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ABSTRACT

Polysaccharide glycosyl hydrolases are a group of enzymes that
hydrolyze the glycosidic bond between carbohydrates or between a car-
bohydrate and a noncarbohydrate moiety. Here we illustrate that tradi-
tional schemes for grouping enzymes, such as by substrate specificity
or by organism of origin, are not appropriate when thinking of struc-
ture—function relationships and protein engineering. Instead, sequence
comparisons and structural studies reveal that enzymes with diverse
specificities and from diverse organisms can be placed into groups
among which mechanisms are largely conserved and insights are likely
to be transferrable. In particular, we illustrate how enzymes have been
grouped using protein sequence alignment algorithms and hydrophobic
cluster analysis. Unfortunately for those who seek to improve cellulase
function by design, cellulases are distributed throughout glycosyl hydro-
lase Families 1,5,6,7,9, and 45. These cellulase families include members
from widely different fold types, i.e., the TIM-barrel, Bop-barrel variant (a
TIM-barrel-like structure that is imperfectly superimposable on the TIM-
barrel template), B-sandwich, and a-helix circular array. This diversity in
cellulase fold structure must be taken into account when considering the
transfer and application of design strategies between various cellulases.

*Author to whom all correspondence and reprint requests should be addressed.
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INTRODUCTION

In nature, the enzymatic degradation of cellulose is a fundamental
mechanism of biomass conversion and carbon cycling in the biosphere. To
produce alcohol fuels from lignocellulosic biomass, however, this process
must be understood at the molecular level to develop highly efficient and
cost-effective catalysts. One important step toward this goal is to deter-
mine key structure-function relationships of enzymes displaying activity
on water-insoluble substrates, such as cellulose and other plant polysac-
charides. In order to define and understand complex molecular mecha-
nisms, detailed structural information, such as that determined from NMR
or X-ray diffraction studies, is essential.

Understanding the evolutionary and mechanistic relationships of
enzymes that catalyze similar reactions is, therefore, a highly desirable objec-
tive for those who design new strategies to improve enzyme function by site-
directed mutagenesis (SDM). An examination of the SWISS-PROT data base
by Orengo and coworkers (1) using sequence alignments (FASTA) revealed
that the ~28,000 entries were reducible to no less than about 7700 unambigu-
ously related groups. Groupings with such limited sensitivity tell us little
about enzyme relatedness and are not a serviceable tool for understanding
enzyme design. A more sensitive method is hydrophobic cluster analysis
(HCA), which relies on the basic rules that underlie the folding of globular
proteins and uses a two-dimensional plot to display the amino acid
sequence of a protein depicted as an “unrolled longitudinal cut” of a cylin-
der (2). The “helical net” produced by this graphical display allows the full
sequence environment of each amino acid to be examined. HCA has been an
extremely powerful method for classifying glycosyl hydrolases (2). Gilkes
and coworkers (3) originally proposed nine families, based on the glycosyl
hydrolase sequences available at that time, and in the ensuing five years,
these researchers have added substantially to the original classification list
(4,5). Development of glycosyl hydrolase classification is shown chronologi-
cally in Fig. 1. Today, Bairoch (6) has identified 56 families. This classification
system provides a powerful tool for glycosyl hydrolase enzyme engineering
studies, because many enzymes critical for industrial processes have not yet
been crystallized or subjected to structure analysis. This article will review
the correlations between polysaccharidase function and fold structure based
on existing family assignments and reported macromolecular structures.

Enzyme Structure

Protein domains are grouped into four general structural categories
(all-a, all-B, o + B, and 0./ B) (7,8). Proteins of the all-o class are usually com-
prised of multiple o-helices that may be oriented either along a common
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Fig. 1. The chronological development of O-glycosyl hydrolase classification by pro-
tein sequence alignment and hydrophobic cluster analysis (3,4,6).

bundle axis or randomly (9). Proteins of the all-B class contain B-strands that
can be oriented either parallel or antiparallel, or in a mixture of the two (10).
The o + B and o/ categories are distinguished by considering that a./[3
proteins have alternating B-strand and o-helical segments, whereas o +
proteins tend to contain regions definable as “mostly &” and “mostly ”
(11). A common example of the a./B class is the TIM-barrel, named after the
archetype of this fold, triose phosphate isomerase. In TIM-barrel proteins,
the internal barrel is comprised of eight parallel B-strands, and the outer
shell contains eight o-helices oriented with a cant relative to the axis of the
barrel. Some protein domains do not fall into any of these categories and are
grouped as irregular folds. Proteins representative of these domain (or fold)
classes are myoglobin (all-a helix), immunoglobulin (all-B strand),
cytochrome b5 (o + B), and triose phosphate isomerase (o./) (7).

It is inferred that all proteins that have recognizable sequence simi-
larity will have the same fold type. In many cases, the fold will be unique
to that single family of proteins; such folds are known as structural sin-
glets (1). In other cases, a domain structure (fold) may be shared by two or
more proteins that appear unrelated by sequence and function. Such folds
have been termed superfolds. Orengo and coworkers identified nine pro-
tein superfolds that were the a./3-doubly wound fold, the TIM-barrel, the
split o/B-sandwich, the greek-key immunoglobulin fold, the up-down
four-helix bundle, the globin fold, the B-jelly roll, the B-trefoil, and the
ubiquitin of-roll (1).

Structure of Polysaccharide Hydrolases

A recent survey of the 3000 or more protein structures in the
Brookhaven National Laboratory Protein Data Bank (PDB) revealed that
only 6 cellulases, 8 xylanases, and 10 a-amylases, f-amylases, and glu-
coamylases have been deposited. A seventh cellulase structure was recently
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Distribution of Cellulases A;afi; 1Glycosyl Hydrolase Families
Family PDB file Year filed Res.,A Fold class Fold* Ref.

Family 1 lcbg 1994 | 2.2 | beta/alpha | TIM-barrel 16
Family 5 | lcec 1995 | 2.2 | beta/alpha | TIM-barrel 17

lece 1996 | 2.4 | beta/alpha | TIM-barrel 12
Family 6 | 3cbh 1990 |2 beta/alpha | TIM-barrel variant 18

1tml 1993 | 1.8 | betafalpha | TIM-barrel variant 19
Family 7 | lcel 1994 | 1.8 | all beta beta-sandwich, 12-14 strands | 20
Family 9 | Iclc 1995 1.9 | all alpha 6 alpha-helices/circular array | 2]
Family 45 | leng 1993 | 1.6 | allbeta closed barrel, Barwin-like 22

*Assignment made by SCOP (15).

resolved for the endoglucanase EI from Acidothermus cellulolyticus (12). For
the most part, the structural information available pertains to the catalytic
domain only; however, two structures for cellulase cellulose binding
domains (CBDs) have been filed with PDB (1cbh and 1lexg). These struc-
tures are defined as small, all-B strand domains with 7 or 8 strands per mol-
ecule and were solved using 2D NMR techniques (13,14). This list will, of
course, increase with time. Information regarding the structures of polysac-
charide glycosyl hydrolases is shown in Tables 1-3. The structural classifi-
cation given in these tables is based on recommendations from Structural
Classification of Proteins (SCOP) (http://www.pdb.bnl.gov/scop) (15) and
the recent glycosyl hydrolase family information taken from Bairoch,
http:/ /www.expasy.hcuge.ch/cgi-bin/lists?glycosid.txt (6).

Tertiary structure and key residues at active sites are generally better
conserved than amino acid sequence, so it is no surprise that structural
studies, combined with sequence comparisons directed at active site
residues, have allowed many families to be grouped in clans that have a
common fold and a common catalytic apparatus (39). Five such clans
recently proposed for the glycosyl hydrolases are GH-A (including
Families 1, 2, 5, 10, 17, 30, 35, 39, and 42); GH-B (Families 7 and 16); GH-C
(Families 11 and 12); GH-D (Families 27 and 36); and GH-E (Families 33
and 34) (6). Among these, Clans GH-A and GH-B include cellulases.

DISCUSSION

The objective of this article is to compare the gross structural fea-
tures recently made available for selected polysaccharide glycosyl hydro-
lases and to draw correlations with function. To accomplish this, the

Applied Biochemistry and Biotechnology Vol 63-65, 1997



Polysaccharide Hydrolase Fold 319
Table 2
Distribution of Xylanases Among Glycosyl Hydrolase Families
Family PDB file  Year file Res.,A Fold class Fold* Ref.
Family 10 Ixas 1954 2.6 | beta/alpha | TIM-barrel 23
1xyz 1995 1.4 | beta/alpha | TIM-barrel 24
1xys 1994 | 2.5 | beta/alpha | TIM-barrel 25
2exo 1994 1.8 | beta/alpha | TIM-barrel 26
Family 11 1xyp 1994 1.5 | all beta beta-sandwich, 12-14 strand | 27
1xyn 1994 2 all beta beta-sandwich, 12-14 strand | 27
Ixnd 1994 1.8 | all beta beta-sandwich, 12-14 strand { 28
1bcx 1994 1.8 | all beta beta-sandwich, 12-14 strand | 29
*Assignment made by SCOP (15).
Table 3
Distribution of Starch-Degrading Enzymes Among Glycosyl Hydrolase Families
Family PDB file Year filed Res.,A Fold class Fold* Ref.
Family 13 | 2taa 1982 |3 beta/alpha | TIM-barrel 30
legt 1993 |2 beta/alpha | TIM-barrel 31
lcyg 1993 | 2.5 | beta/alpha | TIM-barrel 32
1ppi 1994 | 2.2 | beta/alpha | TIM-barrel 33
2aaa 1991 | 2.1 | beta/alpha | TIM-barrel 34
lamg 1993 | 2.2 | beta/alpha | TIM-barrel 35
lamy 1994 | 2.8 | beta/alpha ; TIM-barrel 36
Family 14 | 1byb 1994 1.9 | beta/alpha | TIM-barrel 37
Family 15 | 3gly 1994 | 2.2 | beta/alpha | 6 alpha-helices/circular array | 38

*Assignment made by SCOP (15).

families of glycosyl hydrolases classified by HCA and sequence align-
ment have been examined. Figure 2 shows the general substrate speci-
ficities of enzymes assigned to these families. Several families are highly
conserved relative to substrate preference; these include the B-galactosi-
dases (Family 2), B-glucosidases (Family 3), xylanases (Families 10 and
11), a-amylases (Family 13), B-amylases (Family 14), glucoamylases
(Family 15), lichenases (Families 16 and 17), chitinases (Families 18 and
19), lysozymes (Families 21-24), neuraminidases (Families 33 and 34),
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Fig. 2. The polysaccharide substrate specificity and distribution for families of O-
glycosyl hydrolases.

and trehalases (Family 37). However, other families, such as Families 1, 4,
5, 39, 44, and others, include members that degrade different kinds of
glycoside substrates.

Thus, within a single family, there may be diversity in the types of
polysaccharides attacked, even though each family is expected to show a
common tertiary structure and have a common mechanism of hydrolysis
(4). Conversely, Tables 1-3 show that each general polysaccharide type
may be attacked by hydrolases from various families, indeed with repre-
sentation from widely different fold types. For instance, structurally
known enzymes that degrade cellulose include two families with the
TIM-barrel superfold (i.e., cyanogenic B-D-glucosidase [1cbg] from
Family 1 and endoglucanase C from Clostridium thermocellum [1cec] and
endoglucanase EI from A. cellulolyticus [1ece] from Family 5), one family
with a modified TIM-barrel fold (i.e., cellobiohydrolase II from
Trichoderma reesei [3cbh] and endoglucanase 2 from Thermomonospora
fusca [1tml] from Family 6), one family with a B-strand sandwich fold
(i.e., cellobiohydrolase I from T. reesei [1cel] from Family 7), one family
with a six o-helix circular array fold (i.e., endoglucanase D from C. ther-
mocellum [1clc] from Family 9), and one family that has a Barwin-like, all
B-strand closed barrel fold (i.e., endoglucanase V from Humicula insolens
[1eng] from Family 45).

Table 2 shows a similar case for the eight xylanase structures
reported, where one family with the TIM-barrel superfold (i.e., Family 10,
xylanase A from Streptomyces lividans [1xas}], xylanase Z from C. thermocel-
lum [1xyz], xylanase A from Pseudomonas fluorescens var. cellulosa [1xys],
and cellulase/xylanase from Cellulomonas fimi [2exo]) and a second family
with a -strand sandwich fold (i.e., Family 11, xylanase II from T. reesei
[1xypl, xylanase I from T. reesei [1xyn], xylanase II from Trichoderma
harzianum [1xnd], and xylanase II from Bacillus circulans [1bcx]) were
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Family 1 9 pang Family 7

Fig. 3. Views of the secondary structures of cellulases and related enzymes from
glycosyl hydrolase Families, 1,7, 9, and 45. 1cbg is the cyanogenic-D-glucosidase from
Trifolia repens, 1cel is the cellobiohydrolase I from T. reesei, 1clc is the endoglucanase D
from C. thermocellum, and leng is the endoglucanase V from H. insolens. Secondary
assignments were made by Kabish-Sander algorithms. The structures were generated
from PDB files (Brookhaven National Laboratory) using Biosym Version 94, Biosym
Technologies, San Diego, CA.

found. Views of secondary structures for cellulase and xylanase enzymes
generated from PDB files and assigned to glycosyl hydrolase families are
shown in Figs. 3-5.

Table 3 shows less structural diversity for the starch-degrading
enzymes studied so far, because all members of both Families 13 and 14,
the o-amylases and B-amylases, respectively, contain TIM-barrel super-
folds. The Family 15 glucoamylase, an enzyme from Aspergillus awamori,
has a fold type much different from the TIM-barrel, i.e., a six o-helix circu-
lar array also found for endoglucanase D from C. thermocellum. This sug-
gests that Family 15 enzymes may be mechanistically more closely related
to the Family 9 cellulases than to the other amylases. Whereas the TIM-bar-
rel superfold is a highly versatile and robust structure that dominates in
the collection of glycosyl hydrolases as a whole (1,5), clearly many other
folds are represented.

The high levels of structural and mechanistic similarity that often
occur between enzymes showing preferences for different substrates also
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Family 5

Fig. 4. Views of the secondary structures of cellulases from glycosyl hydrolase
Families 5 and 6. 1cec is the endoglucanase C from C. thermocellum, lece is the endoglu-
canase EI from A. cellulolyticus, 3cbh is the cellobiohydrolase II from T. reesei, and 1tml
is the endoglucanase 2 from T. fusca. The structures were generated from PDB files
(Brookhaven National Laboratory) using Biosym Version 94, Biosym Technologies,
San Diego, CA.

occur between enzymes from different environments and from different
types of organisms. Within Family 5, for example, structural correlations
were expected and have been recently confirmed experimentally between
the endoglucanase C from C. thermocellum (1cec) and the endoglucanase EI
from A. cellulolyticus (1ece). The a-carbon traces for these two enzymes are
nearly superimposable (12). This is intriguing, considering that endoglu-
canase C was produced as part of a mesophilic cellulosomal cellulase sys-
tem and EI from A. cellulolyticus is a highly thermal tolerant endoglucanase
(optimum temperature of 81°C) derived from a hot spring bacterium (40).
Furthermore, as shown by their grouping in the GH-A clan (6), the Family
1 enzymes and the Family 10 xylanases are structurally and mechanistic
cousins to the Family 5 cellulases. Structural and functional similarity
superceding taxonomic boundaries is also common. For example, the
Family 11 xylanases are all B-strand sandwich folds (Table 2), yet three are
fungal (Trichoderma) and one is from a bacterium (Bacillus). Even cursory
examination of Fig. 5 confirms the high degree of structural similarity for
the three xylanases shown from Family 11.
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Fig. 5. Views of the secondary structures of xylanases from glycosyl hydrolase
Families 10 and 11. 1xas is the xylanase A from S. lividans, 1xyz is the xylanase Z from
C. thermocellum, 2exo is the cellulase/xylanase from C. fimi, 1xyp is the xylanase II from
T. reesei, 1xnd is the xylanase II from T. harzianum, and 1bcx is the xylanase II from B.
circulans. For clarity, structures for Ixys and 1xyn are not shown. The structures were
generated from PDB files (Brookhaven National Laboratory) using Biosym Version 94,
Biosym Technologies, San Diego, CA.

CONCLUSION

Ideally an experimental structure would be available for each glyco-
syl hydrolase, but we are limited by the size of the available structure data
base at this time. Specifically, of the 811 glycosyl hydrolases listed by
Bairoch (6), only 30 of those important for lignocellulosic biomass conver-
sion have been subjected to X-ray diffraction and structure analysis. Still,
nature has provided many independent structural schemes to bring a set of
key active site amino acid residues into precise position to effect very sim-
ilar or identical chemical reactions, in this case, transfer of the O-glycosyl
bond to water. Thus, diversity of structure is a fact, and convergence of cat-
alytic function is indicated for different types of glycosyl hydrolase folds.
Glycosyl hydrolase Family 5 enzymes are especially important to
researchers in the biomass conversion field, because one especially active
and thermal tolerant endoglucanase, EI from A. cellulolyticus, belongs to
Subclass 1 of this family. Although X-ray structures are currently available
for only 2 of the 47 enzymes identified in Family 5 to date, endoglucanase
C from C. thermocellum and endoglucanase EI from A. cellulolyticus, SDM
work to improve Family 5 cellulases can proceed with a reasonable degree
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of confidence that lessons learned from modifying the structure of one
family member will translate to other members (41,42). In addition,
because of the clear placement of Family 5 in the glycosyl hydrolase GH-A
clan, insights based on studies of enzymes from glycosyl hydrolase
Families 1, 2, 10, 17, 30, 35, 39, and 42 will also likely be relevant, even
though those enzymes are not cellulases. In fact, such insights will proba-
bly be more relevant than those gleaned from the study of cellulases from
the structurally unrelated Families 6, 7, 9, and 45.
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