acts as a nucleophile supporter at the catalytic center (corresponding
to Glu 212, Glu 217 and Asp 214 of TrCBHI, respectively, Fig. 3) (Divne et al,,
1994; Divne et al., 1998; Kleywegt et al., 1997). These three residues are conserved
in all protozoan (hindgut) EGs cloned in the present study and in the other GHF7
members compared with them (Fig. 3). These structural similarities and homologies
of the protozoan EGs to other GHF7 members reported previously suggest that these
putative proteins are functional, and thereafter the functionality of one protozoan EG
(HmEG3) was experimentally confirmed (Fig. 5). The high homology between the
N-terminals of the putative proteins coded on the protozoan EG ¢cDNAs from C.
formosanus and the purified protozoan EG from C. lacteus also supports this
conclusion.

The catalytic domain of CBH1 from 7. reesei forms a tunnel-like structure
comprised of two anti-parallel B-sheets with loop-forming residues stitching the
sheets together at both sides, thus access to substrate cellulose chains is limited to
only from the terminals (Divne et al., 1994). However, in EG1 from 7. reesei, less
than half of the loop-forming amino-acid residues are conserved in the sequence
(Kleywegt et al., 1997). The stitching function of the missing residues is substituted
by shift loop-forming regions which form a more open structure at the catalytic
center; thus allowing this enzyme to randomly access the middle of cellulose chains
(Kleywegt et al., 1997; Rouvinen et al., 1990). This open vs. closed structural

difference in the catalytic centers determines the enzyme’s affinity to either
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crystalline or amorphous cellulose, respectively, since in crystalline cellulose the only
parts accessible to the enzymes are at the ends of the chains, while amorphous
cellulose, like CMC, allows access to the middle of the chains if a cellulase have
open-form catalytic center (Teeri, 1997). In the termite protozoan EGs examined here,
many of amino-acid residues corresponding to both the loop-forming and shift
loop-forming regions of CBH1/EG1 are absent or substituted (Fig. 3), although there
should be some residues which hold two B-sheets together to form a catalytic cleft.
Therefore, these protozoan enzymes would be randomly accessible to
amorphous-form cellulose chains like EGs usually are. This is also supported by the
activities, against CMC as a specific substrate for EGs (Klesov, 1991), of purified
hindgut cellulase of C. lacteus and HmEG3 (a homologue of HmEG1, HmEG?2,
PgEGs, and CLhgEGs) expressed in E. coli. It was previously demonstrated that the
detectable amount of endogenous EGs stored in the midgut of C. formosanus does
not flow into the hindgut and the crude extracts of the midgut and the hindgut
hydrolyze crystalline cellulose independently (Nakashima and Azuma, 2000). Here, it
was concluded that the hindgut protozoa of Coptotermes termites produce EGs

(“Cx-cellulase” (Yamaoka and Nagatani, 1975)) by themselves.

54



Table 1  Primers used for the experiments
Name Design Corresponding sequence (position), side
DS 5¢ CAY CCN AAR TTY ACN TGG CAR 3’ “HPRKFTWQ” (3-9), sense side
DA 5/ RTT RTC RTT NGT RCA NCC RC 3f “CGCTNDN" (14-20), antisense side
PCEL-F1 5/ TGG ATA TGG TTA CTG TGA TGC GAA CTG CGT 37
(<) (o)) PgRGla (438-467), sense side
C) (G HmEG] (442-471), sense side
PCEL-R1 §' GAT CGT CTT CCC ACC CTG CAC ATA CAA ACG 3' PgEGla (735-706), antisense side
HmEGI (736-707), antisense side
Hm5'-1 5/ CCG TTA GCG AMC CTC CTG ACC CCA C 3¢ HmEG! (698-674), antisense side
(C)
Hm5’-2 57 CGA MCC TCC TGA CCC CAC AAA STG 3/ HmEG? (691-667), antisense side
() (©)
HhEx 57 CGA GAA GCA TCC GAA GTT TGT G 3' HmEG1 (43-64), sense side
Pe5-1 5’ CCC ATT CAA GTT ACC AGA AGC ATC C 37 PgRGla (700-675), antisense side
(A) (G)
Pg5°-2 5’ CAA GTT ACC AGA AGC ATC CGC ACG G 37 PgEGla (693-669), antisense side
(G)
PgEH 5¢ CGA GAA GCA TCC GAA CTT TAC 3¢ PgEGla (33-59), sense side
CLS’ 5/ GAR AAR CAY CCN AAR TTY ACN TGG CA 3’ “EKHPKFTWQ?” (1-9), sense side

The degenerate primers (DS and DA) were designed from the N-terminal amino-acid sequence of
protozoan endo-B-1,4-glucanase purified from the hindgut of Copfotermes lacteus. The characters
in parentheses indicate actual bases finally confirmed in the corresponding sequences.
Abbreviations for positions with degeneracies are: Y for C+T, R for A+G M for A+C, S for C+G
and N for A+T+G+C. DDBJ/GenBank Accession Numbers for PgEGIa and HmEGI are AB071001

and AB071011, respectively.
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Figure 1. Cloning strategies for endo-B-1,4-glucanase cDNAs from the hindgut of the
termites, Coptotermes lacteus (CLhgEGI [a]) and C. formosanus (PgEGla [b] and
HmEG] [c]). The ranges amplified by PCR are designated by the arrow-headed lines
and the nucleotide numbers (5° and 3’ terminals in parentheses) including the primer
sequences except 5’ end of CLAgEGI [a]. Numbers in bold characters indicate orders
in PCR amplifications of each strategy (a, b, and c). The amplification [2] was
performed by the single cell RT-PCR, while the other amplifications [1, 3, and 4]
were performed on mRNA extracted from the hindgut contents by RT-PCR. Other
homologues (CLAgEG2, PgEGI1b-PgEGIh, PgEG2, PgEG3, HmEG2 and HmEG3)
were also cloned by the same strategy for each host species. Details of the
experimental conditions are described in the text.
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Figure 2. Elution profiles of endo-B-1,4-glucanase activities from the salivary gland
(solid squares), the foregut and midgut (open circles), and the hindgut (solid
triangles) extracts of the termite, Coptotermes lacteus on Superdex 75. Enzymatic
activity of the hindgut extract and that of the foregut and midgut extract were
magnified to four and eight times the original values, respectively. Details of the
experimental conditions are described in the text.
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Figure 3. Multiple alignments of amino-acid sequences of protozoan
endo—g—],ﬁl— lucanases and fungal cellulases from glycoside-hydrolase family 7
(GHF7). Shaded characters indicate the coincidence of the majority of "the
amino-acids in each column. The alignment methods are described in the text. CBH
and EG in the abbreviated names refer to cellobiohydrases (EC 3.2.1.91) and
endo-f-1,4-glucanases (EC 3.2.1.4), respectively. Closed wedges indicate important
catalytic residues for GHF7 members corresponding to Glu212, Asp214 and Glu217
of TrCBHI. The GenBank accession numbers are 059843 (AaCBHI1 from
Acs*per illus aculeatus), Q92400 (AbCBH2 from Agaricus bisporus), Q00328
(CcCBHI1 from Cochliobolus carbonum), Q00548 (CpCBHI1 from Cryphonectria

P13860 (PcCBHI1 from Phanerochaete ChKSAOS orium), P00725
(TrCBH1 from Trichoderma reesei E:Hypocrea Jecorinal), B 25)589 g oEG from
Aspergillus oryzae), P46237 (FOEGC from Fusarium oxysporum7) Q12622 (HgEGI
from Humicola irzsea) P56680 (HiEG] from H. insolens), Q12714 (TIEG! from 7.

parasitica)

longibrachiatum), P07981 (TrEGI from Trichoderma reesei, BAB64553, BAB64561,
BAB64562 (PgkGl, PgEG2, PgEG3, respectively, from the hindgut protozoa,
Pseudotrichorgmgha grassii of the termite, C. formosanus), BAB64563, BAB64564,
BAB64565 (HmEG1, HmEG2, HmEG3, respectively, from the hindgut protozoa
Holomastigotoides mirabile of C. formosanus), BAB089800, BAB08980T
(CLhgEG1, CLhgEG2, respectively from the hindgut contents of the termite,
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Coptotermes lacteus).

TIEGT TrEG1 FOEGC

HIEG1
HgEG1

PgEG1
PgEG2
PgEG3
0.1 CLhgEG2
L. HMEG1 HmEG3 CLhgEG1
HmEG?2
Figure 4, Phylogenetic relationships between protozoan

endo-B-1,4-glucanases and glycoside-hydrolase family 7 members. The
tree was constructed by the maximum-likelihood method with 282
aligned amino-acid positions, corresponding to the putative catalytic
domains, of 12 fungal genes (6 endo-B-1,4-glucanase and 6
cellobiohydrolase genes) in GenBank and putative protozoan
endo-B-1,4-glucanases. Numbers at the internal branches indicate the
percent occurrence of a group in 1,000 quartet puzzling steps. The scale
bar indicates the number of substitutions per position as given by
TREE-PUZZLE (Strimmer and Von Haeseler, 1996). The GenBank
(protein) accession numbers were described in the footnote of Fig. 3.
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Figure 5. Expression of endo-B-1,4-glucanase in Escherichia coli. PgEGI

cDNA from the hindgut protozoa, Pseudotrichonympha grassii of the termite, C.
formosanus was ligated into pMOSBIlue and transformed into E. coli. The control (C)
was transformed non-inserted pMOSBIlue. The halo seen in the image on the right

was made by the enzymatic degradation of CMC in agarose. The experimental
conditions are described in the text.
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GENERAL DISCUSSION

Cellulases of animal origins

Purification and characterization of animal cellulases

The early studies on animal cellulases were mostly quantitative analyses of
cellulolytic activities in the digestive organs and thus there were methodological
limitations to separating or identifying symbiotic and endogenous cellulases.
Qualitative studies using electrophoresis or liquid-chromatography, and the
characterization of isolated components appear more persuasive than simple
quantitative studies in order to identify their origins (Martin, 1987; Rouland et al.,
1988).

Purification has revealed functional differences among cellulolytic
components. Isolated components are generally classified by their hydrolyzing
functions into endo-f-1,4-glucanase (EG; EC 3.2.1.4; hydrolyzing the middle of
cellulose chains randomly), exo-f-1,4-cellobiohydrase (CBH, EC 3.2.1.91;
hydrolyzing the non-reducing end of cellulose chains by cellobiose units), and
B-glucosidase (EC 3.2.1.21; hydrolyzing cellobiose or longer chains from the
non-reducing end by glucose units) (Radford et al., 1996; Tomme et al., 1995). Two
different systems have been proposed for the action of these components. One is the
synergistic action of free components (EG, CBH and B-glucosidase), while the other
involves cellulosomes binding different components into a large structure (Bayer et
al., 1998; Beguin and Lemaire, 1996, Tomme et al., 1995). In termites and
cockroaches, Slaytor proposed a unique system that lacks CBH components (Slaytor,
1992), while Martin proposed the enrollment of CBH acquired from fungi in many
xylophagous species (Martin, 1987). In this chapter, the main focus was given on the
purification of endogenous components.

From the cockroach clade (cockroaches + termites, (Lo et al., 2000)), five EG
components have been purified to homogeneity. Two components (53.6 and 48.8

kDa) were isolated from the wood-eating cockroach P. cribrata (Scrivener and
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Slaytor, 1994b), another two (41 and 42 kDa) from the lower termite R. speratus
(Watanabe et al., 1997), and one more (47 kDa) from the Japanese arboreal higher
termite Nasutitermes takasagoensis (Tokuda et al., 1997).

In another insect taxon, Coleoptera, which is less related to termites and
cockroaches, two B-glucosidase components (57 and 70 kDa) and a CBH component
(25 kDa) were purified from larvae of the xylophagous beetle Ergates faber
(Chararas et al., 1983). Aside from insects, two cellulolytic components (30 and 40
kD; possibly EG or CBH) were purified from crayfish. These cleave B-1,3 glycosidic
bonds in addition to B-1,4 glycosidic bonds of cellulose (Xue et al., 1999).

Apart from arthropods, several cellulolytic components have been purified to
homogeneity from mollusca. In snails, which are one of the earliest animals reported
as being cellulolytic, an EG and a CBH (23 kDa) component were purified from the
digestive juice of H. pomatia (Marshall, 1973) and Achatina fulica (Maeda et al.,
1996), respectively. A cellulase seeming to be an EG component (44 kDa) was
purified from the gastric teeth of the sea slug Dolabella auriclularia (Anzai et al.,
1984). The purification of different other EG components (51 kDa on the
SDS-PAGE, which 1s separated into six different 31 kDa components on the
DISC-PAGE) from this species has also been reported (Anzai et al., 1988). An EG
component was also purified from the marine periwinkle Littorina sp (Elyakova et al.,
1968). Recently, the purification of a low molecular mass EG (19.702 kDa; predicted
from amino acid sequence) was reported in the blue mussel Mytilus edulis (Xu et al.,
2000).

EG components sometimes act differently from their nomenclature.
Cellulolytic enzymes which can hydrolyze CMC are referred to as
“endoglucanases,” since the number of open-ended cellulose terminals is considered
limited on CMC by the frequent substitution of carboxymethyl groups on part of the
glucose residues, which prevents the enzyme from attacking from the chain ends to
the inside (Klesov, 1991). Many animal EG components have been identified

according to this rule as EG, even though many of these cut out cellobiose units when
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they attack cellooligomers similarly to CBHs (Anzai et al., 1984; Marshall, 1973;
Scrivener and Slaytor, 1994b; Tokuda et al., 1997; Watanabe et al., 1997). This
quality of animal EG components may help in the digestion of native-form cellulose
in food whose surface area is limited compared to that of CMC. In addition, many
xylophagous invertebrates possess grinding or crunching organs, such as the
mandibles of insects, the crystalline styles and sacs of bivalves, and the radula teeth
of herbivorous mollusca, which can break down food material into fine particles
(Marshall and Grand, 1976; Snodgrass, 1993). In termites, ingested wood is ground
to less than 50 um in C. formosanus (Itakura et al., 1995) or into two size ranges
(10-30 and 100-300 pum) in N. takasagoensis (Yoshimura et al., 1996). These grinding
and crunching organs may also aid digestion by widening the surface areas of the

food debris into substrates, which the cellulase components can then easily attack.

Cloning of animal cellulase cDNAs

Although it has been nearly a century since the first cellulase research began
with snails (Emert et al., 1974), the structures of animal cellulases remained unknown
until the earliest reports in 1998, when endogenous animal cellulase cDNAs were
finally cloned from two nematodes and a termite (Smant et al., 1998; Watanabe et al.,
1998).

In the two plant-parasitic cyst nematodes Globodera rostochiensis and
Heterodera glycines, proteins produced in the subventral esophageal glands were
surveyed in the course of a phytopathological study of these species (de Boer et al.,
1996; Smant et al., 1997). From amino acid sequences of uncharacterized proteins
(svp39 from G rostochiensis and svp49 from H. glycines), four different EG cDNAs
(HG-eng-1, 1,615 bp encoding a 49.8 kD protein; HG-eng-2, 1,191 bp encoding a
34.7 kDa protein; GR-eng-1, 1,546 bp encoding a 49.7 kDa protein; and GR-eng-2,
1,300 bp encoding a 42 kDa protein) were cloned from cDNA libraries of these
species with the aid of degenerate and gene-specific RACE (rapid amplification of
c¢DNA end) amplifications (Smant et al., 1998). Accompanied by a putative signal
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peptide (16-27 amino acids), one EG catalytic domain (300-307 amino acids) was
encoded for each ¢cDNA from the nematodes (Henrissat et al., 1989; Smant et al.,
1998). Following the catalytic domains, HG-eng-I and GR-eng-I encoded
cellulose-binding domains (CBDs) (98 and 96 amino acids, respectively) which were
joined to the catalytic domains by linkers (51 and 50 amino acids, respectively) of
Pro/Thr/Ser-rich amino acid sequences. HG-eng-2 encoded only a putative signal
peptide and a catalytic domain, while GR-eng-2 had an additional sequence following
after the catalytic domain which corresponded to the linker of HG-eng-1, but had no
connecting CBD (Smant et al., 1998). Recently, another EG encoding cDNA,
MI-engl (1668bp), which encoded a protein (506 amino acids) including a putative
catalytic domain and a CBD, was isolated from the root-knot nematode Meloidogyne
incognita (Rosso et al., 1999), and its precise properties were reported (Bera-Maillet
et al., 2000). The putative catalytic domain of MI-engl shared 52.5% identity with
those of HG-engl and HG-eng2 (Rosso et al., 1999).

From the phytophagous beetle Phaedon cochleariae, a putative EG ¢cDNA
was isolated from a gut cDNA library by random sequencing followed by RACE
amplifications (Girard and Jouanin, 1999). This putative EG cDNA encoded 242
amino acids including a putative leader peptide consisting of 21 amino acids, and
contained about 10 % of the cDNAs identified from the larval-gut cDNA library of
this species (Girard and Jouanin, 1999).

From termites and cockroaches, 19 different EG cDNAs have been isolated to
date (Lo et al., 2000; Tokuda et al., 1999; Watanabe et al., 1998). From the termite R.
speratus, fragments of EG ¢cDNA were isolated from a recombinant phage cDNA
library using a mouse antiserum raised against one of its EG components, then,
following RACE amplifications, two of 1466 cDNAs (RsEG and RsEG2) were
identified (Tokuda et al., 1999; Watanabe et al., 1998). Each cDNA encoded an EG
consisting of 448 amino acids including a putative leader peptide (16 amino acid
residues), and encoded a single catalytic domain (Tokuda et al., 1999; Watanabe et al.,

1998). From another termite, N. takasagoensis, a fragment (95 bp) of EG cDNA was
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amplified by a degenerate PCR based on the N-terminal amino acid sequence (33
peptides) of the purified EG component (Tokuda et al., 1999). A ¢cDNA (1685 bp,
NtEG cDNA) including a complete ORF was then obtained by additional gene
specific RACE amplifications (Tokuda et al., 1999). The NtEG cDNA encoded 448
amino acids consisting of a single peptide (16 amino acids) and a single catalytic
domain, which showed 78.3 % identity with the amino acid sequence of RSEG
(Tokuda et al., 1999; Watanabe et al., 1998). From N. walkeri, another EG ¢cDNA
(MwEG cDNA, 1585 bp, 98.0% and 97.8% identical to NtEG at nucleotide and amino
acid levels, respectively) was cloned using the same gene specific primers designed
for NtEG. From the wood-eating cockroach P. cribrata, an EG ¢cDNA fragment (96
bp) was amplified by a degenerate PCR based on the N-terminal amino acid sequence
of a purified EG component, following which, two full length cDNAs (PcEGI cDNA,
1415 bp and PcEG2 ¢cDNA, 1437 bp) were cloned by RACE amplifications (Lo et al.,
2000). These showed 63-69% identity with amino acid sequences of EGs from the
termites R. speratus and N. takasagoensis (Lo et al., 2000). From the hepatopancreas
of the Australian yabby Cherax quadricarinatus (a fresh water crayfish), a putative
EG c¢DNA was identified by degenerate PCR based on the conserved amino acid
sequences among EGs from the termite R. speratus, the slime mold Dictyostelium
discoideum, and the kidney bean Phaseolus vulgaris, followed by additional RACE
amplifications (Byrne et al., 1999). The EG encoded by the ¢cDNA from C.
quadricarinatus is consisted of 469 amino acids including a putative signal peptide of
24 amino acids (Byrne et al., 1999). From another four cockroach and three termite
species in addition to R. speratus, N. takasagoensis, N. walkeri and P. cribrata, 14
different fragments (~1000 bp) were isolated by degenerate RT-PCR based on
conserved amino acid sequences among EGs from R. speratus, N. takasagoensis, N.

walkeri, and C. quadricarinatus (Lo et al., 2000).

Structural characters of amino acid sequences of animal EGs

As aforementioned, cellulolytic enzymes are usually classified into EG, CBH,
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and B-glucosidase based on IUB-MB enzyme nomenclature
(http://www.expasy.ch/enzyme/) which does not reflect the structural features of the
enzyme molecules and, thus, neither their phylogenetic relationships (Henrissat,
1991). To compensate for this problem, Henrissat et al. advocated the classification of
cellulolytic enzymes (Henrissat et al., 1989) by hydrophobic cluster analysis of amino
acid sequences, which reflects structural similarities in the grouping (Gaboriaud et al.,
1987). They later broadened the application of their method to include all
O-glycoside hydrolases (EC 3.2.X.X) by using the direct comparison of amino acid
sequences in addition to hydrophobic clustering, and then classified them into 78
families made up of 10 clans (groups of families showing a structural resemblance
with each other) to date (http://afmb.cnrs-mrs.fr/CAZY/index.html) (Henrissat and
Bairoch, 1996; Henrissat and Davies, 1997). Therefore, the cloning and sequencing
of cellulolytic enzyme precursors from animals can be used not only to clarify their
primary structure and possible catalytic functions, but also to help elucidate their
phylogenetic origins.

The catalytic domains of five EGs from the cyst nematodes H. glycines and G
rostochiensis and the root-knot nematode M. incognita were all placed in the
glycoside hydrolase family (GHF) 5 by hydrophobic cluster analysis (Bera-Maillet et
al., 2000; Smant et al., 1998) or homology in amino-acid sequence (Rosso et al.,
1999). GHFS5 members share a general motif of (o/)s barrel structure (Henrissat
and Bairoch, 1996). The three dimensional structure of one member was investigated
by X-ray crystallography of CelCCA from the gram-positive bacterium Clostridium
cellulolyticum (Ducros et al., 1995). GHF5 members generally conserve seven
residues which correspond to Arg79, His122, Asn169, Glul70 (assumed as a proton
donor of the catalytic center, which pulls away a proton from a water molecule and
gives it to the non-reducing side of the B-1,4 glycosidic bond being catalyzed),
His254, Tyr256, and Glu307 (assumed as a nucleophile of the catalytic center, which
attracts an OH residue from the water molecule and gives it to the anomeric carbon at

the reducing side of the B-1,4 glycosidic bond being catalyzed) of CelCCA (Ducros et
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al., 1995). Among these residues, the catalytic domains of five nematode EGs
preserved those corresponding to Arg79, His122, Asnl169, Glul70 and Glu307 of
CelCCA (Fig. 1). In contrast, C. elegans, for which the entire genomic sequence is
known (Bird et al., 1999), does not possess any cellulase genes (Bera-Maillet et al.,
2000; Yan et al., 1998). Since the nematode EGs showed the highest homology to
bacterial GHF5 members, a possible ancient horizontal gene transfer from prokaryote
has been advocated (Yan et al., 1998).

EG coded by cDNA from the beetle P. cochleariae (PcEG) was placed in
GHF45 because of its similarity in amino acid sequence (Girard and Jouanin, 1999).
The three dimensional structure of GHF45 EG was investigated in EG V from the
fungus Humicola insolens, which is composed of six -barrels, three o-helixes, and
inter-domain regions connecting these structural units (Davies et al., 1993). The
nucleophile and proton donor of matured EG V are Asp10 and Aspl21, respectively,
and are thought to be critical for activity. However, the region including the
nucleophile Aspl0 of EG V (Thr6-Cysl6) was preserved in matured PcEG
(Thr22-Cys32), whilst the region including nucleophile Aspl21 in EG V
(Asnl18-Ile124) was not preserved (Fig. 2).

EG cDNA:s isolated from termites, cockroaches and crayfish were all placed
in GHF9 by amino acid homology with other GHF9 members (Fig. 3) (Lo et al,,
2000; Tokuda et al., 1999; Watanabe et al., 1998). The three dimensional structure of
GHF9 was investigated in the catalytic domain (E4-68) of endo/exocellulase E4 from
the fungus Thermomonospora fusca by X-ray crystallography (Sakon et al., 1997).
The catalytic center of the E4-68 bound a cellopentaose residue, and cleaved it into
cellotetraose plus glucose or cellotriose plus cellobiose, with an inversion of the
configuration at the anomeric carbon. The preservation and substitution of amino acid
residues among the catalytic centers of E4-68 and animal EGs in GHF9, for which
complete protein sequences are known, are listed in Table 1. Among thel8 amino
acid residues located beside the cellohexaose bound by the catalytic center of E4-68

(Sakon et al., 1997), all residues positioned next to Glc (glucose) (-4) and Glc (-3)
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except for Asp261 are substituted in animal GHF9 EGs (Table 1). The other amino
acid residues positioned beside Glc (-2) to Glc (+2) (Sakon et al., 1997) are well
preserved except for substitutions of Phe205 to Tyr in PcEG1; His376 to Ser in
PcEGI and PcEG2; and I1e388 to Thr in RSEG, RSEG2, PcEG1, and PcEG2, 1le388
to Phe in NtEG and NwEG, or 11e388 to Thr in CqEG (Table 1). The nucleophile
Asp55, co-nucleophile Asp58, and the proton donor Glu424 (Sakon et al., 1997) are
conserved in all animal GHF9 EGs listed in Table 1.

All known animal EGs, except for HG-engl and GR-engl from plant parasitic
nematodes, have consisted only of catalytic domains (Byrne et al., 1999; Girard and
Jouanin, 1999; Lo et al., 2000; Tokuda et al., 1999; Watanabe et al., 1998). However,
many fungal cellulase components active against crystalline cellulose consist not only
of catalytic domains, but also cellulose binding domains (CBD) and linkers of a
Pro/Thr/Ser-rich residue, which hinge catalytic domains and CBDs (Beguin and
Aubert, 1994; Tomme et al., 1995). Although it has been proposed that the large
production of EGs generally seen in termites and cockroaches would compensate for
the low activity of EGs on crystalline cellulose (Slaytor, 1992), an underlying
mechanism for the efficient degradation of crystalline cellulose by insect cellulases

that do not include CBDs has yet to be clarified.

Animal cellulase genes

As aforementioned, there have been several reports on the cDNA cloning of
cellulases from higher animals, but few on the genomic structure and sequences of
their cellulase genes. Only reports on plant parasitic nematodes and the higher termite
N. takasagoensis have covered the entire genomic structure of their cellulase genes.

In two plant parasitic nematodes, G rostochiensis and H. glycines , two EG
genes from each (GR-engl , 2492 bp and GR-eng2, 2388 bp; and HG-engl, 2151 bp
and HG-eng2, 2324 bp, respectively) were isolated from recombinant phage genomic
DNA libraries by probing the EG ¢cDNAs (Yan et al., 1998). These four genes had

seven introns at exactly corresponding positions in the catalytic domain coding
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regions. Additionally, GR- and HG-eng2 had one additional intron at corresponding
positions in the putative CBD coding regions. An entire NtEG gene was isolated from
the higher termite N. fakasagoensis by combining PCR amplification of genomic
DNA with sets of primers designed from NtEG cDNA sequences. A complete
13,005 bp gene including 10 exons separated by nine introns was then identified. In R.
speratus, three introns of RsEG were identified interrupting exons at the
corresponding positions and phases of NtEG (Tokuda et al., 1999). Other
corresponding introns of RsEG and RsEG2 have also been identified from the
genomic DNA of R. speratus (data unpublished), however, no positional correlations
were identified between the introns from these termite EG genes and those from other
known EG genes in GHF9 (Tokuda et al., 1999).

In addition to the presence of introns, these animal cellulase genes maintain
other qualities shared with other known eukaryotic genes. They all have TATA boxes
in their upstream regions, and polyadenylation and cleavage signals (GATAAA) in
appropriate regions; and their exon/intron borders follow the eukaryote “GT-AG” rule
except for four minor cases in the nematode EG genes (GC instead of GU at the
5’end) (Tokuda et al., 1999; Yan et al., 1998). Other cis regulatory elements generally
found in eukaryotic genes have also been found in these EG genes, such as a
consensus core binding site sequence and a repressor/enhancer element sequence
from nematode EG genes (Yan et al., 1998), and a CCAAT promoter sequence in
the upstream region of NtEG (Tokuda et al., 1999).

The structure of the EG genes from these nematodes and this termite well
demonstrate their eukaryotic and endogenous origins. The presence of corresponding
introns among all four nematode EG genes and the complete absence of EG genes in
other nematodes including C. elegans (Bird et al., 1999) imply that a possible
ancestral EG gene among the four EG genes existed before the divergence of these
plant parasitic nematodes (Yan et al., 1998). Thus, an ancient horizontal transfer
(Syvanen, 1994) is suggested as a possible explanation for the acquisition of EG
genes by the cyst nematodes (Yan et al., 1998). Highly homologous GHF9 EG
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precursors, which form a monophyletic clade among other GHF9 members, have
been isolated from termites, cockroaches and the crayfish C. quaadricarinatus (Byrne
et al., 1999; Lo et al., 2000; Tokuda et al., 1999; Watanabe et al., 1998), connoting an
inheritance and a divergence of an ancestral EG gene through radiation from a
common arthropod progenitor. However, there is not enough evidence to establish
these hypotheses as firm theories. Further investigations of EG genes from other
animals and/or elucidation of other genes in animals maintaining EG genes are
required to compare the genomic structure and GC contents among them and to

complete the molecular phylogenetic analysis of EG genes.

Expression sites of animal EG genes

The organs producing endogenous cellulase components have been surmised
on the basis of the distribution of cellulolytic activities in the digestive systems. This
method is useful as an approach to locate the conceivable endogenous production of
cellulolytic components, but is insufficient to conclude their origins. Simple
measurements of cellulolytic activities in particular excreting organs cannot
discriminate authentic endogenous activities from production by intracellular
endosymbionts. Immunohistochemical observation using an antiserum raised against
purified cellulolytic components can provide reasonable accuracy (Watanabe et al.,
1997). However, ideally, a combination of molecular methods would be most
desirable to meet today’s requirements.

Whereas in the above-mentioned research, the presence of each EG gene on
the host genome was confirmed by isolation of the gene or its fragment and/or by
southern blotting, their expression was localized primarily by RT-PCR and in situ
hybridization (Byrne et al., 1999; Smant et al., 1998; Tokuda et al., 1999; Watanabe et
al., 1998). In plant parasitic nematodes, in addition to the cloning of EG cDNAs by
degenerate PCR from N-terminal amino acid sequences, expression in the subventral
glands was confirmed by in situ hybridization (Smant et al., 1998). The expression of

putative EG gene (CqEG) in the crayfish C. quadricarinatus was located in the
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hepatopancreas by site specific cDNA cloning using degenerate RT-PCR and in situ
hybridization with gene specific probes (Byrne et al., 1999). For higher and lower
termites, contrasting expression sites have been clarified. In the higher termite M.
takasagoensis, the expression of the EG gene (NtEG) was located in midgut columnar
cells by in situ hybridization and additional RT-PCR using tissue specific templates
and gene specific primers (Tokuda et al., 1999). On the other hand, in the lower
termite R. speratus, the localization of antigenic EG proteins was confirmed in the
salivary glands by immunohistochemistry, and the EG gene expression was
confirmed by tissue specific RT-PCR with gene specific primers (Tokuda et al., 1999,
Watanabe et al., 1997, Watanabe et al., 1998). The midgut and hepatopancreas are
phylogenetically homologous organs of arthropods (Brusca and Brusca, 1990), and
therefore it is understandable that the higher termite and the crayfish expressed
similar EGs in those tissues. However, the expression of EGs in the salivary glands of
lower termites (R. speratus, Neotermes koshunensis, Hodotermopsis japonica and M.
darwiniensis) (Lo et al., 2000) implies a dynamic convergence of EG expression sites

and the digestive mechanism in the course of termite divergence.

Phylogenetic origins of animal cellulase genes and future insight for
animal cellulase study

The historical debate concerning the presence of endogenous cellulase in
higher animals has been settled by molecular evidence. There is no doubt that
cellulases are proteins which can potentially be produced in any life form holding
cellulase genes. Indeed, cellulase genes have been reported from a variety of
metazoans as well as other life-forms (Fig. 4). In contrast to other digestive enzymes
(i.e. P-amylase), animal cellulases have been found in three non-related families
(GHF 5, 9, 45). GHF5 cellulase genes were reported from plant-parasitic nematodes
and a longicorn beetle, which are both placed in GHF5 subfamily 2 (Sugimura et al.,
2003; Yan et al., 1998) and formed a monophyletic group, but have not reported other

nematode or beetle species (Lo et al., 2003). GHF9 cellulase genes were reported
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from termites, cockroaches, an abalone, and a sea-squirt (Dehal et al., 2002; Lo et al.,
2000; Suzuki et al., 2003; Watanabe and Tokuda, 2001), and they shared several
intron positions each other (Lo et al., 2003). GHF45 cellulase genes were reported
from a bivalve (Xu et al., 2001) and a leaf beetle (Girard and Jouanin, 1999). In all
cases, still current available data do not give enough resolutions to form solid
phylogenetic trees expect that GHF5 members from longicorn beetles and
plant-parasitic nematodes formed a monophyletic clade (Lo et al., 2003). Although
this situation, all of reported animal cellulase implies a possible common ancestral
cellulase genes of animals in the latest ancestor of bilaterian animals (Fig. 3) (Lo et
al., 2003).

However, this conclusion does not answer the query, “Why do some animals
have endogenous cellulases and others do not?” or “Why isn’t cellulase a common
enzyme in animals like amylase or proteinase?” Further investigations into animal
cellulose digestion will eventually answer these questions. Although recent rushing
findings of animal cellulase genes imply dynamic horizontal interchanges of ancestral
genes among different organisms, the acquisition of cellulase gene by animals would
not so simple and late event in phylogenetic development of animals. As more
diverse cellulases come under molecular investigation, their origins and roles in

animals will be understood more precisely.

Interactions of cellulolytic symbionts and host animals
Protozoan cellulases and their synergism with termite cellulases
Current study showed that lower termites have two sources of cellulolytic
enzymes, which produce enzymes different qualitatively. The salivary glands of R.
speratus produced endo-B-1,4-glucanase components belonging to the
glycosyl-hydrolase family 9 (GHF9), whereas the hindgut protozoan fauna of C.
formosanus had another type of endo-B-1,4-glucanase components, which could be
placed in GHF7. The presence of RsEG homologues in C. formosanus and its
expression in the salivary glands were confirmed by RT-PCR (Nakashima et al.,

72



2002a) The presence of protozoan GHF7 cellulase genes (encoding both of
endo-B-1,4-glucanase-like and the exocellobiohydrase-like amino-acid sequences) in
the hindgut of R. speratus were also confirmed (Moriya et al., 2002). Thus, cellulose
digesting systems of both species of lower termites consist of endogenous and
protozoan cellulolytic enzymes, which have phylogenetically different origins from
each other, and the prediction for the presence of endogenous termite cellulases by
Yokoe (1964) and the theory of dual cellulose digesting system in termites by
Yamaoka and Nagatani (1975) were confirmed, although the mode of action of both
enzymes have not been cleared. Yamaoka and Nagatani (1975) proposed a synergism
between endogenous and protozoan cellulases, which is that the endogenous enzyme
from the salivary glands was assumed a Cx-cellulase (endo-B-1,4-glucanase; EG),
while the protozoan cellulase was assumed a Cl-cellulase (exocellobiohydrase; CBH)
hydrolyzing crystalline cellulose actively (later it was found that the salivary cellulase
is active against crystalline cellulose alone in current thesis (Watanabe et al., 1997)).
They also assumed that the Cx-cellulase was absorbed in the protozoan cells with
cellulose particles and act for crystalline cellulose digestion with the protozoan
Cl-cellulase. The original C1-Cx synergism for the fugal cellulase system by (Reese
et al., 1950) was assumed that for C1- and Cx-cellulases act simultaneously against
crystalline cellulose, and Yamaoka and Nagatani (1975) seemed to follow this theory.
In R. speratus, the hindgut extract did not react against the anti-serum against YEG2
(Watanabe et al., 1997), and also in C. formosanus, the result does not support for the
simultaneous presence of endogenous and protozoan cellulases in the hindgut
(Nakashima et al., 2002a). Because of the presence of the pylorus valve narrowing
the connection of the midgut and the hindgut, the digestive fluid including salivary
(and midgut for C. formosanus) enzyme and digested soluble sugars would flow
backward thought the lumen outside of the peritrophic membrane in the midgut. Thus,
the amount of the endogenous cellulases entering into the hindgut would be limited.
My colleagues and I found the expression of EG by the hindgut protozoa P. grassii
and H. mirabile from C. formosanus in the current study (Watanabe et al., 2002), and

73



also CBH homologues only from P. grassii (Nakashima et al., 2002b). These results
suggest that P. grassii has a combination of cellulolytic enzymes acting
simultaneously by them selves, while a simultaneous synergism between the termite
and protozoan cellulases is not seemed to be essential for those termites.
Demonstration of microcrystalline-cellulose digesting activity in the extract of the
termite symbiotic protozoa Irichomitopsis termopsidis cultured in a formulated
medium also supports independency of protozoan cellulose digestion from the termite
endogenous cellulase (Odelson and Breznak, 1985). Still, ingested cellulose would be
partially attacked by the salivary enzymes before the protozoan cellulases affect it,
because that the salivary (termite-own) canal connected to the esophagus located far
upstream of the hindgut. In this meaning, endogenous enzymes might act
synergistically with protozoan enzymes (the protozoan enzymes might show higher
activity against crystalline cellulose which was pre-affected by the salivary enzymes
than that against intact crystalline cellulose) in R. speratus and C. formosanus. While
recently, a simultaneous presence of GHF9 EG and protozoan GHF45 cellulases (at
least active against CMC) in cells of a termite-symbiotic protozoon Koruga bonita of
the termite Mastotermes darwiniensis were reported. Because the GHF9 EG has an
identical N-terminal sequence to the endogenous EG expressed in the salivary glands
of M. darwiniensis and only GHF45 cDNA were expressed in K. bonita, it was
concluded that GHF9 EG was acquired by the protozoa and help cellulose digestion
in the protozoan cells (Li et al., 2003). Although, the function and of the GHF9 EG
and the GHF45 cellulases have not been cleared, presence or absence of synergistic
actions between termite-endogenous EGs and protozoan cellulases in each lower

termite would not be over-generalized.

Protozoan cellulases and microbe community in host termites
The expression both of EG and CBH in the protozoa P. grassii (but not in H.
mirabile which expressed only EG) (Nakashima et al., 2002b; Watanabe et al., 2002)
agree with the observation by Kanai and Azuma (1982). They fed a variety of
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saccharides to the workers of C. formosanus and found that P. grassii survived after 4
weeks only when the host termites were served celluloses (Avicel (crystalline
cellulose) or wood), but could not survive for one week when the hosts were starved
or served with saccharides or acetic acid other than celluloses and wood. While, H.
hartmanni (= H. mirabile) and S. leidyi survived over a week in the host termites fed
on acetic acid or all tested saccharides including polysaccharides with o -1,6-linkages,
which tested workers could not survive on beyond eight weeks. These two protozoa
even survived in more than quarter of tested termites that was starved for a week. It
was concluded that P grassii is primarily responsible for crystalline cellulose
digestion (Kanai and Azuma, 1982). These results would also be interpreted that P
grassii 1s completely dependent on cellulose as its substrate while H. hartmanni and S.
leidyi depends on the metabolite of the other hindgut microbes of the host termite.
Moriya et al. also found cDNAs encoding CBH homologues from the protozoan
fauna in the hindgut of R. speratus in addition to those of EG homologues (Kudo et
al., 2003; Moriya et al., 2003; Ohkuma et al., 2002).

Itakura et al (2003) estimated that C. formosanus produces 40% of total
pyruvate generated in the whole body, which are calculated by the
pyruvate-dehydrogenase activity and carbon-dioxide emission from the worker
termites (Itakura et al., 2003). Since pyruvate is direct product from glucose by
glycolysis (one glucose molecule is converted into two molecules of pyruvate and
ATP), the report suggest that the hindgut protozoa of C. formosanus contribute 60%
of energy production, and this value is similar to the estimation by Inoue et al. (1997)
that attributed 70% of total cellulase activity to the hindgut protozoan fauna in R.
speratus (Inoue et al., 1997).

Because cellulose digestion of the hindgut protozoa is occurred inside the
protozoan cells (Yamaoka, 1979), the symbiotic protozoa do not release free glucose
to the host but supply energy obtained from cellulose in acetate form to the host
termite (Breznak, 1982), but release acetate, molecular-form hydrogen, and

carbon-dioxide like acetogenic anaerobes since Axostylata protozoa including
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symbionts from the lower termites (Oxymonadida, Trichomonadida and

Hypermastigida) have hydrogenosome but lack mitochondria (Muller, 1993).

Cellulose — Glucose
Glucose (C6H1206) +2 Hzo — 2 CH3COOH +2 C02 +4 H2

The generated carbon-dioxide and molecular-form hydrogen was consumed by
CO2-reducing acetogenic bacteria and turned into another molecule of acetate and

water (Brauman et al., 1992),

4 H, + 2 CO, — CH;COOH + 2 H,O

or, converted into methane and water by methanogenic Archaea Methanobrevibacter

sp (Breznak and Brune, 1994) .

4 H, + CO,— CHs+ 2 H,O

The protozoan habitat of the lower termites harbors the CO,-reducing acetogenic
bacteria and the methanogenic Archaea Methanobrevibacter sp. (Leadbetter and
Breznak, 1996; Leadbetter et al., 1998; Ohkuma et al., 1999). Methanobrevibacter sp
was also found inside of Trichomonadida protozoa (Lee et al., 1987) and appeared to
be endosymbionts harbored within protozoan cells (Lee et al., 1987; Odelson and
Breznak, 1985). No cellulase genes have been found from Methanobrevibacter sp or
other possible endosymbionts in the protozoan cells to date. It 1s estimated that
acetate generated by the CO,-reducing acetogenic bacteria fulfills 1/3 of
physiological energy demands of the host termite in R. flavipes (Odelson and Breznak,
1983) and with the amount produced by protozoa, it would be 60-70% of the total
energy consumption calculated from cellulolytic activity and pyruvate production in

R. speratus and C. formosanus (Inoue et al.,, 1997; Itakura et al., 2003), as
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aforementioned. Since there are no reports for major cellulolytic microbes from the
termite hindgut microbes other than Axostylata protozoa to the author’s knowledge
(only facultative cellulolytic bacteria was reported in the hindgut of R. hesperus
(Thayer, 1976)), it would be concluded that cellulolytic protozoa, especially like the
species possessing both of EG and CBH genes like P. grassii of C. formosanus, is one
of the main engines for the lower termites as much as the endogenous cellulase is. In
another word, because of the presence of protozoan cellulase genes, the microbe

communities of the lower termites were formulated.
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Table 1. Preservation and substitution of amino acid residues at the catalytic sites of
te~rndo/ex_ocelllulase E4 from Thermomonospora fusca among endo-p-1,4-glucanases
om animals.
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Figure 1. Multiple alignments of catalytic domains of endo-p-1,4-glucanase components in the glycoside
hydrolase family 5.

Alignment of endo-p-1,4-glucanase components from the bacterium Clostridium cellulolyticum (CelCCA
[AAA23222] (the numbers in [ ] are the protein i.d. of GenBank/DDBJ or Swissprot) and the plant-parasitic
nematodes Globodera rastochiensis (GR-engl [AAC48325.1] and GR-eng2 [AAC48341.1]), Heterodera glycines
(HG-engl [AAC48327.1] and HG-eng2 [AAC48326.1}), and Meloidogyne incognita (MI-engl [AAD45868.1)).
The alignments were achieved using the computer program CLUSTAL X (1.8) for Windows (National Center for
Biotechnology Information, Bldg 38A, NIH 8600 Rockville Pike, Bethesda, MD 20894, USA) with Gonnet 250
pairwise parameters in matured-form amino-acid sequences. “p”and “n” under the columns indicate proton donor
and nucleophile residues of the catalytic center, respectively. The N-terminal of matured MI-engl was predicted
using the SignalP V2.0.b2 server (http://www.cbs.dtu.dk/services/SignalP-2.0/ , Center for Biological Sequence
Analysis Department of Biotechnology, The Technical University of Denmark). The underlined columns in were
re-aligned manually. The numbers under the columns indicate the amino-acid number in CelCCA. Asterisks under
columns indicate complete coincidence of the amino acid residues in the columns.
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Figure 2. Multiple alignments of catalytic domains of endo-B-1,4-glucanase
components in the glycoside hydrolase family 45.
Alignment of endo-B-1,4-glucanase components from the fungus Humicola
insolens (EGV [P43316]) and the beetle Phaedon cochleariae (PcEG
[CAA76931.1]). The alignment was accomplished by the same method for Fig. 1.
“p” and “n” under the columns indicate proton donor and nucleophile residues of
the catalytlc center, respectively. Asterisks under columns indicate complete
coincidence of the amino acid residues in the columns.
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]‘,[] DPTYSNTLLTHAKGLYNFADMHRGKYSDS] TDAAGYYSSYG-YEDDLY¥GAYRLYKATND 228
8

7

NN
OO WWOOOOOC

0 DPSYSNTLLTHAKQLYDFGDNFRGKYSES INDAQQF YRSNE-FEDEL VHGALSLYKATND 228
1 DSSYSSQYLSYAKELYEFADGHRDIYTHAL TDAASFYNSY¥SGYGDEL AVAALRLARATGD 240
1 DPAYAATLYQHAKGLYTFADTYRGYYSDCVP-AGAF YNSYSGYGDELVHGAYRLYKATGD 229

x % X X x x x 3 ¥ % X X X X XX X% X

228 NTYLTKAESLYNEFG------ LGNWNGAF N¥DNKISGYQVLLAKL TSKQAYKDKYQGYYD 281
228 NTYLTRAESLYNEFG------ LGNFNGAF NYDNKYSGYQYLL AKL TSKQYYKDKVQS YYD 281
228 NTYLNTAESLYDEFG------ LON¥GGGLN¥DSKYSGYQYLLAKLTNKGAYKDTYOSYYN 281
228 NSYLNTAESLYNEFG-—--—- L GN¥GGGLNYDSKYSGYQYLLAKLTNKQEYKDTIGSYYN 281
228 NSYLTKAEQYYTQFG------ LADYDGYFS¥DOKISGYEYLL AEITKDQGHISRITQYCD 282
229 ESFLTKAQQYYDDFG------ TAEYNPRFS¥DORCTSSALLLAQI TGEQQY IDKITAYCD 282
241 NSYLDRAKGHYSEFN------ LLGTPSGF G¥DDKKAGYQALLYLLDGSSE Y TNALNGFLN 294
230 DSYLAKAEYEYDFLSTEQHTDLRSYR'ITIA’HDDKSYGTYVLLAKETGKQKYIDDANRILD 289

XX X *%

282 YLISSQ-----KKTPKGLYYIDQWGTLRHAANSAL TALGAADLG---INAATYRAYAKKQ 333
282 YLISSG----- KKTPKGLYYIDQ¥GTLRHAANSAL IALGAADLG---INAATYRAYAKKQ 333
282 YLINNG---—- QKTPKGLLYIDM¥GTLRHAANAAF IMLEAAEL G--~L SASSYROFAQGTQ 333
282 YLINNG----- QKTPKGLLYIDMYGTLRHAANAAF IMLEAADLG---LSASSYRGFAQTQ 333
283 NMYRGQ----- TRTPKGLYYISDRGSLRMAANAYYLCLEAAKDG---HNPTQYREFATQQ 334
233 HIIISGO ----- QRTPKGLYYIDTHGSLRMAANAAYLCLEAASAG---LKPTEYRAFATEQ 334

295 FYRNQA----- PYTPEGLYFLDAYGSNRHAANYAF IALYAAKLG---IDAGTNGQRARGQ 346
290 WTVGVNGORVPYSPGGIAVLDTWG&LRYAANTAFVALWAK'VIDDPVRKORYHDFAVRQ 349

X x XX X Xxx x X

334 IDYALGDGGR--SYVIGFGTNPPVRPHHRSSSCPDAPAYCDWNTYNSAGPNAHYLTGALY 381
334 1DYALGDGGR--SYVIGFGTNPPYRPHHRSSSCPDAPAYCDWNTYNSAGPNAHVLTGALY 391
334 IDYALGDGGR--SFYCGFGSNPPTRPHHRSSSCPPAPATCDYNTFNSPDPNYHYLSGALY 391
334 1DYALGDGGR--SFYCGFGSNPPTRPHHRSSSCPPAPATCDYNTFNSPDPNYNYLSGALY 391
335 1GYILGDTGK--SYVYGFGANYPTHESHRSSSCPDAPAACDUNTYNGNGPNAHYLYGALY 392
335 ]GYALGDTGK--SFYYGFGYNPPSHESHRSSSCPDAPAPCDRY TYGSYDPNPHYLYGATY 392
347 1GOLLGDNSRYQSFYYGFGYNPPTRPHHRSSSCPDRPADCSNGLTNS-GPNPQTL¥GALY 405
350 INYALGDNPRNSSYVYGFGNNPPRNPHHRTAHG------ SYTDSIASPAENRHYLYGALY 403

* X% X X kX% ¥ X *¥ * X XX X

392 GGPD-SNDSYTDARSDY ISNEYATDYNAGF GSAVAGLLKAGY 432
392 GGPD-SNDSYTDARSDY ISNEVATDYNAGF GSAVAGLLKAGY 432
392 GGPD-ONDNY¥DDRSDYYHNE VATDYNAGF GSALAALYALGY 432
392 GGPD-QNDNYYDDRSDYYHNEYATDYNAGE GSALAALYALGY 432
393 GGPG-ONDDYEDLRSDYYHNEYADDYNAAF QGALAALYELS- 432
393 GGPG-PNDEYDDORYDYYHNEYADDYNAGY QGCLAALNEL-- 431
408 GGPA-QDGSYNDDRGDYQHNEYACDYNAAYTGALAALVELS- 445
404 GG’GSPNDhYTDDRGDWANE'!'ATDYNAGFSSALAML‘I'EEYG 445
£xx R %

Figure 3. Multiple alignments of catalytic domains of endo-B-1,4-glucanase components in the glycoside
hydrolase family 9.

Alignment of endo-p-1,4-glucanase components from the bacterium Thermomonospora fusca (E4-68 (catalytic
domain of E4 [part of AAB42155.1]), the crayfish Cherax quadricarinatus (CQEG [AAD38027.1]), and the termites
Reticulitermes speratus (RSEG [BAA31326.1] and RSEG2 [BAA34050.1]), Nasutitermes takasagoensis (NtEG
[BAA33708.1]), Nasutitermes walkeri (NWEG [BAA33709.1]), Panesthia cribrata (PcEG1 [AAF80584.1] and
PcEG2 [AAF80585.1]). The alignment was accomplished by the same method for Fig. 1. “p”, “n”
the columns indicate proton donor, nucleophile and co-nucleophile residues of the catalytic center, respectively.
Asterisks under columns indicate complete coincidence of the amino acid residues in the columns.
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Fig. 4. Distribution of cellulase genes among life-forms. _
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