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a-glucosidases and transglucanosylases 
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Amylases possess short, conserved regions near functional side chains. Sequence comparison extends this relationship 
to comprise a maltase and a cyclodextrin glucanotransferase. Similarity also exists with intestinal sucrase-isomaltase and 
fungal glucoamylase near identified essential carboxyl groups. Homology between COOH-terminal regions of glucoamyl- 
ase and cyclodextrin glucanotranserase may indicate raw-starch binding areas. It is suggested that amylases, a-glucosid- 
ases, and transglucanosylases acting on 1,4- and 1,6+glucosidic linkages share key structural features in the active 

centres. 

Catalytic carboxyl group; Substrate-binding residue; Segment alignment score; a//I-Barrel 

1. INTRODUCTION 

Functional residues can unveil similarities be- 
tween proteins of no conspicuous structural 
resemblance, just as aligning distantly related se- 
quences can focus on groups important for func- 
tion and structure [ 1,2]. The essential Trp 120 of 
Aspergillus niger glucoamylase [3] thus disclosed a 
weak homology near Trp 83 in the active site of 
Taka-amylase A, referred to below as TAA [4,5]. 
a-Amylases align in homologous regions [5-81 
constituting in total only 4-7070 of the sequences 
and the majority of the side chains proposed to in- 
teract with amylose are at or near COOH-terminal 
ends of conserved strands of the TAA a/,&barrel 
[4,9], Based on homology pointed out by func- 
tional residues it is suggested in the present com- 
munication that amylases, cy-glucosidases, and 
transglucanosylases are related with respect to ac- 
tive site structures. 

Correspondence address: B. Svensson, Department of 
Chemistry, Carlsberg Laboratory, Gamle Carlsberg Vej 10, 
DK-2500 Copenhagen Valby, Denmark 

2. MATERIALS AND METHODS 

The program RELATE and the Mutation Data Matrix were 
used to screen for homology by comparing either an entire pro- 
tein (table 1) with selected TAA regions or all segments of 8 
residues in two proteins. Scores were calculated with the pro- 
gram ALIGN using a matrix bias of 2 and a gap penalty of 8 
([lOI and National Biochemical Research Foundation, 
Georgetown, Washington, DC). 

3. RESULTS AND DISCUSSION 

cu-Amylases sequenced recently possess the 5 
previously described conserved regions [5-81 
(fig.lA-E). A sixth region (fig.lF) includes the 
essential Trp 120 in A. niger glucoamylase (gaAn) 
[3] and Taka-amylase A (TAA) Trp 83, located in 
binding subsite 3 (B3) [4]. Subsite numbers [4] refer 
to the association of 7 consecutive glucosyl 
residues of amylose with Bi-B7. Cleavage takes 
place between Bd and Bs. 

Affinity labelling of sucrase-isomaltase (S-I) by 
conduritol B-epoxide identified the catalytic 
-COO- groups Asp 505 and Asp 1394 [ 1 l- 131. In 
a fungal glucoamylase (gaAn) Asp 176, Glu 179 
and Glu 180 were protected by a pseudo- 
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Table 1 

Amylases, cu-glucosidases and transglucanosylases compared 

Code Enzyme EC no. Source Reference 

aBli 
aBst 
aBst ’ 
aBam 
aBsu 
ashy 
aB1 
aB2 
aDm 
PPA 
HAP/S 
TAA 
M 
I 
s 
gaAn 
gaRh 
gaSd 
CGT 

AM 
BE 

cu-amylase 
cu-amylase 
a-amylase 
a-amylase 
cr-amylase 
cu-amylase 
cY-amylase 
a-amylase 
a-amylase 
cu-amylase 
cY-amylase 
cY-amylase 

maltase 
isomaltase 

sucrase 
glucoamylase 
glucoamylase 
glucoamylase 
cyclodextrin 

glucanotransferase 
amylomaltase 

branching enzyme 

3.2.1.1 B. licheniformis 
3.2.1.1 B. stearothermophilus 
3.2.1.1 B. stearothermophilus 
3.2.1.1 B. amyloliquefaciens 
3.2.1.1 B. subtilis 
3.2.1.1 Streptomyces hygroscopicus 
3.2.1.1 barley isozyme 1 
3.2.1.1 barley isozyme 2 
3.2.1.1 Drosophila melanogaster 
3.2.1.1 pig pancreas (rat and mouse) 
3.2.1.1 human pancreas/saliva 
3.2.1.1 Aspergillus oryzae (Taka-amylase A) 
3.2.1.20 Saccharomyces cerevisiae 
3.2.1.10 rabbit intestine 
3.2.1.48 rabbit intestine 
3.2.1.3 Aspergillus niger 
3.2.1.3 Rhizopus oryzae 
3.2.1.3 Saccharomyces cerevisiae (diastaticus) 

2.4.1.19 B. macerans 
2.4.1.25 Streptococcus pneumoniae 
2.4.1.18 E. coli 

d 

e,f 
8 
h 

r-n 

0 

P 

S,f 

” 

a Yuuki, T. et al. (1985) J. Biochem. 98, 1147-1156. b Nakajima, R. et al. (1985) J. Bacterial. 163, 
401-406. ’ Ihara, H. et al. (1985) J. Biochem. 98,95-103. d Takkinen, K. et al. (1983) J. Biol. Chem. 
258, 1007-1013. e Yang, M. et al. (1983) Nucleic Acids Res. 11, 237-249. f Yamazaki, H. et al. 
(1983) J. Bacterial. 156,327-337. r Hoshiko, S. et al. (1987) J.Bacteriol. 169, 1029-1036. h Rogers, 
J.C. and Milliman, C. (1983) J. Biol. Chem. 258, 8169-8174. i Rogers, J.C. (1985) J. Biol. Chem. 
260, 3731-3738. ’ Boer, P.H. and Hickey, D.A. (1986) Nucleic Acids Res. 14, 8399-8411. j Kluh, 
I. (1981) FEBS Lett. 136, 231-234. ’ Pasero, L. et al. (1986) Biochim. Biophys. Acta 869, 147-157. 
m MacDonald, R.J. et al. (1980) Nature 287, 117-122. ” Hagenbilchle, 0. et al. (1980) Cell 21, 
179-187. ’ Nakamura, Y. et al. (1984) Gene 28,263-270. p 151. q Hong, S.H. and Marmur, J. (1986) 
Gene 41, 75-84. ’ [ll]. ’ Svensson, B. et al. (1983) Carlsberg Res. Commun. 48, 529-544. t Boel, 
E. et al. (1984) EMBO J. 3, 1097-1102. ” Ashikari, T. et al. (1986) Agric. Biol. Chem. 50, 957-964. 
” Yamashita, I. et al. (1985) J. Bacterial. 161, 567-573. ’ Takano, T. et al. (1986) J. Bacterial. 166, 
1118-1122. y Lacks, S.A. et al. (1982) Cell 31, 327-336. ’ Baecker, P.A. et al. (1986) J. Biol. Chem. 

261, 8738-8743 

tetrasaccharide inhibitor, acarbose, against inac- 
tivating modification by carbodiimide [ 141. These 
results guided the local alignment of gaAn and S-I 
(fig. 1A). a-Amylases, cY-glucosidases and two 
transglucanosylases show good homology in the 
same region and in spite of the modest scores ob- 
tained for glucoamylase it seems possible that all 
of the listed starch- and oligosaccharide-degrading 
enzymes are structurally related. In the 
3-dimensional (3-D) structure of porcine pan- 
creatic cu-amylase (PPA) Asp 197 and Asp 300 
have been identified as catalytic residues [9] in ac- 
cordance with the present alignments (fig.lA,B). 
TAA Asp 206, Glu 230 and Asp 297 are all close 

to the scissile 1,4-a-glucosidic bond, however, Glu 
230 and Asp 297 were suggested as performing the 
catalysis in that enzyme [4]. Although car- 
bodiimides react with COOH groups [15], the 
alignments lead one to infer that similar 
stereochemical relationships of catalytic groups to 
substrate exist in the different enzymes. It is 
assumed, therefore, that gaAn Glu 180, like the 
homologous aspartates of S-I, acts as a base in the 
catalysis and mechanisms have been proposed 
[ 16,171 which are consistent with the retention and 
inversion of the product configuration as found 
for isomaltase [18] and glucoamylase [19]. 

Clear homology exists between cr-amylases, 
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A. REGION 4 

I 
I. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 

{ 14. 12. 13. 

1 15. 16. 17. 

ases { 
18. 
19. 
20. 

aBli 
o8st 

222-E L Q 
225-l T N 
222-E L 5 
167-N 0 G 
165-S L G 
171-O L G 
170-o H R 

L;t;RL;A 
IOGFRLOA 
LDGFRIDA 
ADGFRFDA 
VDGFRIDA 
FDAWRLDF 
LDGWRFDF 
VAGFRVDA 
VAGFRLDA 
VAGFRIDA 
IDGLRIDT 

FD-LWEEV 
FD-LWEEV 
VOGIRFDA 
YDIVRIDH 
IDALRVDA 

b/v& 

VKH 
VKH 6 
AKH 66 
AKH 6 6 6 
AKH 6 6 6 7 
ARG 
AKG 

2 2442:3 21 

AKH 666562 
SKH 566561 6 
SKH 6 6 6 6 6 
VKH 5765745;;6 
AGL 45555115565 
NEV 2 14 3 4 3 3 3 5 4 
NEP 244 2 122525 

UBSU 
aShy 
aB1 
aB2 

a-amyiases 

ah 
PPP 

177-D L G 
188-D I G 
168-D I G 

,. 
HAPS 
TAA 
M 

197-N Y S 
205-D H G 
496-E V N 
1385-Y M K 
172-O T G 

o-glucosidases 

glucoamylases 

transg1ucanosy1 

NGS 1 2 3 
NGV 215 
NGM 115 6 
VKO 5 5 5 5 355562 
FRG 

1 
I 

VAS 454454 55555341 
BB I. 2. 3 4. 5. 6. 7. 8. 9. 10. 11. 12. 13. 14. 15. 16. 1% 
85 5 

h 

&Rh 
gaSd 
CGT 
AM 
BE 

307-ti G C 
525-S S G 
220-G H G 
286-F K I 
395-R F G 5 

18. 19. 

B. REGION 6 

1. 
2. 
3. 

=Bli 
.Bst 
aBst' 
=Bam 
=BSU 
ashy 
aB1 
"82 
,Dm 
PPA 
HAS 
TAA 
M 

318-LKAVTFVDNHDTQPGQS 
321-TLAVTFVDNHDTEPGQA 6 
321-TLAVTFVDNHOTDPAKR 6 
318-EKAVTFVENHOTOPGOS 7 6 

2 6 
4. 
5. 
6. 
7. 

259-DKLVTWVESHOTYANdD 
252-RQARTFVDNWDTERNGS 
281-AKAATFVDNHOTGSTQA 
279-AKAVTFVONHOTGSTQH 
278-DRSLVFVONHDNQRGHG 
290-DRALVFVDNHONQRGHG 
290-DRALVFVDNHDNRRGHG 
287-TLLGTFVENHDNPRFAS 
339-SWATTYIENHDOARSIT 

4 4 
5 5 4 4 
6 6 5 4 7 
472255 
4623557 
46245577 
233144444 
5 5 555435 
46425554354 

1 2 
1 : : 5 

3. 4. 5. 6. 7, 8. 9.10.11.12.13.14.15. 

8. 
9. 

10. 
11. 
12. 
13. 

6 
1 
4 

14. CGT 319-NNMVTFIDNHDtiDRFQV 4 
15. gaAn 382-OGF VS I YE THAASNGSM 
16. gaRh 524-DRFLSTVQLHAHNNGSL 

BC 1. 
m* 

2. 

C. REGION 3 0. REGION 2 

l.oBli 94-~iNV;G~~$i~$K~& 
2. oBst 95-G M Q V Y A D V V F 0 H K G G 5 
3. oBam 92-N V Q V Y G 0 V V L N H K A G 7 5 
4. oBsu 91-G I K V I V D A V I N H T T F 4 4 4 
5. aShy 82-G V K V I A 0 A V V N H M A A 4 5 5 6 
6. aB1 82-GVQAIADIVINHRCA 5 6 5 5 5 
7. 002 El-GVKA I AD I VI NHRTA 555566 
8.&n BE-GVRTYVDVVFNHMAA 5555656 
9. PPA 90-GVRIYVDAVINHMCG 55456446 
10. TAA 111-G M Y L M V D V V A N H M G Y 2 3 444432 
11. M lOO-GMKFITDLVINHCST 12 433433 

m B+ 
1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 

1. aB1i 75-i K Y t' TK;; 
2. aBst 76-T K Y G T K A Q 4 
3. aBam 73-T K Y G T K 5 E 4 4 
4. aShy 63-G R L G 0 R D A 12 3 
5. aB1 63-S K Y G N A A E 3 2 2 
6. oB2 62-S K Y G N K A Q 443 43 
7. aOm 69-T R S G N E E Q 2 31 13 
8. PPA 71-T R S G N E N E 12 2 2 15 
9. HAPS 71-T R S G N E 0 E 12 2 3 2 5 4 
IO. TAA 92-E N Y G T A D D 2 11 
11. M 81-P T Y G T N E D 1 2 1 2 2 

1. 2. 3. 4. 5. 6. 1. ‘3. 9. 10. 

E. REGION 5 F. REGION 1 

1. aBli 257-F T ; it ;; Q N D ; G 
2. oBst 260-F T V G E YW S Y D I N 5 
3. oBam 257-F T V A E Y W Q N N A G 5 4 
4. .Bsu 204-F Q Y G E I L 0 D S A S 
5. aShy 196-F W V Q E V I Y G A G E 
6. "81 201-L A V A E VW D N M A T 3341 

4. oB1 
5. aB2 
6. TAA 
7. gaAn 
8. gaRh 
9. gaSd 
10. CGT 

. . . . 
1. aB1i 53-D V G Y G A - Y 0 L ; b L G 
2. aBst 54-D V G Y G V - Y D L Y D L G 5 
3. aBarn 51-D N G Y G P - Y D L Y D L G 5 4 

49-NEGYMP-GRLYO ID 
48-EQGYMP -GR L YDLD : 5 
72-DCAYGDAYTGYWQT 
109-FNVmETAYTGSCii)GR I 7. ;B2 2UO-FAVAEI@TSLAY 3241 5 

8. =Om 219-Y 1 V Q E V I D M G G E 11 
9. PPA 229-F I F Q E V I 0 L G G E 1 5 
10. HAPS 229-F Y F 0 E V I 0 L G G E 4 5 

243-FNPTGSGYTGATGR 1 
455-WNVDNTAFTEPWGR 
90-SGVNNTSYHGYWAR 2 

B B B 1. 2. 3. 4. 5. 6. L 2 3 

4 
5 5 
3 3 
7. 8. 

4 
9. 

11. TAA 226-Y C I i E Y L 0 G D P A 3 13 2 12 2 BBBB 1. 2. 3. 4. 5. 6. 7. 8. 9. lo'. 
5567 

Fig. 1. (A-F) Alignment of regions l-6 from amylases, cu-glucosidases and transglucanosylases. Where possible the residue numbers 
refer to mature proteins. Encircled residues have been identified experimentally as interacting with inhibitors. Br-B7 signify residues 
proposed to participate in substrate binding in TAA subsites 1-7 [4]. C indicates proposed catalytic residues. ,&Strands of the TAA 
a/&barrel [4] are indicated by zigzag lines. (+) Invariant positions; (- , *) positions occupied by residues from one and two exchange 
groups [lo], respectively. Scores (s) of pairwise alignments in SD units (c) are grouped: 1 = 2.3~ < s < 2.8~; 2 = 2.8~ < s < 3.30; 
3 = 3.30 <s < 3.8~; 4 = 3.8~ < s < 4.80; 5 = 4.8~ < s < 6.80; 6 = 6.8~ <s Q 8.80; 7 = 8;8u < s Q 11~. The corresponding probabilities 
are given in [lo]. The calculations were produced with segments corresponding to TAA: A = 197-210; B = 287-302; C = 111-124; 
D = 92-99; E = 226-235; F = 72-85. A segment is omitted when all s 6 2.3~. PPA represents mammalian cr-amylases with the 
following exceptions: rat and mouse salivary enzymes have Thr 75, rat and mouse pancreas enzymes have Ala 199, and HAP has Arg 
302. cvBsu Ser 105 is reported in the reference cited in table 1, footnote e, and PPA Asp 77 and Be 196 in those cited in footnote k. 
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maltase (M) and cyclodextrin glucanotransferase 
(CGT) in region 6 (fig. 1B) comprising an indicated 
catalytic aspartic acid residue [4,9]. Glucoamylases 
lack this acid group and seem distantly related. 
Regions 3 (fig. 1C) and 2 (fig.lD) are recognized in 
cY-amylases and maltase. Region 3 possesses an in- 
variant histidyl residue that participates in binding 
of substrate [4,9]. The conserved PPA Asn 100 is 
liganded to Ca2+ in the 3-D structure [9]. 

The first and fourth residues in TAA (Glu 
230-Asp 233) and PPA (Glu 233-Asp 236) (fig. 1E) 
are thought to hydrogen bond substrate in Bs and 
B7 and the adjacent bulky side chains to form van 
der Waals’ contacts in Bs and Be [4,9]. Trp 206 of 
barley cu-amylase 2 (aB2) has been confirmed to 
participate in binding, since the inhibitor aplanin 
hinders inactivating chemical modification of this 
residue [20]. 

Fig.2. Sequence homology in COOH-terminal regions of 
glucoamylase Gl from A. niger (gaAn) and cyclodextrin 
glucanotransferase from B. mucerans (CGT). Identical 
positions are boxed and conserved exchange groups [lo] are 

underlined. 

TAA Asp 72-Thr 85 forms a loop with aromatic 
residues in Br-B3 between a strand and the follow- 
ing helix of the &,&barrel [4] (fig. 1F). The absence 
of homology for some cu-amylases might reflect 
that spatial constraints are smaller in region 1 than 
for the P-strand containing regions 3-6 (fig. 1). In 
the crystal structure of PPA, Trp 58, Trp 59 and 
Tyr 62 do participate in substrate binding [9] and 
match binding residues identified in region 1 of 
TAA [4] and gaAn [3,14]. Despite this, common 
role alignment scores, however, only indicate local 
homology for PPA with other mammalian CY- 
amylases. No similarity was detected for CY- 
glucosidases which lack subsites equivalent to 
Br-B3. The probabilities [lo] that the apparent 
homology of TAA with gaAn and CGT occurred 
by chance are about 10e2 (2.30) and 4 x 10e4 
(3.30), respectively. The values ranged from 10m4 
to 10e6 for the comparisons of CGT and 
glucoamylases (fig.lF and [lo]). 

zymes that degrade raw starch [23,24]. gaAn 
without the COOH-terminal segment [24,25] or 
with oxidized tryptophans in that region [26] re- 
tains full activity on soluble starch, but is unable to 
bind onto raw starch [24,26]. The indicated 
homology possibly comprises raw-starch binding 
residues. 

In gaAn both Trp 120 [3] and Asp 112 [14], cor- 
responding to TAA Tyr 75 in Br, are protected by 
acarbose. Trp 120 is in a subsite at a distance from 
the catalytic site [3,21] located in glucoamylase 
between subsites 1 and 2 [22]. The substrate 
analogue thus binds with a terminal glucosyl 
residue in subsite 1 and the reducing end towards 
Trp 120, equivalent to TAA Trp 83 in B3 (fig.lF). 
This orientation of the cu-glucan chain is opposite 
to that indicated for amylose in TAA [4]. 

In summary, biochemical evidence [3,12,14,20] 
and local homology, characterized by alignment 
scores [lo], provide support for the thesis that 
certain starch and saccharide hydrolases and 
transglucanosylases form a family of distantly 
related proteins. Carbohydrases and trans- 
glycosylases were previously claimed, on 
mechanistic grounds, to belong to the same class of 
enzymes [27,28]. Regions of CGT and M align col- 
inearly with the NHz-terminal domain of TAA and 
PPA, suggesting that these enzymes share the cu/p- 
barrel fold [4,9], while glucoamylases, S-I, AM, 
and BE appear less closely related and no 
homology is seen with ,&amylases [29,30]. Struc- 
ture predictions utilizing motifs [31], for example 
from the a/,&barrel, can further examine the 
possible relationship. The presented thesis can be 
tested by analysis of relevant 3-D structures, se- 
quences and essential residues and by mutagenesis. 
Work in progress on site-specific mutation of 
gaAn [32] has confirmed earlier identification of 
essential residues [3,14]. The investigations may 
lead to a generalized tertiary structural template 
for active centres of starch hydrolases and related 
enzymes and enable engineering, guided by se- 
quence homology, of carbohydrase performance 
and specificity. 

Sequence homology in addition exists in COOH- Acknowledgements: M. Ottesen, F.M. Poulsen and W.R. 
terminal regions of gaAn and CGT (fig.2), two en- Taylor are thanked for stimulating discussions. 
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