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Abstract—This review deals with structural and functional features of glycoside hydrolases, a widespread group of enzymes
present in almost all living organisms. Their catalytic domains are grouped into 120 amino acid sequence-based families in
the international classification of the carbohydrate-active enzymes (CAZy database). At a higher hierarchical level some of
these families are combined in 14 clans. Enzymes of the same clan have common evolutionary origin of their genes and share
the most important functional characteristics such as composition of the active center, anomeric configuration of cleaved
glycosidic bonds, and molecular mechanism of the catalyzed reaction (either inverting, or retaining). There are now exten-
sive data in the literature concerning the relationship between glycoside hydrolase families belonging to different clans
and/or included in none of them, as well as information on phylogenetic protein relationship within particular families.
Summarizing these data allows us to propose a multilevel hierarchical classification of glycoside hydrolases and their
homologs. It is shown that almost the whole variety of the enzyme catalytic domains can be brought into six main folds, large

groups of proteins having the same three-dimensional structure and the supposed common evolutionary origin.
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“The establishing of a system for classification and nomenclature can be
seen as a clear indication of the ‘coming of age’ of a branch of science.”

Glycoside hydrolases (glycosidases or carbohydrases,
EC 3.2.1) comprise a widespread group of enzymes cat-
alyzing glycolytic cleavage of O-glycosidic bond. They are
attributed to catabolic enzymes of carbohydrate metabo-
lism; during many decades they have been the objects of
various biochemical investigations [2-10]. Glycoside
hydrolase genes are found in almost all living organisms,
the only exception being some Archaeans and some uni-
cellular parasitic eukaryotes [11, 12]. Some viruses also
encode glycosidases. About 1% of all known genes code
glycosidases and their close homologs [12]. The share of
these genes in the genome significantly varies depending
on the organism’s taxonomic position [11]. The set of gly-
coside hydrolases in microorganisms is much dependent
on their ecological niche: glycosidase genes often undergo
duplications (they can be present in the form of several
paralogs [7, 13-17]), elimination (the set of genes can dif-
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fer even in strains of the same species [18]), and horizon-
tal transfer (the glycosidase phylogenetic trees usually dif-
fer greatly from those of the host organisms [14-16, 19,
20]). Evolutionarily closely related glycosidases often dif-
fer in substrate specificity [9, 11, 21, 22], while enzymes
with very different enzyme activities as well as proteins
devoid of enzyme activity are found among glycosidase
homologs [11, 23]. Small changes in the primary structure
of glycoside hydrolases are able to change their substrate
specificity [24]. Many glycoside hydrolases have complex
domain structure, and different domains of the same pro-
tein often have independent evolutionary history. Two and
more homologous [25-27] or non-homologous [7, 28, 29]
catalytic domains can be present in the same protein.
Glycoside hydrolases and their genes have become
model objects for various fields in biology: investigations
of yeast lysates containing invertase (EC 3.2.1.26) once
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laid the foundations of enzymology [30]; the Escherichia
coli lac operon, containing -galactosidase (EC 3.2.1.23)
gene lacZ that had been widely adopted for constructing
cloning vectors became a kind of standard for gene expres-
sion regulation in bacteria [31]; hen’s egg lysozyme (EC
3.2.1.17) [32] became one of the first proteins with exper-
imentally determined tertiary structure (PDB, IHEW).

The two most widespread organic substances in liv-
ing organisms are cellulose and chitin [2, 33], which
makes carbohydrates dominant by mass in living matter
on the Earth. Some glycosidic bonds, in particular those
between two glucose residues in some polysaccharides,
are the chemically most stable covalent bonds between
monomers in natural biopolymers [34]. Glycoside hydro-
lases cleaving such bonds accelerate the corresponding
reaction by 17 orders of magnitude compared to sponta-
neous hydrolysis, which makes them one of most efficient
known catalysts [34].

TRADITIONAL (ENZYMATIC) CLASSIFICATION
OF GLYCOSIDE HYDROLASES

Glycoside hydrolases in a broad sense of the word
(EC 3.2) combine O-, N-, and S-glycoside hydrolases [4,
8, 35]. However, N-glycoside hydrolases (EC 3.2.2) are
mainly enzymes of nucleic acid metabolism and are not
considered in this review. The only known S-glycoside
hydrolase (EC 3.2.3)—thioglucosidase (EC 3.2.3.1)—was
reclassified in 2001 as an O-glycoside hydrolase with
enzymatic number EC 3.2.1.147 [36].

The great variety of known enzymatic activities of
glycoside hydrolases is due to tremendous number of their
natural substrates, di-, oligo-, and polysaccharides, and
their derivatives. The number of theoretically possible
carbohydrate structures is indeed astronomical. Thus, low
molecular weight reducing hexasaccharide C;,H4,05, can
have over 10'> branched and linear isomers [37].
Traditional biochemical nomenclature of glycosidases is
based exclusively on their substrate specificity, and only
sometimes (in the case of amylases EC 3.2.1.1 and EC
3.2.1.2) it takes into account molecular mechanism of the
catalyzed reaction [35]. Moreover, only the main, most
preferable substrate of any enzyme is considered. The
advantage of this nomenclature is relative simplicity and
long-term experience in its use, which provided for its
standardization. Enzymatic activities from EC 3.2.1.1 to
EC 3.2.1.165 have now been registered, and the registra-
tion of some numbers has been cancelled for various rea-
sons [36].

Many glycosidases exhibit broad substrate specificity
[3, 21], making difficult their classification. Often gly-
cosidases along with glycoside hydrolase (EC 3.2.1)
exhibit also transglycosidase activity (EC 2.4.1) [2-4, 21,
38-40]. This formally makes it possible to consider them
as members of a different enzyme class, i.e. transferases.
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For quite a number of glycosyltransferases (more exactly,
for transglycosidases) significant structural similarity was
found (at the level of primary and/or tertiary structures)
with some glycoside hydrolases [11]. However, these data
indicative of common evolutionary origin and similarity
of catalytic mechanism in enzymes of these two groups
are not taken into consideration by the biochemical clas-
sification [35, 36].

Glycosidases catalyze hydrolysis of a glycosidic bond
via two different mechanisms resulting either in retaining
(via a double-displacement) or in inverting of the substrate
anomeric configuration during reaction [4-6, 19, 41-44].
Each enzyme exhibits one of them independently of the
substrate choice, and enzymatic hydrolysis of a glycosidic
bond is always stereospecific. However, there are cases
when hydrolysis of some low molecular weight synthetic
substrates, carbohydrate derivatives or analogs, follows a
mechanism different from the natural substrate hydrolysis,
or hydrolysis of synthetic substrates (such as glycosyl fluo-
rides) of both (o and ) anomeric configurations can hap-
pen [3-5, 39, 44, 45]. Knowledge of stereochemistry of
hydrolysis reactions makes it possible to forecast the
enzyme’s ability for catalysis of a side reaction such as
transfer of glycosyl residues between substrate molecules
(transglycosylation). Such ability is peculiar only to gly-
cosidases acting with retention of the substrate anomeric
configuration in the reaction product [3-7, 19, 46].

Extensive experimental material has been accumu-
lated during investigations of the mechanism of action
and specificity of different glycoside hydrolases. It was
shown that glycosidases exhibit absolute specificity in
nearly all cases to only two elements of substrate struc-
ture, to configuration of cleaved glycoside bond (a or )
and to the size of the hemiacetal/ketal cycle of the cleaved
monosaccharide residue (six-membered pyranose or five-
membered furanose cycles). As to the rest, their specifici-
ty is characterized by the large-scale width [5].

For glycosidases affecting pyranose residues [4, 46-
48], it was proposed to use along with the reaction mech-
anism (resulting either in retaining or inversion of
anomeric configuration), the axial (as a rule, o) or equa-
torial (as a rule, B) direction of the hydrolyzed glycosidic
bond, which makes it possible to distinguish four enzyme
classes. A similar system of classification is also applica-
ble to furanosidases. At the same time, glycosidases are
subdivided to syn- and anti-protonators depending on
spatial arrangement of the enzyme catalytic residues rela-
tive to substrate [49]. Stereochemistry of the hydrolysis
reaction is caused by mutual arrangement of catalytically
important groups in the enzyme active center. As a rule,
enzymatic hydrolysis of a glycosidic bond needs the pres-
ence of two catalytically important amino acid residues in
the active center. In the overwhelming majority of cases,
carboxyl-containing residues (Asp and/or Glu) fulfill this
role. Carboxyls of these two residues are usually localized
at a distance of about 5-6 or 9-10 A in the case of glycosi-
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dases acting with retention and inversion of the substrate
anomeric configuration, respectively. In the latter case,
the longer distance is due to the necessity of simultaneous
presence of substrate and a water molecule in the enzyme
active center during the hydrolysis reaction [3, 4, 41-44,
49-52].

Glycosidases that hydrolyze oligo- and polysaccha-
rides can be subdivided to two groups according to the
character of substrate cleavage, to exo- and endo-type
enzymes. Despite the existence of some intermediate
cases, on the whole such division is quite successful [5, 7,
46].

CAZy CLASSIFICATION: GLYCOSIDE
HYDROLASE FAMILIES AND CLANS

The accumulation of data on glycoside hydrolase
primary structures has made it possible to elaborate a
principally new system for classification of these enzymes
based on comparison of amino acid sequences of their
catalytic domains. This approach was first used in analy-

Table 1. Progress in glycoside hydrolase classification

Year Number Number Number
(reference) of proteins of families of clans
(those in clans)
1989 [55] 21 6 (0) —
1991 [56] 322 36 (0) —
1993 [57] 482 45 (0) —
1995 [41, 61] 52 (17) 5
1996 [58] ~950 57 (17) 5
1997 [46, 60] ~1500 62 (19) 5
1998 [11] ~2200 70 (26) 8
1999 [11] >2800 77 (...) 10
2000 [11] 82 (33) 10
2001 [11] 85 (37) 11
2002 [11] ~8000 87 (40) 12
2003 [11] 91 (43) 13
2004 [11] 95 (46) 14
2005 [11] >20 000 101 (46) 14
2006 [11] ~30 000 106 (46) 14
2007 [11] >30 000 110 (46) 14
2008 [11] >40 000 114 (49) 14
2009 [11] >59 000 115 (50) 14
2010 [11] ~82 000 118 (50) 14
2011 [11] ~86 000 123 (50) 14

Note: For 1989, data on classification are shown only for p3-1,4-gly-
cosidases [55]. Statistics for 2011 include data of February 15,
2011. Three dots mean absence of data, hyphen means absence
of classification.
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sis of B-1,4-glycosidases, which made it possible to com-
bine them in eight families [53-55]. Then all known gly-
coside hydrolase sequences were studied (over 300), and
36 families of protein homologs were revealed [56].
During two decades that passed since that time, the num-
ber of glycosidases with known amino acid sequences
increased at least 100-fold (Table 1). The bulk of new
sequences belong to the previously known families, while
the others form a number of new ones [11, 29, 46, 47, 57-
59]. In 1998 the glycoside hydrolase classification was
extended to enzymes exhibiting transglycosidase activity.
Now 120 glycosidase families (GH1-GH125) are known.
The families GH21, GH40, GH41, GH60, and GH69
were omitted because more careful investigations showed
that enzymes of these families were devoid of glycosidase
activities [11, 47, 60]. The current classification is avail-
able on the internet at the CAZy site [11].

The criterion for any protein, or more exactly, any
protein domain to be attributed to some glycoside hydro-
lase family is the presence in its sequence of an extended
region (no less than 100 amino acid residues) homologous
to the sequence of at least one already known member of
this family [56]. The use of this criterion resulted in inclu-
sion into the glycoside hydrolase families of a number of
enzymes devoid of glycosidase activities [23], as well as of
numerous hypothetical proteins with unknown enzymat-
ic properties [11]. The portion of uncharacterized pro-
teins among members of the glycosidase families contin-
uously increases due to the high rates of new genome
sequencing. It was suggested to subdivide the glycosidase
families with high number of known members to subfam-
ilies or subtypes according to the level of similarity of
their amino acid sequences [53, 61, 62].

At the present time, in most glycoside hydrolase
families for at least one member the molecular mecha-
nism of the catalyzed reaction is known: with inversion or
retention of the anomeric configuration of the substrate
[9, 11, 41, 43, 46, 49, 58, 63]. In almost all known cases,
enzymes of the same family have the same mechanism
[41, 43, 63], the only exception being the GH23 and
GHO97 families that combine retaining and inverting gly-
coside hydrolases [64]. Within each glycosidase family,
the anomeric configuration of the cleaved glycosidic bond
(o or B), or more exactly its axial or equatorial orienta-
tion, is also conservative [43, 46]. The only known excep-
tion is the GH4 glycosidase family: it includes both
enzymes cleaving an a-glucosidic bond and those cleav-
ing a B-glucosidic bond [11, 52, 65].

A higher conservation of protein tertiary structures
compared to primary structures suggests a possible simi-
larity between 3D structures of some glycosidases belong-
ing to different families. There are quite a number of such
cases, first of all concerning families containing proteins
with experimentally determined tertiary structures. In
some other cases, the supposed similarity between gly-
cosidase three-dimensional structures can be judged on
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the basis of remote but statistically reliable similarity of
amino acid sequences of these proteins. It was supposed
to combine in superfamilies the families of glycosidases
that have or appear to have related tertiary structures [61].
The number of superfamilies gradually increased. This
was due to three reasons. First, the number of glycosidas-
es with known 3D structures continuously increases.
Second, new sequences exhibiting statistically reliable
similarity with members of two families at once (here the
rule “friends of my friends are my friends” is acting [61])
appear in databases. Third, due to increased sensitivity of
methods of bioinformatic sequence analysis, similarities
between different glycosidase families are revealed.
Generally accepted classification of glycoside hydro-
lases (CAZy) based on sequence homology considers the
similarity between proteins of just those families that are
characterized by the same mechanism of glycosidic bond
hydrolysis [11, 46, 58, 66]. By analogy with protease clas-
sification [1, 67], such families are combined in 14
presently known clans (from GH-A to GH-N; Table 2).
It is assumed that all glycosidases belonging to the fami-
lies of the same clan have common evolutionary origin,
similar three-dimensional structure, conservative

Table 2. Glycoside hydrolase clans
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arrangement of catalytic residues (i.e. in homologous
positions), and the same mechanism of glycosidic bond
hydrolysis [42, 46, 47, 58-60, 63, 66].

Although one glycosidase family usually does not
include enzymes with different mechanisms of glycosidic
bond hydrolysis (except families GH23 and GH97), it was
shown that the hydrolysis mechanism can be changed to
the opposite one by replacement of just a single amino
acid residue. Replacement of a nucleophilic carbonyl-
containing residue (Asp/Glu) in the enzyme active center
by a non-nucleophilic residue (Ala or Gly) in glycosidases
that hydrolyze substrate with retention of its anomeric
configuration results in inactivation of the enzyme.
However, addition to the reaction medium of nucleophile
molecules (azide, acetate, or formate) results in inversion,
compared to the wild-type enzyme, of the mechanism of
hydrolysis of 2,4-dinitrophenyl glycosides: the product of
such reaction is glycosyl-azide (or acetate, or formate)
with inverted anomeric configuration [44, 51, 68, 69].

Substitution of the Thr26 residue in the bacterio-
phage T4 lysozyme (GH24 glycosidase family) active
center by a nucleophilic residue (Glu or His) altered the
catalyzed reaction. It then followed the double-displace-

Clan Families (GH) Anomeric configuration Three-dimensional structure Reference

GH-A 1,2,5,10, 17, 26, 30, | retained (eq.) (B/a)g-barrel 7,10, 11, 25, 40, 46, 48, 57,
35, 39, 42, 50, 51, 53, 59, 66, 88, 94, 95, 96, 99,
59, 72,179, 86, 113 150, 151

GH-B 7,16 retained (eq.) B-sandwich 152

GH-C 11,12 retained (eq.) B-sandwich 19, 153

GH-D 27,31, 36 retained (ax.) (B/ov)s-barrel 16, 56, 61, 75,79, 103-106,

154, 155

GH-E 33, 34, 83,93 retained (eq.) 6-bladed B-propeller 11, 156

GH-F 43,62 inverted (eq.) 5-bladed B-propeller 78, 130-132

GH-G 37,63 inverted (ax.) (o./at)s-barrel 99

GH-H 13,70, 77 retained (ax.) (B/av)s-barrel 79,108, 111, 157-162

GH-I 24, 46, 80 inverted (eq.) o + B-lysozyme 11, 140-142

GH-J 32, 68 retained (B-furanoside) 5-bladed B-propeller ?22‘78, 104, 129-132, 163,

GH-K 18, 20, 85 retained (eq.) (B/o)g-barrel 11, 48, 88, 95

GH-L 15, 65, 125 inverted (ax.) (o/ou)¢-barrel 11, 49, 99

GH-M 8, 48 inverted (eq.) (o/au)4-barrel 99

GH-N 28,49 inverted (ax.) (B);-solenoid 95,99, 144, 145

Note: The type of substrate glycosidic bond (equatorial or axial) and its change during hydrolysis is shown in the column “Anomeric configuration”.
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ment pathway resulting in final retention of the substrate
B-anomeric configuration in the product [52, 70, 71].

All glycoside hydrolase clans contain at least one
family that includes glycosidases with known 3D struc-
tures (Table 2). Isolation of each of these clans as well as
membership of concrete families in them is usually
beyond doubt. Many families remain not included into
the clans, and no new clan has been established during
the last seven years (Table 1). Thus, at the present time
the CAZy classification is two-level (family and clan)
[11]. Subfamily level has been distinguished only in the
case of the GH13 and GH30 families. Already over two
years ago (on-line publication of October 5, 2008 [12]) a
report appeared concerning subdivision of GHI1, GH2,
and GHS5 families into subfamilies, but this has not been
realized in the database [11]. Moreover, in non-peer-
reviewed publications of CAZy authors in 2005-2006
there have been reports concerning distinguishing sub-
families into 19 glycoside hydrolase families [72, 73].
However, only in the case of GH1, GH7, GH13, and
GH 15 families have data been published allowing readers
to discriminate at least to some extent members of differ-
ent subfamilies [73].

HIERARCHICAL CLASSIFICATION
OF GLYCOSIDE HYDROLASES

In 1988 the similarity of amino acid sequences of
glycoside hydrolases later included in families (GH13 and
GH31), belonging to different clans (GH-H and GH-D,
respectively) was shown for the first time [74]. Later a
relationship of GH13 and GH31 was confirmed [60, 75-
77], and even expediency of their combination in the
same clan was discussed [60]. In 1990, already before cre-
ation of the universal classification of all glycoside hydro-
lases [56], it was suggested to distinguish subfamilies
within four of eight families described by that time [53].
In 2000 we proposed for the first time a hierarchical (sub-
family/family/clan/superfamily) glycoside hydrolase
classification on the example of the 3-fructosidase super-
family [78]. In 2004 a similar classification was proposed
for a-galactosidase and a-glucosidase superfamilies [79],
while in 2006 it was extended to all glycoside hydrolases
with catalytic domain in the form of a (3/a)g barrel, with
simultaneous increase up to seven in the number of levels
in the classification [80]. Upper levels in this classifica-
tion are “fold” and “group of similar folds” in which only
uniformity of 3D structures is required from catalytic
domains along with supposed common evolutionary ori-
gin. The “fold” level in our classification approximately
corresponds to the “clan” level in the Pfam classification
[81] and to the “superfamily” level in SCOP classification
[82]. In a recent work [83] it has been suggested to com-
bine fifty families of glycoside hydrolase catalytic
domains into seven C-families (C1-C7).

NAUMOFF

Glycosidases with (B/a)s Form Catalytic Domain

A domain with this type of 3D structure (PDB,
1TIM) was found for the first time in triose phosphate
isomerase [84] (EC 5.3.1.1), and for this reason it is often
called the TIM-barrel. This type of structure is one of the
most often found in proteins [85-87], and it is the most
frequent catalytic domain structure type in enzymes [86].
About half of known glycoside hydrolase families have
such structures [11, 88]. Among all families of function-
ally characterized proteins with (/o)g barrel three-
dimensional structure, the overwhelming majority are
enzymes [89, 90]. Members of about half of these families
exhibit hydrolase activities, mainly O-glycoside hydrolase
[88, 89]. It should be noted that most known glycoside
hydrolase activities were detected in enzymes with (B/a)g
barrel catalytic domain structure [88].

It is assumed that all domains with this type of three-
dimensional structure have a common origin [17, 90]: the
gene encoding their common evolutionary precursor sup-
posedly emerged via duplication of the gene that encoded
the (B/a), structure [85, 86, 91, 92], or even via two suc-
cessive duplications of the gene encoding the (B/a),
structure [93]. This allows one to consider all (B/a)g
domains of glycoside hydrolases as evolutionarily related,
although to all appearances they do not form a mono-
phyletic group. The most divergent are three glycoside
hydrolase families (GH6, GH38, and GHS57) having
unusual incomplete (f/a); structure. In the hierarchical
classification proposed by us [80] these three families are
classified as a separate fold, whereas most other families
are grouped in four main types within a single fold. The
same type domains of different families find each other
(or are expected to find in cases where it is still not
checked) in most combinations upon iterative screening
using the PSI-BLAST program. In the SCOP classifica-
tion, glycosidases with (B/a)s- and (B/a),-barrel type
catalytic domains are classified, respectively, as “TIM
beta/alpha-barrel” fold (“(Trans)glycosidase™” superfami-
ly) and “7-stranded beta/alpha-barrel” fold (superfami-
lies “Glycosyl hydrolase family 6, cellulases” and
“Glycoside hydrolase/deacetylase”) [82], whereas in the
Pfam classification they belong to clans CL0058 and
CLO158 [81]. In classification of C-families they are
combined together in the C3 family within which 27 sub-
groups are distinguished [83]. There were doubts in the
literature concerning common evolutionary origin of
(B/a)s and (B/a); glycosidases [89]. In the CAZy classifi-
cation [11] some (B/a)s glycosidase families are com-
bined in four clans (GH-A, GH-D, GH-H, and GH-K);
all of them contain only enzymes that retain anomeric
substrate configuration during the catalyzed reaction
(Table 2). Nagano et al. [48] in 2001 combined nine gly-
cosidase families (including members of three different
clans) with experimentally determined at that time
(B/a)s-type 3D structures in six functional subgroups
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(F1-F6) and at the higher hierarchical level in four struc-
tural groups (S1-S4).

Type I classical (B/a); glycosidases. This type includes
the clan GH-A that now combines 18 glycoside hydrolase
families (Table 2). The corresponding enzymes use sub-
strates with equatorially oriented glycosidic bonds and
retain the substrate anomeric configuration in the product.
The GH-A clan is also known as the 4/7 superfamily of
glycoside hydrolases [94, 95] by the arrangement of two
catalytically important Glu residues, proton donor/accep-
tor and nucleophile, at the end of the (/a)g barrel fourth
and seventh (-strands, respectively. Several other glycoside
hydrolase families (GH14, GH29, GH44, and GH71)
were also included in this type [80]. The GH14 family was
included according to its high similarity with GHS5 [48],
GH10 [40, 94, 95], and GH42 [81, 88] families, while fam-
ilies GH29, GH44, and GH71 exhibited similarity with the
GH2 and GH5 families [88]. Proteins of family GH44
exhibit similarity with members of the GH30 family [96].
The type I classical (/a)s glycosidases can also include
family GH98 on the basis of its similarity with GH1 and
GHS5 [97] and GH99 family by similarity with GH71
(unpublished data). It should be noted that enzymes of
GH14, GH71, and GH98 glycosidase families change the
substrate anomeric configuration during hydrolysis. The
clan GH-A families (GH1, GH2, GH5, GHI10, and
GH17) were included in the functional subgroup F2, and
GH 14 family was included in subgroup F3. These two sub-
groups form structural group S2 [48]. Thus, type I classical
(B/a)g glycosidases approximately correspond to group S2.

For GH1 family three independent subdivisions to
subfamilies were proposed: according to one proposal,
five subfamilies were distinguished [25], while according
to two others fourteen subfamilies were distinguished [62,
73]. The GH2 family was shown to consist of several iso-
lated groups of proteins [40]. The GH5 family was first
separated into five subfamilies [53], and later their num-
ber was increased to eight [98]. In the GH30 family two
protein groups consisting of eight subgroups were distin-
guished [96], which are now considered in the CAZy clas-
sification as eight subfamilies [11]. Comparison of gly-
cosidases from the GH30 and GH59 families revealed
their high similarity [25], which makes it possible to con-
sider these two families as subfamilies of one family
GH30/59. Recently the border between the GHS and
GH30 families was changed by transfer of some subfami-
lies from GHS5 to GH30 [11, 96].

Iterative screening of amino acid sequence database
using the GHS5 family proteins made it possible to trace
their evolutionary relationships with members of the
GH13 and GH 14 glycoside hydrolase families [48], using
the GH14 family proteins revealed their relationship with
proteins of the GH35, GH42, and some other families of
the GH-A clan [99], whereas screening using proteins of
the GH50 family found relationship with proteins of the
GH42 family [88].
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Type II classical (B/a)s glycosidases. This type
includes a-galactosidase (clan GH-D; Table 2) and o-
glucosidase (clan GH-H) superfamilies as well as glyco-
side hydrolase families GH66, GH97, GH101, and
GH114 [80, 100]. This type of enzymes affect axially ori-
ented glycosidic bond, and almost all of them (the only
exception is the GH97 family) retain anomeric configu-
ration of the substrate during hydrolysis [11]. On the basis
of homology, this type can also include a variety of fami-
lies of enzymatically uncharacterized proteins (hypothet-
ical glycosidases) [75, 80, 101, 102]. The problem of nec-
essary combination of GH-D and GH-H clans at a high-
er hierarchical level was discussed in work [77]. The
GH13 family was included into functional subgroup F1
forming structural subgroup S1 [48]. Since this was the
only family of classical (/a5 glycosidases for which 3D
structure was already known at that time, we can condi-
tionally identify type I1 with group S1.

a-Galactosidase superfamily (clan GH-D). The term
“oa-galactosidase superfamily” was first proposed in 2001
(formerly the term “DAG family” was used [103]) to join
glycoside hydrolase families GH27 and GH36 [104] that
comprised clan GH-D [11] and included most of the then
known a-galactosidases (EC 3.2.1.22). At that time
GH27 and GH36 families were sufficiently clearly differ-
entiated from each other [103]. Then it was possible to
distinguish within the GH36 family two subfamilies [104]
(later called GH36A and GH36B [105]). In 2002 [106] it
was suggested to include families GH31 and aGalT (now
GH36C) [105] into this superfamily. The aGalT (from o.-
galactosyltransferase) family was composed [106] of a
group of mainly plant origin proteins for which a-galac-
tosyltransferase activities (EC 2.4.1.67 and EC 2.4.1.82)
were demonstrated. After publication of Sulfolobus solfa-
taricus genomic sequence (GenBank, AE006641), in
summer 2002 the protein encoded by this archaean
(GenPept, AAK43227), together with a number of other
members of aGalT family, was included in CAZy classifi-
cation into GH36 family [11]. However, according to the
level of similarity of amino acid sequences, proteins of the
aGalT family are approximately equidistant from GH27
and GH36 glycoside hydrolase families, having no more
than 20% identical amino acid residues. Such expanded
interpretation of the GH36 family later caused incorpo-
ration into it of an even greater number of only distantly
related proteins. For example, sequencing of the o-N-
acetylgalactosaminidase (EC 3.2.1.49) gene from
Clostridium perfringens [107] resulted in inclusion into
this family of an additional group of homologs (now
GH36D [105]). After that, in CAZy classifications [11]
practically all proteins of the GH-D clan, except artifi-
cially isolated but relatively homogeneous family GH27,
were included into the GH36 family. Already in 2003 the
absence of monophyletic status was established in pro-
teins classified at that time in GH36 family, and its subdi-
vision to four subfamilies (GH36A-GH36D) was suggest-
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ed [105]. In 2004 [79] it was suggested to consider these
subfamilies as separate families within the a-galactosi-
dase superfamily (clan GH-D). Now eleven families
(GH36A-GH36K; Table 3) are distinguished on the basis
of the former GH36 family [16, 75, 100, 101], but only
some of them contain proteins with experimentally iden-
tified enzymatic activities. At the beginning, only three
subfamilies were distinguished within the GH27 family
[16, 79], but later their number increased to six [100].
Within the GH31 family 38 subfamilies were distin-
guished in advance [75, 100], but some of them will prob-
ably be combined into larger ones, because they have no
monophyletic status. About three years ago in the CAZy
classification the GH31 family was included in GH-D
clan along with families GH27 and GH36 [11]. In the
Pfam classification three families (PF01055 (GH31),
PF02065 (GH27 and partially GH36), and PF05691
(GH36C)) correspond to clan GH-D [81].

Iterative screening of amino acid sequence database
using a.-galactosidase superfamily proteins revealed their
evolutionary connections with a number of proteins from
different families such as GH5, GH13, GH66, GH97,
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GH101, GH114, COG1306, COG1649, and COG2115
[17, 75, 76, 79, 80, 100]. It should be noted that
COG2115 is the xyloseisomerase family (EC 5.3.1.5).
a-Glucosidase superfamily (clan GH-H). The term o.-
glucosidase superfamily was first suggested in 2004 to
combine glycoside hydrolase families GH13, GH70, and
GH77 forming the GH-H clan [79]. As follows from data-
bases of orthologous microbial (COG) and eukaryotic
(KOG) protein groups, in both cases proteins of the GH13
family are combined into four clusters COG0296,
COGO0366, COG1523, COG3280, KOG0470, KOG0471,
KOG2212, and KOG3625 [108]. Family GH13 is one of
largest glycoside hydrolase families (>9000 proteins [11]).
It includes enzymes with 22 types of enzymatic activities
(including hydrolases, transferases, and synthases) as well
as amino acid transporters [11]. It is one of two glycoside
hydrolase families for which subdivision into subfamilies is
given on the CAZy site: 36 subfamilies (from GH13 1 to
GH13_36) combine some proteins from the GH13 family
[11]. Initially, in 2006 it was proposed to distinguish 35
subfamilies [109], but later their number increased to 40
[73]. Comparison of proteins from the 36 subfamilies pre-

Table 3. Subdivision of GH36 family into 11 new families (GH36A-GH36K)

Protein Member Total number of proteins
family
Number in Organism Length | Fragment Annotation GenPept CAZy
GenPept

GH36A | AAG49420.1 | Geobacillus stearothermo- 729 325-626 | a-galactosidase AgaA 795 351
philus

GH36B | CAA04514.1 | Thermotoga maritima 552 180-482 | a-galactosidase 104 50

GH36C | AAD02832.1 | Cucumis sativus 784 198-568 | raffinose synthase 281 127

GH36D | AAMS55479.1 | Clostridium perfringens 629 213-538 | a-N-acetylgalactos- 64 26

aminidase

GH36E | EFB00895.1 | Victivallis vadensis 654 268-556 | hypothetical protein 20 1

GH36F | EDM35914.1 | Pedobacter sp. BAL39 684 278-590 | o-galactosidase 29 8

GH36G | ABF39669.1 | Candidatus Koribacter 684 279-593 | glycoside hydrolase, 9 3+1
versatilis clan GH-D

GH36H | BAC74977.1 | Streptomyces avermitilis 610 196-494 | hypothetical protein 15 3

GH361 | ABW01612.1 | Caldivirga maquilingensis 708 214-530 | hypothetical protein 15 0

GH36J | ADB29787.1 | Kribbella flavida 569 256-521 | hypothetical protein 1 0

GH36K | CBL19648.1 | Ruminococcus sp. SR1/5 561 201-500 | a-galactosidase 6 3

Note: Length means total number of amino acid residues in a precursor protein. Fragment shows ordinal numbers of the first and last amino acid
residues corresponding to the hypothetical catalytic domain. Total number of proteins means the number of non-identical amino acid
sequences in the databases containing this family domain. GenPept means the number of proteins found in the GenPept (NCBI) database
using search by homology versus non-redundant protein sequences, carried out on January 13, 2011. CAZy means the number of proteins
from preceding columns shown in the CAZy database for the same date [11]. In CAZy all of them are classified in the GH36 family. The only
exception is one of four proteins of the GH36G family (GenPept, CAR57390.1), that is in the list of unclassified glycoside hydrolases (known

also as an arbitrary family GHO).
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sented on the CAZy site [11] revealed [108] dissimilarity
between levels of distinctions among proteins of different
subfamilies. Three pairs of families (GH13 15 and
GHI13 24, GH13_20 and GH13_ 21, as well as GH13_ 29
and GH13_31) were very similar to each other and can be
considered as three subfamilies: GH13 15/24 (or
KOG?2212), GH13_20/21,and GH13_29/31. Subfamilies
GH13_25and GH13_33 were evolutionarily more distant
from the other subfamilies of this family than the GH70
family, which made possible to consider GHI13 25
(KOG3625 or GL3R2899 in the Génolevures database)
and GH13 33 as independent families within the a-glu-
cosidase superfamily. It was suggested to distinguish with-
in the GH13 family 10 more subfamilies: from GH13_A
to GHI13 J [108]. The GL3C0220 family from the
Génolevures database of yeast genomes can be considered
as the eleventh subfamily [14, 110]. Eleven subfamilies
were distinguished in the GH77 family [100], and the
GH70 family subdivision to subfamilies was recognized as
unsuitable due to its high homogeneity [111].

Iterative screening of a database of amino acid
sequences using proteins of GH13 family revealed their
evolutionary connections with a number of proteins from
different families: GH31, GH36D, GH70, COG1649,
COG2342, GHL4, and GHL5 [101, 108]. By the level of
amino acid sequence similarities [102] the GHLS5 family
of experimentally uncharacterized prokaryotic proteins
can be included into the a-glucosidase superfamily along
with glycoside hydrolase families GH13, GH13 25,
GH13 33, GH70, and GH77.

GH97 family. This is a unique family that combines
retaining o-galactosidases (EC 3.2.1.22) and inverting o.-
glucosidases (EC 3.2.1.20) [11, 64, 69, 112, 113]. It
became possible to distinguish five subfamilies within the
GHO97 family [17, 114]. Iterative screening of amino acid
sequence database using the GH97 protein family
revealed [17] their evolutionary connections with a num-
ber of proteins from different glycoside hydrolase families
such as GH13, GH20, GH27, GH31, and GH36, as well
as with proteins of the COGO0535 family (hypothetical
Fe-S oxidoreductase family). Analysis of 3D structures
showed that glycosidases of the GH27, GH36, GH13,
GH31, GH84, and GHS5 families have ten structures best
resembling the GH97 domain [112].

GH 101 family. Catalytic domains of this family have
distorted (3/a)g barrel structure [102]. Six subfamilies are
distinguished within the GH101 family [102, 115].
Iterative amino acid sequence database screening using
proteins of this family revealed their evolutionary rela-
tionships with a number of proteins from different fami-
lies such as GH13, GH20, GH27, GH29, GH31, GH36,
GH66, GH70, GH97, COG1306, COG1649, GHLI1,
GHL2, GHL3, GHL4, and GHLS5 [101, 102, 115]. The
GH13 family is evolutionarily the closest glycoside
hydrolase family to GH101 [102, 115]. On the basis of
amino acid sequence similarity, the GH101 family can be
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combined in one superfamily with three families of exper-
imentally uncharacterized proteins GHL1-GHL3.

Families GH114 and COG2342. Phylogenetic analysis
showed that it is impossible to subdivide the GH114 (or
COG3868) family to clearly isolated subfamilies [101,
116]. On the basis of similarity of their amino acid
sequences, families GH114 and COG2342 can be com-
bined in one superfamily. In the Pfam classification they
are considered as one family PF03537 (DUF297) [81].
The amino acid sequence database iterative screening
using proteins of the GH114 family revealed their evolu-
tionary relationships with a number of proteins from dif-
ferent families such as GH13, GH18, GH20, GH27,
GH29, GH31, GH35, GH36A, GH36B, GH36E,
GH36F, GH36G, GH36H, GH36J, GH36K, GH66,
COG1306, COG1649, COG2342, as well as from an
additional 13 GHL families (GHL3-GHL15) [101]. The
use of proteins of COG2342 for database iterative screen-
ing revealed their evolutionary connections with proteins
of families GH5, GH13, GH20, GH27, GH29, GH31,
GH35, GH36A, GH36B, GH36F, GH36G, GH36H,
GH42, GH66, GH97, GH101, GH114, COG1306,
COG1649, GHL3, and GHLA4 [116].

COG 1649 family. Four main subfamilies were distin-
guished within family COG1649 (DUF187) [80].
Evolutionary connections with proteins of the GHI13,
GH20, GH31, and GH36 glycoside hydrolase families
were found [80], which made it possible to consider them
as a family of hypothetical glycosidases.

GHL1-GHL 15 families. Fifteen new families GHL1-
GHL15 of hypothetical proteins were found during itera-
tive search of homologs of glycosidases from families
GH13 [108], GH101 [102], and GH114 [101] using the
PSI-BLAST program. The use of members of these 15
new families, in turn, made it possible to trace their evo-
lutionary connections both between some of them and
with proteins of the GH5, GH13, GH13 33, GH17,
GH18, GH20, GH27, GH29, GH31, GH35, GH36A,
GH36B, GH36C, GH36D, GH36E, GH36F, GH36G,
GH36H, GH36J, GH36K, GH39, GH42, GHS53,
GHe66, GH97, GH101, GH107, GHI112, GH114,
DUF3111 (PF11308 [81]), COG1082, COG1306,
COG1649, and COG2342 families (unpublished).

Type III classical (B/a)s glycosidases. This type
includes GH-K clan (Table 2) and glycoside hydrolase
families GH25 and GH84 [80]. The GH25 family was
included on the basis of its high similarity with the GH18
family [82], and the GHS84 family with GH20 [88].
Glycosidases of the GH18 family belong to functional
subgroups F4 and F5 forming structural group S3, while
enzymes of the GH20 family are included in subgroup F6
(group S4) [48]. A detailed hierarchical classification was
suggested for proteins of the GH18 family, which is based
on subdivision into three large subfamilies [27].
Eukaryotic proteins of the GH20 family form three sub-
families [117].
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Type IV classical (B/a); glycosidases. This type
includes glycoside hydrolase families GH67 and GH&9
[80] on the basis of data presented in work [88]. Three sub-
families were distinguished within the GH67 family [118].

Other families of classical (B/a)s glycosidases. The
GH3 and GH56 glycoside hydrolase families with (/a)g
catalytic domain structure are not classified in any of the
four above-mentioned types [80]. The GH3 family was
subdivided to three subfamilies, four clusters were distin-
guished within one of them, and eight protein subclus-
ters within three of these clusters [119].

Catalytic domains of the GH112 family have struc-
ture of a partially broken (f/a)g barrel, and structurally
they are most closely related to domains of the GH42 gly-
coside hydrolase family [120]. Remote similarity between
proteins of the GH29, GHL4, GHL6, and GHL11 fami-
lies and the GH107 family glycosidases (unpublished) was
detected, which suggests that the catalytic domain of the
GH107 family has the (/o) barrel structure. The pre-
dicted secondary structure of [-N-acetylgalac-
tosaminidase of Paenibacillus sp. suggests that the catalyt-
ic domain of this enzyme, belonging to the recently
described family GH 123, also has tertiary structure in the
form of (B/a)s barrel [121].

It is reasonable to consider within the framework of
glycoside hydrolase classification the PF11790 family of
enzymatically uncharacterized proteins, which is includ-
ed in clan CL0058 within the Pfam classification and is
closest to the GH39 family [81].

Glycosidase families with incomplete (B/a), struc-
ture. As mentioned above, the glycosidase catalytic
domains having this unusual variant of three-dimension-
al structure are classified in the SCOP and Pfam databas-
es independently of glycosidase domains with classical
(B/a)g barrel. In the SCOP, domains of the GH6, GH38,
and GHS57 families are classified in the 7-stranded
beta/alpha-barrel fold [82], while in the Pfam classifica-
tion only GH38 and GH57 are entered into clan CLO158,
whereas family GH6 (PF01341) is not included in any
existing clan [81]. Probably, this group of three families
can also include the recently distinguished family GH119
whose close relationship to GHS57 is suggested [11].

The PSI-BLAST program revealed the relationship
of the GH38 and GH57 families; the catalytically impor-
tant nucleophilic residue is in homologous position in the
corresponding proteins [122]. There are also data con-
cerning homology of the GH13 and GH57 glycosidase
families [123], which points to common evolutionary ori-
gin of (§/a); and (B/a)g barrels.

The II and I1I a-mannosidase families [124] can be
considered as two subfamilies within the GH38 family.
Seven main subfamilies were distinguished within with
the GHS57 family [125]. Family GH6 was subdivided to
eight subfamilies [126].

Similarity between 3D structures of GH6 family gly-
cosidases and xyloseisomerases was demonstrated [40].
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Glycosidases with B-Propeller Fold

Domains with this type of 3D structure can be divid-
ed into five variants depending on the number of blades in
the B-propeller (from four to eight). In the SCOP classi-
fication these five variants are considered as five different
folds [82]. It is assumed that all or almost all B-propellers,
independently of the number of blades, are homologs
[127]. The gene of their common evolutionary precursor
encoded a protein corresponding to one blade of B-pro-
peller [127, 128]. Among glycoside hydrolase catalytic
domains there are B-propellers with five, six, and seven
blades. Almost all of them form a compact (supposedly
monophyletic) group among all B-propellers, and gly-
cosidases with equal number of blades in the propeller are
usually more similar to each other [127]. In the CAZy
classification [11] they are included in 11 families, some
of which form three clans (GH-E, GH-E and GH-J;
Table 2). In the classification of the C-families they are
combined in the C7 family [83].

Five-bladed B-propellers (furanosidase superfamily).
This variant of B-propellers is very rare and appears
almost only among catalytic domains of glycoside hydro-
lases. Depending on the used mechanism, glycosidases of
this group belong to GH-F (inverting mechanism) and
GH-J (retaining mechanism) clans. Historically this is
the first glycoside hydrolase group for which hierarchical
classification was proposed [78].

Comparison of amino acid sequences of B-fructosi-
dases (GH32 family) and B-fructosyltransferases (later
classified as the GH68 family) revealed numerous sites of
local similarity, which made it possible to combine them
in the B-fructosidase superfamily [129]. The latter was
recognized by the CAZy classification [11] where both
these families formed clan GH-J (Table 2). Multiple
alignment of amino acid sequences of all proteins of the
GH68 family showed that the most extended conservative
region is the L13 sequence fragment that contains a pro-
ton donor from the enzyme active center [130]. The use
of a generalized (i.e. consensus) amino acid sequence of
B-fructosyltransferase L13 fragment allowed to detect its
homology with the region of sequences of glycoside
hydrolase family GH43 by the blastp program [131]. By
that time, the GH43 and GH62 families were already
combined in clan GH-F [11], for which reasons it was
first suggested that there is an evolutionary relationship
between two different glycosidase clans (GH-F and GH-
J). The use of GH43 family proteins as a query for the
iterative screening of amino acid sequence database con-
firmed their homology with GH32, GH62, and GH68
glycoside hydrolase families as well as with experimental-
ly uncharacterized proteins from the new GHLP family
(later called COG2152 and DUF377) [78, 130, 131].
These data suggest the inclusion of the GH-F clan fami-
lies into the B-fructosidase superfamily. Keeping in mind
that the common property of all enzyme families of this
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superfamily is the ability to cleave the substrate’s mono-
saccharide residues in furanosidase form (a.- L-arabinofu-
ranosidase in the case of GH-F clan families and -D-
fructofuranosidase in the case GH-J clan families), it was
renamed to the furanosidase superfamily [130]. On the
basis of homology, this superfamily also includes the
GHLP family [78, 130, 131]. In the Pfam classification
this superfamily corresponds to clan CL0143 [81], while
in the SCOP classification it corresponds to the
“Arabinanase/levansucrase/invertase” superfamily that
also includes family DUF1861 [82]. The latter is evolu-
tionary more close to the GHLP family (unpublished).

Four, seven, and two main subfamilies were distin-
guished, respectively, within the GH32, GH43, and
GH68 families [130, 132]. However, the two most diver-
gent proteins of the GH43 family were not classified to
subfamilies. Among them there is the experimentally
uncharacterized protein from bacterium Streptomyces
coelicolor (GenPept, CAB61805.1), which was later
included into the recently formed glycoside hydrolase
family GH117 [11], but in the Pfam classification the
GH43 and GH117 families continue to be considered as
one family (PF04616) [81].

Six- and seven-bladed B-propellers. Six-bladed B-
propellers form catalytic domains of clan GH-E glycoside
hydrolases combining four families GH33, GH34,
GHS3, and GH93 (Table 2). The same structure is char-
acteristic of glycosidases of the GH58 family. Seven-blad-
ed B-propellers were found in the GH74 family. In the
Pfam classification all these families are considered as
clan CL0434 [81]. Comparison of 3D structures of isolat-
ed blades of B-propellers reveals their high similarity in
glycosidases of families GH33, GH58, and GH74 [127],
thus confirming the validity of combining in one group of
six- and seven-bladed B-propellers. In the SCOP classifi-
cation, glycoside hydrolases with the six- and seven-blad-
ed B-propeller structure were classified, respectively, in
“Sialidases” and “Oligoxyloglucan reducing end-specific
cellobiohydrolase” superfamilies [82].

Glycosidases with Catalytic Domain in the Form
of B-Sandwich (B-Jelly Roll Fold)

This type of 3D structure is represented in glycoside
hydrolases of two clans, GH-B and GH-C, both of which
combine enzymes active against equatorially oriented gly-
cosidic bonds with retaining of their anomeric configura-
tion in the hydrolysis products (Table 2). In the Pfam
classification families of these two clans are included in
clan CL0004 [81], in the SCOP classification they belong
to Concanavalin A-like lectins/glucanases superfamily
[82], while in the C-family classification they belong to
two families, C4 and C5 [83]. The relationship of clans
GH-B and GH-C was demonstrated by comparison of
3D structures of catalytic domains of the GHI11 and
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GH16 families [133]. The catalytic domain in the form of
B-sandwich was also found in the GH54 family [134].
The detailed hierarchical classification was suggested for
the GH16 protein family [133, 135], and several subfam-
ilies were distinguished in each of the GH7 and GHI12
families [22]. An alternative classification distinguishes in
the GH7 family just two subfamilies [73].

Glycosidases with Catalytic Domain
in the Form of (a/a); Barrel

This type of 3D structure is represented in glycoside
hydrolases of three clans, GH-G, GH-L, and GH-M
(Table 2). All corresponding enzymes invert the substrate
anomeric configuration in the hydrolysis products. The
same 3D structure is characteristic of glycosidase families
GH9, GH47, GH76, GH78, GH88, GH92, GH94 (for-
merly GT36), GH95, GH100, GH105, and GH116, as
well as polysaccharide lyases of the PL10 family. In the
Pfam classification clan CL0059 corresponds to them
[81], while in the C-family classification the C6 family
corresponds to them [83]. In the SCOP classification gly-
cosidases of this group are classified in two superfamilies,
“Six-hairpin glycosidases” and “Seven-hairpin glycosi-
dases”, within “alpha/alpha toroid” fold [82]. It should
be noted that the catalytic domain of the GH47 family
proteins has a modified (a/a); barrel structure.
Phylogenetic analysis distinguishes four protein groups
within this family [136]. Three subfamilies were distin-
guished within the GHS8 family [137], four subfamilies
within GH15 [73], and three structural subclasses of plant
proteins were distinguished within the GH9 family [138].

Amino acid sequence database iterative screening
using proteins of the GH78 family revealed their evolu-
tionary connections with members of glycoside hydrolase
families GH94, GH63, GH15, GH37, GH95, and
GHG65. A less statistically reliable relationship was also
found with proteins of the GH92, GH9, GHS8, and GH48
families [99].

Glycosidases with Lysozyme Type Catalytic Domain

Lysozymes (EC 3.2.1.17) comprise a vast group of
glycoside hydrolases with a peculiar type of 3D structure
also characteristic of chitinases (EC 3.2.1.14), chi-
tosanases (EC 3.2.1.132), and lactalbumins. In the Pfam
classification clan CL0037 [81], in the SCOP classifica-
tion the Lysozyme-like superfamily [82], and in the C-
family classification the C1 family [83] correspond to
them.

Catalytic domains of this group belong to several gly-
coside hydrolase families like GH19, GH22, GH23,
GH24, GH46, GH73, GH80, GH103, GH104, GH108,
and GH124. This group includes both types of enzymes,
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those that invert (GH19, GH24, GH46, and GH124) and
those that retain (GH22) equatorial orientation of the
hydrolyzed glycosidic bond in the reaction products [11].
A special case is the GH23 family that contains retaining
peptidoglycan lytic transglycosylases and inverting
lysozymes [64].

Lysozymes were historically the first glycoside
hydrolase group, on the example of which there was
demonstrated the possibility of evolutionary relationship
of enzymes with different mechanism of the catalyzed
reaction [71, 139-141].

It should be noted that families GH24, GH46, and
GHS80 form clan GH-I (Table 2). Moreover, families
GH46 and GHS80 are so similar to each other that amino
acid sequences of proteins included form a continuum.
This suggested consideration of GH46 and GHS80 as a
united family [142]. High 3D structure similarity was
shown for proteins of the GH19 and GH23 families,
which raised a question concerning combination of these
two families at a higher hierarchical level [140]. Two sub-
families were distinguished in each family of GH22 and
GH24 [141].

Functionally poorly studied proteins of the
COG5526 family structurally resemble lysozymes and are
probably involved in bacterial cell wall degradation [143].

Glycosidases with Catalytic Domain in the Form
of Right-Handed (B); Solenoid

It is assumed that all protein domains with this type
of three-dimensional structure have common evolution-
ary origin [95, 144]. In the Pfam classification clan
CL0268 [81] corresponds to them, in the SCOP classifi-
cation it is Pectin lyase-like family [82], and in the C-
family classification it is the C2 family [83]. Glycoside
hydrolases of the GH28, GH49, GH55, GH82, GHS87,
GH90, and GH91 (formerly PL19) families have (J3);
solenoid structure. The GH28 and GH49 families form
clan GH-N (Table 2). In the SCOP classification the cor-
responding superfamily also contains members of poly-
saccharide lyase families PL1, PL3, PL6, and PL9 as well
as of carbohydrate esterase family CE8 [82]. Probably,
glycosidases of the GH120 family also have right-handed
(B); solenoid structure because they exhibit similarity
with members of the DUF1565 family of clan CL0268
(unpublished data).

Iterative screening of amino acid sequence database
using the GH28 family proteins traced evolutionary con-
nections with glycosidases of the GH49, GH55, GHS2,
and GHS87 families as well as polysaccharide lyases of the
PL1 family [99, 145]; proteins of the GH82 family
revealed evolutionary connections with glycosidases of
the GH28, GH55, and GH87 families [145].

Phylogenetic analysis distinguished several protein
groups within the GH28 glycoside hydrolase family [146].
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Other Glycoside Hydrolase Families

Six main folds and fold groups of glycoside hydrolase
catalytic domains have been considered above. However,
some glycosidases have other types of catalytic domains.
Thus, in the Pfam classification [81] there are two gly-
cosidase-containing clans, CL0063 and CL0199, most
families of which do not contain enzymes exhibiting gly-
coside hydrolase activities.

Clan CLO0063 includes the GH4 (PF02056) and
GH109 (PF01408) families characterized by a mecha-
nism using NAD™ as cofactor [11], which is unusual for
glycoside hydrolases. The GH4 family is unique because
some of its glycosidases use substrates with axially orient-
ed, while others use substrates with equatorially oriented
glycosidic bond [11]. Phylogenetic analysis distinguished
in the GH4 family four monophyletic protein groups
characterized by distinct enzymatic activities [147].

Clan CLO0199 contains families GH45 (PF02015)
and GH102 (PF06725). Five subfamilies were distin-
guished in the GH45 family [148].

It should be noted in conclusion that almost all fam-
ilies of glycoside hydrolase catalytic domains were suc-
cessfully combined in a small number of folds. Most like-
ly, within each of them all domains have common evolu-
tionary origin. However, several families remained
unclassified. Most of them are recently described families
for which there are no experimental data concerning 3D
structure of catalytic domains. Further investigations of
these families will reveal their position in the glycoside
hydrolase hierarchical classification. Thus, recently a
preliminary report has appeared concerning crystalliza-
tion of a protein containing a domain of the GH115 gly-
coside hydrolase family [149]. This suggests that soon
data concerning its 3D structure will appear that are nec-
essary for classification.

When this paper was being refereed, two new glyco-
side hydrolase families, GH124 and GH125, appeared in
the CAZy database. The GH124 family is closely related
to GH23, while family GH125 is included in clan GH-L
[11].
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