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The a-amylase family, i.e. the clan GH-H of glycoside hydrolases, is the largest
family of glycoside hydrolases, transferases and isomerases comprising nearly
30 different enzyme specificities. One of the most interesting features of this
family is that its members contain a few very well-conserved sequence regions
despite the overall low sequence similarity. It seems that only 4 amino acid
residues may be totally invariantly conserved throughout the family (Arg204
plus the three catalytic residues: Asp206, Glu230 and Asp297; Taka-amylase
A numbering). Four conserved sequence regions covering the strands 33, 34,
B85, and B7 of the catalytic (8/a)s-barrel domain were identified and used
for defining the a-amylase family. The present review is therefore focused
on the three additional conserved sequence regions proposed after the basic
characteristics of the family have been established. Two of these three regions
cover roughly the strands 32 and (38 of the catalytic (3/a)s-barrel and one is
located near the C-terminus of domain B (in the 33— a3 connection of the
catalytic (8/a)g-barrel). While the four original conserved sequence regions
contain the catalytic and substrate-binding residues of the individual mem-
bers of the family, the three conserved sequence regions later identified are
shown to contain amino acid residues connected to a given enzyme specificity.
The problems that may arise with correctly identifying the 85-strand catalytic
glutamate, positioned in the conserved sequence region III, are discussed and
a way that may lead to a correct solution is indicated. In conclusion, it is
proposed that the a-amylase enzyme family should be characterised by as
many conserved sequence regions as possible.

Key words: alpha-amylase family, conserved sequence regions, sequence simi-
larities, specificity features, evolutionary relationships.
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ilarities and a predicted common supersecondary
fold, a parallel (3/a)s-barrel (MACGREGOR, 1988;

The o«-amylase enzyme family was originally
recognised as a group of starch hydrolases and
related enzymes that exhibit clear sequence sim-
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SVENSSON, 1988; MACGREGOR & SVENSSON,
1989; JESPERSEN et al., 1991; 1993). From the be-
ginning it covered several different enzyme speci-
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ficities, including cyclodextrin glucanotransferase
(CGTase), isoamylase, branching enzyme, neop-
ullulanase and oligo-1,6-glucosidase in addition
to a-amylase (BINDER et al., 1986; AMEMURA
et al., 1988; ROMEO et al., 1988; KURIKI &
IMANAKA, 1989; WATANABE et al., 1990). The
a-amylase family has been known as the family
13 of glycoside hydrolases from 1991 when the
sequence-based classification of all glycoside hy-
drolases, transferases, and isomerases was estab-
lished (HENRISSAT, 1991).

The concept of this group of enzymes as
the a-amylase family was proposed a year later
(TAKATA et al., 1992). According to that defini-
tion the members of the a-amylase family are en-
zymes that satisfy the four requirements: (i) they
act on a-glucosidic linkages; (ii) they hydrolyse or
form by transglycosylation a-glucosidic linkages;
(iii) their amino-acid sequence contains four con-
served regions; and (iv) they contain Asp, Glu and
Asp residues corresponding to the Asp206, Glu230
and Asp297 of Taka-amylase A.

The current situation in the a-amylase fam-
ily is as follows: (i) the family contains almost
30 different enzyme specificities covering hydro-
lases, transferases, and isomerases (SVENSSON et
al., 2002); (ii) the family constitutes a clan GH-
H of glycoside hydrolases comprising the families
13, 70, and 77 (COUTINHO & HENRISSAT, 1999);
(iii) the enzymes from the family can operate on
a-1,1-; a-1,2-, a-1,3- and a-1,5-glucosidic linkages
in addition to the a-1,4- and a-1,6-bonds origi-
nally considered (MACGREGOR et al., 2001); (iv)
there may be at most only 4 invariant amino acid
residues, i.e. 3 catalytic ones plus the Arg in posi-
tion i—2 with respect to the catalytic nucleophile,
the aspartate in the $4-strand (JANECEK, 2000a);
(v) the relationship of the main o-amylase fam-
ily (clan GH-H) to the “extremophilic” o-amylase
family, family 57 of glycoside hydrolases, has still
been neither confirmed nor disproved (JANECEK,
1998; IMAMURA et al., 2001a); and (vi) from the
points of view of sequence and evolution, some
mammalian transport proteins and antigens are
perhaps related to the enzymatic members of the
family (JANECEK, 2000b).

Many specialised reports are available focus-
ing on protein engineering of the individual en-
zymes and certain groups from the a-amylase
family, as well as on the possibilities of tailor-
ing their properties to meet specific needs (e.g.,
KURIKI et al., 1996; MATSUI & SVENSSON, 1997;
BINDERUP & PREISS, 1998; IBUKA et al., 1998;
WIND et al., 1998; SAAB-RINCON et al., 1999;
BEIER et al.,, 2000; YAMAMOTO et al., 2000;
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GOTTSCHALK et al., 2001; MORI et al., 2001; Kim
et al.,, 2001; LEEMHUIS et al., 2002). The find-
ings have been thoroughly discussed in various re-
views (e.g., MACGREGOR, 1993; SVENSSON, 1994;
JANECEK, 1997a; NIELSEN & BORCHERT, 2000;
PARK et al., 2000; VAN DER VEEN et al., 2000;
UITDEHAAG et al., 2002; VAN DER MAAREL et
al., 2002). In general, however, the residues playing
the most important roles are located in the short
sequence stretches conserved throughout the fam-
ily and known as the conserved sequence regions.
This review therefore aims to present and sum-
marise the short sequence regions that are best
conserved either throughout the a-amylase family
or in several closely-related enzyme groups from
the family, and to show the relationships between
these conserved sequence regions and the individ-
ual enzyme specificities.

From family to clan and from clan to a ...
suprafamily ?

When the number of sequences recognised as be-
longing to the a-amylase family was low, i.e. sev-
eral tens at the beginning of the 1990s (MAC-
GREGOR & SVENSSON, 1989; HENRISSAT, 1991;
TAKATA et al., 1992), it was clear that, de-
spite the existence of more enzyme specifici-
ties, all the sequences constitute a classical en-
zyme family with members showing divergent
evolution (JESPERSEN et al., 1993; JANECEK,
1994a). As one of the main criteria for deciding
whether or not a new sequence belongs to the
a-amylase family, the presence of the four con-
served sequence regions (e.g., for Taka-amylase
A - T: 117.DVVANH, II: 202_.GLRIDTVKH, III:
230_EVLD, IV: 292_.FVENHD) was used as a good
criterion (NAKAJIMA et al., 1986).

This basic trend has, in fact, been main-
tained up to the present day (MACGREGOR et
al., 2001) although the number of sequences has
reached almost one thousand (COUTINHO & HEN-
RISSAT, 1999). According to the HENRISSAT clas-
sification, however, the original a-amylase fam-
ily, family 13 of glycoside hydrolases (HENRIS-
SAT, 1991), has been changed to a clan, glyco-
side hydrolases clan GH-H, covering the families
13, 70, and 77 (BOURNE & HENRISSAT, 2001).
While the original family 13 and the family 77
seem to be very closely related to each other
(PRzZYLAS et al., 2000), i.e. they roughly fulfil
the attributes of a single family of similar re-
action mechanism, fold, and catalytic machinery
seen as identical catalytic residues on identical
elements of secondary structure, family 70 con-



tains enzymes with a version of the (3/a)s-barrel
structure that is a circularly permuted form of
the classical a-amylase-type (3/a)s-barrel (MAC-
GREGOR et al., 1996). Although an alternative
prediction without circular permutation was pre-
sented for the family 70 glucosyltransferases (DE-
VULAPALLE et al., 1997), the predictions tak-
ing into account the possibility of circular per-
mutations seem more reasonable and have been
supported by mutagenesis (MACGREGOR et al.,
1996; MONCHOIS et al., 1999; 2000; TSAI et al.,
2000).

The existence of a single a-amylase fam-
ily, the family 13 of glycoside hydrolases, has
appeared more “complicated” since 1988 and
1993 when two “unusual” amino acid sequences
of a-amylases were reported: the AmyA from
Dictyoglomus thermophilum (FUKUSUMI et al.,
1988) and one from Pyrococcus furiosus (LADER-
MAN et al., 1993). These and also some other
mostly extremophilic amylolytic enzymes (DONG
et al., 1997b; JEON et al., 1997; ERRA-PUJADA
et al., 1999) were found to lack the character-
istic conserved sequence regions; this resulted
in a new family, family 57 of glycoside hydro-
lases being established (HENRISSAT & BAIROCH,
1996). Later, however, a distant evolutionary rela-
tionship between the major family 13 and fam-
ily 57 was indicated by using HCA (hydropho-
bic cluster analysis) on the amino-acid sequence
of archaeal Methanococcus jannaschii a-amylase
(JANECEK, 1998). At present family 57 contains
members mostly from extremophiles (COUTINHO
& HENRISSAT, 1999) having a-amylase, 4-a-
glucanotransferase, amylopullulanase and even a-
galactosidase (VAN LIESHOUT et al., 2001) speci-
ficities in addition to numerous hypothetical pro-
teins coming from various complete-genome se-
quencing projects. Recent determination of the
three-dimensional structure of the 4-a-glucano-
transferase from Thermococcus litoralis, with site-
directed mutated glutamate residues, indicated
(IMAMURA et al., 2001a,b) that the HCA-based
predictions (JANECEK, 1998) may not match the
catalytic amino acids and thus may invalidate the
postulated close relationship of glycoside hydro-
lase family 57 to clan GH-H. Despite this re-
cent finding, the common retaining mechanism
and a common (3/a)s-barrel fold used by both
the clan GH-H and the family 57 preserve the
possibility of classifying them into an even larger
group than the clan, e.g. a suprafamily represent-
ing relatedness at a higher hierarchal level than a
clan.

Conserved sequence regions

Study of the a-amylase family is practically im-
possible without taking into account the ques-
tion of the conserved sequence regions. For a con-
siderable time, the sequence similarity has been
known to be extremely low (about 10%) even
for the a-amylases alone (i.e. for EC 3.2.1.1) as
described from different microorganisms, plants,
and animals (NAKAJIMA et al., 1986). Later when
the family grew, i.e. when many sequences from
various sources and with different enzyme speci-
ficities became available, the number of identical
residues among the a-amylase family enzymes had
decreased to 8-10 amino acids in 1994 (JANECEK,
1994a; SVENSSON, 1994). At present there might
be at most only 4 residues that are totally invari-
antly conserved throughout the a-amylase fam-
ily, i.e. the 3 catalytic residues corresponding to
Asp206, Glu230 and Asp297 in Taka-amylase A
plus the 84 arginine equivalent to the Arg204 in
Taka-amylase A. The (33 aspartate (Aspll7 in
Taka-amylase A) is also extremely well conserved
(Fig. 1), however, it has been found substituted at
least one time (S. JANECEK, unpublished results):
by glutamate in trehalose synthase from Ther-
mus aquaticus (TSUSAKI et al., 1997). Despite this
fact, amino-acid sequences of enzymes from the
a-amylase family contain several short conserved
stretches, the so-called conserved sequence regions
(Fig. 1). Of the four above-mentioned invariantly-
conserved residues Asp206 (the catalytic nucle-
ophile) and Glu230 (the proton donor) together
with the second conserved aspartate, Asp 297, and
two histidine residues, His122 and His296, were
postulated as being crucial for Taka-amylase A
(MATSUURA et al., 1984). They form the basis
of the four well-known conserved sequence regions
in the a-amylase family enzymes (the regions I,
II, IIT and IV in Fig. 1) and are positioned near
the C-termini of strands (33, 84, (85, and B7 of
the catalytic (8/a)s-barrel domain (NAKAJIMA et
al., 1986; MACGREGOR et al., 2001). It is clear,
however, that the two histidines are not conserved
throughout the family (Fig. 1).

Although NAKAJIMA et al. (1986) established
the four conserved sequence regions of a-amylases,
the authors paid less attention to the remaining
part of their alignment of 11 different a-amylase
sequences. This fact was mentioned already by
MACGREGOR (1988), who indicated that there
could be additional sequence similarities in a-
amylases that were found later in other enzymes
belonging to the a-amylase family by SVENSSON
(1988), MACGREGOR & SVENSSON (1989) and
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EC Enzyme VI I v Iz III v VII

3.2.1.1 o-Amylase 56_GFTAIWIT-P 117_DVVANH 173_LPBLD 202_GLRIBTVKH 226_YCIGRVLD 292_FVENHE 323_GIPIIYAGQ
24.1.19 Cyclodextrin glucanotransferase 70_GVTALWISQP 135_DFAPNH 197_LADFN 225_GIRVBAVKH 253_FTFGRWFL 323_FIDNHS 354_GVPAIYYGT
3.2.1.10 Oligo-1,6-glucosidase 44_GIDVIWLS-P 98_DLVVNH 167_QPBLN 195_GF| VINF 251_MTVGMPG 324 _YWNNHB 360_GTPYIYQGE
3.2.1.60 Maltotetraohydrolase 50_GFSAIWMPVP 112_DVVPNH 160_DADLN 189 GFRFBFVRG 215_FCVGQILWK 288_FVDNHB 326 _GTPVVYWSH
3.2.1.68 Isoamylase 218_GVTAVEFL-P 292_DVVYNH 342_GANFN 371_GFREBLASY 431_DLFAMPWA 505_FIDVHM 574_GTPLMOGGD
3.2.1.135  Neopullulanase 186_GVTALYFT-P 239_DAVFNH 293_MPMLR 321 _GWRLBVANE 350_LIVQIIWH 416_LLDSHM 448_GTPLIYYGD
3.2.1.133 Maltogenic amylase 189_GITGIYLT-P 242_DAVFNH 295 _MPHELN 324 GWRLIVANE 353 _YILGWIWH 419 LLGSHW® 451 _GSPCIYYGD
3.2.1.133  Maltogenic o-amylase 65_GVITIWLS-P 127_DFVPNH 196_LABLS 221 GLRIBAVKH 249_FLVGRWYG 321_FIDNHE 352_VRPPIYYGT
2.4.1.25 Amylomaltase 40_GGRYWQVL-P 213_pMPIFl] 262_LvlWD 289_LVBTRHFRG 336_PVLARDLG 390_YTGTH 442_SVARLAVYP
3.2.1.141 Maltooligosyltrehalose hydrolase ~ 132_GITATIEIM-P 187_DVVYNH 220_NFBDA 248_GFRLIEAVHA 279_TVIAESDL 372_YIQNHE 409_YIPMIFMGE
2414 Amylosucrase 134_GLTYLHLM-P 190_DFIFNH 262_QWBLN 290_ILBMBAVAF 332_FFKSAIV 396_YVRSHM 488_GLPLIYLGD
24.1.- Maltosyltransferase 133_GADAIVLL-B 201_DFIrrfl 353_FEfkE 381 GaRUpvGHA 410_VMIABELD 463_svETR 495_SIPYVNTGQ

Fig. 1. Conserved sequence regions in the a-amylase family. Sources of the enzymes: a-amylase (Aspergillus

oryzae; TODA et al., 1982; MATSUURA et al., 1984), cyclodextrin glucanotransferase (Bacillus circulans strain
8; NITSCHKE et al., 1990; KLEIN & SCHULZ, 1991), oligo-1,6-glucosidase (Bacillus cereus; WATANABE et al.,
1990; K1zAKI et al., 1993), maltotetraohydrolase (Pseudomonas stutzeri; FUJITA et al., 1989; MORISHITA et
al., 1997), isoamylase (Pseudomonas amyloderamosa; AMEMURA et al., 1988; KATSUYA et al., 1998), neopullu-
lanase (Thermoactinomyces vulgaris R-47; TONOZUKA et al., 1993; KAMITORI et al., 1999), maltogenic amylase
(Thermus sp.IM6501; KIM et al., 1999b; KiM et al., 1999a), maltogenic a-amylase (Bacillus stearothermophilus;
DIDERICHSEN & CHRISTIANSEN, 1988; DAUTER et al., 1999), amylomaltase (Thermus aquaticus; TERADA et
al., 1999; PRZYLAS et al., 2000), maltooligosyltrehalose hydrolase (Sulfolobus solfataricus; KOBAYASHI et al.,
1996; FEESE et al., 2000), amylosucrase (Neisseria polysaccharea; POTOCKI DE MONTALK et al., 1999; SKOV
et al., 2001), maltosyltransferase (Thermotoga maritima; MEISSNER & LIEBL, 1998; ROUJEINIKOVA et al.,
2001). Colour code: catalytic aspartates and glutamate — blue; functional histidines — yellow; invariant arginine
— green; Ca?t-binding aspartate — turquoise; conserved residues — grey; non-conserved residues — pink. The
first two columns denote the year of three-dimensional structure determination and the EC number of a given

member, respectively. Only the members whose structures have already been determined are shown.

JESPERSEN et al. (1991, 1993). Based on the ex-
haustive analyses of a large number of amino-
acid sequences of a-amylases and related en-
zymes, JANECEK (1992, 1994a,b, 1995a) proposed
three additional conserved sequence regions. The
fifth conserved sequence region (JANECEK, 1992,
1995a) is located near the C-terminus of domain
B around the calcium-binding aspartate, Aspl75
in Taka-Amylase A (the region V in Fig. 1). Two
additional conserved sequence regions (JANECEK,
1994a,b) can be found at strands 2 and (88 of
the catalytic (8/a)s-barrel domain (the regions VI
and VII in Fig. 1). It has been proposed that the
conservations may be related to maintenance of
structure (MACGREGOR et al., 2001), but varia-
tions within these segments may also be charac-
teristic of certain enzyme specificities (JANECEK,
1997a).

Thus, it has become more and more clear that
the a-amylase family should be characterised by as
many conserved sequence regions as possible be-
cause it contains a large number of different mem-
bers (SVENSSON et al., 2002). For many sequences,
particular amino-acid residues characteristic of the
enzyme’s specificity are present in all the regions
(MACGREGOR et al., 2001). Even if an enzyme of
a given specificity does not contain a given con-
served sequence region, this absence may be used
as a feature characteristic of that enzyme speci-
ficity (JANECEK, 2000a).
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From the chronological point of view the
first three conserved sequence regions covering
the strands (3, 4, and G7 (Fig. 1) were orig-
inally pointed out by TODA et al. (1982) for
Taka-amylase A and pig pancreatic a-amylase. A
year later FRIEDBERG (1983) added the regions of
Bacillus amyloliquefaciens a-amylase, and finally
ROGERS (1985) completed the picture by describ-
ing the regions in barley a-amylase. Thus three of
the four conserved sequence regions that were sub-
sequently used for the definition of the a-amylase
enzyme family (TAKATA et al., 1992) were known
in 1985 for the a-amylases from bacteria, fungi,
plants, and animals (TODA et al., 1982; FRIED-
BERG, 1983; ROGERS, 1985). In 1986 NAKAJIMA
et al. (1986) made a comparative study of eleven
amino-acid sequences of a-amylases from differ-
ent origins (microorganisms, plants, and animals)
and identified the fourth conserved sequence re-
gion covering the strand 35 (the one with the 85-
strand catalytic glutamic acid; Fig. 1). They also
established the length of all the four conserved se-
quence regions. These four regions were progres-
sively identified by sequence comparison and/or
prediction for other starch hydrolases and related
enzymes (e.g., MACGREGOR & SVENSSON, 1989;
JESPERSEN et al., 1991, 1993; MACGREGOR et
al., 1996) and became one of the distinguish-
ing marks of the a-amylase family (VIHINEN &
MANTSALA, 1989; TAKATA et al., 1992; MACGRE-



(a)
!

MSSSCRFRPLSFLLAAALGASAAFAPSVHAADAAPATPRSEGSGVWYEIFVRAWYDTDGD
GIGDLNGVTAKLDYLQSLGVSGIWLMPINPSPSYHGYDITDYEGINPQYGTMADFEKLVS
EAHKRGIEVILDLVINHTSDQHPWFKAALDPKDAHRSWYTWAGPGTNLKAVSAVGGPAWH
ANGKQHYLGDFTGAMPDLNYDEPAVRREMIAVGKFWLDKGADGFRLEAARHT YDDLESDN
GQPAVIARNAQWWNEZNSGLROVR PDVYLVGEVSAKQPGELAPYLPALGSVFDFPLAEQL
IASAGQEKAGKLPALLTETYAAFRAAAGDDYADAPFLSNHEOERVLSQLGGDLRHMRTAA
AMLLTLPGRPYLYYGEEIGMLGRKPDENLREPMRWQRQAGAPGDSRWKPYSVKQGGEVSYV
QAEQDRPDSLLSFYRTLIHWRVEVPALRDGALRVVDTGAPALVAYERVTADSRALVVHNL
SGKPASMKLGADRAKAFAAIRLHSAPGATLTEGRLTVPAYATVVLQ

(b)

Region I Region V

BceOGL DLVVNHTSDEHNWFIESRKSKDN-KYRDYYIWRPGKEGKEPNNWGAAFSGSAWQYDEMT - - -DEYYLHLFSKKQPDLNWDNEKVR 178
XcaAMY DLVINHTSDQHPWFKAALDPKD--AHRSWYTWA--GPGTNLKAV-SAVGGPAWHANGK - -~~~ QHYLGDFTGAMPDLNYDEPAVR 176
BmeAMY DLVVNHTSSEHPWFQAALKDKNS-KYRDYYIWA--DKNTDLNEK-GSWGQQVWHKAPNG----EYFYGTFWEGMPDLNYDNPEVR 185
DthAMY DLVVNHTSSRHPWEVSSASSYNS-PYRDYYIWS--TEKPEKNS------- NLWYKKPT- -~~~ GYYYALFWSEMPDLNFDNPKVR 192
TmaAMY DLVINHTSDEHPWFKDAVENTTSSPYWDYYIMS--LEDHSGQD-------- HWHWK INSKGQKVWYFGLFGYNMPDLNHDSQKVR 197
Kkk kEEK K Ak * * * Kxxk ok xk
Region II Region III
BceOGL  QDVYEMMKFWLEKGIDGFRMBVINFISKEEGLPTVETEEEGYVSGHKHFMNGPNIHKYLHEMNEEVLSHYDIMTIVGEMPGVTTEE 263
XcaAMY REMIAVGKFWLDKGADGFRLIBAARHIYDDLESDNGQPAVI----- ARNAQWW! GLRQVRP------ DVYLVGBVSAKQPGE 250
BmeAMY KEMINVGKFWLKQGVDGERLJ -KKNTLWWNJgFRDAMKKENP- - - - - -NVYLTGI2VWD-QPEV 253
DthAMY EEVKKIAKFWIEKGVDGFRIJ - -KNIQWWKJFYSYLKSIKP-~----DVYLVGRVWD-NEYK 255
TmaAMY EEVKKIVDFWISKGVDGERIBAAKHIYGWSWDDGT--~--=---~~ QESAEYFBWFRDYVLSKKP--~--~ DATLVGEVESGNTYD 266
Kk ok kkkx % * *x
BceOGL AKLYTGEERKELQMVFQFEHMDLDSGEGGKWDVKPCSLLTLKENLTKWQKALEHTGWNSLYWNNHE
XcaAMY LAPYLPA----LGSVFDFPLAEQLTASAGQEKAGKLPALLTETYAAFRAAAG-DDYADAPFLSNH»
BmeAMY VAPYYQS----LDSLFNFDLAGKIVSSVKAGNDQGIATAAAATDELFKSYN--PNKIDGIFLTNH®
DthAMY IAEYYKG----LPSNFNFPLSDKIMNSSSKSK-RLRNYRISRLKRLFGENN--TDFADATIFLRNHE
TmaAMY LSLYP------- IPVFNFALMYSIRNYPEGQD--=--=--=~--~ GMIENN--WVEESFLFLENH)

* * ok

* ko

Fig. 2. Identifying the 35-strand catalytic glutamate (Region III) where there might be an ambiguity. (a) The
amino-acid sequence of the periplasmic a-amylase from Xanthomonas campestris (ABE et al., 1996) with high-
lighted conserved sequence regions in yellow except for the region III containing the catalytic Glu. The segment
225_EFRQ (highlighted in pink) was proposed (ABE et al., 1996) as the conserved sequence region III with
the B5-strand catalytic glutamate. The start of the mature enzyme is indicated by an arrow. (b) Based on
the alignment with closely related sequences and, more importantly, taking into account also the characteristic
sequences in the other conserved regions, especially in this particular case in the fifth conserved sequence region
(165_MPDLN, Region V), the catalytic glutamate is proposed rather to be the Glu242 (238_.YLVGEVSA, Region
III). The glutamates corresponding to Glu225 of X. campestris a-amylase in the three other a-amylases are also
highlighted in pink. Note that there is no glutamate in the Bacillus cereus oligo-1,6-glucosidase corresponding
to Glu225 from X. campestris enzyme. Sources of the enzymes: BceOGL: Bacillus cereus oligo-1,6-glucosidase
(WATANABE et al., 1990); XcaAMY: Xanthomonas campestris a-amylase (ABE et al., 1996); BmeAMY: Bacillus
megaterium a-amylase (METZ et al., 1988); DthAMY: Dictyoglomus thermophilum AmyC a-amylase (HORI-
NOUCHI et al., 1988); TmaAMY: Thermotoga maritima c-amylase (LIEBL et al., 1997).

GOR, 1993; SVENSSON, 1994; JANECEK, 1997a;
KURIKI & IMANAKA, 1999). Nevertheless, as more
sequence data became available, it was recognised
that certain amino-acid residues closely preceding

tablished as a stretch of 4 amino acids (230_-EVLD
in Taka-amylase A; NAKAJIMA et al., 1986) and
that, if considered as a 4-residue-long region only,
can easily be misidentified in a sequence (Fig. 2a).

and/or succeeding the four conserved sequence re-
gions may also be significant with regard to the
enzyme specificity (e.g., JANECEK et al., 1995) —
in other words the longer conserved sequence re-
gions would be more meaningful (MACGREGOR
et al., 2001). This might be especially true for the
conserved sequence region III (Fig. 1) that was es-

It is worth mentioning that this region is, in fact,
not conserved at all despite the fact that it con-
tains the invariant (35-strand catalytic glutamate
(cf. Fig. 1). Its identification in a new sequence
should thus be carried out with special care in con-
junction with the other conserved sequence regions
of various enzyme specificities, especially if there
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is limited experimental support (Fig. 2b). ABE et
al. (1999) solved the problem by site-directed mu-
tagenesis on isoamylase, which identified the cor-
rect glutamic acid. A similar strategy was applied
by, e.g., DEVULAPALLE et al. (1997) to glucosyl-
transferase, SARCABAL et al. (2000) to amylosu-
crase and NAKAYAMA et al. (2001) to glycogen
debranching enzyme.

Importance of the additional conserved se-
quence regions

The fifth conserved sequence region — in domain B
The fifth conserved sequence region (173_LPDLD
in Taka-amylase A; Fig. 1) was proposed first for
a-amylases (JANECEK, 1992) and later was iden-
tified also in the other members of the a-amylase
family (JANECEK, 1995a). It is positioned near the
C-terminus of domain B around the aspartate in-
volved in binding the calcium ion, Asp175 in Taka-
amylase A (e.g. MATSUURA et al., 1984; QIAN et
al., 1993; KADZIOLA et al., 1994; MACHIUS et al.,
1995). In most cases there are 28-30 residues be-
tween this Ca®"-binding aspartate and the (4-
strand catalytic aspartate, i.e. Asp206 in Taka-
amylase A (JANECEK, 1992, 1995a).

Although this region seems to be not fully
conserved or not easily identifiable in some fam-
ily members (JANECEK, 1997a), in several cases
this stretch is very characteristic for a special en-
zyme specificity (Fig. 3). The most striking ex-
ample is the oligo-1,6-glucosidase with the tem-
plate sequence QPDLN. This region in the form
of QxDLN (x = P, A, I, W) is found also
in a-glucosidase, dextran-glucosidase, trehalose-6-
phosphate hydrolase, amylosucrase, sucrose phos-
phorylase, isomaltulose synthase and trehalose
synthase (e.g., JANECEK, 1997a, 2000a). There is
a characteristic change from QPDLN (the oligo-
1,6-glucosidase group) to MPKLN (the neopul-
lulanase group) via the MPDLN belonging to a
group of odd members of the a-amylase fam-
ily (Fig. 3). It has already been pointed out
(JANECEK et al., 1997) that structurally the do-
main B of these members should resemble very
closely the domain B of oligo-1,6-glucosidase from
Bacillus cereus (KIZAKI et al., 1993). Remarkably,
the mammalian proteins associated with transport
of dibasic and neutral amino acids across cell mem-
branes also unambiguously contain this conserved
sequence region (Fig. 3) as well as an entire seg-
ment that corresponds perfectly (almost 50% iden-
tity) with the whole domain B of the enzymes from
the a-amylase family (JANECEK, 2000b). The se-
quence QxDLN as the fifth conserved sequence
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Template: in loop3
Taka-amylase A 173_LPRLD

Oligo-1.6-glucosidase group:
Oligo-1,6-glucosidase (3.2.1.10)
o-Glucosidase (3.2.1.20)

Dextran glucosidase (3.2.1.70)
Trehalose-6-P hydrolase (3.2.1.93)
Amylosucrase (2.4.1.4)

Sucrose phosphorylase (2.4.1.7)
Isomaltulose synthase (5.4.99.11)
Trehalose synthase (5.4.99.16)

Neopullulanase group:
Cyclomaltodextrinase (3.2.1.54)
Maltogenic amylase (3.2.1.133)
Neopullulanase (3.2.1.135)

Intermediary g-amylases:

Bacillus megaterium 174
Thermotoga maritima 186
Xanthomonas campestris 165
Dictyoglomus thermophilum AmyC 181
Dictyoglomus thermophilum AmyB 276
Non-catalytic relative:

Amino acid transporter 282_QPRILN

Fig. 3. The fifth conserved sequence region of the a-
amylase family enzymes. The figure focuses on the so-
called oligo-1,6-glucosidase and neopullulanase groups
of the family. Sources of the enzymes: Taka-amylase
A (TobpaA et al., 1982); oligo-1,6-glucosidase (WATAN-
ABE et al., 1990); a-glucosidase (JANDA et al., 2000);
dextran glucosidase (RUSSELL & FERRETTI, 1990);
trehalose-6-phosphate hydrolase (RIMMELE & BoOOSs,
1994); amylosucrase (POTOCKI DE MONTALK et al.,
1999); sucrose phosphorylase (FERRETTI et al., 1988);
sucrose isomerase (ZHANG et al., 2002); trehalose syn-
thase (TSUSAKI et al., 1996); cyclomaltodextrinase
(PODKOVYROV & ZEIKUS, 1992); maltogenic amylase
(KM et al., 1999b); neopullulanase (TONOZUKA et al.,
1993); Bacillus megaterium (METZ et al., 1988); Ther-
motoga maritima (LIEBL et al., 1997); Xanthomonas
campestris (ABE et al., 1996); Dictyoglomus ther-
mophilum AmyC (HORINOUCHI et al., 1988); Dic-
tyoglomus thermophilum AmyB (HORINOUCHI et al.,
1988). For illustration also the corresponding segment
is shown of the human protein responsible for the
transport of dibasic and neutral amino acids across cell
membranes (amino-acid transporter; BERTRAN et al.,
1993) containing the oligo-1,6-glucosidase-type of do-
main B (JANECEK et al., 1997). Colour code: Ca?*-
binding aspartate — blue; lysine playing the role of
a calcium — red; oligo-1,6-glucosidase-like glutamine —
yellow; neopullulanase-like methionine — green.

region could thus be used as a fingerprint that
defines the proposed “oligo-1,6-glucosidase group”
within the frame of the a-amylase family (OSLAN-
COVA & JANECEK, 2002).



The members of the family with characteris-
tic sequences in this region MPKLN (or MPKIN
and MPKLR; Figs 1,3), such as cyclomaltodextri-
nases, maltogenic amylases and neopullulanases,
have a shorter domain B than the majority and
presumably do not bind a calcium ion due to the
Asp—Lys substitution (JANECEK et al.,, 1997).
Enzymes with these specificities could also form a
group of closely-related members of the a-amylase
family (MATZKE et al., 2000; PARK et al., 2000;
MACGREGOR et al., 2001; OH et al., 2001), the
neopullulanase group (OSLANCOVA & JANECEK,
2002) (Fig. 3). Indeed, it has recently been shown
that the longer side-chain of lysine, corresponding
in neopullulanase to the Ca?"-binding aspartate
of Taka-amylase A, may play the stabilising role
of a Ca?" ion by occupying the equivalent position
and fixing the relative orientation and location of
the catalytic (8/a)s-barrel and domain B (KAMI-
TORI et al., 1999). In isoamylase, for instance, this
region is 342_GANFN (Fig. 1) with the side-chain
of Asn344 occupying the position of the Ca?" ion
conserved in other members of the a-amylase fam-
ily, while isoamylase does not contain this Ca?®",
but has Ca®" at a different position (KATSUYA et
al., 1998).

Finally, the members of the a-amylase fam-
ily containing the intermediary sequence MPDLN,
especially some particular a-amylases (Fig. 3),
may exhibit mixed substrate specificity of a-
amylases, cyclomaltodextrinases, and neopullu-
lanases (BRUMM et al. 1991; ABE et al., 1996;
JANECEK, 1997a). In this respect, the two a-
amylases from Dictyoglomus thermophilum, des-
ignated as AmyB and AmyC (HORINOUCHI et
al. 1988), containing MPKIN and MPDLN, re-
spectively (Fig. 3), should be of great interest
(JANECEK, 2000a).

The sixth conserved sequence region — strand (2

As far as the conserved sequence region covering
strand (32 of the catalytic (3/a)s-barrel is con-
cerned (Fig. 4), it has been shown to be very help-
ful in discriminating, for example, the CGTases
from a-amylases (JANECEK, 1994a, JANECEK et
al., 1995). It was defined first for a-amylases
(JANECEK, 1994b) and the efforts were made to
show that this f2-strand stretch, flanked in loops
by a conserved glycine and proline, could also be
evolutionarily important for the (3/c)s-barrel fold
(JANECEK, 1995¢, 1996a,b, 1997b). The conserved
sequence region at strand (32 is thus characterised
by a glycine residue followed by seven or eight
amino-acid residues and then a conserved pro-
line, although in several cases the Gly and Pro

are replaced by other residues (not included in
Fig. 4). In order to distinguish CGTases from o-
amylases the length of this region has to be taken
into account, together with special sequence fea-
tures (Fig. 4). The CGTases usually have eight
residues between the Gly and Pro, while the a-
amylases have seven (JANECEK et al., 1995). This
is, however, not always the case, and several exo-
a-amylases, such as maltotriohydrolases and mal-
totetraohydrolases, also have eight residues be-
tween Gly and Pro (KOBAYASHI et al., 1994; Fu-
JITA et al., 1989), while the two known archaeal
CGTases appear to have seven (YAMAMOTO et al.,
2000; RASHID et al., 2002).

In a wider sense this conserved sequence
region may be of help in distinguishing be-
tween the true a-amylases, true CGTases, and
oligosaccharide-producing amylases (JANECEK,
1995b), such as maltotriohydrolase (Fig. 4). This is
possible due to the presence of a glutamine residue
preceding the invariant proline at the C-terminus
of this region, a feature highly characteristic of
CGTases (JANECEK & TOTH, 1994; JANECEK et
al., 1995). The a-amylases have a gap in the po-
sition corresponding to that glutamine (GIn78 in
both Bacillus circulans CGTases) (Fig. 4). The
other feature that seems to be characteristic of
CGTases is the tryptophan (Trp75 in both Bacil-
lus circulans CGTases) but it is found also in cer-
tain a-amylases. The residue in that position in
many a-amylases is be glutamine (Fig. 4), espe-
cially in the so-called animal group and/or animal-
like a-amylases (JANECEK, 1994b; DA LAGE et
al., 1998; SUMITANI et al., 1998; D’AMICO et al.,
2000; PuJADAS & PALAU, 2001). The two ar-
chaeal Thermococcus CGTases with shorter (52-
strand regions (YAMAMOTO et al., 2000; RASHID
et al., 2002) seem to contain more a-amylase-like
sequence features also in other conserved sequence
regions (S. JANECEK, unpublished results). Re-
markably, the recently-sequenced acarviose trans-
ferase with specificity very close to a CGTase
(HEMKER et al., 2001) has also the shorter ver-
sion of this region and lacks the glutamine charac-
teristic of CGTase. The predictions concerning the
exact enzyme specificity should thus be made care-
fully in conjunction with experimental biochemical
data (WIND et al., 1995; DEL-RIO et al., 1997).

The seventh conserved sequence region — strand 38
This conserved sequence region (Fig. 5) was iden-
tified together with the one covering strand (2
(JANECEK, 1994b). Although it does not con-
tain invariant residues conserved throughout all
the a-amylase family members (JANECEK, 1997a;
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o-Amylases:
Bacteria:

Alteromonas haloplanctis
Bacillus amyloliquefaciens
Bacillus licheniformis
Bacillus sp. KSM-K38
Bacillus subtilis
Escherichia coli
Halomonas meridiana
Lactobacillus amylovorus
Streptococcus mutans
Streptomyces limosus
Thermomonospora curvata
Thermotoga maritima
Archaea:
Pyrococcus furiosus
Pyrococcus sp. KOD1
Thermococcus hydrothermalis
Thermococcus profundus
Thermococcus sp. Rt3
Fungi:
Aspergillus oryzae
Cryptococcus sp. S-2
Saccharomycopsis fibuligera
Plants:
Hordeum vulgare
Malus domestica
Animals:
Drosophila melanogaster

Dermatophagoides pteronyssimus

Panaeus vannamei
Gallus gallus
Struthio camelus
Sus scrofa

Homo sapiens

strand B2

28_GYAAV[SVSEP
34_GITAV|YIPEP
36_GITAV|YIPEP
36_GITAIYIPEP
33_GITAI[TSEP

32_GYGYV[eVSEP
32_GFGAV[eVSEP

70_GVDAV|YFMEP

40_GISAIWLP
41_GISAIWIP
41_GISAIWIP
41_GISAIWIP
41_GISAIWIP

56_GFTATIYIT
58_GFTAIYT
I

S
57_GFTAIRIS

P
P
P
P
P
P
P
P
34_GVTHV|)LPEP
56_GFTSAYLPEP
36_GYAGV[OVS
37_GYGGV[eVSEP
35_GFAGV®VS
36_GFGGV®VS
36_GFGGV®VS
36_GFGGV[eVS

P
P
P
P
B
36_GFGGV[eVSEP

Oligosaccharide-producing amylases:

Bacillus stearothermophilus (G2)

Natronococcus sp. Ah-36 (G3)
Pseudomonas stutzeri (G4)

Pseudomonas sp. KO-8940 (G5)

Bacillus sp. #707 (G6)

65_GVTTI LSEP
35_GVSAI|IPP
50_GFSATIRMPV:
31_GFAA I3
38_GITAVYIP

P
P

Cyclodextrin glucanotransferases:

Bacillus circulans 8

Bacillus circulans 251
Bacillus ohbensis

Bacillus sp. 1011

Bacillus sp. A2-5a

Bacillus sp. B1018

Bacillus sp. E1

Bacillus stearothermophilus
Brevibacillus brevis

Thermoanaerobacter ATCC 53627

T. thermosulfurogenes
Klebsiella pneumoniae
Thermococcus kodakaraensis
Thermococcus sp. B1001

36

70_GVTALIISEP
70_GVTATIISEP
66_GITAIISEP
70_GITAIISEP
66_GITAIRISEP
70_GITALIISEP
66_GITALISEP
67_GVTAIISEP
66_GITALRISEP
70_GITAIISEP
70_GVTATIYISEP
66_GVTSIRITPP
78_GVSMT]
69_GVSAT]

Fig. 4. The sixth conserved sequence region of the
a-amylase family enzymes. The figure focuses on the
a-amylases and cyclodextrin glucanotransferases from
the family. Sources of the enzymes: a-amylases: Al-
teromonas haloplanctis (FELLER et al., 1992), Bacil-
lus amyloliquefaciens (TAKKINEN et al., 1983), Bacil-
lus licheniformis (YUUKI et al., 1985), Bacillus sp.
KSM-K38 (HAGIHARA et al., 2001), Bacillus sub-
tilis (YANG et al., 1983), Escherichia coli (RAHA et
al., 1992), Halomonas meridiana (CORONADO et al.,
2000), Lactobacillus amylovorus (GIRAUD & CUNY,
1997), Streptococcus mutans (SIMPSON & RUSSELL,
1998), Streptomyces limosus (LONG et al., 1987),
Thermomonospora curvata (PETRICEK et al., 1992),
Thermotoga maritima (LIEBL et al., 1997), Pyro-
coccus furiosus (DONG et al.,, 1997a), Pyrococcus
sp. KOD1 (TACHIBANA et al., 1996), Thermococ-
cus hydrothermalis (LEVEQUE et al., 2000), Ther-
mococcus profundus (LEE et al.,, 1996), Thermo-
coccus sp. Rt3 (JONES et al., 1999), Aspergillus
oryzae (TODA et al., 1982), Cryptococcus sp. S-
2 (IEFUJI et al., 1996), Saccharomycopsis fibuligera
(ITOH et al., 1987), Hordeum vulgare (ROGERS & MIL-
LIMAN, 1983), Malus domestica (WEGRZYN et al.,
2000), Drosophila melanogaster (BOER & HICKEY,
1986), Dermatophagoides pteronyssimus (MILLS et
al., 1999), Panaeus vannamei (VAN WORMHOUDT &
SELLOS, 1996), Gallus gallus (BENKEL et al., 1997),
Struthio camelus (KABUTO et al., 2000), Sus scrofa
(PASERO et al., 1986), Homo sapiens (NISHIDE et
al., 1986); oligosaccharide-producing amylases: Bacil-
lus stearothermophilus (G2) (DIDERICHSEN & CHRIS-
TIANSEN, 1988), Natronococcus sp. Ah-36 (G3) (KoBA-
YASHI et al., 1994), Pseudomonas stutzeri (G4) (Fu-
JITA et al., 1989), Pseudomonas sp. KO-8940 (G5)
(SHIDA et al., 1992), Bacillus sp. #707 (G6) (TSuka-
MOTO et al., 1988); CGTases: Bacillus circulans 8
(NITSCHKE et al., 1990), Bacillus circulans 251 (LAW-
SON et al., 1994), Bacillus ohbensis (SIN et al., 1991),
Bacillus sp. 1011 (KIMURA et al., 1987), Bacillus
sp. A2-5a (OHDAN et al., 2000), Bacillus sp. B1018
(ITKOR et al.,, 1990), Bacillus sp. E1 (YONG et
al., 1996), Bacillus stearothermophilus (FUJIWARA et
al., 1992), Brevibacillus brevis (KM et al., 1998),
Thermoanaerobacter sp. ATCC 53627 (JORGENSEN
et al., 1997), Thermoanaerobacterium thermosulfu-
rigenes (BAHL et al., 1991), Klebsiella pneumoniae
(BINDER et al., 1986), Thermococcus kodakaraensis
(RASHID et al., 2002), Thermococcus sp. B1001 (Ya-
MAMOTO et al., 2000). Colour code: conserved glycine
and proline at the C- and N-terminal sides of the re-
gion — yellow; a-amylase-like features (glutamine and
a gap in the positions ¢ — 4 and 7 — 1, respectively, in
respect to the conserved proline) — red; CGTase-like
features (tryptophane and glutamine in the positions
i — 4 and 7 — 1, respectively, with respect to the con-
served proline) — blue.

2000a), it usually starts with a very well-conserved
glycine (Gly323 in Taka-amylase A) followed
by a proline in the ¢ + 2 position (Fig. 1).



For some specificities it is not easy to identify
this region without information derived from the
three-dimensional structure (cf. JANECEK, 2000a;
PRZYLAS et al., 2000).

Nevertheless, it has already been demon-
strated that this region may contain the features
characteristic of archaeal a-amylases (JANECEK
et al., 1999). Another example is shown in Fig-
ure 5 highlighting the features typical for ei-
ther the “oligo-1,6-glucosidase” or the “neopul-
lulanase” groups that were also discussed above
with regard to the fifth conserved sequence re-
gion (Fig. 3). These features are mainly the tyro-
sine and aspartate (Tyr454 and Asp456 in neop-
ullulanase in Fig. 5) at the C-terminal side of
the region. They could be taken as characteris-
tic residues of the neopullulanase group, while the
oligo-1,6-glucosidase-like enzymes should contain
glutamine and glutamate, respectively, in the cor-
responding positions (Fig. 5). Concerning the 38-
strand region, amylosucrase, sucrose phosphory-
lase, and trehalose synthase seem to be rather
more like neopullulanase members, although they
seem to be clear oligo-1,6-glucosidase-like enzymes
with regard to the fifth conserved sequence re-
gion (cf. Figs 3,5). This is not surprising at all
if the parts of their sequences between strands
B7 and (B8 are taken into account; these are dif-
ferent from, and longer than, the equivalent seg-
ments of oligo-1,6-glucosidase, a-glucosidase, dex-
tran glucosidase and trehalose-6-phosphate hydro-
lase (OSLANCOVA & JANECEK, 2002). This obser-
vation may also be related to the fact that the for-
mer members are transferases while the later ones
are hydrolases (MACGREGOR et al., 2001). Finally
one can imagine that many possible combinations
of the various characteristic motifs will actually be
possible and may occur in nature.

The non-catalytic proteins, related to the a-
amylase family from the structural and evolution-
ary points of view (JANECEK et al., 1997; BROER
& WAGNER, 2002), have the segment covering
strand (8 of the enzymatic members of the family
perfectly conserved in the corresponding positions
(Fig. 5). This fact should be of interest because
three of the four best-conserved sequence regions
with catalytic residues (strands 84, 85 and 37) are
less well conserved (JANECEK, 2000Db).

Conclusion

According to our present knowledge, the a-
amylase family consisting of families 13, 70 and
77 of glycoside hydrolases (i.e. clan GH-H) cov-
ers hydrolases, transferases, and isomerases (i.e.

Template:
Taka-amylase A

strand B8
323_GIPTIYAGH

Oligo-1.6-glucosidase group:
Oligo-1,6-glucosidase (3.2.1.10)
o-Glucosidase (3.2.1.20)

Dextran glucosidase (3.2.1.70)
Trehalose-6-P hydrolase (3.2.1.93)
Amylosucrase (2.4.1.4)

Sucrose phosphorylase (2.4.1.7)
Trehalose synthase (5.4.99.16)

488_GLPLIYLGI,

366_GIPQUYRIVG
385_GSPVLYNGH

448_GIPYIY)GIy
451_GSPCIYpGI
448_GTPLIY)Gy

340_GNPYIVN(GE
349_GSPVIYMGG
338_GRPYL Gg

Neopullulanase group:
Cyclomaltodextrinase (3.2.1.54)
Maltogenic amylase (3.2.1.133)
Neopullulanase (3.2.1.135)

Intermediary g-amylases:
Bacillus megaterium

Thermotoga maritima
Xanthomonas campestris
Dictyoglomus thermophilum AmyC
Dictyoglomus thermophilum AmyB

341_GNTFIYpG!
430_ATPIIYLG

Non-catalytic relatives:
Amino acid transporter
4F2 heavy-chain antigen

474_GTPITY)MG
361_GTPVFS)GIY

Fig. 5. The seventh conserved sequence region of
the a-amylase family enzymes. The figure focuses on
the so-called oligo-1,6-glucosidase and neopullulanase
groups of the family. Sources of the enzymes are the
same as in Figure 3, the one for the 4F2 heavy-
chain antigen (GOTTESDIENER et al., 1988) being
added. Colour code: conserved residues — yellow; oligo-
1,6-glucosidase-like glutamine and glutamate — red;
neopullulanase-like tyrosine and aspartate — blue.

the enzyme classes 3, 2 and 5). The amino acid
transporters and 4F2 heavy-chain antigens (i.e.
non-enzymes) are also recognised as relatives of
the family. It is possible that the main a-amylase
family (clan GH-H) is related to the amylolytic
family 57 of glycoside hydrolases, although the hi-
erarchy will very probably be at a higher level (i.e.
less strict common criteria) than a clan in terms
of its definition. The members of the a-amylase
enzyme family act mainly on a-1,4- and a-1,6-
glucosidic linkages; however, they also operate on
a-1,1-; a-1,2-, a-1,3- and a-1,5-glucosidic bonds.
Despite the presence of several conserved sequence
regions the invariant amino-acid residues are ex-
tremely few, i.e. three catalytic residues in strands
B4, 85 and B7 plus the arginine in position ¢ — 2
with regard to the B4-strand catalytic aspartate.
Concerning the number of conserved se-
quence regions it could be postulated that: (i) each
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enzyme specificity and/or even a distinct taxo-
nomic group from the a-amylase family may have
its own conserved sequence regions and/or char-
acteristic sequence similarities located in the cat-
alytic (8/a)s-barrel domain and/or outside this
domain; (ii) these regions may discriminate be-
tween the a-amylase family members from the
point of view of their specificity, structure and
evolution; and (iii) all conserved sequence regions
may not be common for the entire a-amylase fam-
ily and they may indicate closer evolutionary re-
latedness with functionally different enzymes and
proteins.

If conserved sequence regions are considered,
it can be concluded that the a-amylase family en-
zymes should be characterised by 4, 5 and in some
cases 7 conserved sequence regions, i.e. by as many
as possible. So if we go back to the question raised
in the title of this review: “How many conserved
sequence regions are there in the a-amylase fam-
ily?”, the exact answer is less important than the
practical use of the information characteristic of
specific regions.
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