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Abstract. The available amino acid sequences of thequences either lack domain B or contain only parts
a-amylase family (glycosyl hydrolase family 13) were thereof. The similarities are compiled to indicate a pos-
searched to identify their domain B, a distinct domainsible route of domain evolution in the-amylase family.
that protrudes from the regular catalytif/d)g-barrel

between the stran@3 and the helixa3. The isolated Key words: «a-Amylase family — Glycosyl hydrolase
domain B sequences were inspected visually and alstamily 13 — Hydrophobic Cluster Analysis —8(a)g-
analyzed by Hydrophobic Cluster Analysis (HCA) to Barrel — Doman B — Amino acid transport-related
find common features. Sequence analyses and inspectigmoteins — 4F2 Heavy-chain cell surface antigens —
of the few available three-dimensional structures suggedgtvolutionary relatedness

that the secondary structure of domain B varies with the
enzyme specificity. Domain B in these different forms, Introduction
however, may still have evolved from a common ances-

tor. The largest number of different specificities was The(x-amy|ase fam||y consists of a |arge group of starch
found in the group with structural similarity to domain B hydro|ases and related enzymes (for reviews, see Mac-
from Bacillus cereumligo-1,6-glucosidase that contains Gregor 1993; Jariek 1994a; Svensson 1994) compris-
an a-helix succeeded by a three-stranded antiparallelng about 20 different enzyme specificities, and is cur-
B-sheet. These enzymes areglucosidase, cyclomalto- rently known as glycosyl hydrolase family 13 (Henrissat
dextrinase, dextran glucosidase, trehalose-6-phosphai®91; Henrissat and Bairoch 1993). Three-dimensional
hydrolase, neopullulanase, and a fesamylases. Do-  structures ofv-amylases (Matsuura et al. 1984; Brady et
main B of this type was observed also in some mammag|, 1991; Qian et al. 1993; Kadziola et al. 1994; Brayer et
lian proteins involved in the transport of amino acids. a|. 1995: Machius et al. 1995; Ramasubbu et al. 1996),
These proteins show remarkable similarity wii)s-  cyclodextrin glucanotransferases (CGTases) (Klein and
barrel elements throughout the entire sequence o§chulz 1991; Kubota et al. 1991; Lawson et al. 1994;
enzymes from the oligo-1,6-glucosidase group. Theknegtel et al. 1996), oligo-1,6-glucosidase (Kizaki et al.
transport proteins, in turn, resemble the animal 4F21993) and maltotetrachydrolase (Matsuura 1995) are
heavy-chain cell surface antigens, for which the se-qyailable, as well as structure predictions based on se-
quence comparisons (Jespersen et al. 1991, 1993) or ho-
mology modeling (Kuriki et al. 1996; Lamminiiaand
Vihinen 1996). The members of this family possess re-
Abbr(_aviationsCGTasg, cyclodextrin glucanotransferase; HCA, hydro- lated catalytic /a)g-barrels with a small domain (do-
phobic cluster analysis; TAA, Taka-amylase &-@mylase fromAs- . . .

pergillus oryzap main B) protrudlng between the th_nﬁi—strand _and the
*Affiliated with the UniversiteJoseph Fourier, Grenoble, France third a-helix. Some types of domain B contain several
Correspondence tdS. Jan&ek B-strands and one or twa-helices (Klein and Schulz
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1991; Qian et al. 1993; Kizaki et al. 1993), while others Bank DNA sequence data bases. Domain B from each sequence was
such as in barley-amylase have no well-defined sec- defined by identifying the easily recognized flankifg® and «334 .
ondary structure elements (Kadziola et al. 1994)_ eleme_nts of the catalytlcﬁ(a)g-barrel (Jespersen et al. 1993). This

. . takes into account that domain B ends by a short conserved sequence

_ The a-amylas.e family thus f:ontalns $/(1)8'_f0|d’ comprising the calcium-ligand (Asp175 in TAA) preceding heli&
discovered in chicken muscle triosephosphate isomerasfiatsuura et al. 1984; Jaric 1992, 1995a).
more than 20 years ago (Reardon and Farber 1995). First the sequences of domain B of selected family members were
Other B/a)g-barrel folds are present in a large variety of visually inspected including use of Hydrophobic Cluster Analysis
enzymes. The evolution of the entirg/¢)g-barrel fold- éHCA: _GallJOIiautd et ;I- 19|87) f?r':/ld tcompaiefli ;ing; tg_e th:eT-
. . ‘s . imensional structures of-amylases (Matsuura et al. ; Qian et al.
ing fam”y’ Cu,rr_e,n_tly comprising more th:?m 40 dlﬁgrent 1993; Kadziola et al. 1994; Machius et al. 1995), CGTases (Klein and
enzyme specificities and the three proteins, remains Ungcnuiz 1991: Lawson et al. 1994), oligo-1,6-glucosidase (Kizaki et al.
clear (for a recent review, see Jaekcand Bateman 1993), and maltotetraohydrolase (Matsuura 1995). This resulted in a
1996). Arguments have been given in support of diver-subdivision of then-amylase family members according to sequence
gent as well as convergent evolution (Lesk et al. 1989§imilarities. Size, shape and orientation of clusters of hydrophobic resi-
Farber and Petsko 1990: ‘Biden 1991: Raine et al dues are considered to reflect elements of secondary structure in pro-
T ’ " teins (Woodcock et al. 1992). The HCA motifs thus define groups

1994; Scrutton 1994; Henrissat et al. 1995; Jakeand likely to share secondary and supersecondary structure in domain B.
Balaz 1995; Jenkins et al. 1995; Reardon and Farber Since the group represented by Becillus cereusligo-1,6-gluco-
1995; Janéek 1996)_ sidase has the largest variation of enzyme specificity, it was further

The a-amylase family itself fulfills several criteria of analyzed; the sequences, moreover, were used as queries in a BLAST
divergent evolution: (1) a few amino acid sequence Simi_search (Altschul et al. 1990) for occurrence of domain B in other
i roteins. The HCA similarity scores were calculated for representatives

larities that serve as fingerprints are located at or nea@f different enzyme specificities using the program SUNHCA (Lem-
strandsp2, 33, B4, 5, andB7, and at a short sequence esle-varloot et al. 1993). The scores were averaged to obtain a matrix
near the C-terminus of domain B (Jespersen et al. 1993howing the similarity between each pair of enzymes from this group.
Janéek 1995a); (2) a conserved domain organizationﬂ_‘e program CLUSTAL V (Higgins et al. 1992) was used for sequence
including the characteristic insertion of domain B be-"9nment
tween strand33 and helixa3 of the catalytic §/o)g-
barrel (MacGregor 1993; Jahelc 1994a; Svensson
1994); (3) invariant catalytic residues (Asp2Q6, Glu230,Results and Discussion
and Asp297; Taka-amylase A (TAA) numbering) (Qian
et al. 1994; Strokopytov et al. 1995); and (4) related
functions, that ise-glucosyl hydrolase/transferase activ-
ity (Svensson, 1994; Henrissat 1991; Henrissat an
Bairoch 1993; Jespersen et al. 1993).

Evolutionary trees of thev-amylase family clearly Visual inspection of the sequences of domain B from
respect both taxonomy and variation in enzyme specificrepresentatives of the-amylase family confirmed that
ity for individual members (Jespersen et al. 1993;domain B varies greatly in both length and sequence (cf.
Janéek 1994a). These studies addressed a short codlespersen et al. 1993). It therefore makes no sense to
served sequence near the C-terminus of domain Broduce a sequence alignment that includes all the in-
(Janéek 1995a) and sequence similaritiespastrands  vestigated enzyme specificities. Similarly, HCA plots of
and their C-terminal extensions in thg/¢)g-barrel do- domain B in available crystal structures (Fig. 1) agree
main (Jespersen et al. 1993, Jaled994a,b, 1995b). that there is no common arrangement of secondary struc-
Domain B was demonstrated to play an important functure elements for-amylase family members. A short
tional role. It thus controls several of the isozyme spe-stretch (173LPDLD in TAA) near the C-terminus of
cific properties in barley-amylases, including substrate domain B comprises a conserved calcium-binding aspar-
affinity and sensitivity to the barley-amylase/subtilisin  tate (Aspl75 in TAA) (Janek 1992, 1995a) and ap-
inhibitor specific to isozyme 2 (Rodenburg et al. 1994; pears to be the best conserved motif in domain B, al-
Juge et al. 1995). The purpose of the present work is téhough this area was not identified for a few specificities,
investigate the evolution of domain B by addressing thefor example, the glycogen branching and the debranch-
following questions (1) Is the evolution of domain B ing enzymes. It should be pointed out, however, that the
comparable to that of theB(a)g-barrel structural ele- glycogen debranching enzymes have an exceptionally
ments? (2) How many types of domain B are representetbng domain B (250 amino acid residues; Jespersen et al.
in thea-amylase family? (3) Is domain B present in other 1993).

CPomain B Similarities and Differences

(B/o)g-barrel proteins or in different fold families? Each HCA plot of domain B in Figure 1 represents
closely related enzymes with a sequence identity higher
Materials and Methods than 50% and thus probably the same supersecondary

structure in domain Ba-Amylase fromB. licheniformis

Amino acid sequences representing the enzyme specificities from th€0Vers liquefying bacteriak-amylases, the intracellular
a-amylase family were extracted from the SwissProt protein and Gena-amylase fronStreptococcus boviand maltohexaohy-



BLI (Asp94-His235)
EC 3.2.1.1

TAA (Gly111-His210)
EC 3.2.1.1

BAR (Gly82-Gly184) ) )

EC 3.2.1.1 Flg._ 1. HCA plots _of the domain B
region of enzymes in the-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

PPA (Gly90-His201) a-amylase (Rogers 1985; Kadziola et

EC 3.2.1.1 al. 1994); PPApx-amylase from pig
pancreas (Pasero et al. 1986; Qian et al.
1993); CGT, CGTase frorBacillus
circulans (Nitschke et al. 1990; Klein
and Schulz 1991); OGL,
oligo-1,6-glucosidase frorBacillus
cereus(Watanabe et al. 1990; Kizaki et
al. 1993). The length and the position

CGT (Gly129-His233)  of domain B are given in parentheses.

EC 2.4.1.19 The HCA clusters in domain B
corresponding ta-helices (in BLI
3,g-helices) are filled with conventional
lines and the ones corresponding to
B-strands are shaded. The invariant
aspartates equivalent to the
calcium-binding Aspl175 of TAA are
encircled. The amino acid residues are

OGL (Asn92-Phe203) presented by the single-letter code

EC3.2.1.10 except for glycine ), proline (k),

cysteine C), serine ), and threonine
0 10 2 N 4 N & W0 & N 10 i (O).

drolases. TAA represents-amylases from fungi and trehalose-6-phosphate hydrolases, cyclomaltodextrin-
yeasts, while barlew-amylase represents the plant en-ases, neopullulanases and a few bacteti@mylases.
zymes and probably the maltotetraohydrolases. Pig pariFhese groups are in accordance with previously reported
creatica-amylase covers the enzymes from mammalsgvolutionary relationships among taxonomically differ-
insects, streptomyceteglteromonas haloplanctisand  ent a-amylases and CGTases (e.g., Hickey et al. 1987;
maltopentaohydrolases. CGTase frBmcirculanscom-  Tsukamoto et al. 1988; MacGregor and Svensson 1989;
prises different CGTases, including reclassified se-Janse et al. 1993; Jespersen et al. 1993; Oguma et al.
quences (Janek et al. 1995), together with the malto- 1993; Feller et al. 1994; Jarelc 1994b, 1995b; White-
genic amylase fronB. stearothermophilugrinally, the  head and Cotta 1995; Takii et al. 1996).
oligo-1,6-glucosidase fronB. cereusrepresents oligo- In maltotetraohydrolase fror®seudomonas stutzeri,
1,6-glucosidasesy-glucosidases, dextran glucosidases,whose structure has recently been determined (Matsuura
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1995), domain B is stabilized by a disulfide bridge be-cereusoligo-1,6-glucosidase numbering) may serve as
tween Cys140 and Cys150, a feature comparable to thoselection marker (Janek 1995a), as enzymes lacking
of TAA and pig pancreatiec-amylase. But domain B of Bp2 have lysine corresponding to Aspl75 in TAA
maltotetraohydrolase has no distinct secondary structur¢Asp169 inB. cereusoligo-1,6-glucosidase).
and resembles barley-amylase in which a disulfide To analyze the relationship between individual mem-
bridge is not formed between the two cysteines in do-bers depicted in Figure 2, HCA similarity scores were
main B (Kadziola et al. 1994). In distance trees basectalculated for the secondary structure elementsl,B
mainly on @B/a)g-barrel elements (Jespersen et al. 1993;BB31, BB3, and presented as a matrix (Table 1). Averaged
Jan€ek 1995b), this maltotetraohydrolase was earlierscores higher than 0.750 reflect a similar folding of the
found on a branch adjacent to the cluster of plei@my-  polypeptide chains with root mean square deviations
lases. lower than 2A (Gaboriaud et al. 1987). Domain B from
The HCA plots of members of known three- B. cereusoligo-1,6-glucosidase an8treptococcus mu-

dimensional structure are in agreement with their distansdextran glucosidase thus resemble each other very
tinctly different secondary structure in domain B. For closely.
instance,B. licheniformis a-amylase lacks the helix
which is common to domain B in mostamylases and
CGTases (Machius et al. 1995). Remarkably, this liqueAAmino Acid Transport-Related Proteins and the 4F2
fying a-amylase seems to be very different from the Heavy-Chain Cell Surface Antigens
saccharifyinga-amylase fromB. subtilis,which can be
evolutionarily related tec-amylase fronButyrivibrio fi- ~ The 85% identical amino acid transport-related proteins
brisolvens (based on the similarity of the entire se- from human, rat, and rabbit kidney containB
guences; Jarek 1994b), and also to potato amylomalt- (264 WHFD; Fig. 2) and were previously reported to
ase (based on the similarity in the short conservedesemblea-glucosidases (Wells and Hediger 1992).
sequence near the C-terminus of domain B; Jakec They clearly possess characteristic features of the
1995a). a-amylase family, including-strands32, 33, B4, B8 of

the B/a)g-fold, and the conserved stretch near the C-

terminus of domain B (Fig. 3). In addition, the 4F2
The Enzymes with Domain B of the heavy-chain cell surface antigens are structurally related
Oligo-1,6-Glucosidase Type to thea-amylase family (Quackenbush et al. 1987; Wells

and Hediger 1992), as supported by sequence similarity
The group defined byB. cereusoligo-1,6-glucosidase especially at the abovg-strands, but the 4F2 antigen
includes many different amylolytic enzymes, and, sur-lacks domain B. The33 - a3 segment 2135EN-
prisingly also three amino acid transport-related proteinsSWFFTQV in 4F2 antigen, however, has close sequence
as found using BLAST (Altschul et al. 1990) with rel- resemblance to 8 (Fig. 3) preceded by 21¥R. In
evant domain B sequences as queries (Fig. 2). Becaus®ntrast, some amylolytic enzymes (see above) that con-
size, shape, and orientation of clusters in an HCA plotain a proper domain B related to that of oligo-1,6-
correlate with secondary structure elements in the foldedlucosidase, miss a segment equivalent g2 BFig. 2).
protein (Woodcock et al. 1992), the similarity in HCA  Of the three catalytic residues in family 13 glycosyl
plots reflects similarity of secondary and supersecondarpydrolases (i.e., Asp206, Glu230, and Asp297 of TAA),
structure in relevant segments of domain B. In otheronly Asp206 of TAA in thepB4-strand region can be
words, this HCA maotif is defined by the secondary struc-traced unambiguously in the amino acid transport-related
ture in domain B identified in the crystal structure®f  proteins and the 4F2 heavy-chain antigens (Fig. 3). In-
cereusoligo-1,6-glucosidase, that is, orehelix and a  terestingly, the former proteins {3-strand region have
three-stranded antiparall@-sheet (Kizaki et al. 1993; a sequence Phe-X-Pro, which in family 13 of glycosyl
Watanabe et al. 1994). The absence or presence of theydrolases is specific to CGTases (MacGregor and
second3-strand BB2 (153 WQYD in the sequence @&.  Svensson 1989; Jespersen et al. 1993; &n&8944a,b;
cereusoligo-1,6-glucosidase), however, defines two ten-Janéek et al. 1995). This provides support to the view
tative subgroups: cyclomaltodextrinases, neopulluthat the so-calledntermediarysequence features (i.e.,
lanases, and. thermophilumAmyB «a-amylase features characteristic of a given enzyme specificity ex-
(Horinouchi et al. 1988) lacking B, and the remaining hibited with another enzyme specificity) can be observed
proteins includinga-amylases fromB. megaterium among a-amylase family members (Jarec 1994b,
(Metz et al. 1988)P. thermophilumAmyC (Horinouchi  1995a,b; Janek et al. 1995).
et al. 1988), an&Kanthomonas campestis11151 (Abe With regard to the evolution of the 4F2 heavy-chain
et al. 1996), that contain ® (cf. Fig. 2). These sub- cell surface antigens, two explanations are possible. Ei-
classes are supported by the two recent independetier they evolved from g3{a)g-barrel common ancestor
alignments of Oguma et al. (1993) and Takii et al.to thea-amylase family but diverged before theamy-
(1996). The short conserved sequence (THDLN; B. lase family, with the inserted domain B, became evident,
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A

AB3Bal BB1 BB2BP3  Aa3 Apd

OGL (Asn92-Phe203)
EC 3.2.1.10

AGL (Gly100-Leu218)
EC 3.2.1.20

Fig. 2. HCA plots of the representatives that
shareA and resembld®, respectively, the
DGL (Asp92-Met198) st_ructure of domain B fronBac_ilIus cereus
oligo-1,6-gluosidase. OGLBacillus cereus
EC 3.2.1.70 oligo-1,6-glucosidase (Watanabe et al. 1990);
AGL, Saccharomyces carlsbergensis
a-glucosidase (Hong and Marmur 1986); DGL,
Streptococcus mutardextran glucosidase
(Russell and Ferretti 1990); T6Bacillus
subtilis trehalose-6-phosphate hydrolase
(Helfert et al. 1995); BMEBacillus
T6P (Asp95-Leu206) megateriumx-amylase (Metz et al. 1988)
EC 3.2.1.93 representing also the-amylases from
Dictyoglomus thermophilurAmyC
(Horinouchi et al. 1988) anXanthomonas
campestrik-11151 (Abe et al. 1996); AAT,
human kidney amino acid transport-related
protein (Bertran et al. 1993); CMBacillus
sphaericuscyclomaltodextrinase (Oguma et al.
1993); NPU,Thermoactinomyces vulgaris
BME (Asp103-His210) neopullulanase (Tonozuka et al. 1993); DTB,
EC 3.2.1.1 Dictyoglomus thermophilum-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 correspondingRetrands
of OGL are shaded. The putative
calcium-binding aspartates or corresponding
AAT (Gly204-Phe318) lysines are encircled. The amino acid residues
protein are presented by the single-letter code except
for glycine (), proline (k), cysteine C),
serine [), and threoninel().

or they lost a major part of the3 — «3 segment, in this Conclusion

case the domain B type having a three-stranded antipa-

rallel 3-sheet. The evolutionary events taking all this into The present study focuses on domain B, a distinct 40—
account are outlined in Figure 4. It leaves space for th250 amino acid long domain inserted between the strand
independent evolution, after recruitment from the oligo-B3 and helixa3 of the @/a)g-barrel in thea-amylase
1,6-glucosidase group, of the amino acid transportfamily (glycosyl hydrolases family 13). Previously, the
related proteins and subsequently the 4F2 heavy-chaievolutionary relationship was primarily described on the
cell surface antigens. basis of the elements of thp/f)g-motif (Jespersen et al.
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B

OGL (Asn92-Phe203)
EC 3.2.1.10

CMD (Gly234-Glu331)
EC 3.2.1.54

NPU (Gly233-Glu329)
EC 3.2.1.135

DTB (Gly226-Gly313)
EC 3.2.1.1

Fig. 2. Continued.

1993; Janéek 1994a). The present sequence comparisomable 1. Average scores of the three clusters correspondingtb, B
analysis revealed that although domain B probablyBB1, and B3 in the HCA plots (Fig. 2) of domain B of thBacillus
evolved from a single ancestor, as supported by a shofereusoligo-1,6-glucosidase group

conserved sequence near the C-terminus of domain B (cf.
Jané€ek 1992, 1995a), different types of domain B define
groups ofa-amylase family members, such as bacterialAGL  0.933
liquefying a-amylases, plant-amylases, animat-amy- ~ SMD 0.643 0.675

. . : : . DGL 1.000 0.933 0.643
lases, and, in particular, the group including the ollgo-T6P 0859 0903 0624 0859

1,6-glucosidase. . NPU 0577 0592 0.821 0577 0.629
Another argument for a common origin of present-dayBME 0.822 0.867 0.643 0.822 0.909 0.577

domain B is that this domain is inserted with conservedDTB 0.704 0.748 0.667 0.704 0.889 0.595 0.815
topology in the B/a)g-fold in all members of the--amy- AAT 0.915 0.852 0.726 0.915 0.790 0.667 0.746 0.690
lase_ fam”y' Furtherm_ore’ the case O_f the 4F2 heEfvy'aThe protein sources are abbreviated as follows: OGL, oligo-1,6-
chain cell surface antigens that contain part of a typicalycosidase fronBacillus cereusAGL, a-glucosidase fronSaccha-
domain B sequence (equivalent to one of fhetrands) romyces carlsbergensiSCMD, cyclomaltodextrinase fronBacillus

in the predicted33 — a3 segment, supports the diver- sphaericus;DGL, dextran glucosidase frorBtreptococcus mutans;
gent evolution. The insertion of a domain B into an T6P, trehalose-6-phosphate hydrolase fr8acillus subtilis; NPU,

mvl t / barrel ms. therefore. to b nneopullulanase fronThermoactinomyces vulgari8ME, a-amylase
a-amylase- ypeﬁ(a)s- arrel seems, tnerelore, 10 be a from Bacillus megateriumPTB, a-amylase fromDictyoglomus ther-

early event, preceding the specialization of th@amy-  mophilum (AmyB); AAT, amino acid transport-related protein from
lase-type B/a)g-barrel prototype to enzymes with differ- human kidney

OGL* AGL CMD DGL T6P NPU BME DTB
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* *- -***' * . . . . . * * **- *k . *‘ R *1 *
-Bal-- -Bp1- B2~ -Bp3- HEER S -

OGL SDEHNWFIESRKSKDNKYRDYYIWRPGKEGKE~~---PNNWGAAFSGSAWQYDEMTDEY Y LHLFSKKQPDLNWDNE 175
AAT SDKHIWFQLSR-TRTGKYTDYYIWHDCTHENGKTIPPNNWLSVYGNS SWHFDEVRNQCYFHQFMKEQPDLNFRNP 290

4F2 - mmmm— e YR-—————m - o m e GENSWFFTQV--—=-==========————= D 223
* L *

————— AQ3-—===—— AB4- --And
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AAT DVQEEIKEILRFWLTKGVDGFSLDAVKFLLEAKHLRDEIQVNKTQIPDTVTQYSELYHDFTTTQVGMHDIVRSFR 365
4F2  TVATKVKDALEFWLQAGVDGFQVRDIENLKDASSFLAEWQ--—=—=- NITKGFSEDRLLIAGTNSSDLQQILSLL 291

* L. . kkk ok dkk

—————— -AB5-- --A05-- AB6~- Aw6’ - -=—=--—Aa6-
OGL HEMNEE--VLSHYDIMTVGEMPGVTTEEAKLYTGEERKELQMVFQ-FEHMDLDSGEGGKWDVKPCSLLTLKENLT 309
AAT QTMDQYSTEPGRYRFMGTEAYAESIDRTVMYYGLPFIQEADFPFNNYLSM-LDTVSGN-~=—===-=- SVYEVIT 429
4F2  ESNRD--------- LLLTSSYLSDSGSTG---~---- EHTKSLVTQYLN----~ ATGNRW----CS-——=-===== 331

*

----- -aAp7- Aq7’ - ————-AQT~==== -Ap8-
OGL KWQRALEHTGWNSLYW--NNHDQPRVVSRFGNDGMYRIESARMLATVLHMMKGTPYIYQGEEIGMTNVRFESIDE 382
AAT  SWMENMPEGKWPN--WMIGGPDSSRLTSRLGNQ--Y----VNVMNMLLFTLPGTPITYYGEEIGMGNIVAANLNE 496
4F2  —m—mmmmmmm oo WSLS--~QARLLTSFLPAQLLR----- LYQLMLFTLPGTPVFSYGDEIGLDAAA-————- 377

* * . Lk kkk *, kkk
—-===-AQ8’ -——-- --Aq8' ' -—- Ao8’ '’
OGL YRDIETLNMYKERVMERGEDIEKVMQSIYIKGRDNARTPMQWDDQONHAGFT-TGEPWITVNPNYREINVRQAIQN 456
AAT SYDINTLR-—-—-—-——-——————=—————————————— SKSPMQOWDNSSNAGFSEASNTWLPTNSDYHTVNVDVQKTQ 544
4F2  ——m e LPGQPMEAPVMLWDESSFPDIPGAVSA----—-———— NMTVRKGQSED 414
* **- . CEEEY . . *
----- Aq8--—---- -cf1- --Cp2--- -------CB3-

OGL KDSIFYYYRRLIELRRNNEIVV--~---——————-— YGSYDLILENNPSIFAYVRTYGVERL---LVIANF------ 510

AAT PRSALKLYQDLSLLHANELLLNRGWFCHLRNDSHYVVYTRELDGIDRIFIVVLNFGESTL---LNLHNM~--ISGL 614
4F2 PGSLLSLFRRLSDQRSKERSLLHGDFHAFSAGPELFSYIRHWDONER-FLVVLNFGDVGLSAGLQASDLPASASL 488

* - .. * . .. . * . * * . * * *
cpa- --cps-- -cpe-  cPp7- ---Cp8--- _
OGL TAEECIFELPED------—--—----— ISYSEVELLIHNYDVENGPIENITLRP--=-===~~-~ YEAMV---FKLK 558
AAT PARKMRI-RLSTNSADKGSKVDTSGIFLDKGEGLIFEHNTRNLLHRQTAFRDRCFVSNRACYSSVLNILYTSC 685
4F2 PARADLLLSTQPGREEGSPLELERLKLEPHEGLLLRFP--~-===—-————=—coc—ce—— YAA-———————— 529
* . * *. *

Fig. 3. Amino acid sequence alignment of oligo-1,6-glucosidase marked by asterisks and dots, respectively. The secondary structure
from Bacillus cereugOGL; Watanabe et al. 1990), human amino acid elements oB. cereusligo-1,6-glucosidase (Watanabe et al. 1994) are
transport-related protein (AAT; Bertran et al. 1993), and human 4F2indicated above the alignment. The short conserved sequence near the
heavy-chain cell surface antigen (4F2; Gottesdiener et al. 1988). Th€-terminus of domain B is indicated by colons.

invariant amino acid residues and conservative substitutions are
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(B/o)s-Barrel part by the grant 2/3013/96 from the Slovak Grant Agency for Science
ancestor (SJ) and the EU biotechnology program BIO2-CT94-3008 (BS).
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