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In barley a-amylase 2, two and three tryptophans are protected against reaction with dimcthyl(2-hydroxy-5-ni- 
trobenzyl)sulphonium bromide by 13-cyclodextrin and the pseudooligosaccharide inhibitor aplanin, respectively. 

Fragments were generated from the enzyme derivatives by digestion with Armillaria mellea protease and trypsin, 
and isolated by RP-HPLC. The substituted tryptophans were identified by amino acid and sequence analyses of 
modified peptides. Aplanin and 13-cyclodextrin both reduced the accessibility of Trp276 and -277. In addition, 
aplanin hindered modification of Trp206, and only this derivative retained activity. Trp206 probably belongs to 
the active site region, whereas Trp276 and -277 are located in a different binding site. This suggestion is supported 
by a comparison with the 3-D structure of Taka-amylase A guided by sequence homology between it and barley 
a-amylase. 

1. INTRODUCTION 
Barley a-amylase 2 (1,4-a-D-glucan glu- 

canohydrolase, EC 3.2.1.1) is the dominant 
isozyme synthesized during germination (2). 
The primary structure (3, 26, 35) shows homol- 
ogy with other a-amylases and starch hydrolases 
in structurally and functionally important re- 
gions (20, 27, 31). Recently, single crystals 
suitable for x-ray diffraction have been obtained 
(33). 

Chemical modifications and spectroscopy 
studies previously indicated that tryptophanyl 
residues are involved in the function of barley 
a-amylase 2 (10), other a-amylases (13, 14), 
13-amylase (21), and glucoamylase (4, 5, 22, 32). 
A recent review describes that tryptophanyl 

residues contribute in formation of protein-car- 
bohydrate complexes by "stacking" with hydro- 
phobic parts of sugar molecules and hydrogen 
bonding (24). Model fitting of amylose to the 
3-D structure of Taka-amylase A tentatively 
located a tryptophanyl residue in a substrate 
binding subsite in the active site cleft (19). 

Some starch degrading enzymes, e.g. porcine 
pancreatic a-amylase (16, 23), barley malt a- 
amylase (18, 38, 39), glucoamylase (32, 37), and 
glycogen phosphorylase (8, 28), possess an addi- 
tional non-catalytic carbohydrate binding re- 
gion. Barley a-amylase apparently binds I~-cy- 
clodextrin to a surface site (38). 13-Cyclodextrin 
and the inhibitor aplanin protected different 
tryptophans in barley a-amylase 2 against chem- 

Abbreviations: HNB = dimethyl(2-hydroxy-5-nitrobenzyl)sulphonium bromide; NBS = N-bromosuccinimide; 
PTH = phenylthiohydantoin; RP-HPLC = reverse phase high performance liquid chromatography. 
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ical modification (10) and the present paper 
reports the localization of two binding regions 
by means of identification oftryptophans which 
are exposed in the absence, but not in the 
presence of the ligands. 

2. MATERIALS AND METHODS 
2.1. Materials 

a-Amylase 2 was isolated from kilned barley 
malt (Hordeum vulgare L., cv. Triumph, ob- 
tained from the Carlsberg Malting Plant, Copen- 
hagen) as described (10). 

A batch ofaplanin (BAY e 4609), containing 
20% pseudooligosaccharides of DP 9-14 of the 
acarbose type (10, 36) and 80% non-inhibitory 
oligosaccharides, was kindly donated by Drs. E. 
TRUSCHEIT and D. SCHMIDT, Bayer AG, Wup- 
pertal, F.R.G. 13-Cyclodextrin, dimethyl(2-hy- 
droxy-5-nitrobenzyl)sulphonium bromide, and 
diphenyl carbamyl chloride treated trypsin were 
from Sigma Chemical Co., St. Louis, MO. NBS 
was from Fluka, Buchs, Switzerland, and recrys- 
tallized from water prior to use. Phadebas blue 
starch tablets were from Pharmacia Fine Chem- 
icals, Uppsala, Sweden. Dr. L. THIM, Novo In- 
dustries, Bagsvaerd, Denmark kindly provided 
Armillaria mellea protease. Reagents and sol- 
vents for 2-pyridylethylation, RP-HPLC, and 
automated sequencing were described previous- 
ly (34, 35). 

2.2. Methods 
2.2. I. Analytical procedures 

Concentration of ct-amylase 2 was determined 
either spectrophotometrically employing E~0 = 
24 (10) or by amino acid analysis (35). A 
Beckman Model 890 C Sequencer (12) or an 
Applied Biosystems 470 A Protein Sequencer 
were used for NH2-terminal sequencing. Assay 
of a-amylase activity on Phadebas blue starch 
tablets was performed as previously described 
(lo). 

2.2.2. Chemical modification 
a-Amylase (4 mg. ml -~) was treated as de- 

scribed (10) with 50- and 100-fold molar excess 

of HNB over tryptophans when 13-cyclodextrin 
(10 mg. ml -j) and aplanin (2 mg-ml 1) were 
present, respectively. The reaction was stopped 
after 20 min by passage over a Bio-Gel P-6 
column equilibrated with 0.1 M-ammonium 
bicarbonate pH 8.0 and the extent of modifica- 
tion estimated spectrophotometrically (10, 11). 
2-Pyridylethylation was performed as previous- 
ly described (34). 

Tryptophans were oxidized as described for 
barley a-amylase (10) by addition of a 20-fold 
molar excess of NBS over 10 min during stirring, 
followed by quenching with tryptophan, desalt- 
ing, and lyophilization (4, 10, 30). 

2.2.3. Froteol.vtic cleavage 
2-Pyridylethylated protein (5 mg ~ ml -~, in 0.1 

M-ammonium bicarbonate pH 8.0) was digested 
with either Armillaria mellea protease (15) for 
20 h at 37 ~ at a protease to substrate ratio of 
1:20 (w/w) or trypsin (in the same buffer con- 
taining 0.1 mM-CaCI2) at a ratio of 1:50 for 4 h 
at 37 ~ 

2.2.4. Cleavage at oxindolealanyl residues 
NBS-treated enzyme (5 rag) was incubated in 

4 M-guanidine hydrochloride in 70% acetic acid 
(1 ml) overnight at room temperature in order to 
hydrolyse peptide bonds containing the c~-car- 
bonyl group ofoxindolealanine (6). The sample 
was then desalted on Bio-Gel P-6 in 30% acetic 
acid and subjected to sequencing. 

2.2.5. Pur(/ication of peptides 
RP-HPLC (34, 35) of the proteolytic digests 

was carried out using a Bakerbond Wide Pore 
Cts column and a Waters HPLC equipped with 
a Waters 490 multi-wavelength detector. Initial 
separations were performed over 80 min using a 
gradient from 1 to 40% 1-propanol in 0.1% 
trifluoroacetic acid at a flow rate of 0.5 ml. 
min -~. The eluate was monitored at 220 nm and 
320 nm. For rechromatography was used a 
Vydac 218 TPb column eluted by appropriate 
narrow range gradients of acetonitrile in 0.1% 
trifluoroacetic acid, at a flow rate of 1 ml. min -~. 
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Table I. Modification of barley or-amylase 2 with HNB 

Ligand Molar excess Activity Number of modified 
of HNB remaining (%) tryptophanyl residues 

Aplanin 100 47 1.9 
None 100 0 4.0 
[~-Cyclodextrin 50 32 2.0 
None 50 35 2.7 
None (control) 100 - 

Enzyme derivatives (10 mg) were prepared as described (see 2.2.2). Amylase activity was assayed employing 
Phadebas blue starch tablets (10). The extent of modification was measured spectrophotometfically (10, 11). 

3. RESULTS 
3.l.Modification of barley s-amylase 2 by HNB 

The s-amylase derivative prepared in the 
presence of aplanin retained 47% of the initial 
activity and contained two modified tryp- 
tophans (Table I) in agreement with earlier 
analytical scale experiments (10). In contrast, 

the analytical scale 13-cyclodextrin protection 
(10) was difficult to reproduce exactly on a 
preparative scale. However, a derivative with 
approx, one protected tryptophan was obtained 
in the presence of 13-cyclodextrin at a moderate 
HNB-concentration without additional effect 
on inactivation (Table I). 
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Figure t. ~imary structure of barley m-amylase 2 (26, 35). �9 Indicate the t~ptophanyl residue protected by aplanin, 
residues protected by both aplanin and ~-cyclodextrin, and ~ ~active residues not protected by li~nds. The 

fragments underlined ( ) and numbered have been identified from an Armillafia mellea protease digest of 
the unmodified enzyme (Figure 2C). A ffw identified t~ptic ff~ments am shown ( . . . .  ). 
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Figure 2. RP-HPLC elution profiles of Armillaria 
mellea protease fragments (approx. 1 mg) from sam- 
ples of barley n-amylase 2 (Table I): A, modified in the 
presence of aplanin. B, as A, but unprotected. C, 
unmodified. D, modified in the presence of I]-cy- 
clodextrin. E, as D, but unprotected. Absorbances at 
220 nm ( ) and 320 nm ( . . . .  ) are shown. 

3.2. Identification of exposed tryptophans in 
barley a-amylase 2 

Fragments isolated from Armillaria mellea 
protease digests contained 14 of the 16 tryp- 
tophans present in barley a-amylase (26, 35) 
while the two remaining ones were obtained in 
tryptic fragments (Figure 1). The modified pep- 
tides eluted in RP-HPLC-in four characteristic 
regions of absorbance at 320 nm (a, b, c, and d 
in Figure 2) at higher concentrations of organic 
solvent than the unmodified counterparts. The 
early eluting chromophore (Figure 2A,B,D,E) 
was not associated with peptide and is probably 
hydrolyzed HNB (17). Rechromatography (see 
2.2.5) resolved material from each of regions a 
through d into a single or a few major and several 
minor components (data not shown). The HNB- 
treatment apparently yielded a variety of prod- 
ucts, as reported also by others (1, 7, 17, 25), 
which impeded estimation of the extent of 
modification for a particular tryptophan. 

Region a (Figure 2B,D,E) contained labelled 
Asp201-Asp233 representing an unusual cleav- 
age by Armillaria mellea protease at the NH2- 
terminal side of an aspartyl residue. Sequencing 
indicated that Trp206 was modified since no 
PTH-amino acid was detected corresponding to 
that position. Trp231 was found to be intact in 
the tryptic fragment Glu226-Lys234. 

Labelled Lys269-Ala279 eluted in region b 
(Figure 2B,E). In sequencing, reduced amounts 
of PTH-Trp at positions 276 and 277 suggested 
both tryptophans were partially modified. 
Lys269-Ala279 with both tryptophans fully 
modified was isolated from region e (Figure 
2A,B,D,E). 

From region d labelled Lys249-Gly268 and 
Lys280-Leu330 were separated. Trp261 and 
-297 were modified according to the respective 
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BarX,y~2 FA V AlE I ~ S L  A Y-211 

~rleyal L A VAIE VWD]NMAT-212 

Taka-amylase A Y C I G E V L DIG D P A-237 

B.stearothermophllus F T V G E Y W SIY D I N-271 

B.amylollquefaciens F T V AIE Y W QIN N A G-268 

B,subtllls F Q Y GIE I L OlD S A S-215 

a.ltchentfor| FTVAIEYWQINDLG-266 

Streptomyces hygroscoplcus F W V Q E V I Y G A G E-207 

Drosophila melan~aster Y I V O E V I D M G G E-230 

porcine pancreas F I F Q E V I DIL G G E-240 

Human pancreas/sallva F Y F O E V I D L G G E-240 

Figure 3. Local homology in a-amylases (20, 31) at four 
subst rate binding residues (boxed) proposed to interact 
with amylose in the 3-D structure of Taka-amylase A 
(19). The aplanin-protected Trp206 is encircled. The 
numbering is as in the mature proteins (31). 

sequence analyses. Trp328 was probably un- 
modified since the E320/E220 ratio of the corre- 
sponding RP-HPLC peak was compatible with 
a single modified group in Lys280-Leu330. 

Table II. Tryptophans in barley a-amylase 2 suscepti- 
ble to reaction with HNB 

Position Protective ligand(s) 

206 aplanin 
261 none 
276 aplanin, I~-cyclodextrin 
277 aplanin, 13-cyclodextrin 
297 none 

slight disagreement between spectrophotomet- 
ric estimates of the extent of modification (Table 
I) and the number of identified reactive groups 
(Table II) might reflect incomplete modification 
or formation of products of different spectro- 
scopic properties (17). The free accessibility of 
certain residues was confirmed by sequencing of 
acid-treated (see 2.2.4), NBS-oxidized enzyme 
which indicated essentially complete conversion 
of Trp206 and -276 to oxindolealanine, while no 
acid hydrolysis at these residues took place in 
aplanin-protected, NBS-oxidized enzyme. 

3.2.1. Ligand protection of tryptophans in 
barley a-amylase 2 

Unmodified Lys190-Asp233 and Lys269- 
Ala279 couid be isolated from the a-amylase 
derivative prepared in the presence ofaplanin at 
the RP-HPLC elution positions found for un- 
modified enzyme (Figures 1 and 2C). This 
indicated a protection of Trp206, -276 and -277 
in agreement with labelled peptides being absent 
in regions a and b (Figure 2A). Both 13-cyclodex- 
trin and aplanin, however, only partially pre- 
vented the formation of derivatives substituted 
at either Trp276 or Trp277, since the digests 
contained fully modified Lys269-Ala279 in 
spite of lack of partially modified fragments 
(Figure 2A,D; see regions b and c). Comparison 
of RP-HPLC of tryptic fragments (data not 
shown) from unprotected and aplanin-protect- 
ed, HNB-treated enzyme similarly revealed that 
Ser196-Arg225 and Ala270-Lys280 remained 
unmodified only in the presence of inhibitor. 

In Table II are summarized the tryptophans of 
barley a-amylase 2 susceptible to HNB-modifi- 
cation and the selective protection by ligands. A 

4. DISCUSSION 
Tryptophan has been implicated previously in 

the mechanism of action ofamylolytic enzymes 
(4, 5, 13, 14, 19, 21, 22, 32). Five tryptophanyl 
residues in barley a-amylase 2 reacted with HNB 
and ligands that selectively protected some of 
these residue enabled identification of two bind- 
ing regions in the enzyme. The inhibitor aplanin 
(see 2.1) interferes with both regions, while 
13-cyclodextrin binds weakly (K~i, = 4.2 mM 
(10)) without inhibitory effect. Thus Trp206 
protected only by aplanin was shown to be 
essential for the enzymic function, while Trp276 
and -277, affected also by 13-cyclodextrin, 
seemed to be in a non-catalytic binding site. It 
cannot be decided from the present study 
whether the protection of both of the binding 
sites requires one or two molecules of aplanin. 
The results from chemical modifications indi- 
cated that Trp276 and -277 were only partially 
shielded against HNB in the presence ofligands 
and reaction at one of the residues seemed to 
favor substitution at the other, a result perhaps 
of reduced ligand affinity of enzyme modified at 
either Trp276 or -277. 
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Support for the suggestion that Trp206 is an 
essential residue is obtained from sequence 
alignments (Figure 3). a-Amylases from distant- 
ly related organisms show homology only in 
short segments (9, 20, 27, 31) which, however, 
comprise side chains proposed to participate in 
catalysis and substrate binding in the crystal 
structure of  Taka-amylase A (19). Trp206 of  
barley e-amylase 2 thus belongs to a conserved 
tetrapeptide (boxed in Figure 3) suggested to 
interact with substrate in subsites adjacent to the 
catalytic site (19). Comparison further indicates 
that Trp276 and -277 of  barley a-amylase are 
located on the enzyme surface on the opposite 
side of the active site since they align with a loop 
at the NH2-terminal end of  a 13-strand of  the 
ct/13-barrel of  Taka-amylase A (19, 31). The 
function of this [3-cyclodextrin binding site is not 
known, but it has been speculated to play a role 
in degradation of  starch granules (39). The 
location inferred from the present work is in 
accordance with subsite mapping of barley or- 
amylase 2 indicating 9 contiguous binding sub- 
sites accomodating glucosyl residues of  linear 
substrates and an additional subsite separated by 
a distance of  approx. 15 ,h, from the others (18). 
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