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ABSTRACT 

The roles of the aromatic side chains of the glucoamylase from Aspergillus niger in the binding of 
ligands, as determined by difference spectroscopy using four types of inhibitors (a) valienamine-derived, (b) 
1-deoxynojirimycins, (c) D-glucono-1,5-lactone, and (d) maltitol, two types of disaccharide substrates (a) 
a-(1 +4)-linked and (b) a-( 1+6)-linked, and three cyclomalto-oligosaccharides (cyclodextrins, CDs) are 
discussed. An unusual change in absorbance from 300 to 310-320 mn, obtained only with the valienamine- 
derived inhibitors or when n-glucono-l,%lactone and maltose are combined, is concluded to arise when 
subsite 2 is occupied in a transition-state-type of complex. The single mutations of two residues thought to be 
involved in binding, namely, Tyrl16+Ala and Trpl20+Phe, alter, but do not abolish this perturbation. 
The perturbations in the spectra also suggest that maltose and isomaltose have different modes of binding. 
The following K,, values (M) were determined: acarbose, ~6 x lo-“; methyl acarviosinide, 1.6 x 10m6; and 
the D-&co and L-id0 forms of hydrogenated acarbose, 1.4 x lo-* and 5.2 x lo-(‘, respectively. Therefore, 
both the valienamine moiety and the chain length of acarbose are important for tight binding. In contrast to 
the valienamine-derived inhibitors, none of the 1-deoxynojirimycin type protected glucoamylase against 
inactivating oxidation of tryptophanyl residues, although each had a Kd value of - 4 x 10-k. There are two 
distinct carbohydrate-binding areas in glucoamylase, namely, the active site in the catalytic domain and a 
starch-granule-binding site in the C-terminal domain. The 01-, p-, and y-CDs have high afhnity for the 
starch-binding domain and low affinity for the active site, whereas the reverse was found for acarbose. 

INTRODUCTION 

In recent years, the crystallography of proteins has disclosed structural details of 
the extensive participation of aromatic side chains in the binding of sugars’-‘. Such 
sugar-protein interactions are monitored readily in solution by spectral shifts caused by 
a change in the microenvironment of the chromophores’,‘. These shifts can be used to 
assess the type and number of the aromatic residues affected as well as the nature of the 
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perturbing factor’@15. We now report on the application of difference spectroscopy to 
Aspergillus niger glucoamylase [GA; (l-+4)-a-D-glucan glucohydrolase, EC 3.2.1.31 in 
order to quantitate the dissociation constants of various inhibitors and to characterise 
known functional amino acid side chains1c*22 , using relevant mutants and derivatives of 
GA. 

The three-dimensional structure of GA is not yet available, but kinetics have 
indicated that the active site is composed of seven consecutive binding subsites for 
glucosyl residues. Both (1+4)- and (l-6)-linked a-D-glucose can be released from the 
non-reducing ends of starch and related saccharides at a single catalytic site situated 
between subsites 1 and 222-25. Several aromatic groups affected by binding have been 
identified by chemical modification of GA, including the essential Trp120 near subsite 4 
(ref. 17); Trp212, Trp417, and Trp437 all associated with subsite 1 (ref. 18); and Trpl70 
that interacts specifically with isomaltose2’. Furthermore, a binding role for Tyr 116 can 
be postulated by comparison with an active-site sequence in the alpha-amylase Taka- 
amylase A 4~‘7*26 Kinetic analysis of GA mutants showed that Trp120 is crucial for . 
transition-state stabilisation” and Tyrl16 is critical for hydrolysis of the glucoside bond 
in maltosez7. A combination of differential labelling28-30 and mutagenesis3’ identified 
Asp1 76 and Glu179 as the catalytic base and general acid, respectively, and Glul80 as 
critical for substrate binding at subsite 2. Additional studies of the GA mutants 
Trp120+Phe, Tyrl16+Ala, and Aspl76+Asn now reported improve the insight into 
the functional roles of these specific residues and provide a possible explanation for 
protein spectral perturbation observed in the 300-320~nm region32. Trp residues are also 
involved in a second binding site located in the C-terminal domain of GAl, which 
associates with starch granules, soluble polysaccharides, cyclomalto-oligosaccharides, 
or low molecular weight ligands ‘8,33-36 In the present study, intrinsic aromatic reporter . 
groups are exploited in order to characterise the interaction of different types of ligands 
with either the active site of GA or the second binding site situated in the C-terminal 
domain. 

EXPERIMENTAL 

Materials. - GA1 and GA2 from Aspergillus niger37-40, GA1 derivatives contain- 
ing either 6 or 7 oxindolalanyl residues16, and the GA1 mutants Trpl20+Phe and 
Asp176+Asn20*3’ were obtained as reported. The preparation of GA1 Tyrl16 +Ala will 
be described elsewhere4’. The purity and molecular form of the GA preparations were 
confirmed by sodium dodecyl polyacrylamide gel electrophoresis (SDS-PAGE), using 
the “Phast”-system (Pharmacia, Uppsala, Sweden). 

Methyl acarviosinide42 (4, a&mixture, Bay o 4975) was a gift from Dr. F. Heiker 
(Bayer AG). Hydrogenated D-gh.ico (2) and r_-ido (3) derivatives43 of acarbose were 
prepared, using an improved procedure44, by Professor K. Bock and Dr. M. Meldal (this 
laboratory). Acarbose (1, Bay g 5421), N-hydroxyethyl-1-deoxynojirimycin (7, miglitol, 
Bay m 1099), N-[2-(4-ethoxycarbonylphenoxy)ethyl]- I-deoxynojirimycin (8, emigli- 
tate, Bay o 1248), N-methyl-1-deoxynojirimycin (a), and I-deoxynojirimycin (5, mora- 
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noline) were gifts from Drs. E. Moller, D. Schmidt, and E. Truscheit. (Bayer AG). 
Maltitol, the D-glucose oxidase kit, and a-, p- and y-cyclodextrin were obtained from 
Sigma, and the D-glucono- 1 ,5-lactone and a glucose dehydrogenase kit were obtained 
from Merck. 

D@krence spectroscopy. - Ligand-induced perturbation of absorption spectra 
was determined at 25” as described”*‘6, using a Cary 219 spectrophotometer and 
double-chamber cuvettes with light paths of 4.375 mm. Sample and reference having 
GA (7-15~~, in 0.05~ sodium acetate, pH 4.5) and buffer in either chamber were 
matched by scanning the range 24&350 nm at 0.05 rim/s,, using a period of 10 sand a full 
recording scale of 0.05 absorbance unit. Ligand was added to the protein sample and the 
buffer reference, and the difference in absorbance (AA) between complexed and free GA 
was recorded. Due to slight baseline drift, the molar difference extinction coefficient (de) 
was not calculated from d-4 measured to the baseline” but rather from the difference in 
dA for two adjacent extrema45. 

The dissociation constants, Kd, were determined as follows. Tight-binding ligands 
titrate GA at concentrations that produce a reliable dA value, and a plot of de us. ligand 
concentration yields a straight line&. However, the K,, value is too low to be determined 
spectrophotometrically, but it may be estimated46 from the relation [EJ /K, > 103, where 
[EJ is the initial concentration of enzyme (procedure I). The inhibition constant, Ki, for 
non-stoichiometric tight-binding ligands is equal to Kd if hydrolysis of the substrate in 
the presence of an equimolar amount of inhibitor does not increase exponentially with 
time and the ratio (a) of initial rates in the presence and absence of the inhibitor is 
essentially independent of the concentration of the substrate. This situation implies that 
neither displacement of the substrate nor dissociation of the enzyme-ligand complex, 
EL, occurs and Ki ( = &) can be calculated& from [IJ /( 1 - a) = (&/a) + [EJ (procedure 
II). Less-tight-binding ligands were added until a constant de was obtained ( = Aem,, ) 

45 for a chosen peak-to-trough difference . Assuming that AE and the concentration of the 
complex are proportional, then [EL] (= (Ae/AqJ x [E,]), and the concentrations of 
the free enzyme [E] and the ligand [L] can be determined to calculate the dissociation 
constant Kd as follows: Kd = [E][L] / [EL] = ([E,] - [EL])([LJ - FL]) / [EL], where [LJ is 
the initial concentration (procedure III). Finally, for loose-binding ligands, [L] = [L J, 
and Kd and A&,,,,, can be derived graphically according to de = AC,_ [L J /(Kd + [L J)14*47 
(procedure IV). For a-, p-, and y-CD, procedure III was used for the high-affinity site 
and procedure IV for the low-affinity site. 

Mod$cation of tryptophanyl residues. -The protection of Trp residues and 
enzyme activity by ligands against oxidation with N-bromosuccinimide was assessed as 
described’6s48. To a solution of the GA1 inhibitor complex or GA1 [l ~PM, in 0.1~ sodium 
acetate (PH 4.5), 1 .O mL in a cuvette of lo-mm light path] was added N-bromosuccini- 
mide in increments, spectra were scanned after each increment, and the Trp contents 
were calculatedI from the absorbance at 280 nm. When the decrease in absorbance 
stopped, the residual N-bromosuccinimide was destroyed with L-tryptophan (1 Srn~, 50 
pL), and the inhibitor was removed by dialysis (4”, overnight) against 1.6~ Tris-HCl 
(pH 7.6) followed by 5Onu4 sodium acetate (pH 4.3), prior to measurementI of the 
activity. 
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Assuys. - Activity towards maltose (15mq in 0.05~ sodium acetate, pH 4.3) of 
GA treated with N-bromosuccinimide was determined at 25” by assay of the D-glucose 
liberated with glucose dehydrogenase 37 Activity in the presence of the valienamine- . 
derived inhibitors (14) was assayed after 30-min preincubation at 45”, using maltose as 
substrate (0.3-Lomb, in 0.1~ sodium acetate, pH 4.3) and D-glucose oxidase to detect 
the released D-glucose ‘O Hydrolysis of a-, /I-, and y-CD (0.75mM, in 0.1~ sodium . 
acetate, pH 4.3) by GA (10-14~~) at 25” was tested by assay of the D-glucose produced 
using glucose dehydrogenase 37 Protein concentrations were measured either spectro- . 
photometrically at 280 nm using the following values E (M-’ . cm-‘): GAl, 1.37 x 105; 
GA216, 1.09 x 105;Trp120+PheGA1, 1.32 x 105;andTyr116+AlaGA1, 1.35 x 10’; 
or by amino acid analysis (N-bromosuccinimide-oxidized GAl; Aspl76+Asn 
GA1)‘6.38. 

RESULTS 

Interaction of GA with valienamine- (I-4) and 1-deoxynojirimycin-type (5-8) 
inhibitors. -The spectral changes of GA1 induced by a 2-4-fold molar excess of each of 
the valienamine-derived inhibitors, methyl acarviosinide (4), acarbose (l), and the 
hydrogenated L-ido (3) and D-gluco (2) derivatives of acarbose, revealed typical features 
in the 280-300 nm region” and, except for the L-ido derivative (3), an unusual and 
dominating red shift at wavelengths longer than 300 nm (Fig. 1A). Saturation of GA1 
by each of the 1-deoxynojirimycins 5-8 produced similar, but weaker spectral changes 

Wavelength (rm) 

Fig. 1. Difference spectra induced by tight-binding inhibitors: A GA1 (13.9pM) and acarbose (1) (21.4~~) 
(--), GA1 (12.Q~) and methyl acarviosinide (4) (42.3~~) (---). GA1 (14.7~~) and the D-&O derivative (2) 
(24.9hM) (+), GA1 (14.6~~) and the ~-id0 derivative (3) (31.5~~) (...); B GA1 (13.3~~) and l-deoxynojiri- 
mycin (!!) (480~) (-), GA1 (12.1~) and N-methyl-1-deoxynojirimycin (6) (450~~) (---), GA1 (13.5~~) 
and miglitol(7) (310~~) (-.-), GA1 (14.1~~~) and emiglitate (8) (98pM) c.): C GA1 (14.3~~) and acarbose 
(14.6,~~) (-) followed by acarbose (352~~) (...), GA1 (14.3~~) and the L-ido derivative (22~~) followed by 
acarbose (15~~) (---), GA1 (14.3pM) and acarbose (15~~) followed by the L-ido derivative (22~) (-.-). 
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(Fig. 1B). An increase in perturbation resulting from higher concentrations of acarbose 
(1) observed with GA1 (Fig. lC), but not GA2, indicates the binding of a second 
acarbose molecule to GAl. Addition of equimolar amounts of acarbose to GA1 
previously complexed with the L-ido derivative (3) caused a larger perturbation than 
either GA1 complexed with excess of acarbose or GA1 complexed with the L-ido 
derivative (Fig. 1C). The reverse process, however, where an equimolar amount of the 
L-ido derivative was added to the acarbose-GA1 complex had little effect (Fig. 1C). This 
finding suggests that the L-ido derivative remains complexed at a second binding site 
when acarbose binds at the active site, but, when acarbose is already bound at the active 
site, the affinity for the &do derivative is much reduced. 

1R 

2R 

3R 
HO 

H‘o b 0 

* 
HO 

H,OH 
OH 

(acarbose) 

(D-&co) 

(L-ido) 

SR= H (1-deoxynojirimycin) 

6R= Me (N-methyl-I-deoxynojirimycin) 

7R= CHzCHzOH (miglitol) 

8R= CH2CH,0C6H,(p)COOEt (emiglitnte) 

Hb I 0 
HN 

* HO 
H,Ok 

HO 

4 (methyl acarviosinide) 

OH 

HO 
N-R & HO 

HO 

Each of the four valienamine-type inhibitors (14) bound tightly to GA1 (Fig. 2). 
Because acarbose inhibits stoichiometrically at a GA concentration of 6 x 10e9w, Kd 
was estimated as < 6 x lo- ‘%r using procedure I. The complex is extremely stable as 
only 15% of the GA activity was recovered after exhaustive dialysis against either 0.05~ 
sodium acetate (pH 4.5) or 0.01~ Tris (pH 7.5), a competitive inhibitor49. However, in 
1.7~ Tris (pH 7.6)“, complete dissociation occurs, presumably due to displacement by 
Tris rather than deprotonation of acarbose, since acarbose also binds tightly3’ to GA at 
pH 8.0. For the D-gluco derivative (2)-GA complex, neither dissociation nor dis- 
placement of the inhibitor by the substrate was observed (Fig. 3) and a Kd ( = KJ of 1.4 
x lo-*M was determined by procedure II. Methyl acarviosinide (4) and the L-ido 
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Ligand (ph4) 

Fig. 2. The ds,,, values from the difference obtained with GA1 (12.2-14.6~~) by the addition of acarbose 
(1) (O), methyl acarviosinide (4) (a), and the D-g&J derivative (2) (n), and de,,,,, for the ~-id0 derivative 
(3) (0). The respective final concentrations were: 750,320, 125, and 480~~. 

r I I I I I I I I I I I 
0 10 20 0 10 20 

Reaction time ( min 1 

Fig. 3. ActivityofGAl(6 x 10%) towardsmaltose(a,0.3; b,0.6;c, l.O;d, 1.5;e, 2.O;f, 2.5;andg, 3.5mnn) 
in the presence (A) and absence (B) of the D-&Co derivative (2) (6 x 10e9r+@. The A,,, values represent the 
amount of D-glucose released. 

TABLE I 

Dissociation constants” for acarbose and related compounds interacting with GA1 

Inhibitor Inhibitor 

Acarhose (1) <6 x lo-” (I) 1-Deoxynojirimycin (5) 
Methyl acarviosinide (4) 1.6 x 10e6 (III) 

2.1 x 1o-6 (III) 
N-Methyl-l-deoxynojirimycin (6) 

D-gfuco derivative (2) 1.4 x 1o-8 (II) 
2.0 x lo+ (III) 

Might01 (7) 
~-id0 derivative (3) 5.3 x 10e6 (III) 

5.9 x lo+ (III) 
Emiglitate (8) 4.0 x lo+ (III) 

a Kd was obtained by procedures I-III as indicated (see Experimental). 



LIGAND BINDING TO GLUCOAMYLASE 35 

20 40 60 60 
Inhibitor (pM) 

Fig. 4. The AE~,,, values from difference spectra obtained with GA1 (12-15~~) by the addition of 
I-deoxynojirimycin (5) (a), IV-methyl-1-deoxyoojirimycin (6) (O), miglitol(7) (A), and emiglitate (8) (A). 

6 

[NBS] : [Enzyme] 

Fig. 5. Oxidation of tryptophanyl residues in GA1 by N-bromosuccinimide: A GA1 (13~~) alone (0) or in 
the presence of 0.15mtu acarbose (1) (O), methyl acarviosinide (4) (A), the D-&CO derivative (2) (O), or the 
L-~&J derivative (3) (m); B GA1 (12~~) alone (a) or in the presence of 1.5nw 1-deoxynojirimycin (5) (O), 
N-methyl-1-deoxynojirimycin (6) (A), miglitol(7) (o), or 0.3nw emiglitate (8) (m). 

derivative (3) bound more weakly with a K,, of 1.6 x 10e6 and 5.2 x lo-%, respectively, 
as determined using procedure III. Methyl acarviosinide (4), a pseudodisaccharide, 
perturbed the GA spectrum in a manner identical to that of acarbose (1) despite its much 
higher Kd value (Fig. 1A). The four I-deoxynojirimycins 5-& representing mono- 
saccharide analogues, had similar K, values ranging from 2.0 x 10m6 to 5.9 x 10-k as 
determined by procedure III (Table I, Fig. 4), which agrees with the Kd 1.6 x ~O-‘M 
reportedSO for 1-deoxynojirimycin (5) and Rhizopus GA. 

The four valienamine-derived inhibitors 14 prevented the oxidation of approxi- 
mately two Trp residues in GA1 (Fig. 5A); three conferred retention of 70% of the 
activity, whereas, with the L-ido derivative (3), only 40% was retained. In contrast, none 
of the 1-deoxynojirimycins 5-8 hindered inactivation despite their high affinity and 
protection of either one or two Trp residues (Fig. 5B). 

Disaccharide substrates and weak inhibitors. - The difference spectra induced by 
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280 
Wavelength (nm) 

Fig. 6. Difference spectra for GA1 induced by disaccharide substrates: GA1 (12.9q) and methyl B- 
maltoside(25mM) (-), GA1 (13.9~~)andmaltose(l5m~)(---),GAI (13.1p~)andisomaltose (48mh@(-.-). 

Wavelength (nm) 

Fig. 7. Difference spectra for GA1 induced by loose-binding inhibitors: GA1 (13.1,~~) and o-glucono-1,5- 
lactone (21mM) (---), GA1 (13.6~~) and maltitol(15m~) (-). 
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280 
Wavelength &Y 

Fig. 8. Difference spectra for GA1 (8.0~~) induced by methyl acarviosinide (4) (80~~) (-.-), acarbose (1) 
(0.15mM) (---), and D-glucono-1,5-lactone (21mM) plus maltose (5Oms4) (-). 

isomaltose and maltose possess characteristic, equally intense peaks near 286 and 
292 nm, but maltose produced a trough and isomaltose a shoulder near 300 nm (Fig. 6). 
This variation may reflect the specific interaction of Trp 170 with isomaltose” due to the 
different modes of binding of the two substrates. Both the substrate methyl /?-maltoside 
(Fig. 6) and the competitive inhibitor maltito14’ (Fig. 7) yielded a distinct, larger 
minimum near 282 nm. Maltitol also produced sharp peaks at 286 and 292 nm, and a 
deep trough near 300 nm. 

D-Glucono-1,54actone, a transition-state analogue” and mixed-type inhibitor 
that binds at subsite 123-24, with a reported Kd of 1 x 10-3~‘6*u, perturbed the absorb- 
ance (Fig. 7) in a manner similar to that of the I-deoxynojirimycins 5-8 (see Fig. 1B). 
The proposed mechanism of action of GA allows a ternary complex to be formed with 
D-glucono-1,5-lactone bound at subsite 1 of GA and maltose at subsites 2 and 3’G52. 
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Since the resulting perturbation-difference spectrum from this combination (Fig. 8) 
lacked a minimum near 297 nm and extended to wavelengths longer than 300 nm, it 
resembles most closely those of the acarbose (1) and methyl acarviosinide (4) complexes, 
and differs from those of both of the corresponding individual binary complexes (I$ 
Figs. 6 and 7). 

GA1 derivatives and mutants. - Trpl20+Phe GA1 displayed a decreased in- 
tensity of the acarbose-induced peaks near 287 and 295 nm, and a large trough at 302 nm 
with D-glucono-1,5-lactone or maltose (Fig. 9). GA with seven oxidized tryptophanyl 
residues, includingI Trpl20, yielded a maltose-perturbed spectrum similar to that of the 
Trpl20+Phe mutant (Fig. 9C), whereas the enzymically active GA, where only six 
Trps, excluding Trpl20, are oxidised I7 did not give rise to the maltose perturbation , 
trough at 302nm (Fig. 9C). The binding affinities for the two N-bromosuccinimide- 
oxidized GA1 forms were comparable to those of the unmodified enzyrne17. Thus, 

I 1 I 
280 300 
Wavelength (nd 

Fig. 9. Difference spectra for GA1 mutants induced by A D-glUCOnO-1,5-1aCtone (2lm~) for TrplZO+Phe 
(---; 7.8q), Tyrll6+Ala (-; 8.5~~), and wild-type (...; 7.9~~); B acarbose (1) (0.15m~) for TrplZO+Phe 
(---; 7&M), Tyrl16+Ala (-; 7.4&, and wild- type (...; 8.0~~); C maltose (24 or 5Om~) for TrplZO-rPhe 
(---;9.7&,Tyrll6+Ala(-;~.OPM), wild-type(..;8.0p~),andGAl withsix@.Opht)(-.-)orseven(9.3& 
(...-...) oxidized Trp residues, respectively. 

I I I I 
280 300 
Wavelength (nm) 

Fig. 10. Difference spectra for the GA1 mutant Aspl76+Asn (7.5~~) induced by 0.15 or 2.5m~ acarbose 
(1) (-), and GA1 (8.0~~) and 0.15m~ acarbose (---). 
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counteracting-ligand-induced spectral effects are likely to occur near 3OOnm, first a 
large red shift corresponding to a conformational change of Trp120 and second a 
similar blue shift caused by other Trp residues. 

The Tyrl16+Ala perturbation spectra also differed from that of wild-type GA. 
The characteristic trough at 282nm was lacking with the three ligands tested (Fig. 
9A-Q possibly due to the loss of the phenol chromophore of Tyrl16. Moreover, 
Tyrl16 seems to influence one or more Trp residues, since perturbation throughout the 
295-320 nm region is decreased for Tyrl16+Ala GA. Finally, the perturbation of the 
proposed catalytic base mutant Aspl76+Asn GA induced31 by acarbose (l), retained 
the wild-type shape, although the intensity was slightly reduced (Fig. 10). 

Interaction of cyclomalto-oligosaccharides (cyclodextrins, CDs) at a second bind- 
ing site. - Typical tryptophan spectral perturbations with red shifts of decreasing 
intensities at 286, 294, and 303 nm were produced by complexation of GA1 with 
cyclomalto-hexaose (@CD), -heptaose @CD), and -octaose (CD) (Fig. 11A). Tyr 
residue(s) were also affected, as apparent from the 278-28 1 nm peak (Fig. 1 lA,a). These 
features are clearly different from those obtained with the inhibitory ligands and suggest 

Wavelength (nm) 

Fig. 11. Difference spectra for GA1 and &42 induced by cyclodextrins: A GA1 (a, 12.9~~; b, 12.6& and 
c&D (a, 104,~~; b, 3.3mM)J?CD(a, 145~~; b, l.Sm~), yCD(a, 99~; b, 2.0m~);B GA2 (a, 13.1~~; b, 12.6~) 
and aCD (a, 104~; b, 2.lmnn), /ICD (a, 145~~; b, 3.Om~), yCD (a, 108~~; b, 2.Om~); aCD c..), j?CD (-), 
$D (-.-). 

100 200 300 400 
Cycbdextrin $A) 

Fig. 12. The de,,, values from the difference spectra obtained with GA1 (7.8-8.5~~) by addition of C&D 
(0) or j?CD (O), and with GA1 Trpl20+Phe (8.0~~) by aCD (0). 
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TABLE II 

Dissociation constants” for cyclodextrin binding to A. niger glucoamylase 1 and 2 

Ligand High afinity Low afinity 

GA1 (III) GA1 (IV) GA2 (IV) 

z 2 ?i 

aCD 3.5 x lo-5 1200 1.3 x lo+ 1350 3.9 x 1o-4 
gcD 1.9 x lo-5 1600 6.1 x 1O-5 1780 6.9 x lo+ 
YCD - _ _ _ 5.1 x lo-4 

’ Kd was calculated by procedures III and IV as indicated (see Experimental). 

960 
710 

1070 

that the CDs bind at a second site distinct from the active site of GAl. Kd values of 
3.5 x lo-‘and 1.9 x ~O-‘M were measured for a- and/&CD, respectively (Fig. 12; Table 
II), in reasonable agreement with the Kd of 3.0-3.7 x IOm5w reported for aCD and 
5.6 x lo-%forj?CD binding to GA1 33,M . Due to a slight hydrolytic activity of GA1 also 
noted53 earlier for yCD, Kd was not determined for this compound. Under the conditions 
used in the present study, GA2, which lacks the starch-binding tail found at the 
C-terminal region of GAl, did not cleave yCD. The larger I& values of the CDs obtained 

280 300 
Wawlength (nm) 

Fig. 13. Effects of addition of acarbose (1) (270-285p.1) to the complexes described in Fig. 11 A,b: a, aCD, b, 
/3CD, c, yCD. The upper curves are difference spectra induced by the CD in combination with acarbose. 
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I 

280 300 

Wavelength Cm) 

Fig. 14. Difference spectra for the GA1 mutant TrplZO+Phe (7.95~~) (-) and GA1 (8.02~~) (---) with 
c&D (241~~). 

with GA2,3.9-6.9 x 10e4~ (Fig. 11B; Table II), indicate that the CDs have an affinity 
for the active site which is lower than that for the starch-granule-binding site in GAl, as 
reported54 earlier for inhibition of GAS from Rhizopus niveus and Chalaraparadoxa by 
the various CDs. 

In the present study, the K,, values estimated for the binding of CDs to the active 
site in GA1 are 3-lo-fold lower than those for GA2 (Table II), suggesting co-operation 
between the two sugar-binding areas present in GA1 . Addition of acarbose (1) raised 
dA in the CD-GA1 (Fig. 13), but not in CDGA2, complexes (data not shown), 
supporting the view that two distinct binding sites exist in GAl. Since Trp120 is believed 
to be important for ligand-induced conformational changes in the active site”, a 
preliminary investigation of the possible co-operation between these two binding areas 
was attempted using Trpl20+Phe GAl. The Kd for binding of the c&D at the 
high-affinity site ofTrpl20+Phe was estimated to be 7.5 x lo-%, which is 5-fold lower 
than for wild-type enzyme (Fig. 13). Further addition of aCD suppressed the maxima at 
286,303, and 310nm for Trpl20-+Phe relative to wild-type GA1 (Fig. 14), whereas the 
peak height at 298 nm was retained. This finding suggests that the Trp residues that 
generate the 298 nm peak are not influenced by Trp120, and that the aromatic groups 
that generate the 286,303, and 3 10 nm peaks, when both binding sites are occupied, are 
influenced by Trp120. These findings indicate that certain spectral perturbations in- 
duced in GA1 and hence the role of aromatic groups in ligand bindings are specific for 
CDs. 

DISCUSSION 

Like many glycosidases, GA is strongly inhibited55 by hexose derivatives and 
oligosaccharide structural analogues having an NH group adjacent to C-l. In the 
present approach, such tight-binding inhibitors have been used, in conjunction with 
mutants and derivatives of GA, in order to examine the roles of aromatic side chains in 
the mechanism of binding. 

The ligand-induced-perturbation changes in the spectra of GA in the region 
28tK-300 nm are characteristic of the red-shifted absorbance bands of indolyl and phenol 
ringsl0,’ 1 due to their transfer from a solvent-accessible location to a less-polar envi- 
ronment upon binding5”58, perhaps involving hydrogen bonding of the indole NH 
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group . Iv9 The 290-295 nm peak reflects Trp perturbations. Assuming a de of 
1600 M-’ . cm-’ (ref. 11) for each Trp perturbed, the l-deoxynojirimycin-based inhib- 
itors (5-8) affected approximately one, and the valienamine-type (14) approximately 
two, Trp residues in excellent agreement with their protection of Trp in GA against oxi- 
dation. The peak at 285-288 nm may originate from both Trp and Tyr, whereas the 
small peak at 279-282 nm should reflect an influence on Tyr”,“. Genetic substitution of 
the functional Trpl20, Tyrl16, and Asp176 20*3’ led to assignment of the peaks at or near 
287 and 298 nm to Trp 120, and the peak at 282 but not at 287 nm to Tyrl16. The peak at 
298 nm is associated with the formation of transition-state-like complexes, as produced 
by acarbose (1) and methyl acarviosinide, but not maltose or isomaltose. 

Certain ligands induced changes of GA in the region 30&320 nm. This effect is 
unusual for protein difference spectra8-“*5M and suggests an involvement of several 
aromatic side chains. Transfer of energy between closely situated aromatic rings, such as 
the cluster of Trp residues proposed” in A. niger GA, probably plays a role in this 
unusual spectral perturbation”. Since Trp120 is involved in transition-state stabilisati- 
on”, based on the wild-type and Trpl20+Phe GA difference spectra, the ligand- 
induced maximum at 302 nm is correlated with a presumed change in the conformation 
of Trp120 triggered by a transition-state analogue bound in subsite 1. When one or 
more subsites beyond subsite 1 are also occupied, the plateau in this type of complex in 
the region 300-320 nm is obtained. This effect is seen in the spectra from the acarbose 
and methyl acarviosinide complexes and also in the ternary complex with D-gluco- 
no-1,Nactone and maltose. GA loses activity when Trp120 is either oxidized by 
N-bromosuccinimide’6T’7 or replaced by mutagenesis*‘. Because both the pseudo-di- and 
-tetrasaccharides, methyl acarviosinide (4) and acarbose (l), respectively, protect 
against inactivating oxidation by N-bromosuccinimide, Trp120 is not accessible in 
either binary complex. Therefore, either each of these inhibitors elicits a change in 
conformation to shield Trpl20, or Trpl20 is not located at the fourth subsite as 
proposed17 in the studies using only acarbose. The almost identical difference spectra for 
the complexes of GA with acarbose and methyl acarviosinide suggest that aromatic 
groups are not perturbed by the binding of ligands in subsites 3 and 4. Thus, the 
long-wavelength plateau in the perturbation spectra may be correlated** with the 
specific occupation of the high-affinity subsite 2 in a transition-state complex. A large 
trough near 300nm in the difference spectra induced by maltose distinguished 
Trpl20+Phe from the wild-type GA. A similar trough reported6’ for the complex of 
maltose and wild-type Rhizopus GA indicates a variation of the function of aromatic 
groups in GAS from different sources, noticed also by others”, despite five conserved 
Trp residues ” The large decrease in the perturbation at longer wavelengths seen with . 
Tyrl16+Ala GA is more likely to be due to an effect on the interacting aromatic groups 
than to the loss of the phenol side chain. In the conformation of a peptide segment in 
Taka-amylase A, which is related structurally and functionally to the Tyrl16/rrp120- 
region in GA 4,26, the corresponding Tyr79 and Trp83 groups are juxtaposed on either 
side of the binding cleft4, permitting interactions when complexes are formed. The 
interplay of Trp residues upon binding has been indicated by difference spectroscopy in 
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lysozyme63, the periplasmic maltodextrin-binding protein from E. coli7*‘5 and tryp- 
tophan-indole lyase +‘. In some earlier studies, spectral effects above 300 nm have been 
correlated with alterations in the microenviromnental charge that affect a discrete Trp 
absorption band’2*‘3,32,5660. A positive de was proposed to indicate that either a negative 
group has approached, or a positive group is removed from, the chromophore and vice 
versu”~‘2~57. In lysozyme, this effect was explained3’ by the influence of the carboxylate 
group of the catalytic Glu35 on TrplO8. For GA, however, acarbose exertedM almost 
identical effects on the spectrum at pH 8 and pH 5.0, and substitution of the proposed 
GA base catalyst, Asp176 by Asn only marginally reduced AA throughout the differ- 
ence spectrum. Thus, the carboxylate of Asp1 76 seems not to be the cause of the unusual 
spectral perturbation. 

The planar structures assumed for the C-5-N environment in acarbose (1) and 
methyl acarviosinide (4) and the C-l environment in o-glucono-1,5-lactone are not 
required for binding to subsite 1, as demonstrated by experiments with the o-g&o 
derivative (2) of hydrogenated acarbose or the 1-deoxynojirimycins (5-g). Therefore, it 
is proposed that the interaction of a protonated nitrogen and a carboxylate group is 
more important for the formation of complexes of GA with the present inhibitors. Since 
the pK, of the nitrogen in acarbose55 is - 5 and the unprotonated form retains3’ high 
affinity for GA, there may be a mechanism-based protonation of the NH group by the 
general acid catalyst, Glu179. 

Certain molecular forms of fungal GAS can adsorb onto raw starch at a second 
binding site located in a terminal structural domain which is - 100 amino acid residues 
long33,34,3’.65 and recurs in several amylolytic enzymes 35 The structure of one of these . 
enzymes, cyclodextrin glucanotransferase from B. circulans, has been solved by X-ray 
diffraction analysis%, and aromatic residues were shown to be involved in this raw- 
starch binding site18. CDs compete with raw starch or soluble malto-oligosaccharides 
with more than 11-l 3 glucose residues33,” for binding to GA1 . The absorption spectra 
for the complexes of GA1 with CDs indicate that association occurs with considerably 
lower affinity for the active site than for the starch-binding site. Our experiments suggest 
that GA1 can complex with acarbose at the active site, and CD at a second site. The 
L-ido derivative (3) may also bind at the second site, since it adopts a mode of binding 
different from that of the other valienamine-derived inhibitors as reflected in the 
spectral perturbations and Kd values, and also because binding of acarbose to the 
high-affinity site caused perturbation additional to that for either of the single complex- 
es of GA1 with the L-idoderivative (3) or acarbose (1). An interaction of the two binding 
sites is proposed because equimolar amounts of the L-ido derivative (3) will occupy only 
the second binding site when acarbose is not already bound to the active site. Further 
evidence for this interaction is reflected in the hydrolysis of yCD, since GAl, but not 
GA2, had slight activity, suggesting that the second site has to be present as a prerequisi- 
te for cleavage of yCD glucosyl bonds. 

Thus, the important functional roles of GA Tyrl16 and Trpl20 have been 
illustrated by ligand-induced spectral perturbations obtained for relevant GA mutants. 
A peak at 298nm attributable to Trp120 characterises occupation of subsite 1 in 
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GA-transition-state complexes, whereas the unusual features in the difference spectra in 
the region 300-320 nm are attributed to interaction of aromatic groups when subsite 2 in 
these complexes is occupied. Both the valienamine ring and the chain length of acarbose 
contributed to its extremely high afTinity for the active site of GA. The role of a basic 
nitrogen in the formation of tight complexes with subsite 1 of GA is demonstrated by the 
binding of both acarbose (1) and 1-deoxynojirimycin (5), a structural analogue of 
D-glucose much preferred by GA over the planar inhibitor and transition-state ana- 
logue o-glucono-1,5-lactone. Finally, the formation of ternary complexes of GA1 
containing either cyclodextrin and acarbose, or the L-ido derivative and acarbose, 
indicates two different binding sites, one in the catalytic domain and the second in the 
starch-binding domain. Co-ordinated binding of ligands at these sites suggests that 
interactions of the two sites may be important in the hydrolysis of certain long-chain 
substrates. 

ACKNOWLEDGMENTS 

We thank Mss. Annette Gajhede, Edith Floistrup, Sidsel Ehlers, and Bodil 
Corneliussen for technical assistance, and Professor K. Bock and Drs. F. Heiker, M. 
Meldal, E. Miiller, D. Schmidt, and E. Truscheit for gifts of GA inhibitors. 

REFERENCES 

1 F. A. Quiocho, Annu. Rev. Biochem., 55 (1986) 287-315. 
2 F. A. Quiocho, Pure Appl. Chem., 61 (1989) 1293-1306. 
3 L. Nzohnson, J. Cheetham, P. J. McLaughlin, K. R. Acharya, D. Barford, and D. C. Phillips, Curr. Top. 

Mcrobiol. Zmmunol., 139 (1988) 81-134. 
4 Y. Matsuura, M. Kusunoki, W. Harada, and M. Kakudo, J. Biochem. (Tokyo), 95 (1984) 697-702. 
5 G. Buisson, E. Duke, R. Haser, and F. Payan, EMBO J., 61 (1987) 3908-3916. 
6 J. Rouvinen, T. Bergfors, T. Teeri, J. K. C. Knowles, and T. A. Jones, Science, 249 (1990) 380-386. 
7 J. C. Spurlino, G.-Y. Lu, and F. A. Quiocho, J. Biol. Chem., 266 (1991) 5202-5219. 
8 K. Hayashi, I. Imoto, and M. Funatsu, J. Biochem. (Tokyo), 54 (1963) 381-387. 
9 K. Hayashi, T. Imoto, and M. Funatsu, J. Biochem. (Tokyo), 55 (1964) 516521. 

10 T. T. Herskovits and S. M. Sorensen, Biochemistry, 7 (1968) 2523-2532. 
11 J. W. Donovan, in S. J. Leach (Ed.), Physical Principles and Techniques of Protein Chemistry, Part A, 

Academic Press, New York, 1969, pp. 101-170. 
12 V. S. Ananthanarayanan and C. C. Bigelow, Biochemistry, 8 (1969) 3723-3728. 
13 L. J. Andrews and L. S. Forster, Biochemistry, 11 (1972) 1875-1879. 
14 F. W. Dahlquist, L. Rao, and M. Raftery, Proc. NatZ. Acad. Sci. U.S.A., 56 (1966) 2630. 
15 P. Martineau, S. Szmelcman, J. C. Spurlino, F. A. Quiocho, and M. Hofmmg, J. Mol. Biol., 214 (1990) 

337-352. 
16 A. J. Clarke and B. Svensson, Carlsberg Res. Commun., 49 (1984) 111-122. 
17 A. J. Clarke and B. Svensson, Carlsberg Res. Commun., 49 (1984) 559-566. 
18 B. Svensson, A. J. Clarke, and I. Svendsen, Carlsberg Res. Commun., 51 (1986) 61-73. 
19 M. Ohnishi, Y. Nakamura, M. Murata-Nakai, and K. Hiromi, Carbohydr. Res., 197 (1990) 237-244. 
20 M. R. Sierks, C. Ford, P. J. Reilly, and B. Svensson, Protein Eng., 2 (1989) 621-625. 
21 B. Svensson, I. Svendsen, M. R. Sierks, C. Ford, and P. J. Reilly, Znt. Carbohydr. Symp., XZF’th, 

Stockholm, 1988, Abstr. ~39. 
22 K. Hiromi, M. Ohnishi, and A. Tanaka, Mol. Cell. Biochem., 51 (1983) 79-95. 
23 K. Hiromi, M. Kawai, and S. Gno, J. Biochem. (Tokyo), 59 (1966) 476480. 
24 M. Ohnishi, T. Yamashita, and K. Hiromi, J. Biochem. (Tokyo), 79 (1976) 1007-1012. 
25 E. L&16, J. Hollb, A. Hoschke, and G. Sarosi, Carbohydr. Res., 61 (1978) 387-394. 



44 B. SVENSSON, M. R. SIERKS 

26 B. Svensson, FE&S Lett., 230 (1988) 72-76. 
27 M. R. Sierks, C. Ford, P. J. Reilly, and B. Svensson, unpublished results. 
28 B. Svensson, H. Meller, and A. J. Clarke, Carlsberg Res. Commun., 53 (1988) 331-342. 
29 B. Svensson, A. J. Clarke, I. Svendsen, and H. Msller, Eur. J. Biochem., 188 (1990) 29-38. 
30 K. Hakansson and B. Svensson, Curlsberg Res. Commun., 54 (1989) 145-156. 
31 M. R. Sierks, C. Ford, P. J, Reilly, and B. Svensson, Protein Eng., 3 (1990) 193-198. 
32 T. Imoto, L. J. Andrews, S. K. Banerjee, A. Shrake, L. S. Forster, and J. A. Rupley, J. Biol. Chem., 250 

(1975) 8275-8282. 
33 A. N. Savelyev, V. R. Sergeev, and L. M. Firsov, Biokhimiya, 54 (1989) 1725-1731. 
34 A. N. Savelyev, V. R. Sergeev, and L. M. Firsov, Biokhimiya, 55 (1990) 52-58. 
35 B. Svensson, H. Jespersen, M. R. Sierks, and E. A. MacGregor, Biochem. J., 264 (1989) 309-311. 
36 N. J. Belshaw and G. Williamson, PEBS Lett., 269 (1990) 35&353. 
37 B. Svensson, T. G. Petersen, I. Svendsen, T. Sakai, and M. Ottesen, Curlsberg Res. Commun., 47 (1982) 

55-69. 
38 B. Svensson, K. Larsen, I. Svendsen, and E. Boel, G&berg Res. Commun., 48 (1983) 529-544. 
39 E. Boel, I. Hjort, B. Svensson, F. Norris, K. E. Norris, and N. P. Fiil, EMBO J., 3 (1984) 1097-l 102. 
40 B. Svensson, K. Larsen, and A. Gunnarsson, Eur. J. Biochem., 154 (1986) 497-502. 
41 M. R. Sierks, C. Ford, P. J. Reilly, and B. Svensson, unpublished results. 
42 F. R. Heiker, H. BBshagen, B. Junge, L. Mtiller, and J. Stoltefuss, Excerpta Med., 544 (1982) 137-141. 
43 B. Junge, H. Biishagen, J. Stoltefuss, and L. Miiller, in V. Brodbeck (Ed.), Enzyme Inhibitors, VCH 

Publishers, Weinheim, 1980, 123-137. 
44 K. Bock, M. Meldal, and S. Refn, Carbohydr. Res., 221 (1991) 1-16. 
45 N. Shibuya, I. J. Goldstein, J. A. Shafar, W. J. Peumaus, and W. F. Broekaent, Arch. Biochem. Biophys., 

249 (1986) 215224. 
46 J. Bieth, Bayer-Symposium V ‘Proteinase Inhibitors”, Springer-Verlag, Berlin, 1974,463469. 
47 Y. Nitta, T. Kunikata, and T. Watanabe, .7. Biochem. (Tokyo), 93 (1983) 1195-1201. 
48 T. F. Spande and B. Witkop, Methods Enzymol., 11 (1967) 498-506. 
49 M. Iwama, T. Takahashi, N. Inokuchi, T. Koyama, and M. Irie, J. Btochem. (Tokyo), 98 (1985) 

341-347. 
50 A. Tanaka, M. Ohnishi, K. Hiromi, S. Miyata, and S. Murao, J. Biochem. (Tokyo), 91 (1982) l-9. 
51 K. Hiromi, A. Tanaka, and M. Ohnishi, Biochemistry, 21 (1982) 102-107. 
52 A. Tanaka, M. Ohnishi, and K. Hiromi, Biochemistry, 21 (1982) 107-113. 
53 R. U. Lemieux, N. Le, and M. Palcic, unpublished results. 
54 M. Monma, Y. Yamamoto, and K. Kainuma, Agric. Biol. Chem., 53 (1989) 1503-1508. 
55 E. Truscheit, W. Frommer, B. Junge, L. Mtiller, D. D. Schmidt, and W. Wingender, Angew. Chem., 93 

(1981) 738-755. 
56 T. T. Herskovits and S. M. Sorensen, Biochemistry, 7 (1968) 2533-2542. 
57 V. S. Ananthanarayanan and C. C. Bigelow, Biochemistry, 8 (1969) 3717-3723. 
58 E. H. Strickland, J. Horwitz, E. Kay, L. M. Shannon, M. Wilchek, and C. Billups, Biochemistry, 10 

(1971) 2631-2638. 
59 E. H. Strickland, C. Billups, and E. Kay, Biochemistry, 11 (1972) 3657-3662. 
60 K. Ogasahara, and K. Hamaguchi, J. Biochem. (Tokyo), 61 (1967) 199210. 
61 M. Ohnishi, H. Kegai, and K. Hiromi, J. Biochem. (Tokyo), 77 (1975) 695-703. 
62 T. Itoh, I. Ohtsuki, I. Yamashita, and G. Fukui, J. BucterioL, 169 (1987) 41714176. 
63 N. Yamasaki, T. Eto, and F. Sakiyama, Agric. Biol. Chem., 52 (1988) 2333-2334. 
64 R. S. Phillips and P. Gollnick, PEBS Lett., 268 (1990) 213-216. 
65 S. Ueda, Trends Biochem. Sci., 6 (1981) 89-90. 
66 C. Klein and G. E. Schulz, J. Mol. Biol., 217 (1991) 737-750. 


