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Approximately 10% of amylolytic enzymes are able to bind and degrade
raw starch. Usually a distinct domain, the starch-binding domain (SBD), is
responsible for this property. These domains have been classified into
families of carbohydrate-binding modules (CBM). At present, there are six
SBD families: CBM20, CBM21, CBM25, CBM26, CBM34, and CBM41.
This work is concentrated on CBM20 and CBM21. The CBM20 module
was believed to be located almost exclusively at the C-terminal end of var-
ious amylases. The CBM21 module was known as the N-terminally posi-
tioned SBD of Rhizopus glucoamylase. Nowadays many nonamylolytic
proteins have been recognized as possessing sequence segments that exhibit
similarities with the experimentally observed CBM20 and CBM21. These
facts have stimulated interest in carrying out a rigorous bioinformatics ana-
lysis of the two CBM families. The present analysis showed that the ori-
ginal idea of the CBM20 module being at the C-terminus and the CBM21
module at the N-terminus of a protein should be modified. Although the
CBM20 functionally important tryptophans were found to be substituted
in several cases, these aromatics and the regions around them belong to the
best conserved parts of the CBM20 module. They were therefore used as
templates for revealing the corresponding regions in the CBM21 family.
Secondary structure prediction together with fold recognition indicated that
the CBM21 module structure should be similar to that of CBM20. The
evolutionary tree based on a common alignment of sequences of both mod-
ules showed that the CBM21 SBDs from a-amylases and glucoamylases
are the closest relatives to the CBM20 counterparts, with the CBM20 mod-
ules from the glycoside hydrolase family GH13 amylopullulanases being
possible candidates for the intermediate between the two CBM families.

Amylolytic enzymes are multidomain proteins. The
three best known are a-amylase (EC 3.2.1.1), B-amy-
lase (EC 3.2.1.2) and glucoamylase (EC 3.2.1.3) [1,2],
which differ structurally and functionally from each
other. In the sequence-based classification CAZy [3]
of glycoside hydrolases (GH) they belong to the inde-
pendent families GH13, GH14 and GH15, respectively,
which have no mutual sequence similarities.

Abbreviations

Family GHI13 contains enzymes with about 30
different enzyme specificities [4] and forms, together
with GH70 and GH77, the clan GH-H [5]. Unrelated
a-amylases and amylolytic enzymes with sequence
similarities to such a-amylases were grouped into fam-
ily GHS57 [6], while some amylolytic enzymes are also
found in family GH31 [7]. The amylolytic enzymes
belonging to the clan GH-H (families GH13, GH70,

CBM, carbohydrate-binding module; CGTase, cyclodextrin glucanotransferase; GH, glycoside hydrolase family; SBD, starch-binding domain.
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and GH77) are distinctly different from those found in
families GH14, GH15, GH31, and GH57 in terms of
amino acid sequences and three-dimensional structures.
Moreover, these families employ different reaction
mechanisms and catalytic machineries. The members
of GHI3 (o-amylases), GHI14 (B-amylases) and a
GH31 xylosidase adopt different (/a)g-barrel folds for
the catalytic domain [8—10], while the catalytic domain
in GHI15 (glucoamylases) is a helical (o/a)¢-barrel fold
[11]. The structure of a GHS57 4-a-glucanotransferase
was recently determined as a (B/o);-barrel [12]. As far
as the reaction mechanism is concerned, o-amylases
and related enzymes (clan GH-H), as well as the
enzymes from GH31 and GHS57, employ a retaining
mechanism, whereas B-amylases (GH14) and gluco-
amylases (GH15) are inverting enzymes [13,14].

Approximately 10% of all amylolytic enzymes pos-
sess a distinct domain enabling binding and degrada-
tion of raw starch. Certain amylolytic enzymes have
this capacity without the presence of a specialized
functional domain [15-17], but these are few. One
example is the barley o-amylase that binds to raw
starch at a surface binding site on the catalytic
domain. This has been demonstrated by mutational
analysis [15] and the site is seen as two critically orien-
ted tryptophan residues in the crystal structure of the
complex with acarbose [18]. A second surface site was
recently discovered in the C-terminal domain, which
seems unique to barley o-amylase 1 [19]. Mutational
analysis of this site demonstrated a binding role [20].
Based on their sequences the starch-binding domains
(SBD) have also been classified into families of carbo-
hydrate-binding modules (CBM) [21]. At present, there
are six SBD families in CAZy (recently reviewed in
[22]): CBM20, CBM21, CBM25, CBM26, CBM34, and
CBM41 [23-31].

The present work focuses on SBD families CBM20
and CBM21. The CBM20 module is ~90-130 residues
long and has been studied most intensively. It is
located in most cases at the C-terminus of amylolytic
enzymes from families GHI13, GHI4, and GHI5
[23,24]. The three-dimensional structure of the isolated
SBD alone has been determined by NMR as well as
by X-ray crystallography of enzymes that contain this
SBD [32-38]. The CBM20 module consists of seven
B-strand segments forming an open-sided distorted
B-barrel. Several aromatics, especially the well-
conserved Trp and Tyr residues, were proposed to be
essential for the function of the SBD [23], and these
were confirmed to participate in two raw starch-
binding sites of the module [39-43]. It has been
demonstrated that, if fused to another protein, this SBD
independently retains its function even when the target

5498

M. Machovi¢ et al.

protein is not an amylase [44-48]. On the other hand,
there is a lack of information on structure—function rela-
tionships of the CBM21 module. The length in this case
varies in the range ~ 90-140. The CBM21 module is well
known as the N-terminally positioned SBD of Rhizopus
oryzae glucoamylase [49]. Recently several nonamylo-
lytic proteins (especially as deduced from sequenced
genomes) were recognized to possess amino acid
sequence stretches that exhibit unambiguous similarities
with the experimentally observed SBDs of CBM20 and
CBM21, e.g. protein phosphatases (EC 3.1.3.16).[50],
laforin [51], and genethonin-1 [52]. These observations
strongly motivated interest in carrying out a rigorous
bioinformatics analysis of the two CBM families.

A structural relationship between the C-terminally
positioned (CBM20) and the N-terminally positioned
(CBM21) SBDs was suggested more than 15 years ago,
based on sequence alignments [23]. We therefore, in
the first step, analyzed the sequences of both families
separately, taking into account the above-mentioned
lack of structure—function information concerning
CBM21. This was followed by attempts to identify
the CBM20 sequence of structural features in the
sequences of CBM21, aimed at revealing amino acid
residues that correspond with each other in the two
families. Finally, a sequence alignment was made that
served for calculation of the common CBM20-CBM21
evolutionary tree. This provides a basis for the joining
of the two CBMs into a common clan.

Results and Discussion

Location of SBD modules in CBM20 and CBM21

With regard to the location of the SBD in the poly-
peptide chain, analysis of recent sequences showed that
the original idea [23,24] of the CBM20 module being
at the C-terminus and the CBM21 module at the
N-terminus of a protein, should be modified (Fig. 1).
Thus, the division into C-terminal and N-terminal
SBDs seems to hold for the SBDs possessing the estab-
lished function of raw starch-binding, while the other
proteins (nonamylases), exhibiting only the sequence
motif features of CBM20 or CBM21, do not neces-
sarily obey this rule. It is worth mentioning that the
real starch-binding function could be ascribed only to
a-amylase (GH13), B-amylase (GH14), glucoamylase

(GH15), maltooligosaccharide-producing amylases
(GH13), cyclodextrin glucanotransferase [CGTase,
(EC 2.4.1.19)] (GHI13), and acarviose transferase

(GH13) that altogether constitute less than 30% of the
sequences, i.e., more than 60% in the family CBM20
and only about 10% in CBM21.

FEBS Journal 272 (2005) 5497-5513 © 2005 FEBS



M. Machovi¢ et al.

A new clan of CBM families
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Fig. 1. Position of the CBM20 and CBM21 modules in the amino acid sequences. For the proteins without () or (°), these are the total
lengths of the proteins and the black lines are drawn to scale to represent protein lengths. For the proteins with (%) and (°), 1000 residues
from the N-terminus are deleted and shown, respectively. For example, for apuBacst (2018?), the protein is 2018 residues long, but only the
last 1018 are shown; and for agwdArath (1196°), the protein is 1196 residues long, but only the first 1000 from the N-terminal end are
shown. For protein identification, see Table 1.

There are several other glycoside hydrolases con-
taining the CBM20 module, e.g. amylopullulanase
(GH13), 6-a-glucosyltransferase (GH31), and 4-a-glu-
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canotransferase (GH77), for which a real starch-
binding function has not been demonstrated up to
now. These CBM20 modules are positioned inside the
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polypeptide chain (amylopullulanases) or at the N-term-
inal end (6-a-glucosyltransferase and 4-o-glucanotrans-
ferases). Interestingly, a-glucan water dikinase, a starch
phosphorylating enzyme from Arabidopsis thaliana,
contains a CBM20 module near the N-terminal end of
the protein. The N-terminal location is also seen in the
case of the majority of unknown proteins of eukaryotic
origin with a recognized CBM20 module (Fig. 1). At
present it is not possible to decide the real function
of CBM20 in these proteins, with a single remarkable
exception, laforin [51], the protein product of the Lafora
type of epilepsy gene, which was proven experimentally
to bind starch with its CBM20 module [53,54].

The situation in CBM21 is more complicated,
because microbial amylolytic enzymes represent only
10% of the sequences in this family. A substantial
number of the remaining CBM21 members are eukary-
otic protein phosphatases and/or their regulatory sub-
units. Interestingly, the regulatory subunit, called the
glycogen-targeting G subunit, was shown to direct the
protein phosphatase to glycogen [55]. Because these
proteins were shown to also contain a binding site for
glycogen phosphorylase, they, albeit indirectly, also
play a role in glycogen metabolism [56]. At present the
majority of the CBM21 family modules belong to
unknown proteins of various origins. As far as the
location of the SBD is concerned, this module is
clearly neither positioned N-terminally (except for the
amylases) nor exclusively at or near the C-terminal end
of the protein (Fig. 1). Thus CBM20 and CBM21 can
no longer be considered as exclusively C- and N-ter-
minally positioned, respectively. It should be noted,
however, that up until now CBM21 has been found
only in eukaryotes (Table 1).

Sequence analysis

Detailed analysis of amino acid sequences of the SBDs
revealed that CBM20 has no invariant residues,
whereas CBM21 has a single invariant Lys34 (Rhizopus
oryzae glucoamylase numbering) (Fig. 2; the complete
alignment is not shown).

Originally 11 consensus residues were shown for a
small number of CBM20 sequences [23]. Their struc-
tural arrangements in the motifs from the representa-
tives of bacteria and fungi are illustrated in Fig. 3. As
the number of sequences increased, a few (about 2%)
substitutions were found at these positions [24]. At
present even the functionally important tryptophans,
Trp643, Trp689 of binding site 1 (Fig. 3; Bacillus circu-
lans strain 251 CGTase numbering, i.e., the Trp616
and Trp662 after removing the 27-residue long signal
peptide), are not absolutely conserved. While the
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former tryptophan is missing in only one case (CBM20
motif of the CGTase from Streptococcus pyogenes), the
latter varies more often (Fig. 2). Interestingly Trp689
is substituted in all three putative CGTases from
cyanobacteria (Gloeobacter violaceous, Nostoc sp.
PCC7120 and PCC9229), all five amylopullulanases,
one glucoamylase (Hormoconis resinae), two 4-a-glu-
canotransferases (Arabidopsis thaliana and rice), and
two unknown proteins (upAspni3, upMaggr?) (Fig. 2).
However, no sequence lacks both of these signature
tryptophans. The region around Trp643 (residues
LGxW) is the best conserved part of the entire
CBM20 motif. As far as the remaining consensus resi-
dues are concerned, these are best conserved in amylo-
lytic enzymes, with the exception of amylopullulanases,
which, however, do contain the equivalent of Lys678
(Fig. 2) associated with binding site 1 (Fig. 3; B. circu-
lans CGTase numbering).

Besides the consensus residues, the present analysis
identified the position equivalent to Phe618 (B. circu-
lans CGTase numbering, i.e., the Phe591 after remov-
ing the 27-residue long signal peptide) as highly
conserved (87.5%). This phenylalanine is present not
only in the amylolytic enzymes, but also in the animal
SBDs as found in laforin and genethonin-1 (Fig. 2).
The lack of this residue in the three putative CGTases
of cyanobacteria and the CGTase from S. pyogenes
is remarkable. These sequences are unusual in other
ways, however, in that the cyanobacterial CGTases
lack the equivalent of Trp689 (Trp662 without the sig-
nal peptide), while the S. pyogenes CGTase lacks the
essential tryptophan from the region LGxW.

At present it is not possible to say more about the real
function of SBDs from the cyanobacterial CGTases
included in the present analysis. The CGTases from
Gloeobacter violaceus and Nostoc sp. PCC7120 were
identified in the complete genome sequences [57,58],
while that from Nostoc sp. PCC9229 was cloned and
expressed as a putative CGTase [59]. It seems that not
all cyanobacteria must contain the putative CGTase
gene, e.g. it is missing from the genome of Synechocystis
sp. 6803 [60].

Despite numerous substitutions observed in the con-
sensus positions (Fig. 2), the regions around these resi-
dues remain the best conserved segments of a SBD of
CBM20 type. They were thus used as markers to
reveal possible correspondence with CBM21 as well as
to adjust CBM20 and CBM21 sequences to each other.
Although the probable relatedness of the two SBD
families was indicated more than 15 years ago [23], the
lack of the three-dimensional structure of CBM21
makes it less straightforward to deduce whether or not
the two CBM modules are related. It is remarkable,
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Table 1. The enzymes and proteins containing the CBM20 and CBM21 modules. The abbreviation ‘prot. phosp. reg. sub.” means the regula-
tory subunit of protein phosphatase. All sequences were retrieved from GenBank except for the cgtBacma2 (UniProt: P31835).

Glycoside
hydrolase
Abbreviation Specificity EC number Source GenBank Length family
CBM20
(Bright green of Fig.2)
amyAspka a-amylase 3.2.1.1 Aspergillus kawachi BAA22993 640 13
amyAspnd a-amylase 3.2.1.1 Aspergillus nidulans AAF17100 623 13
amyBacsp o-amylase 3.2.1.1 Bacillus sp. TS-23 AAAB3900 613 13
amyCrysp a-amylase 3.2.1.1 Cryptococcus sp. S-2 BAA12010 631 13
amyStrgr a-amylase 3.2.1.1 Streptomyces griseus CAA40798 566 13
amyStrim a-amylase 3.2.1.1 Streptomyces limosus AAAB8554 566 13
amyStrlil a-amylase 3.2.1.1 Streptomyces lividans CAA73926 574 13
amyStrli2 a-amylase 3.2.1.1 Streptomyces lividans CAB06622 573 13
amyStrvi o-amylase 3.2.1.1 Streptomyces violaceus AAB36561 569 13
amyThncu o-amylase 3.2.1.1 Thermomonospora curvata CAA41881 605 13
amy_Aspaw a-amylase n.d. Aspergillus awamori BAD06003 634 13
CBM20
(Purple of Fig.2)
atrActsp acarviose 2.41.19 Actinoplanes sp. 50/110 AAE37556 724 13
transferase
cgtBacag CGTase 2.4.1.19 Bacillus agaradhaerens AAP31242 679 13
cgtBacbr CGTase 2.4.1.19 Bacillus brevis AAB65420 692 13
cgtBacci2 CGTase 2.4.1.19 Bacillus circulans 251 CAAB5023 713 13
cgtBacci8 CGTase 2.4.1.19 Bacillus circulans 8 CAA48401 718 13
cgtBacciA CGTase 2.4.1.19 Bacillus circulans A11 AAG31622 713 13
cgtBaccl CGTase 2.4.1.19 Bacillus clarkii BAB91217 702 13
cgtBacli CGTase 2.4.1.19 Bacillus licheniformis CAA33763 718 13
cgtBacma CGTase 2.4.1.19 Bacillus macerans AAA22298 714 13
cgtBacma2 CGTase 2.4.1.19 Bacillus macerans P31835 713 13
cgtBacoh CGTase 2.4.1.19 Bacillus ohbensis BAA14289 704 13
cgtBacsp0 CGTase 2.4.1.19 Bacillus sp. 1011 AAA22308 713 13
cgtBacsp1 CGTase 2.4.1.19 Bacillus sp. 1-1 ALBSX1 703 13
cgtBacsp7 CGTase 2.4.1.19 Bacillus sp. 17-1 AAA22310 713 13
cgtBacsp3 CGTase 2.4.1.19 Bacillus sp. 38-2 AAA22309 712 13
cgtBacsp63 CGTase 2.4.1.19 Bacillus sp. 6.3.3 CAA46901 718 13
cgtBacsp6 CGTase 2.4.1.19 Bacillus sp. 633 BAA31539 704 13
cgtBacspB CGTase 2.4.1.19 Bacillus sp. B1018 AAA22239 713 13
cgtBacspD CGTase 2.4.1.19 Bacillus sp. DSM 5850 CAA01436 699 13
cgtBacspE CGTase 2.4.1.19 Bacillus sp. E-1 734466 859 13
cgtBacspK CGTase 2.4.1.19 Bacillus sp. KC201 BAA02380 703 13
cgtBacst CGTase 2.4.1.19 Bacillus stearothermophilus CAA41770 711 13
cgtGeost CGTase 2.4.1.19 Geobacillus stearothermophilus AADO00555 711 13
cgtKlepn CGTase 24119 Klebsiella pneumonie AAA25059 655 13
cgtThmth CGTase 2.4.1.19 Thermoanaerobacter AAB00845 710 13
thermosulfurogenes
cgtThesp CGTase 2.4.1.19 Thermococcus sp. B1001 BAA88217 739 13
cgt_Bacspb CGTase n.d. Bacillus sp. 1-5 AAR32682 712 13
cgt_Glovi CGTase n.d. Gloeobacter violaceus BAC88314 642 13
cgt_Nossp7 CGTase n.d. Nostoc sp. PCC 7120 BAB77693 642 13
cgt_Nossp9 CGTase n.d. Nostoc sp. PCC 9229 AAM16154 642 13
cgt_Stcpy CGTase n.d. Streptococcus pyogenes AAK34149 711 13
(Grey of Fig. 2)
mbhPsespK maltopentachydrolase 3.2.1.- Pseudomonas sp. KO-8940 BAA01600 614 13
m4hPsesa maltotetraohydrolase 3.2.1.60 Pseudomonas saccharophila CAA34708 551 13
m4hPsest maltotetraohydrolase 3.2.1.60 Pseudomonas stutzeri AAA25707 548 13
maaBacst maltogenic a-amylase 3.2.1.133 Bacillus stearothermophilus AAA22233 719 13
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Table 1. (Continued).
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Glycoside
hydrolase
Abbreviation Specificity EC number Source GenBank Length family
(Dark yellow of Fig. 2)
apuBacst amylopullulanase 3.2.1.41 Bacillus stearothermophilus AAG44799 2018 13
apuBacspX amylopullulanase 3.2.1.41 Bacillus sp. XAL601 BAA05832 2032 13
apuTheth amylopullulanase 3.2.1.41 Thermoanaerobacter AAB00841 1861 13
thermosulfurogenes
apuTheet amylopullulanase 3.2.1.41 Thermoanaerobacter ethanolicus AAA23201 1481 13
apuThetc amylopullulanase 3.2.1.41 Thermoanaerobacter AAA23205 1475 13
thermohydrosulfuricus
(Red of Fig.2)
bmyBacce B-amylase 3.2.1.2 Bacillus cereus BAA34650 546 14
bmyBacme B-amylase 3.21.2 Bacillus megaterium CAB61483 545 14
bmyCloth B-amylase 3.2.1.2 Clostridium thermosulfurogenes AAA23204 515 14
(Blue of Fig. 2)
gmyAspaw glucoamylase 3.2.1.3 Aspergillus awamori AAB02927 639 15
gmyAspfi glucoamylase 3.2.1.3 Aspergillus ficuum AAT58037 640 15
gmyAspka glucoamylase 3.2.1.3 Aspergillus kawachi BAAO0331 639 15
gmyAspni glucoamylase 3.2.1.3 Aspergillus niger AAB59296 640 15
gmyAspor glucoamylase 3.2.1.3 Aspergillus oryzae AAB20818 612 15
gmyAspsh glucoamylase 3.2.1.3 Aspergillus shirousami BAA01254 639 15
gmyAspte glucoamylase 3.2.1.3 Aspergillus tereus 115383 762 15
gmyCorro glucoamylase 3.2.1.3 Corticium rolfsii BAA08436 579 15
gmyHorre glucoamylase 3.2.1.3 Hormoconis resinae CAA47945 616 15
gmyHumgr glucoamylase 3.2.1.3 Humicola grisea AAA33386 620 15
gmylLened glucoamylase 3.2.1.3 Lentinula edodes AAF75523 571 15
gmyNeucr glucoamylase 3.2.1.3 Neurospora crassa AAE15056 626 15
gmyTalem glucoamylase 3.2.1.3 Talaromyces emersonii AAR61398 591 15
gmy_Aspaw glucoamylase n.d. Aspergillus awamori BAD06004 639 15
gmy_AspniT glucoamylase n.d. Aspergillus niger T21 AAP04499 639 15
gmy_Neucr glucoamylase n.d. Neurospora crassa CAE75704 405 15
(Green of Fig. 2)
BagtArtgl 6-a-glucosyltransferase n.d. Arthrobacter globiformis BAD34980 965 31
(Yellow of Fig. 2)
4agtBacfr 4-g-glucanotransferase 2.4.1.25 Bacteroides fragilis BAD50570 900 77
4agtSoltu 4-g-glucanotransferase 2.4.1.25 Solanum tuberosum AAR99599 948 77
4agt_Arath 4-g-glucanotransferase n.d. Arabidopsis thaliana AAL91204 955 77
4agt_Orysa 4-g-glucanotransferase n.d. Oryza sativa BAC22431 922 77
(Dark red of Fig. 2)
agwdArath a-glucan water dikinase 2.79.4 Arabidopsis thaliana AY747068 1196 -
genHomsa genethonin-1 - Homo sapiens AAH22301 358 -
lafGalga laforin - Gallus gallus CAG31547 319 -
lafHomsa laforin - Homo sapiens AAG18377 331 -
depChlpr degreenig enhanced protein - Chlorella protothecoides CAB42581 211 -
(Turquoise of Fig. 2)
upAspnd1 unknown protein - Aspergillus nidulans EAAB2623 385 -
upAspnd2 unknown protein - Aspergillus nidulans EAAB1773 661 -
upAspnd3 unknown protein - Aspergillus nidulans EAAB4118 1264 -
upMaggr1 unknown protein - Magnaporthe grisea XP_368148 649 -
upMaggr2 unknown protein - Magnaporthe grisea XP_365988 353 -
upMaggr3 unknown protein - Magnaporthe grisea XP_365989 600 -
(Black of Fig. 2)
upArath unknown protein - Arabidopsis thaliana AAL15255 306 -
upBacag unknown protein - Bacillus agaradhaerens CAD38091 714 -
upBurps unknown protein - Burkholderia pseudomallei CAH37589 871 -
upCloac unknown protein - Clostridium acetobutylicum AAK80197 170 -
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Table 1. (Continued).

A new clan of CBM families

Glycoside
hydrolase
Abbreviation Specificity EC number Source GenBank Length family
upCrypa unknown protein - Cryptosporidium parvum EAK89630 150 -
upDicdi unknown protein - Dictyostelium discoideum AAO51512 146 -
upDrome unknown protein - Drosophila melanogaster AAF46674 679 -
upGlovi unknown protein - Gloeobacter violaceus BAC91285 845 -
upHomsa unknown protein - Homo sapiens AAH27588 672 -
upChrvi unknown protein - Chromobacterium violaceum AAQ61151 874 -
upMusmuH unknown protein - Mus musculus (head) BAC31004 675 -
upMusmulL unknown protein - Mus musculus (liver) BAC34244 338 -
upMusmuT unknown protein - Mus musculus (tymus) BAC27063 128 -
upOrysal unknown protein - Oryza sativa BAB63700 379 -
upOrysa2 unknown protein - Oryza sativa AAU10756 373 -
upRatno unknown protein - Rattus norvegicus AA084024 672 -
upXenla unknown protein - Xenopus laevis AAH73202 313 -
CBM21
(Bright green of Fig. 2)
amyLipko a-amylase 3.2.1.1 Lipomyces kononenkoae AAC49622 624 13
amyLipst o-amylase 3.2.1.1 Lipomyces starkeyi AAN75021 647 13
(Blue of Fig. 2)
gmyArxad glucoamylase 3.2.1.3 Arxula adeninivorans CAA86997 624 15
gmyRhior glucoamylase 3.2.1.3 Rhizopus oryzae AAQ18643 604 15
gmyMucci glucoamylase 3.2.1.3 Mucor circinelloides AANB5206 609 15
(Pink of Fig. 2)
pfHomsa protein phosphatase 3.1.3.16 Homo sapiens AAB94596 1122 -
pfRatno protein phosphatase 3.1.3.16 Rattus norvegicus CAA77083 284 -
pf_MusmuA protein phosphatase - Mus musculus (adipocyte cells) AAB49689 294 -
pf_MusmuH protein phosphatase - Mus musculus (heart) AAK31072 578 -
pf_MusmulL protein phosphatase - Mus musculus (lungh) AAHB0261 284 -
pfrsGalga prot. phosp. reg. sub. - Gallus gallus AAC60216 288 -
pfrsHomsaB prot. phosp. reg. sub. - Homo sapiens (brain) AAH47502 299 -
pfrsOrycu prot. phosp. reg. sub. - Oryctolagus cuniculus AAA31462 1109 -
pfrsSacce1 prot. phosp. reg. sub. - Saccharomyces cerevisiae CAA86906 538 -
pfrsSacce2 prot. phosp. reg. sub. - Saccharomyces cerevisiae CAA45371 793 -
pfrs_Cloac prot. phosp. reg. sub. - Clostridium acetobutylicum AAK76874 247 -
pfrs_HomsaS prot. phosp. reg. sub. - Homo sapiens (skin) AAH43388 285 -
pfrs_HomsaM prot. phosp. reg. sub. - Homo sapiens (muscle) AAH12625 317 -
pfrs_Sacce1 prot. phosp. reg. sub. - Saccharomyces cerevisiae AAB64590 548 -
pfrs_Sacce2 prot. phosp. reg. sub. - Saccharomyces cerevisiae AAB67365 648 -
pfrs_Xentr prot. phosp. reg. sub. - Xenopus tropicalis AAH74693 223 -
(Black of Fig. 2)
upAspni unknown protein - Aspergillus nidulans EAAB4131 795 -
upCaeell unknown protein - Caenorhabditis elegans AAF39789 318 -
upCaeel2 unknown protein - Caenorhabditis elegans AAK82903 346 -
upCangl1 unknown protein - Candida glabrata CAG59109 682 -
upCangl2 unknown protein - Candida glabrata CAG59903 915 -
upCangl3 unknown protein - Candida glabrata CAG60779 543 -
upCangl4 unknown protein - Candida glabrata CAGB1779 827 -
upDanre1 unknown protein - Danio rerio AAH44421 293 -
upDanre2 unknown protein - Danio rerio AAHG67184 253 -
upDanre3 unknown protein - Danio rerio AAH75881 311 -
upDanreW unknown protein - Danio rerio wild-type AAHB0926 317 -
upDebha1 unknown protein - Debaryomyces hansenii CAG87286 628 -
upDebha2 unknown protein - Debaryomyces hansenii CAG89742 509 -
upDrome1 unknown protein - Drosophila melanogaster AAF49732 330 -
upDrome2 unknown protein - Drosophila melanogaster AAF49172 172 -
FEBS Journal 272 (2005) 5497-5513 © 2005 FEBS 5503
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Table 1. (Continued).
Glycoside
hydrolase
Abbreviation Specificity EC number Source GenBank Length family
upErego1 unknown protein - Eremothecium gossypii AAS51837 354 -
upErego2 unknown protein - Eremothecium gossypii AAS54765 679 -
upHomsaR unknown protein - Homo sapiens (retina) CAD97641 317 -
upHomsa$S unknown protein - Homo sapiens (spleen) BAB15779 349 -
upKlula1 unknown protein - Kluyveromyces lactis CAHO00570 748 -
upKlula2 unknown protein - Kluyveromyces lactis CAG99013 498 -
upMaggr unknown protein - Magnaporthe grisea XP_367749 924 -
upMusmu unknown protein - Mus musculus AAF66954 735 -
upNeucr unknown protein - Neurospora crassa XP_330896 864 -
upXenlal unknown protein - Xenopus laevis AAH72880 271 -
upXenla2 unknown protein - Xenopus laevis AAHE8825 223 -
upXenla3 unknown protein - Xenopus laevis AAH77483 299 -
upXenla4 unknown protein - Xenopus laevis AAH73501 313 -
upYarli unknown protein - Yarrowia lipolytica CAG82944 1129 -

however, that the fold recognition method 3D-PSSM
[61] identified the CBM20 module of Bacillus stearo-
thermohilus maltogenic a-amylase [62] as a top hit for
CBM21 SBDs from both R. oryzae glucoamylase [49]
and Lipomyces kononenkoae o-amylase [63]. In addi-
tion, secondary structure prediction for these two
SBDs from CBM21 indicates that B-strands would be
expected to occur in positions equivalent to known
B-strand locations in CBM20 domains, when the
amino acid sequences are aligned as in Fig. 2. These
findings, together with the secondary structure predic-
tion of the glycogen-targeting subunit of protein
phosphatases [50], strongly support the idea that the
three-dimensional structures of CBM20 and 21 mod-
ules are similar and suggest that the two CBM families
can be grouped into a CBM clan.

Compared to CBM20, analysis of CBM21 sequences
received much less attention [24,50,64]. Based on the
present alignment, it is clear that some of the CBM20
consensus residues, Gly628, Trp643, Trp689 and
Asn694 (B. circulans CGTase numbering including the
signal peptide) have possible equivalents in the
CBM21motif (Fig. 2). Concerning Trp663 (i.e., Trp636

without the signal peptide), which possesses a struc-
tural role in CBM20 instead of a binding role [65], this
residue is evidently present in all amylolytic CBM21
SBDs (from recognized a-amylases and glucoamylases).
The remaining CBM21 sequences contain a phenyl-
alanine in that position (Fig. 2), with the exception of
the regulatory subunit of protein phosphatase from
Clostridium acetobutylicum (that moreover contains the
lysine equivalent to the CBM20 consensual Lys678,
i.e., Lys651 without the signal peptide). Interestingly,
the two tryptophans (corresponding with the two func-
tional CBM20 Trp residues) are better conserved in
the nonamylolytic CBM21 motifs than in CBM21
SBDs from a-amylases and glucoamylases (Fig. 2).

Evolutionary analysis

The evolutionary relationships between the numerous
CBM20 and CBM21 sequences (Table 1) are apparent
in Fig. 4. The two families clearly retain some inde-
pendence, thus CBM20 members do not occur in the
CBM21 part of the tree and vice versa. In the past, by
far the most attention was paid to the evolution of

Fig. 2. Alignment of SBD sequences from CBM20 and CBM21 families. For an explanation of the colour code for enzymes and the abbrevia-
tions used for the sources, see Table 1. Only the segments around the important residues (known as consensus [23]; blue and yellow high-
lighting) plus the one at the beginning of the SBD modules are shown. In the CBM20 module, the tryptophans and tyrosines involved in
binding sites 1 and 2, respectively, are signified by yellow [41,42]. The conserved phenylalanine in CBM20 and invariant lysine in CBM21 are
shown in black inversion. The aspartate and two phenylalanines (DxFxF) in CBM21, characteristic of nonamylolytic enzymes, are highlighted
in gray. The numbers preceding the first segment and succeeding the last segment represent the position in the amino acid sequence. Resi-
dues deleted between the two adjacent segments are indicated by superscript numbers. The sequences are numbered from the N-terminus
including the signal peptides (e.g. for CGTase from Bacillus circulans strain 251, there is a known 27-residue long signal peptide). The two
extra lines under each CBM family, 90% cons and 80% cons, are associated with 90% and 80% consensus, respectively. Special symbols
are used for aromatic (A), acidic (A), hydrophobic (@), and hydrophilic (O) residues.
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Fig. 3. The three-dimensional ribbon dia-
gram of CBM20 module. The X-ray structure
of SBD from Bacillus circulans strain 251
CGTase (PDB code: 1CDG [33]). The side
chains of the aromatic residues involved in
the starch-binding sites 1 (tryptophans) and
2 (tyrosines) are displayed in yellow in both
SBDs. The two maltoses are shown in red.
The nine further residues from the consen-
sus SBD signature [23] are also displayed
for comparison (in thin blue lines). Figure in
stereo was prepared using the program
WEBLABVIEWERLITE 4.0 (Accelrys Ltd, Cam-
bridge, UK; http://www.accelrys.com/).
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Fig. 4. Evolutionary tree of SBDs from CBM20 and CBM21. For an explanation of the colour code for enzymes and the abbreviations used
for the sources, see Table 1. A red dashed line separates the CBM20 family from the CBM21. The tree is based on the alignment of com-

plete SBD sequences including gaps.

CBM20 [24,25], and both families are studied together
here for the first time.

The CBM21 part of the tree (Fig. 4) appears more
compact than that of CBM20 perhaps simply due to

FEBS Journal 272 (2005) 5497-5513 © 2005 FEBS

the smaller number of CBM21 sequences. It may not
be surprising that the known CBM21 SBDs from
a-amylases and glucoamylases are located in two adja-
cent clusters positioned most closely to the borderline
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between the families (gmyArxad, amyLipko, amyLipst,
gmyRhior, and gmyMucci). In other words these real
SBD CBM21 modules are most closely related to
the CBM20 family. Of the remaining nonamylolytic
CBM21 sequences, only the module of the regulatory
subunit of protein phosphatase from C. acetobutylicum
(pfrsCloac) was found located clearly among the amy-
lolytic SBDs, reflecting the sequence features discussed
above. The rest of the remaining sequences form a
large, more or less undifferentiated cluster that gives
the possibility of identifying several related subgroups,
such as Chordata, Nematoda and Arthropoda, and
Fungi (Fig. 4).

The CBM20 part of the tree exhibits several charac-
teristics already well-known from previous bioinfor-
matics analyses [24,25]. These are especially the
clustering of the SBDs from bacilli (found in CGTas-
es), actinomycetes (in o-amylases), and fungi (in both
a-amylases and glucoamylases). It seems that this
reflection of taxonomy is indeed a feature of the evolu-
tion of the CBM20 module [24] because cyanobacteria
also form a separate cluster, between laforins and the
GH13 amylopullulanases (Fig. 4). This trend is sup-
ported by four CBM20 modules in GH77 4-a-glucano-
transferases, of which the three plant members
clustered separately from the bacterial one. Remark-
ably CBM20 of laforin grouped with SBD from the
Thermomonospora curvata o-amylase. This is most
interesting because 7. curvata CBM20 exhibits all
sequence features of a real SBD [66] although it
appears away from the other CBM20 modules of acti-
nomycetes [25]. With regard to the large cluster of
SBDs from Bacillus CGTases, the positions of the
modules from Bacillus agaradhaerens (cgtBacag, upBa-
cag) indicate a slightly different phylogeny (Fig. 4) in
accordance with previous findings based on entire
CGTase sequences [67]. The sole representative of
family GH31, CBM20 of 6-a-glucosyltransferase from
actinobacterium Arthrobacter globiformis [68] grouped
with the SBDs present in proteobacteria, two in Pseu-
domonas and one in Klebsiella. The former enzymes
are maltotetraose-forming exo-amylases of GH13 and
the latter is described as an intermediate between these
four-domain hydrolases and five-domain transferases
in GH13 [25]. Finally, there is one more novel CBM20
member observed in the a-glucan water dikinase from
Arabidopsis thaliana [69], which interestingly is placed
on a common branch with the module from the GH77
Bacteoroides fragilis 4-a-glucanotransferase, whereas
the three plant 4-o-glucanotransferases are positioned
separately adjacent to the borderline (Fig. 4).

The proposed joining of the two CBM20 and CBM21
families into one CBM clan raises a question about the
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possibility of the existence of an intermediate sequence.
The modules from GHI13 bacterial amylopullulanases
[70-74] clustered most closely to the borderline and
rather distant from the other clusters in the CBM20
part of the tree (Fig. 4). This module from amylopullu-
lanase is therefore a candidate for an evolutionary inter-
mediate between the two CBM families. This is in line
with the presence of the module in the interior region of
the domain organization as seen often in CBM2I
(Fig. 1) and opposed to most CBM20 modules being
either the N-terminal or the C-terminal domain.

As indicated in Experimental procedures, the most
current update of the CAZy server contained 22 and
six new members in CBM20 and CBM21, respectively,
not present in Table 1. Of the 22 in CBM?20, the added
members were as follows: seven GH13 (four CGTases,
two amylopullulanases, and one maltogenic o-amy-
lase), six GH15 glucoamylases (four of them were from
patents), one GH77 4-a-glucanotransferase, one gene-
thonin-1 (from rat), five unknown proteins of animal
origin (four from insect and one from fish), two carbo-
hydrate esterases of the family CE-1 (both from Arch-
aea), and one endoribonuclease E (from rice). With
regard to the six recently added members in CBM21,
five were putative protein phosphatases (or their regu-
latory subunits) and one was the unknown patented
sequence from yeast, but there were no new amylolytic
enzymes.

It is worth mentioning that the PSI-BLAST [75]
searches using the above-mentioned added CBM
sequences as queries revealed many new potential
members of both CBM families. It is therefore reason-
able to expect that in the future the number of mem-
bers in the families in CAZy will continue to increase,
as well as the spectrum of proteins with novel specifici-
ties. At present, in addition to the results shown in
Fig. 4, the archaeal carbohydrate esterases of the
CAZy CE-1 family [3], from Pyrococcus furiosus [76]
and Thermococcus kodakaraensis [77], can be of special
interest. Their CBM20 modules are most similar to
those of GH13 amylopullulanases (possible intermedi-
ates between CBM20 and CBM21) included in the pre-
sent study (Fig. 4). Moreover, and surprisingly, our
PSI-BLAST searches clearly indicated that a similar
CBM20 module is present in the GH13 (i.e., a-amylase
family) branching enzymes (e.g. from Equus caballus
[78]), which should also be included in the CAZy
CBM20 classification.

Proposal for a new clan of CBM
Based on the bioinformatics analysis of SBD modules

from CBM20 and CBM21 families, the hypothesis is

FEBS Journal 272 (2005) 5497-5513 © 2005 FEBS
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proposed that the two types of real (functional) starch-
binding domains, i.e., the C- and N-terminal SBDs
thus far found in CBM20 and CBM2I, respectively,
share a common evolutionary origin. Because of this
and the likelihood that CBM20 and CBM21 modules
have similar secondary and tertiary structures, it is
proposed to group the two SBD families, CBM20 and
CBM21, into a hierarchically higher level of CAZy
classification, i.e., a common CBM clan. An enzyme
clan consists of a group of enzyme families with a
common ancestry, very similar tertiary structure and
conserved catalytic machinery and reaction mechanism
[79]. Here we propose that a clan of carbohydrate-
binding modules contains CBM families having a
common evolutionary origin, similar tertiary structure
and similar binding site residues, and mode of carbo-
hydrate binding.

Experimental procedures

The set of analysed amino acid sequences of the CBM20
and CBM21 modules includes 181 proteins (Table 1). It
was based on information in the CAZy server [3]. At the
time of completing the sequence set (October 2004), there
were 103 members of the CBM20 and 50 members of the
CBM21 (Table 1). The last CAZy update (27 April 2005)
contained an additional 22 and six members in CBM20 and
CBM21, respectively. All of these sequences were subjected
to PSI-BLAST searches [75].

Each SBD in the sequences studied was identified as fol-
lows: (a) for CBM20, the solved three-dimensional struc-
tures of the SBD from Bacillus circulans strain 251 CGTase
[33] and Aspergillus niger glucoamylase [36,80] were used as
templates; and (c) for CBM21, the best studied SBD from
Rhizopus oryzae glucoamylase [49] was used as template.
The exact position and length of the SBDs were, in all indi-
vidual cases, supported by information extracted from the
Pfam database [81] (Pfam Accession No. PF00686 for
CBM20 and PF03370 for CBM21) as well as PSI-BLAST
searches [75] using the default parameters.

All amino acid sequence alignments were performed using
the program CLUSTALW [82] and then the alignments, where
applicable, were manually adjusted. First, the sequences
from CBM20 and CBM21 were aligned separately, starting
with the sequences of amylolytic enzymes because of their
mutual similarity. Second, the best conserved regions and
residues [23,24], i.e., sequence fingerprints (625_TxxG,
640_LGxW, 661_PxW, and 689 _WxxxxN; B. circulans
strain 251 CGTase numbering including the 27-residue long
signal peptide), were used in order to get the most reliable
alignment of the CBM20 motifs. Finally, the same elements
were applied for joining the two CBM families together into
a final alignment, which was supported by the hydrophobic
cluster analysis method [83].

FEBS Journal 272 (2005) 5497-5513 © 2005 FEBS
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The sequences were retrieved from GenBank [84] and
UniProt [85]. The three-dimensional structures were taken
from the PDB [86]. Secondary structures for the CBM21-
type SBDs from Lipomyces kononenkoae o-amylase and
Rhizopus oryzae glucoamylase were predicted using the
GOR method [87,88] and SAM_TO02 [89-91]. Fold recogni-
tion data for the CBM21-type SBD from Rhizopus oryzae
glucoamylase and Lipomyces kononenkoae o-amylase were
generated by the 3D-pssM web server [61].

The evolutionary tree was calculated using the neigh-
bour-joining method [92]. The Phylip format tree output
was applied using the bootstrapping procedure [93]; the
number of bootstrap trials used was 1000. The tree was
drawn with the program TREEVIEW [94].
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