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Abstract. The available amino acid sequences of the
a-amylase family (glycosyl hydrolase family 13) were
searched to identify their domain B, a distinct domain
that protrudes from the regular catalytic (b/a)8-barrel
between the strandb3 and the helixa3. The isolated
domain B sequences were inspected visually and also
analyzed by Hydrophobic Cluster Analysis (HCA) to
find common features. Sequence analyses and inspection
of the few available three-dimensional structures suggest
that the secondary structure of domain B varies with the
enzyme specificity. Domain B in these different forms,
however, may still have evolved from a common ances-
tor. The largest number of different specificities was
found in the group with structural similarity to domain B
from Bacillus cereusoligo-1,6-glucosidase that contains
an a-helix succeeded by a three-stranded antiparallel
b-sheet. These enzymes area-glucosidase, cyclomalto-
dextrinase, dextran glucosidase, trehalose-6-phosphate
hydrolase, neopullulanase, and a fewa-amylases. Do-
main B of this type was observed also in some mamma-
lian proteins involved in the transport of amino acids.
These proteins show remarkable similarity with (b/a)8-
barrel elements throughout the entire sequence of
enzymes from the oligo-1,6-glucosidase group. The
transport proteins, in turn, resemble the animal 4F2
heavy-chain cell surface antigens, for which the se-

quences either lack domain B or contain only parts
thereof. The similarities are compiled to indicate a pos-
sible route of domain evolution in thea-amylase family.

Key words: a-Amylase family — Glycosyl hydrolase
family 13 — Hydrophobic Cluster Analysis — (b/a)8-
Barrel — Domain B — Amino acid transport-related
proteins — 4F2 Heavy-chain cell surface antigens —
Evolutionary relatedness

Introduction

Thea-amylase family consists of a large group of starch
hydrolases and related enzymes (for reviews, see Mac-
Gregor 1993; Janec˘ek 1994a; Svensson 1994) compris-
ing about 20 different enzyme specificities, and is cur-
rently known as glycosyl hydrolase family 13 (Henrissat
1991; Henrissat and Bairoch 1993). Three-dimensional
structures ofa-amylases (Matsuura et al. 1984; Brady et
al. 1991; Qian et al. 1993; Kadziola et al. 1994; Brayer et
al. 1995; Machius et al. 1995; Ramasubbu et al. 1996),
cyclodextrin glucanotransferases (CGTases) (Klein and
Schulz 1991; Kubota et al. 1991; Lawson et al. 1994;
Knegtel et al. 1996), oligo-1,6-glucosidase (Kizaki et al.
1993), and maltotetraohydrolase (Matsuura 1995) are
available, as well as structure predictions based on se-
quence comparisons (Jespersen et al. 1991, 1993) or ho-
mology modeling (Kuriki et al. 1996; Lamminma¨ki and
Vihinen 1996). The members of this family possess re-
lated catalytic (b/a)8-barrels with a small domain (do-
main B) protruding between the thirdb-strand and the
third a-helix. Some types of domain B contain several
b-strands and one or twoa-helices (Klein and Schulz

Abbreviations:CGTase, cyclodextrin glucanotransferase; HCA, hydro-
phobic cluster analysis; TAA, Taka-amylase A (a-amylase fromAs-
pergillus oryzae)
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1991; Qian et al. 1993; Kizaki et al. 1993), while others
such as in barleya-amylase have no well-defined sec-
ondary structure elements (Kadziola et al. 1994).

The a-amylase family thus contains a (b/a)8-fold,
discovered in chicken muscle triosephosphate isomerase
more than 20 years ago (Reardon and Farber 1995).
Other (b/a)8-barrel folds are present in a large variety of
enzymes. The evolution of the entire (b/a)8-barrel fold-
ing family, currently comprising more than 40 different
enzyme specificities and the three proteins, remains un-
clear (for a recent review, see Janec˘ek and Bateman
1996). Arguments have been given in support of diver-
gent as well as convergent evolution (Lesk et al. 1989;
Farber and Petsko 1990; Bra¨ndén 1991; Raine et al.
1994; Scrutton 1994; Henrissat et al. 1995; Janec˘ek and
Baláz̆ 1995; Jenkins et al. 1995; Reardon and Farber
1995; Janec˘ek 1996).

Thea-amylase family itself fulfills several criteria of
divergent evolution: (1) a few amino acid sequence simi-
larities that serve as fingerprints are located at or near
strandsb2, b3, b4, b5, andb7, and at a short sequence
near the C-terminus of domain B (Jespersen et al. 1993;
Janec˘ek 1995a); (2) a conserved domain organization
including the characteristic insertion of domain B be-
tween strandb3 and helixa3 of the catalytic (b/a)8-
barrel (MacGregor 1993; Janec˘ek 1994a; Svensson
1994); (3) invariant catalytic residues (Asp206, Glu230,
and Asp297; Taka-amylase A (TAA) numbering) (Qian
et al. 1994; Strokopytov et al. 1995); and (4) related
functions, that is,a-glucosyl hydrolase/transferase activ-
ity (Svensson, 1994; Henrissat 1991; Henrissat and
Bairoch 1993; Jespersen et al. 1993).

Evolutionary trees of thea-amylase family clearly
respect both taxonomy and variation in enzyme specific-
ity for individual members (Jespersen et al. 1993;
Janec˘ek 1994a). These studies addressed a short con-
served sequence near the C-terminus of domain B
(Janec˘ek 1995a) and sequence similarities atb-strands
and their C-terminal extensions in the (b/a)8-barrel do-
main (Jespersen et al. 1993, Janec˘ek 1994a,b, 1995b).
Domain B was demonstrated to play an important func-
tional role. It thus controls several of the isozyme spe-
cific properties in barleya-amylases, including substrate
affinity and sensitivity to the barleya-amylase/subtilisin
inhibitor specific to isozyme 2 (Rodenburg et al. 1994;
Juge et al. 1995). The purpose of the present work is to
investigate the evolution of domain B by addressing the
following questions (1) Is the evolution of domain B
comparable to that of the (b/a)8-barrel structural ele-
ments? (2) How many types of domain B are represented
in thea-amylase family? (3) Is domain B present in other
(b/a)8-barrel proteins or in different fold families?

Materials and Methods

Amino acid sequences representing the enzyme specificities from the
a-amylase family were extracted from the SwissProt protein and Gen-

Bank DNA sequence data bases. Domain B from each sequence was
defined by identifying the easily recognized flankingb3 and a3b4
elements of the catalytic (b/a)8-barrel (Jespersen et al. 1993). This
takes into account that domain B ends by a short conserved sequence
comprising the calcium-ligand (Asp175 in TAA) preceding helixa3
(Matsuura et al. 1984; Janec˘ek 1992, 1995a).

First the sequences of domain B of selected family members were
visually inspected including use of Hydrophobic Cluster Analysis
(HCA; Gaboriaud et al. 1987) and compared with the three-
dimensional structures ofa-amylases (Matsuura et al. 1984; Qian et al.
1993; Kadziola et al. 1994; Machius et al. 1995), CGTases (Klein and
Schulz 1991; Lawson et al. 1994), oligo-1,6-glucosidase (Kizaki et al.
1993), and maltotetraohydrolase (Matsuura 1995). This resulted in a
subdivision of thea-amylase family members according to sequence
similarities. Size, shape and orientation of clusters of hydrophobic resi-
dues are considered to reflect elements of secondary structure in pro-
teins (Woodcock et al. 1992). The HCA motifs thus define groups
likely to share secondary and supersecondary structure in domain B.

Since the group represented by theBacillus cereusoligo-1,6-gluco-
sidase has the largest variation of enzyme specificity, it was further
analyzed; the sequences, moreover, were used as queries in a BLAST
search (Altschul et al. 1990) for occurrence of domain B in other
proteins. The HCA similarity scores were calculated for representatives
of different enzyme specificities using the program SUNHCA (Lem-
esle-Varloot et al. 1993). The scores were averaged to obtain a matrix
showing the similarity between each pair of enzymes from this group.
The program CLUSTAL V (Higgins et al. 1992) was used for sequence
alignment.

Results and Discussion

Domain B Similarities and Differences

Visual inspection of the sequences of domain B from
representatives of thea-amylase family confirmed that
domain B varies greatly in both length and sequence (cf.
Jespersen et al. 1993). It therefore makes no sense to
produce a sequence alignment that includes all the in-
vestigated enzyme specificities. Similarly, HCA plots of
domain B in available crystal structures (Fig. 1) agree
that there is no common arrangement of secondary struc-
ture elements fora-amylase family members. A short
stretch (173LPDLD in TAA) near the C-terminus of
domain B comprises a conserved calcium-binding aspar-
tate (Asp175 in TAA) (Janec˘ek 1992, 1995a) and ap-
pears to be the best conserved motif in domain B, al-
though this area was not identified for a few specificities,
for example, the glycogen branching and the debranch-
ing enzymes. It should be pointed out, however, that the
glycogen debranching enzymes have an exceptionally
long domain B (250 amino acid residues; Jespersen et al.
1993).

Each HCA plot of domain B in Figure 1 represents
closely related enzymes with a sequence identity higher
than 50% and thus probably the same supersecondary
structure in domain B.a-Amylase fromB. licheniformis
covers liquefying bacteriala-amylases, the intracellular
a-amylase fromStreptococcus bovis,and maltohexaohy-

323



drolases. TAA representsa-amylases from fungi and
yeasts, while barleya-amylase represents the plant en-
zymes and probably the maltotetraohydrolases. Pig pan-
creatic a-amylase covers the enzymes from mammals,
insects, streptomycetes,Alteromonas haloplanctis,and
maltopentaohydrolases. CGTase fromB. circulanscom-
prises different CGTases, including reclassified se-
quences (Janec˘ek et al. 1995), together with the malto-
genic amylase fromB. stearothermophilus.Finally, the
oligo-1,6-glucosidase fromB. cereusrepresents oligo-
1,6-glucosidases,a-glucosidases, dextran glucosidases,

trehalose-6-phosphate hydrolases, cyclomaltodextrin-
ases, neopullulanases and a few bacteriala-amylases.
These groups are in accordance with previously reported
evolutionary relationships among taxonomically differ-
ent a-amylases and CGTases (e.g., Hickey et al. 1987;
Tsukamoto et al. 1988; MacGregor and Svensson 1989;
Janse et al. 1993; Jespersen et al. 1993; Oguma et al.
1993; Feller et al. 1994; Janec˘ek 1994b, 1995b; White-
head and Cotta 1995; Takii et al. 1996).

In maltotetraohydrolase fromPseudomonas stutzeri,
whose structure has recently been determined (Matsuura

Fig. 1. HCA plots of the domain B
region of enzymes in thea-amylase
family with known three-dimensional
structure. BLI,a-amylase fromBacillus
licheniformis(Yuuki et al. 1985;
Machius et al. 1995); TAA,
Taka-amylase A (Toda et al. 1982;
Matsuura et al. 1984); BAR, barley
a-amylase (Rogers 1985; Kadziola et
al. 1994); PPA,a-amylase from pig
pancreas (Pasero et al. 1986; Qian et al.
1993); CGT, CGTase fromBacillus
circulans (Nitschke et al. 1990; Klein
and Schulz 1991); OGL,
oligo-1,6-glucosidase fromBacillus
cereus(Watanabe et al. 1990; Kizaki et
al. 1993). The length and the position
of domain B are given in parentheses.
The HCA clusters in domain B
corresponding toa-helices (in BLI
310-helices) are filled with conventional
lines and the ones corresponding to
b-strands are shaded. The invariant
aspartates equivalent to the
calcium-binding Asp175 of TAA are
encircled. The amino acid residues are
presented by the single-letter code
except for glycine (l), proline (.),
cysteine (C), serine ()), and threonine
(h).
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1995), domain B is stabilized by a disulfide bridge be-
tween Cys140 and Cys150, a feature comparable to those
of TAA and pig pancreatica-amylase. But domain B of
maltotetraohydrolase has no distinct secondary structure,
and resembles barleya-amylase in which a disulfide
bridge is not formed between the two cysteines in do-
main B (Kadziola et al. 1994). In distance trees based
mainly on (b/a)8-barrel elements (Jespersen et al. 1993;
Janec˘ek 1995b), this maltotetraohydrolase was earlier
found on a branch adjacent to the cluster of planta-amy-
lases.

The HCA plots of members of known three-
dimensional structure are in agreement with their dis-
tinctly different secondary structure in domain B. For
instance,B. licheniformis a-amylase lacks the helix
which is common to domain B in mosta-amylases and
CGTases (Machius et al. 1995). Remarkably, this lique-
fying a-amylase seems to be very different from the
saccharifyinga-amylase fromB. subtilis,which can be
evolutionarily related toa-amylase fromButyrivibrio fi-
brisolvens (based on the similarity of the entire se-
quences; Janec˘ek 1994b), and also to potato amylomalt-
ase (based on the similarity in the short conserved
sequence near the C-terminus of domain B; Janec˘ek
1995a).

The Enzymes with Domain B of the
Oligo-1,6-Glucosidase Type

The group defined byB. cereusoligo-1,6-glucosidase
includes many different amylolytic enzymes, and, sur-
prisingly also three amino acid transport-related proteins,
as found using BLAST (Altschul et al. 1990) with rel-
evant domain B sequences as queries (Fig. 2). Because
size, shape, and orientation of clusters in an HCA plot
correlate with secondary structure elements in the folded
protein (Woodcock et al. 1992), the similarity in HCA
plots reflects similarity of secondary and supersecondary
structure in relevant segments of domain B. In other
words, this HCA motif is defined by the secondary struc-
ture in domain B identified in the crystal structure ofB.
cereusoligo-1,6-glucosidase, that is, onea-helix and a
three-stranded antiparallelb-sheet (Kizaki et al. 1993;
Watanabe et al. 1994). The absence or presence of the
secondb-strand Bb2 (153 WQYD in the sequence ofB.
cereusoligo-1,6-glucosidase), however, defines two ten-
tative subgroups: cyclomaltodextrinases, neopullu-
lanases, andD. thermophilumAmyB a-amylase
(Horinouchi et al. 1988) lacking Bb2, and the remaining
proteins includinga-amylases fromB. megaterium
(Metz et al. 1988),D. thermophilumAmyC (Horinouchi
et al. 1988), andXanthomonas campestrisK-11151 (Abe
et al. 1996), that contain Bb2 (cf. Fig. 2). These sub-
classes are supported by the two recent independent
alignments of Oguma et al. (1993) and Takii et al.
(1996). The short conserved sequence (167QPDLN; B.

cereusoligo-1,6-glucosidase numbering) may serve as
selection marker (Janec˘ek 1995a), as enzymes lacking
Bb2 have lysine corresponding to Asp175 in TAA
(Asp169 inB. cereusoligo-1,6-glucosidase).

To analyze the relationship between individual mem-
bers depicted in Figure 2, HCA similarity scores were
calculated for the secondary structure elements Ba1,
Bb1, Bb3, and presented as a matrix (Table 1). Averaged
scores higher than 0.750 reflect a similar folding of the
polypeptide chains with root mean square deviations
lower than 2Å (Gaboriaud et al. 1987). Domain B from
B. cereusoligo-1,6-glucosidase andStreptococcus mu-
tansdextran glucosidase thus resemble each other very
closely.

Amino Acid Transport-Related Proteins and the 4F2
Heavy-Chain Cell Surface Antigens

The 85% identical amino acid transport-related proteins
from human, rat, and rabbit kidney contain Bb2
(264 WHFD; Fig. 2) and were previously reported to
resemblea-glucosidases (Wells and Hediger 1992).
They clearly possess characteristic features of the
a-amylase family, includingb-strandsb2, b3, b4, b8 of
the (b/a)8-fold, and the conserved stretch near the C-
terminus of domain B (Fig. 3). In addition, the 4F2
heavy-chain cell surface antigens are structurally related
to thea-amylase family (Quackenbush et al. 1987; Wells
and Hediger 1992), as supported by sequence similarity
especially at the aboveb-strands, but the 4F2 antigen
lacks domain B. Theb3 → a3 segment 213GEN-
SWFFTQV in 4F2 antigen, however, has close sequence
resemblance to Bb2 (Fig. 3) preceded by 211YR. In
contrast, some amylolytic enzymes (see above) that con-
tain a proper domain B related to that of oligo-1,6-
glucosidase, miss a segment equivalent to Bb2 (Fig. 2).

Of the three catalytic residues in family 13 glycosyl
hydrolases (i.e., Asp206, Glu230, and Asp297 of TAA),
only Asp206 of TAA in theb4-strand region can be
traced unambiguously in the amino acid transport-related
proteins and the 4F2 heavy-chain antigens (Fig. 3). In-
terestingly, the former proteins inb3-strand region have
a sequence Phe-X-Pro, which in family 13 of glycosyl
hydrolases is specific to CGTases (MacGregor and
Svensson 1989; Jespersen et al. 1993; Janec˘ek 1994a,b;
Janec˘ek et al. 1995). This provides support to the view
that the so-calledintermediarysequence features (i.e.,
features characteristic of a given enzyme specificity ex-
hibited with another enzyme specificity) can be observed
among a-amylase family members (Janec˘ek 1994b,
1995a,b; Janec˘ek et al. 1995).

With regard to the evolution of the 4F2 heavy-chain
cell surface antigens, two explanations are possible. Ei-
ther they evolved from a (b/a)8-barrel common ancestor
to thea-amylase family but diverged before thea-amy-
lase family, with the inserted domain B, became evident,
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or they lost a major part of theb3 → a3 segment, in this
case the domain B type having a three-stranded antipa-
rallel b-sheet. The evolutionary events taking all this into
account are outlined in Figure 4. It leaves space for the
independent evolution, after recruitment from the oligo-
1,6-glucosidase group, of the amino acid transport-
related proteins and subsequently the 4F2 heavy-chain
cell surface antigens.

Conclusion

The present study focuses on domain B, a distinct 40–
250 amino acid long domain inserted between the strand
b3 and helixa3 of the (b/a)8-barrel in thea-amylase
family (glycosyl hydrolases family 13). Previously, the
evolutionary relationship was primarily described on the
basis of the elements of the (b/a)8-motif (Jespersen et al.

Fig. 2. HCA plots of the representatives that
shareA and resembleB, respectively, the
structure of domain B fromBacillus cereus
oligo-1,6-gluosidase. OGL,Bacillus cereus
oligo-1,6-glucosidase (Watanabe et al. 1990);
AGL, Saccharomyces carlsbergensis
a-glucosidase (Hong and Marmur 1986); DGL,
Streptococcus mutansdextran glucosidase
(Russell and Ferretti 1990); T6P,Bacillus
subtilis trehalose-6-phosphate hydrolase
(Helfert et al. 1995); BME,Bacillus
megateriuma-amylase (Metz et al. 1988)
representing also thea-amylases from
Dictyoglomus thermophilumAmyC
(Horinouchi et al. 1988) andXanthomonas
campestrisK-11151 (Abe et al. 1996); AAT,
human kidney amino acid transport-related
protein (Bertran et al. 1993); CMD,Bacillus
sphaericuscyclomaltodextrinase (Oguma et al.
1993); NPU,Thermoactinomyces vulgaris
neopullulanase (Tonozuka et al. 1993); DTB,
Dictyoglomus thermophiluma-amylase AmyB
(Horinouchi et al. 1988). The length and the
position of domain B are given in parentheses.
The HCA clusters in domain B corresponding
to a-helix of OGL are filled with conventional
lines, and the ones corresponding tob-strands
of OGL are shaded. The putative
calcium-binding aspartates or corresponding
lysines are encircled. The amino acid residues
are presented by the single-letter code except
for glycine (l), proline (.), cysteine (C),
serine ()), and threonine (h).
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1993; Janec˘ek 1994a). The present sequence comparison
analysis revealed that although domain B probably
evolved from a single ancestor, as supported by a short
conserved sequence near the C-terminus of domain B (cf.
Janec˘ek 1992, 1995a), different types of domain B define
groups ofa-amylase family members, such as bacterial
liquefying a-amylases, planta-amylases, animala-amy-
lases, and, in particular, the group including the oligo-
1,6-glucosidase.

Another argument for a common origin of present-day
domain B is that this domain is inserted with conserved
topology in the (b/a)8-fold in all members of thea-amy-
lase family. Furthermore, the case of the 4F2 heavy-
chain cell surface antigens that contain part of a typical
domain B sequence (equivalent to one of theb-strands)
in the predictedb3 → a3 segment, supports the diver-
gent evolution. The insertion of a domain B into an
a-amylase-type (b/a)8-barrel seems, therefore, to be an
early event, preceding the specialization of thea-amy-
lase-type (b/a)8-barrel prototype to enzymes with differ-

Fig. 2. Continued.

Table 1. Average scores of the three clusters corresponding to Ba1,
Bb1, and Bb3 in the HCA plots (Fig. 2) of domain B of theBacillus
cereusoligo-1,6-glucosidase group

OGLa AGL CMD DGL T6P NPU BME DTB

AGL 0.933
CMD 0.643 0.675
DGL 1.000 0.933 0.643
T6P 0.859 0.903 0.624 0.859
NPU 0.577 0.592 0.821 0.577 0.629
BME 0.822 0.867 0.643 0.822 0.909 0.577
DTB 0.704 0.748 0.667 0.704 0.889 0.595 0.815
AAT 0.915 0.852 0.726 0.915 0.790 0.667 0.746 0.690

a The protein sources are abbreviated as follows: OGL, oligo-1,6-
glucosidase fromBacillus cereus;AGL, a-glucosidase fromSaccha-
romyces carlsbergensis;CMD, cyclomaltodextrinase fromBacillus
sphaericus;DGL, dextran glucosidase fromStreptococcus mutans;
T6P, trehalose-6-phosphate hydrolase fromBacillus subtilis; NPU,
neopullulanase fromThermoactinomyces vulgaris;BME, a-amylase
from Bacillus megaterium;DTB, a-amylase fromDictyoglomus ther-
mophilum(AmyB); AAT, amino acid transport-related protein from
human kidney
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Fig. 3. Amino acid sequence alignment of oligo-1,6-glucosidase
from Bacillus cereus(OGL; Watanabe et al. 1990), human amino acid
transport-related protein (AAT; Bertran et al. 1993), and human 4F2
heavy-chain cell surface antigen (4F2; Gottesdiener et al. 1988). The
invariant amino acid residues and conservative substitutions are

marked by asterisks and dots, respectively. The secondary structure
elements ofB. cereusoligo-1,6-glucosidase (Watanabe et al. 1994) are
indicated above the alignment. The short conserved sequence near the
C-terminus of domain B is indicated by colons.
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ent function. Thus one original type of domain B has
adopted various secondary and supersecondary struc-
tures in different members of thea-amylase family.
Moreover, as demonstrated in Figure 1, the evolution of
domain B matches that of the (b/a)8-fold, since the
groups of enzymes exhibiting high-sequence similarities
in domain B and in structural elements of the (b/a)8-
barrel are essentially the same.

With regard to the presence of domain B either in
other (b/a)8-barrel proteins or in proteins from different
fold families, domain B is found in a mammalian amino
acid transport-related protein and as a rudiment in 4F2
heavy-chain cell surface antigen. Both proteins se-
quences, however, show a distant structural relationship
to the family 13 glycosyl hydrolases (Fig. 3). Analogous
excursion from the regular (b/a)8-barrel domain at the
place ofb → a loop 3 has been reported for old yellow
enzyme (Fox and Karplus 1994) and tRNA-guanine
transglycosylase (Romier et al. 1996). Theb3 → a3
segment of tRNA-guanine transglycosylase is particu-
larly interesting by having a three-stranded antiparallel
b-sheet flanked bya-helices (Romier et al. 1996), and
thus a supersecondary structure motif highly similar to
that of B. cereusoligo-1,6-glucosidase. The old yellow
enzyme and tRNA-guanine transglycosylase thus seem
excellent candidates for evolutionary studies, although
they are distantly related with thea-amylase family. Fi-
nally, at present, no protein from a different protein fold
family contains a domain that resembles domain B of the
family 13 glycosyl hydrolases.
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