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INTRODUCTION occur in discrete domains connected by linkers which allow

Cellulose is a polysaccharide composed of B-p-glucopyr-
anosyl units joined by 1,4-glycosidic bonds. In xylan, the
repeating unit is the B-1,4-D-xylopyranosyl residue. Al-
though chemically similar, these two polysaccharides adopt
different conformations. Cellulose molecules have a fully
extended, flat conformation (37, 64) and are tightly packed
into microfibrils to form a fibrous, naturally crystalline,
insoluble material. Xylan molecules are twisted and are
more flexible than cellulose chains (102), and the backbone is
substituted with arabinose, glucuronic acid, or methylglucu-
ronic acid. Chitin resembles cellulose since it is composed of
N-acetyl-2-amino-2-deoxy-B-D-glucopyranosyl residues joined
by 1,4-glycosidic bonds. Like cellulose, chitin chains have an
extended conformation and form insoluble and crystalline
microfibrils (12). The microbial conversion of cellulose and
xylan to soluble products requires several types of enzyme:
endoglucanases  (1,4-B-D-glucan  glucanohydrolase; EC
3.2.1.4), cellobiohydrolases (1,4-B-D-glucan cellobiohydrolase;
EC 3.2.1.91), xylanases (1,4-B-D-xylan xylanohydrolase; EC
3.2.1.8), and B-xylosidases (1,4-B-D-xylan xylohydrolase; EC
3.2.1.37). Microorganisms capable of degrading lignocellulose
usually produce complex, extracellular cellulase systems com-
prising combinations of these enzymes (22, 23). Microorgan-
isms that degrade chitin also produce a variety of enzymes.
Cellulases, xylanases, and chitinases all hydrolyze B-1,4-gly-
cosidic bonds between pyranose units, but they show subtle
differences in specificity. Structural features common to such
enzymes may be related to their general catalytic activities as
glycosidases. Those peculiar to each may be related to their
specificities, i.e., exoglycanase or endoglycanase, cellulase or
xylanase. Such features should be reflected in the amino acid
sequences of the enzymes.

Gene cloning and DNA sequencing have allowed rapid
determination of the amino acid sequences of cellulases and
xylanases (1a, 7). Analysis and comparison of the sequences
have revealed conserved stretches which are common to
both cellulases and xylanases. The conserved sequences
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the domains to function independently (30, 39, 61, 111, 113).
The conserved sequences can be used to group the enzymes
into families (5, 8, 54, 55, 62). It seems that the various
B-1,4-glycanases arose from a few progenitor sequences by
mutation and domain shuffling. In this context, it should be
noted that some enzymes show a mixed specificity: enzymes
that hydrolyze B-1,4 bonds in cellulosic substrates may also
hydrolyze xylan, chitin, and related substrates at significant
rates (41).

This review summarizes the domain organizations of
cellulases and xylanases analyzed to date. It also compares
the enzymes with other proteins which interact with various
polysaccharides.

STRUCTURAL ELEMENTS IN CELLULASES AND
XYLANASES

Linkers

Proteolytic cleavage of cellulases into separate catalytic
and cellulose-binding fragments first demonstrated the pres-
ence of true domains within these enzymes (42, 111, 113).
The primary sites of cleavage in an exoglucanase and an
endoglucanase from Cellulomonas fimi (42) and in two
cellobiohydrolases from Trichoderma reesei (111) are within
or adjacent to short sequences of amino acids rich in proline
or hydroxyamino acids or both. The short sequences appear
to be linkers joining discrete catalytic domains and cellulose-
binding domains (CBDs) in these enzymes. Similar se-
quences occur in other cellulases and xylanases (Table 1).
The sequences vary considerably in length (6 to 59 amino
acids for those reported to date) and in their proline and
hydroxyamino acid contents. Some of them contain runs of
hydroxyamino acids or consecutive repeats of shorter se-
quences of amino acids or both. Some are relatively rich in
aspartate or glutamate or both. There is some sequence
identity between linkers in enzymes from the same organ-
ism, but, except for CenA and Cex from C. fimi and
EngXCA from Xanthomonas campestris (44), there is little if
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any sequence identity between linkers from different organ-

233 ] 8% & & ®8=ny ZEF isms (Table 1).

Spore germination-specific polypeptide 270-11 from the
slime mold Dictyostelium discoideum contains two se-
quences, each about 100 amino acids long, which are rich in

—_e 6 - o 6 mtocoo w<— proline and hydroxyamino acids. The sequences are charac-
—a- terized by contiguous repeats of the tetrapeptide TETP
(Table 1) (43). The walls of D. discoideum spores contain

cellulose, and it is possible that polypeptide 270-11 is in-

<+~ W 0 © <+ BoaN® e volved in cellulose hydrolysis during germination (see be-

a 3 low) (43).

It must be emphasized, however, that some cellulases do

o< G o o voneld wmnw not contain obvious linker sequences like those given in
&3 ~ 8 & 8 2=24 —';; A3 Table 1. Such enzymes may not lack discrete domains,

because CenA from C. fimi (102a) and XynA from Pseudo-
monas fluorescens subsp. cellulosa (30), from which the
linkers have been deleted, have catalytic and cellulose-
binding properties similar to those of the wild-type enzymes.

The linker sequences, especially those rich in proline, are
similar to proline-rich linkers connecting different functional
domains in other proteins (Table 1). Such sequences in
immunoglobulin Al (16), ribosomal protein L12 (17), and the

O
P
:
g M pyruvate dehydrogenase complex (92) form flexible, ex-
o § tended hinge regions between different domains, and those
E < in outer membrane protein TonB (27) and procyclin (94)
8 5y % e form extended structures. It seems likely, therefore, that the
& & g ) linker sequences in cellulases form extended, flexible hinges
O [EN % & o -, between domains.
gw, { é & ) Some of the linkers in cellulases are also relatively rich in
O E 72‘ 3 £Q <« v, 3 arginine, glutamine, glutamate, and hydrophcbic amino ac-
gAa S & = a‘:ﬁﬁ 3 LE | 4 ids. In this they are similar to Q-linkers, a recently proposed
e & 3 < 4 % Q & 2] ﬁ 2 class of interdomain linkers found in a number of bacterial
“,é“ . & 8 ﬁo, EEQ’{ J E £§ g regulatory and sensory transduction proteins (118). Q-link-
58 . 5 < ﬁ 8 o5 Sa =259 ers are rich in glutamine, arginine, glutamate, serine, and
% ﬁ;é ; E :ﬁ & 5 %ZAQEN Egc‘? 3 proline and contain some hydrophobic amino acids (Table
NS & ¢ A >ar 9| 2 1).
¢fx % 3§ B z58%% §eslf )
;‘? Repeated Sequences
§ Repeated sequences ranging in length from 20 to 150
3 2 amino acids occur in a number of cellulases (Table 2). The
g 2 most striking example is a highly conserved sequence of ca.
5 B8 24 amino acids which occurs twice, in close proximity, in
=8% < § B < écg <|© g five endoglucanases, a xylanase, and a partial open reading
885 g 5 9 8 §E 3 &5 “2‘ § s frame from Clostridium thermocellum and in an endogluca-
g.2 nase from Clostridium cellulolyticum. The identity is >70%.
° d £ 5 5 § £ In CelA, CelB, CelCCA, CelD, CelH, and the open .reading
2 g S § £ 58 g gé frame, the repeats are very close to the C termini of the
298 5 w3 6 B,z& £28  polypeptides; in CelE and XynZ, the repeats are in the
588 Ecod e =222 o a§§ . middle of the polypeptides (5, 29, 45, 46, 49, 58, 120). In
535 E'g g E 5888 gge g3 £828 CelA, CelB, CelE, and the open reading frame, the repeats
283 E8E g3 5828288 g 23 2% are preceded by linker sequences; in XynZ, the repeat is
A4 8§ 5 & 8 EESEL £285 followed by a linker sequence. The function(s) of the re-
Sa 5 &  peated sequences is not known, but they are not required for
o €&  the catalytic activity of CelE (49) or CelH (120).
2 s & g CelB of alkalophilic Bacillus strain N4 has a repeat of 61
g o o g 23 g amino acids at its C terminus. The repeats are 28 amino acids
g 3 g3 3|8 ggg apart and are 90% identical. The polypeptide also has two
8§ § 3 g §|&e gé linker sequences, each of which overlaps the N-terminal
$8S8 5 5 1 = £ Eo-a S S|ac% 5, sequence of a repeat (35). CelB and CelA of strain N4 have
§8§ © © ©°© 9 2 3 § 83 2 #8 %o very similar sequences throughout, but CelA has only a
g g § §' 2 3§ 3 3 2' 2 S 'g, S _g‘ 8282 single copy, again at its C terminus, of the repeated sequence
SHEEEER N R ) | |
SSE R S f £ £ ES858 FSS ‘?ii& g Endoglucanase CenB from C. fimi contains three contig-
é& R 2 3 & & E8888 &3¢ =02  uous repeats of a sequence of 98 amino acids which are
M O >60% identical and separated by linkers. The repeats join an
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TABLE 2. Repeated sequences in cellulases and xylanases

No. of amino

No. of amino

Location of Required for

. Size L acids Adjacent to :
Organism Enzyme (amino acids) arc;g:;tn separating (r:s?de:;s) linker emtync Reference
repeats
Bacillus strain N4 CelB 465 61 28 318-464 +4 - 35
Cellulomonas fimi CenB 1,012 98 0 610-905 +b - 77
Cellulomonas fimi CenC 1,069 (i) 50 0 1-300 + 24
(ii) 100 0 886-1069 -
Clostridium cellulolyticum  CelCCA 449 24 7 389-443 - 29
Clostridium thermocellum  CelA 445 24 8 385-440 + 6
Clostridium thermocellum  CelB 531 24 8 470-525 + 45
Clostridium thermocellum  CelD 608 24 12 544-603 - 58
Clostridium thermocellum  CelE 780 24 12 381-440 + - 49
Clostridium thermocellum  CelH 856 24 16 789-851 - - 120
Clostridium thermocellum  CelX*¢ 22 12 + 49
Clostridium thermocellum  XynZ 809 24 10 402-459 + - 46
Clostridium stercorarium CelZ 961 (i) 88 4 651-832 - - 56
(i) 140 234 495-616 - -
850-961 - -
Trichoderma reesei CbhlII 447 20 0 43-83¢ - 110

@ Linker sequences overlap the N termini of both repeats.

5 The N termini of all three repeats and the C terminus of the third repeat are linker sequences.

€ CelX is a partial open reading frame (49).
4 The repeats are linker sequences.

N-terminal catalytic domain to a C terminal CBD (77). The
sequences of the repeats are 50% identical to the sequences
of two tandem repeats in chitinase Al from Bacillus circu-
lans which are related to fibronectin type III repeats (115).

The C terminus of Avicelase I from Clostridium sterco-
rarium comprises two contiguous repeats of 88 amino acids,
each flanked by repeats of 140 amino acids. The two types of
repeat are unrelated (56). The sequence of the longer repeat
is related to a sequence forming the C termini of several
endoglucanases from Bacillus subtilis (56, 69).

Endoglucanase CenC from C. fimi has two contiguous
repeats of a sequence of 150 amino acids at its N terminus
and two contiguous repeats of an unrelated sequence of 100
amino acids at its C terminus (24).

The repeated sequences in CelZ form or contain a CBD
(56), and the fibronectin type III-like repeats in chitinase Al
may also form part of a chitin-binding site (115). The repeats
in CenB and CenC could have a similar function. Alterna-
tively, the fibronectin type III-like repeats in CenB could be
involved in protein-protein interactions within the cellulase
complex of C. fimi because the fibronectin type III repeats
themselves are probably involved in protein-protein interac-
tions (96).

Egll, EglIII, Cbhl, and Cbhll from T. reesei and Cbhl
from Phanerochaete chrysosporium contain two short, con-
tiguous conserved sequences, termed A and B. Sequence A
is a CBD, and sequence B, which is heavily glycosylated, is
a linker (111, 113). They are at the N termini of EglIII and
CbhlI in the order A-B, but at the C termini of Egll and Cbhl
in the order B-A (28, 88, 98, 103, 110). In CbhlIl, the B
sequence is repeated, so that the N terminus is ABB’ (Table
1) (110). The A and B sequences are not required for some
catalytic activities of Cbhl and CbhII (111) or EgIIII (106).

Cellulose-Binding Domains

Many cellulases bind to cellulose, but the mechanism and
significance of this interaction are unclear. At least some of
them comprise discrete catalytic domains and CBDs which
retain their functions when separated by proteolysis (38, 42,

52, 56, 75, 78, 85, 106, 111, 113). N-Bromosuccinimide-
inactivated Cbhl of Aspergillus ficum still binds to cellulose,
indicating that this enzyme also comprises discrete catalytic
and binding domains (52). Although these CBDs are not
essential for catalytic activity, they do modulate the specific
activities of the enzymes on soluble and insoluble cellulosic
substrates.

To date only the CBDs of exoglucanase Cex and endoglu-
canase CenA of C. fimi (42) and those of cellobiohydrolases
CBHI and CBHII of T. reesei (111, 113) have been charac-
terized in any detail.

The CBDs of Cex and CenA of C. fimi are 108 and 111
amino acids long, respectively, and their sequences are more
than 50% identical (83, 117). Very similar sequences are
found in other cellulases and xylanases (Fig. 1). As in Cex
and CenA, the sequences are N or C terminal, about 100
amino acids long, connected to the remainders of the poly-
peptides by linkers, and, except in Endl of Butyrivibrio
fibrisolvens (9), not required for enzymatic activity (see
Table 4). All of them are probably CBDs, although that of
Endl of Butyrivibrio fibrisolvens may be an exception.
Interestingly, it contains more than twice as many charged
amino acids as the C. fimi CBDs and lacks the conserved
cysteines near the N and C termini of the other bacterial
CBD:s (Fig. 1; see also Table 4).

Striking features of these bacterial CBD sequences are (i)
low contents of charged amino acids; (ii) high contents of
hydroxyamino acids; and (iii) conserved tryptophan, aspar-
agine, and glycine residues (Fig. 1). Furthermore, there are
two cysteines in identical positions close to the N and C
termini in all but one of the sequences and hydrophobic
residues at 10 conserved sites in all of the sequences (Fig. 1).
Tryptophans are conserved in other types of polypeptide
which interact with polysaccharides: the discrete starch-
binding domains of microbial enzymes which degrade starch
(107), the pilus-associated adhesion proteins of various E.
coli strains (70), and the carbohydrate recognition domains
of one class of animal lectins (25). Tryptophans in some of
these polypeptides do interact with saccharides (57, 91, 107).
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The CBDs of Cex and CenA of C. fimi bind the enzymes
to cellulose (42), as do similar sequences in an endogluca-
nase, xylanases XynA and XynB, and an arabinofuranosi-
dase from P. fluorescens subsp. cellulosa (30, 39, 50, 61).
Cex hydrolyzes both cellulose and xylan (41), and the amino
acid sequence of the catalytic domain of Cex is similar to
sequences in several xylanases (see Table 6). Cellulose is
usually associated with hemicelluloses such as xylan when
found in nature. It is not surprising that some enzymes
hydrolyze both cellulose and xylan and that some xylanases
bind to cellulose.

The CBDs of Cbhl, CbhIl, Egll, and EgIIII of T. reesei
correspond to the conserved A sequences of the enzymes
(Table 3) (28, 88, 98, 106, 110, 111, 113). They contain 33
amino acids, in contrast to the approximately 100-amino-
acid bacterial CBDs (Fig. 1). They can be N or C terminal
(Table 4). The identical residues include four cysteines,
which form two disulfide bridges, two glutamines, and four
aromatic residues. The CBD of CbhIl was prepared by
chemical synthesis and shown by two-dimensional nuclear
magnetic resonance to be wedge shaped and to contain two
disulfide bridges (65). Surprisingly, the catalytic domain of
EglIII contains a sequence of ca. 100 amino acids which is
very similar to the bacterial CBDs (76a).

Polypeptide 270-11 from D. discoideum contains two
sequences of about 100 amino acids each, which are similar
in sequence to the bacterial CBDs (43, 76a). It is not
surprising that such sequences occur in both procaryotic and
eucaryotic polypeptides, given the sequence similarities
between the catalytic domains of some bacterial and fungal
cellulases and between some bacterial cellulases and spore
germination-specific polypeptide 270-6 of D. discoideum
(Table 5).

Proteolytic removal of the N-terminal half of the CBD of
CenA of C. fimi, which leaves only a single cysteine in the
CBD, does not prevent the truncated enzyme from binding
to cellulose (40). This suggests that a disulfide bridge be-
tween the two cysteines of this CBD is not essential for
binding. The sequences of the C-terminal segments of the
bacterial CBDs and the T. reesei CBDs are not related (Fig.
1; Table 3). The interactions between CBDs and cellulose
have not been elucidated. It will be interesting to see
whether the bacterial and T. reesei CBDs adsorb to cellulose
in a similar manner and at the same sites.

Since CBDs in both groups are N or C terminal and are
attached to catalytic domains of different specificities, they
appear not to be determinants of specificity. An interesting
example is provided by the endoglucanases from C. fimi and
Microbispora bispora, which display significant homology
both in their catalytic cores and in their binding domains. In
the M. bispora enzyme the binding domain is at the C
terminus; in the C. fimi enzyme it is at the N terminus. Since
both enzymes are endoglucanases, the location of the bind-
ing domain at the N or C terminus of the catalytic domain
clearly does not determine the endo versus exo specificity of
these enzymes. There are differences in the sequences of the
CBDs within each group, however, and further analysis is
required to determine their exact contributions to enzyme
function. The cellulases of Clostridium thermocellum char-
acterized to date apparently lack CBDs, but they form a
multienzyme complex, the cellulosome, which binds in toto
to cellulose. Cell-associated cellulosomes can bind Clostrid-
ium thermocellum itself to cellulose (66). Such binding may
be mediated by a noncatalytic component of the cellulosome
(66). Cellulosomelike enzyme aggregates have not been
observed in T. reesei and the bacteria which produce en-
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TABLE 3. Amino acid sequences of fungal CBD
Enzyme? Sequence” Reference
PcCbhl TvpaqaWGQCGGIGYtGsTTCASpPpYyTChvVvLNPYYSQCy 103
TrCbhl TQSHYGQCGGIGYSGPTVCASGTTCQYLNPYYSQCL #kk 28
TrCbhIl * s SVWGQCGGQNWSGPTcCASGSTCVYSNDYYSQCL 110
TrEgII TQTHWGQCGGIGYSGCKTCTSGTTCQYSNDYYSQCL **x 88
TrEglIII * g QTVWGQCGGIGWSGPTnCApPGSACstLNPYYaQCcCi 98

“ Pc, P. chrysosporium enzyme; Tr, T. reesei enzyme.

® Amino acid residues are indicated in the single-letter code. Boldface capital letters indicate conservation; lightface capital letters indicate partial conservation;
lowercase letters indicate nonconservation. Symbols: *, N terminus of the mature enzyme; ***, C terminus.

zymes with CBDs. Perhaps these organisms are relatively
static and are better served by diffusible enzymes which bind
to the substrate than by multienzyme aggregates or adhesion
of cells to the substrate or both.

Catalytic Domains

As with CBDs, catalytic domains have been delineated in
some cellulases by proteolysis (38, 40, 42, 52, 56, 75, 78, 106,
111, 113). Other cellulases for which discrete domains have
not been identified can be truncated by proteolysis without
loss of catalytic activity (14, 18, 76, 93, 108). Still others,
including two xylanases, can be truncated without loss of
catalytic activity by deleting ends of the genes encoding
them (32, 46, 48, 50, 69, 72, 120, 123). These enzymes may
also have discrete catalytic domains.

More than 60 cellulase and xylanase genes have been
sequenced. Other than the amino acid sequences deduced
from the nucleotide sequences of the genes, little, if any-
thing, is known about the enzymes encoded by many of
them. However, sequence identity between characterized
and uncharacterized enzymes is a strong indication of func-
tional domains in the uncharacterized enzymes. Linker
sequences join the domains of a number of the characterized
enzymes (28, 30, 50, 77, 83, 110, 117, 119). The amino acid

sequences between or next to putative linkers in newly
sequenced enzymes can be analyzed for similarities to the
sequences of known domains in other cellulases and xyla-
nases. However, enzymes such as endoglucanase CelC of
Clostridium thermocellum (101) and an endoglucanase of
Cellulomonas uda (81), which contain neither repeated se-
quences nor putative linkers, may comprise catalytic do-
mains only. Their amino acid sequences are similar to those
of the catalytic domains of other cellulases (Table 5).

Cellulases and xylanases can be grouped into families of
related enzymes on the basis of amino acid sequence iden-
tities in their putative catalytic domains (5, 8, 54, 55, 62).
This grouping is confirmed and extended by hydrophobic
cluster analysis, which reveals similarities in apparent sec-
ondary structures with proteins of very low sequence iden-
tity, even when domains are separated by variable segments
of widely differing sizes (54, 55). Hydrophobic cluster anal-
ysis is especially useful for cellulases and xylanases, with
their discrete domains and repeated sequences and linkers of
various lengths.

Sequence identity in the catalytic domains of cellulases
and xylanases has been reviewed recently (5, 8, 54, 55). The
known sequences can be grouped into nine families (Table
5), which are quite distinct (5, 54, 55, 84, 97). Families A, B,
F, and H contain fungal and bacterial enzymes. Family E

TABLE 4. Characteristics of CBDs

No. of:
Required
Organism® E Location for . Charged Thre- Refer-
rganism TYME  (terminus) catalytic Amino  ATEC L HE . Ty Cys-  ence
activity acids serines tophans teines
+ -
A
Butyrivibrio fibrisolvens Egll C + 97 6 9 21 4 1 9
Cellulomonas fimi CenA N - 111 3 3 27 6 2 117
Cellulomonas fimi CenB C - 101 2 1 33 5 2 77
Cellulomonas fimi Cex C - 108 3 1 28 5 2 83
Cellulomonas flavigena ORF X ND® 106 S 3 27 5 2 1
Microbispora bispora CelA C - 104 3 3 26 5 2 119
Pseudomonas fluorescens subsp. cellulosa CelA C - 103 6 2 18 5 2 48
Pseudomonas fluorescens subsp. cellulosa CelB N - 100 4 4 24 5 2 39
Pseudomonas fluorescens subsp. cellulosa XynA N ND 104 4 3 25 S 2 50
Pseudomonas fluorescens subsp. cellulosa XynB/XynC* N - 97 4 S 23 5 2 61
B

Phanerochaete chrysosporium Cbhl C ND 33 1 0 8 1 4 103
Trichoderma reesei Cbhl C - 33 1 0 6 0 4 28
Trichoderma reesei CbhlI N - 33 0 1 9 2 4 110
Trichoderma reesei Egll C ND 33 2 1 8 1 4 88
Trichoderma reesei EglIII N - 33 0 0 5 2 4 98

“ A, Bacterial enzymes; B, fungal enzymes.
5 ND, Not determined.
¢ Identical sequences in two enzymes.
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TABLE 5. Families of cellulase and xylanase catalytic domains

Family

Organism

Enzyme

No. of amino

Catalytic domain®

Reference

acids Terminus No. o( amino
acids
A
1 Bacillus sp. strain 1139 Egl 770 N 385 33
2 Bacillus sp. strain KSM-635 Egl 912 =555 86
3 Bacillus sp. strain N-4 gene pNK1 CelB 465 N 307 35
4 Bacillus sp. strain N-4 gene pNK2 CelA 384 N 305 35
5 Bacillus sp. strain N-4 gene pNK3 CelC >800 N ~350 34
6 Bacillus lautus CelB 536 59
7 Bacillus polymyxa Egl 365 4
8 Bacillus subtilis N-24 Egl 463 80
9 Bacteroides ruminicola Egl >363 N 74
10 Butyrivibrio fibrisolvens A46 CelA 396 53
11 Butyrivibrio fibrisolvens H1l7¢c Endl 521 N ~385 9
12 Caldocellum saccharolyticum CelB? 1,011 C 388 100
13 Clostridium acetobutylicum Egl 409 N ~300 123
14 Clostridium cellulolyticum CelA 449 N ~380 29
15 Clostridium thermocellum CelB 528 N >469 45
16 Clostridium thermocellum CelC 322 101
17 Clostridium thermocellum CelE 780 N 340 49
18 Clostridium thermocellum CelH ~860 C ~305 120
19 Erwinia chrysanthemi CelZ 385 N 305 47
20 Fibrobacter succinogenes Egl3 635 C ~416 76
21 Robillarda sp. strain Y-20 Egl 375 122
22 Ruminococcus albus F-40 Egll 363 82
23 Ruminococcus albus SY3 CelA ~365 90
24 Ruminococcus albus SY3 CelB ~385 90
25 Trichoderma reesei EglIII 397 C 327 98
26 Xanthomonas campestris EngXCA 468 N ~350 4
B
1 Cellulomonas fimi CenA 418 C 284 117
2 Microbispora bispora CelA 426 N ~290 119
3 Streptomyces sp. strain KSM-9 CasA 318 79
4 Trichoderma reesei CbhIl 447 C 385 110
C
1 Humicola grisea Cbhl 506 2
2 Phanerochaete chrysoporium Cbhl ~495 N ~425 103
3 Trichoderma reesei Cbhl ~495 N ~425 28
4 Trichoderma reesei Egll 431 N 363 88
5 Trichoderma viride Cbh 496 N ~435 21
D
1 Bacillus circulans Bgc ~378 15
2 Cellulomonas uda Egl 336 81
3 Clostridium thermocellum CelA 445 N >384 6
4 Erwinia chrysanthemi CelY 46a
E
1 Butyrivibrio fibrisolvens Cedl 547 10
2 Cellulomonas fimi CenB 1,012 N 607 77
3 Cellulomonas fimi CenC 1,069 Internal 589 24
4 Clostridium thermocellum CelD 608 N >543 58
5 Clostridium stercorarium CelZ 961 N 474 56
6 Dictyostelium discoideum SGSP270-6 705 N ~450 43
7 Persea americana Egl 469 112
8 Persea americana Cell 484 19
9 Persea americana Cel2 19
10 Pseudomonas fluorescens subsp. cellulosa Egl 930 48
F
1 Bacillus sp. strain C-125 XynA 396 51
2 Butyrivibrio fibrisolvens XynA 378 N ~350 73
3 Caldocellum saccharolyticum CelB? 1,011 N 347 100
4 Caldocellum saccharolyticum XynA 312 71
5 Caldocellum saccharolyticum ORF 4 312 71
6 Cellulomonas fimi Cex 443 N 315 83
7 Clostridium thermocellum XynZ 809 C ~350 46

Continued on following page
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TABLE 5—Continued
. Catalytic domain®
Family Organism Enzyme No. :;:?no . No. of amino Reference
Terminus .
acids
8 Cryptococcus albidus Xyn 311 13
9 Pseudomonas fluorescens subsp. cellulosa XynA 585 C 345 50
10 Pseudomonas fluorescens subsp. cellulosa XynB 555 C 272 61
11 Thermoascus aurantiacus Xyn 269 105
G
1 Bacillus circulans Xyn 185 121
2 Bacillus pumilis XynA 201 36
3 Bacillus subtilis Xyn 182 87
4 Clostridium acetobutylicum XynB 234 124
H
1 Aspergillus aculeatus Egl 237 84
2 Erwinia carotovora CelS 232 97
I
1 Ruminococcus flavefaciens CelA 352 114

“ Deduced from positions of putative linkers, sequence comparison, and truncation experiments.
® Catalytic domain 1 (family F, no. 3) catalytic domain 2 (family A, no. 12) of the bifunctional cellulase of Caldocellum saccharolyticum.

contains bacterial enzymes and plant enzymes, thereby
raising the possibility of a lateral transfer. It includes spore
germination-specific polypeptide 270-6 from D. discoideum,
whose spore coats contain cellulose. Polypeptides 270-6 and
270-11 could be involved in cellulose hydrolysis during spore
germination (43). The avocado cellulases in family E appear
to be involved in fruit ripening (19). At present, family C
contains only fungal enzymes and families D and G contain
only bacterial enzymes. Cellulases and xylanases vary
widely in the numbers of amino acids they contain, but their
catalytic domains tend to be more uniform in size (Table 5).
It should be noted, however, that relatively few catalytic
domains have been identified other than by sequence relat-
edness to known domains and the presence of adjacent
linkers.

All enzymes reported to have exoglycosidase activity fall
into families which have members with only endoglycosi-
dase activity (Table 5). In other words, enzymes with similar
sequences have different specificities. This suggests that
exoglycosidase versus endoglycosidase activity may be a
consequence of fine details of three-dimensional structure
rather than of overall conformation. The only catalytic
domain for which the three-dimensional structure is known
is that of cellobiohydrolase II from T. reesei (95). The active
site is in an enclosed tunnel through which a cellulose
molecule threads. Two aspartyl residues located in the
middle of the tunnel may be catalytic residues (95). CbhlII is
in family B of cellulases and xylanases, which contains
exoglucanases and endoglucanases (5, 54). Modeling of
other enzymes in the family, with the structure of CbhlI as a
guide, should give useful insights into their possible struc-
tures. Realistic comparisons, however, will require determi-
nation of the three-dimensional structures of other enzymes.

Hydrolysis of the B-1,4-glycosidic bond with retention or
inversion of anomeric configuration may be a better indica-
tor of similarity than enzyme specificity (116). Hydrolysis
with retention of configuration requires a quite different
mechanism than does hydrolysis with inversion (104). CenA
of C. fimi and Cbhll of T. reesei are in family B, and both
cause inversion of configuration (63, 116). CenB of C. fimi,
which is in family E, also hydrolyzes with inversion of

configuration (77). The other enzymes which have been
characterized, Cex of C. fimi and Cbhl of T. reesei, hydro-
lyze with retention of configuration (63, 116) but are in
families F and C, respectively.

At least one cellulase has two catalytic domains. CelB of
Caldocellum saccharolyticum has an N-terminal exogluca-
nase domain and a C-terminal endoglucanase domain which
belong to different families. A linker connects each catalytic
domain to a central amino acid sequence of unknown func-
tion (99, 100) which is related to a sequence found at the C
termini of several endoglucanases from B. subtilis (72, 80)
and within avicelase I from Clostridium stercorarium (56)
and endoglucanase CenB from C. fimi (76a). XynZ of Clos-
tridium thermocellum contains a centrally located repeated
sequence flanked by linkers, with a xylanase catalytic do-
main at the C terminus of the polypeptide and a sequence of
401 amino acids of unknown function at the N terminus (46).

All CBDs described to date are N or C terminal. Catalytic
domains from each family are found in various combinations
with other conserved sequences, such as CBDs and repeated
sequences. This gives rise to a number of different types of
primary structures in cellulases and xylanases. It is possible
that further families remain to be identified.

Hydrolysis by glycosyl hydrolases often involves general
acid catalysis, usually promoted by aspartate or glutamate
residues or both. Active-site residues are usually highly
conserved during evolution. The catalytic domains of cellu-
lases and xylanases have been analyzed for conserved
aspartates and glutamates in an attempt to target catalytic
residues in the families (54, 55). In family A, two particular
residues emerged as candidates. Site-directed mutations in
two of the enzymes in family A support the involvement of
the targeted residues in the active site (3, 90a).

EVOLUTION OF CELLULASES AND XYLANASES

It is obvious that cellulases and xylanases evolved by
domain shuffling, with subsequent modifications of the do-
mains. This is well illustrated by the fact that catalytic
domains from different families are associated with the same
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FIG. 2. Unrooted phylogenetic trees for the various related sequences and families of domains. Trees A through F, respectively, are for
the families A through F of catalytic domains in Table 5; the enzymes are designated by the numbers in the table. Tree G is for the CBDs
of the T. reesei enzymes in Table 3: 1, PcCbhl; 2, TrCbhI; 3, TrCbhll; 4, TrEglI; and 5, TrEglII. Tree H is for the terminal domains with
repeated sequences in the Clostridium enzymes in Table 2: 4, CelCCA; 5, CelA; 6, CelB; 7, CelD; 8, CelF; 9, CelH; 10, CelX; and 11, XynZ.
Tree 1 is for the bacterial CBDs in Fig. 1: 1, Endl; 2, CenA; 3, CenB; 4, Cex; 5, CelA; 6,CflX; 7, EndA; 8, EndB; 9, XynA; and 10, XynB/C.

type of CBD (Fig. 1; Table 5). Although at first sight the
catalytic domain families B, C, and F appear to contain
enzymes of different types, it must be emphasized again that
the specificities of many cellulases and xylanases are not
absolute.

It is striking that a given organism can possess enzymes
from several families. Clostridium thermocellum, for exam-

ple, has enzymes with catalytic domains from four of the six
families (Table 5). In contrast, only one type of CBD has
been found in a given organism to date, and there appear to
be fewer CBD families than catalytic domain families. How-
ever, relatively few CBDs have been identified as such.
Amino acid sequences allowing binding may be more con-
strained than those with catalytic activity because the latter
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confer the subtle differences in specificity and mechanism
within this group of enzymes.

Unrooted phylogenetic trees were computed (67) for the
various families of domains (Fig. 2). Given the complexity of
some of these trees, it will be interesting to see whether all
members of a given family of catalytic domains do indeed
hydrolyze with inversion or retention of anomeric configura-
tion.

The diversity of the linker sequences stands in contrast to
the families of related domains. Presumably, the linkers
serve to optimize the activities or roles of the domains they
join. Some of them may participate in enzyme-enzyme
interaction, which could explain their varied compositions
and lengths. Repeated copies of sequences such as
PX,aX,LX,LX,LXLX,NXaXa (where a is M, I, L, or V)
are thought to participate in protein-protein interactions
31).

CONCLUSIONS

Microbial cellulases and xylanases comprise various com-
binations of discrete functional elements: catalytic domains,
CBDs, linkers connecting such domains, and repeated se-
quences of amino acids. The enzymes can be grouped into
families on the basis of conserved amino acid sequences in
the catalytic domains and by hydrophobic cluster analysis.
There are conserved sequences in some of the other ele-
ments, especially the CBDs, which are present in enzymes
from different catalytic domain families. The enzymes ap-
pear to have arisen from a limited number of progenitor
sequences by fusion or shuffling, or both, of domains. The
binding domains have some features in common with other
proteins that interact with polysaccharides, such as lectins,
chitinases, and amylases.

Knowledge of the mechanisms of action and of the three-
dimensional structures of microbial B-1,4-glycanases is
needed to corroborate and extend the conclusions drawn
from analysis of the amino acid sequences of these enzymes.
Catalytic domains within a family would be expected to have
similar conformations and mechanisms of action. For exam-
ple, they should all hydrolyze the glycosidic bond with
retention or inversion of configuration. The use of site-
directed mutagenesis to change the conserved amino acids of
the CBDs, especially the aromatic residues, could give
critical insights into the ways in which the enzymes interact
with cellulose.
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