
CarbohydroteResearch, 165 (1987) 155-160 
Elsevier Science Publishers B.V., Amsterdam - Printed in The Netherlands 

155 

Note 

Characterization, by the binding of D-mannonolactone, of the subsites 
adjacent to the catalytic site of glucoamylase from Rhizopus niveus* 
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In lysozyme, the l&lactone form of sugar acids, having a half-chair con- 
formation is thought to be an analog of the transition state in the enzyme-catalyzed 
reaction, and to be bound at Subsite D, which is situated at the catalytic sitele3 of 
the enzyme. Moreover, Hehre et aL4-* pointed out that D-glucal, an unusual 
saccharide, is a good analog of the intermediate, rather than being simply a sub- 
strate analog, in the enzyme catalyzed reaction of glycosidases. Thus, studies on the 
interaction of lactones with glucoamylase, one of the glycosidases, could be useful 
for investigation of the enzyme mechanism and characterization of the subsites of 
the enzyme. 

D-Glucono-l$lactone (D-gluconolactone), which has a half-chair confor- 
mation6, is a potent inhibitor of glucoamylase, and is considered to be bound at 
Subsite 1, probably being mimic of the substrate conformation at the catalytic site 
during the transition state”‘. On the other hand, when D-glucose and D-mannose 
were investigated for the inhibition of glucoamylase, it was concluded7*9 that these 
saccharides are bound at Subsite 2. Such binding is expected to result in purely 
competitive inhibition for substrates, including amylose’. 

We now report studies on the interaction of glucoamylase with D-mannono- 
1,5-lactone (D-mannonolactone), which has a conformation similar to that of D- 

gluconolactone, and might be expected to be a potent inhibitor by binding at Subsite 
1. However, from our results with inhibition steady-state kinetics, difference 
spectrophotometry, and the fluorescence method, we conclude that D-mannonolac- 
tone is not bound at Subsite 1, but may be bound at Subsite 2. 

* Supported, in part, by a grant from the U.S. Public Health Service (GM-08822). 
** To whom correspondence should be addressed. Present address: Department of Food Science 
and Technology, College of Agriculture, Kyoto University, Sakyo Ward, Kyoto City, Kyoto 606, 
Japan. 
*** Deceased, November 26th, 1981. 

0008-6215/87/$03.50 @ 1987 Elsevier Science Publishers B.V. 



156 NOTE 

EXPERIMENTAL 

Glucoamylase. - The enzyme from Rhizopus niveus was a product of Seika- 
gaku Kogyo Co., and was used without further purification. The concentration of 
the enzyme was determined spectrophotometrically, taking the absorption unit 
A&&,, to be 16.3 cm-’ and the molecular weight, 56,000. 

Saccharides. - Amylose having d.p. (average) of 17, and D-mannonolactone 
were respectively purchased from Hayashibara Biochemical Laboratories, Inc., and 
P-L Biochemicals, Inc. 

Methods. - Hydrolytic reactions for substrate amylose (d.p. 17) catalyzed by 
glucoamylase were performed at 25” in 0.02~ acetate buffer, pH 4.5. The time 
course of reaction was monitored by determination of the reducing value. Reducing 
power was measured by the K3Fe(CN)h method with a Technicon Autoanalyzer”‘. 

U.v.-difference absorption spectra were measured at pH 4.5 and 25” by using 
a Cary-15 spectrophotometer, as described”.“. Fluorescence spectra, with 
excitation at 280 nm, were measured under the same conditions by using a Jarrell 
Ash and a Union Giken FS-401 fluorescence spectrophotometer”. The o-mannono- 
lactone solution was used within 15 min after dissolving, to minimize the effects of 
its hydrolysis. 

RESULTS AND DISCUSSION 

Znhibitioti kinetics. - It was previously reported that n-gluconolactone shows 
mixed-type inhibition for an amylose (d.p. 17) substrate, suggesting binding at 
Subsite 1 of the enzyme7,s. o-Gluconolactone, which has as half-chair confor- 
matio#, is also thought to be a transition-state analog for glucoamylase, by analo- 
gies with the lysozyme-catalyzed reaction2”. D-Mannonolactone has a conformation 
similar to that of n-gluconolactone, except for the configuration of C-2, and might 
be expected to bind at Subsite 1. However, the experimental results with the 
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Fig. 1. Double reciprocal plot, l/v vs. I/S for amylose (d.p. I7)-glucoamylase system. Enzyme 
concentration, 46~; open circles, absence of o-mannonolactone; closed circles, presence of D- 

mannonolactone (65.5mM); substrate, amylose (d.p. 17); pH 4.5; 25°C. 
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inhibition kinetics indicated that the noncompetitive terms, K{ and Kg in Eqs. 12 
and 13, respectively, of ref. 7, are essentially zero (see Fig. l), thus excluding an 
enzyme-n-mannonolactone-amylose complex (enzyme-inhibitor-substrate) for- 
mation in which the analog is bound at Subsite 1 according to derivation (see ref. 7). 
Thus, the experimental results clearly show that n-mannonolactone is a purely 
competitive inhibitor for amylose (d.p. 17) substrate, as shown in Fig. 1. 

The inhibitor constant Ki for n-mannonolactone was evaluated to be 47mM, 
which is much different from that for o-gluconolactone (Ki = 1.5m~). n-Glucose 
and o-mannose cause purely competitive inhibition for p-nitrophenyl cr-D-glucosideg 
as substrate, and are thought’ to be bound at Subsite 2. The inhibitor constants of 
n-glucose and o-mannose are evaluated to be 0. laa and 0. ~~IVI, respectively, indicat- 
ing that the Ki value for n-mannonolactone is rather similar to those for n-glucose 
and n-mannose. Therefore, based on the results with inhibition kinetics, we rea- 
sonably conclude that D-mannonolactone is not bound at Subsite 1 of the enzyme. 

Difference spectrophotometry. - U.v.-difference absorption spectrum, 
which has peaks at 285 and 302 nm, was observed when o-mannonolactone was 
added to glucoamylase solution (data not shown here). The difference spectrum is 
similar to that produced by the n-glucose binding, and is quite different from that 
produced by the n-gluconolactone binding, the spectrum of which has a trough at 
302 nm, instead of a peak (see ref. 12). 

Intensity of the difference absorption at 302 nm per mole of the enzyme 
(A& was evaluated on the basis of the difference absorption spectrum, and was 
plotted against the concentration of n-mannolactone [Ml, as shown in Fig. 2. The 
plot gives a hyperbolic curve, thus suggesting the following reaction scheme: 

E+M #EM, 

Kd 

(I) 

where EM is the n-mannonolactone-glucoamylase complex, and Kd is dissociation 

D-Mannonolactone (mM) 

Fig. 2. Dependency of the molar difference absorption (AC) upon the concentration of mannono- 
lactone [M]. Enzyme concentration, 218~; A.e evaluated. at 302 nm of the difference absorption 
spectra produced by the D-mannonolactone binding; pH 4.5; 25°C. 
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constant of the EM complex. Under the conditions employed, the total concent- 
ration of the enzyme, [E]e, is negligible in comparison with the concentration [M] of 
o-mannonolactone. Since Ae is proportional to [EM], a linear relationship between 
AE and [M] can be obtained, as described’*. Thus, the “binding parameters”, Afnlnz 
(where all of the enzyme is saturated by the binding of D-mannonolacrone) and Kd, 
can be evaluated from the linear plot of l/A6 against l/[M]. The KC, value for 
o-mannonolactone was found to be 45mM. This value is in good agreement with the 
Ki value already evaluated, 47mM, but is much different from Kd for n-gluconolac- 

tone (1.5mM). 
Fluorescence spectrophotornetry. - The fluorescence spectrum of the 

enzyme, which has a peak at -340 nm, was also observed, and the difference 
intensity-change in fluorescence, AF, was measured by the procedures described for 
o-gluconolactone’3, The plot of AF against [M] is a hyperbola, suggesting the same 
reaction scheme as Eq. I. Since AF is proportional to the D-mannonolactone- 
glucoamylase complex EM, the binding parameters, AF,,,, (where all of the enzyme 
is saturated by o-mannonolactone) and Kd, can also be evaluated from a linear plot 
of l/AF - l/[M]. The Kd value was found to be O.O95M, which is much different 
from that for D-gluconolactone (& = 1.1 mM). These Kd and Ki values are summa- 
rized in Table I. 

The standard free-energy change, AGO, for the formation of the D-mannono- 
lactone-enzyme complex can be evaluated from Ki and Kd values, according to the 
following equations. 

A@ = - RT ln(l/KJ (2) 
= -RTln(l/KJ (3) 

The results are summarized in Table I. A@ for the n-mannonolactone- 
glucoamylase complex-formation is much less than that for that of the maltose- or 
D-gluconolactone-glucoamylase complex (AC” = 4 kcal/mol), and is rather similar 

TABLE I 

DJSSOCJATJON OR INHJBITOR CONSTANT AND STANDARD FREE-ENERGY CHANGE FOR THE D-MANNO- 

NOLACTONE-GLJJCOAMYLAW COMPLEX FORMATION” 

Kd or Ki (mMjh - dG” (kcal/tnol)” Method 
-.--.-____- _. __.__ __ -_..-.-.__.___,___ .__ ..__. ._ .._. 

47 k6.3 1.8 kinetics 
45 +16 1.9 d. Ii. 
95 -e16 1.4 II. 5. 
- -.---.-. - -... --..---..-_ -._.- .-.-.-._.-._ ._... - ..- __._.___ .._..._._ 

“0.02~ Acetate buffer, pH 4.5, 25°C. The Michaelis constant K,,, I‘or substrate amylose (d.p. 17) 
was evaluated to be 0.023 *0.0086% (sd.). ‘Kd, dissociation constant; Ki, inhibitor constant. 
’ - AGO, standard free-energy change. “Kinetics, the inhibition steady-state kinetic method: d. s., 
difference absorption spectrophotometry; Il. s., fluorescence spectrophotomctry. 
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to AGO for the D-glucose- or D-mannose-glucoamylase complex formation’ (AGO = 
l-2 kcal/mol). 

Binding subsite for D-mannonolactone, - Taken together, all of our findings 
lead us to conclude that D-mannonolactone does not bind at Subsite 1. Based on 
steady-state kinetic studies, Hiromi et al. “*‘5 concluded that the catalytic site of 
glucoamylase lies between Subsite 1 and Subsite 2. In previous studies7-9, it was 
concluded that D-gluconolactone is bound at Subsite 1, whereas D-glucose and D- 

mannose are bound at Subsite 2, a conclusion that may prove to be an important 
point for characterization of the subsites adjoining the catalytic site (Subsite 1 and 
Subsite 2); that is, these conclusions mean that the configuration of C-2 of the 
lactone is crucial for binding Subsite 1, because the difference between D-glucono- 
lactone and D-mannonolactone, and also between D-glucose and o-mannose, is only 
the position of the OH-2 group. Inasmuch as the lactone mimics the conformation 
of the putative transition-state, the failure of D-mannonolactone to bind at Subsite 1 
carries a strong implication as regards the role of OH-2 in inducing a transition-state 
conformation. Previous studies using 0-2-(hydroxyethyl)malto-oligosaccharides 
also support this suggestion; that is, (hydroxyethyl)ation at O-2 of the (nonreducing) 
D-glucosyl group blocks hydrolysis by glucoamylase, presumably because such 
substitution sterically interferes16 with binding at Subsite 1. 

All of the analogs, including D-glucose, D-mannose, D-galactose, and D-xylose 
result in purely competitive inhibition for substrate p-nitrophenyl a-D-glucopyrano- 
side, and are consistent with their being bound’ at Subsite 2. These findings suggest 
that the specificity for binding at Subsite 2 is not particularly exact; therefore, the 
conformation of this subsite is presumed to be certainly flexible. Subsite 1 may, 
however, not recognize any kind of exception to the structure for the D-glucose 
residue, and should be called a “recognizer”; thus specificity for the binding at this 

subsite may be extremely exact, and limited to just D-glucose residues. 

ACKNOWLEDGMENTS 

The authors express their gratitude to Professor John F. Robyt of the Depart- 
ment of Biochemistry and Biophysics, Iowa State University, for his kind coop- 
eration and for reviewing the manuscript. We are also indebted to Dr. John Foss of 
Iowa State University for his assistance with the spectrophotometric and spectro- 
fluorometric measurements. 

REFERENCES 

1 D. C. PHILLIPS, Sci. Am., 215: 5 (1966) 78-90. 
2 L. 0. FORD, L. N. JOHNSON, P. A. MACHIN, AND D. C. PHILLIPS, J. Mol. Biol., 88 (1974) 

349-37 1. 
3 E. F. OSSERMAN, R. E. CANFIELD, AND S. BEYCHOK, Lysozyme, Academic Press, New York, 

1974, pp. 3-300. 



160 NOTE 

4 E. J. HEHR~~, Abstr. Int. Symp. Carbohydr. Chem., 7th, Bratislava, 1974, p. 158. 
5 E. J. HEHRE, D. S. GENGHOF, H. STERNLICHT, AND C. F. BREWER, Biochemistry, 16 (1977) 

1780-1787. 
6 M. L. HACKARRT AND R. A. JACOBSON, Acta Crystallogr., Sect. B, 27 (1971) 203-209. 
7 M. OHNISHI, T. YAMASHITA, AND K. HIROMI, J. Biochem. (Tokyo), 79 (1976) 1007-1012. 
8 K. HIROMI, M. OHNISHI, AND A. TANAKA, Mol. Cell. Biochem., 51 (1983) 79-95. 
9 K. HIROMI, M. KAWAI, N. SUETSUCIJ, Y. NITTA, T. HOSOTA~I, A. NAGAO, T. NAKAJIMA, AND S. 

ONO, J. Biochem. (Tokyo), 74 (1973) 935-943. 
10 J. F. ROBYT, R. J. ACKERMAN, AND J. G. KENG, Anal. Biochem., 45 (1972) 517. 
11 M. OHNISHI, J. Biochem. (Tokyo), 69(1971) 181-189. 
12 M. OHNISHI, H. KEGAI, AND K. HIROMI, J. Biochem. (Tokyo), 77 (1975) 695-703. 
13 M. OHNISHI, T. YAMASHITA, AND K. HIROMI, J. Biochem. (Tokyo), 81 (1977) 99-105. 
14 K. HIROMI, Biochem. Biophys. Res. Commun., 40 (I 970) l-6. 
15 K. HIROMI, Y. NITTA, C. NUMATA, AND S. ONO, Biochim. Biophys. Acta, 302 (1973) 362-375. 
16 Y. C. CHAN, 0-(2-Hydroxyethyljamylose as the Substrate of Porcine Pancreatic wAmylase 

Action: Structural Analysis of 0-(2-Hydroxyethyl)maIro-otigosaccharides, Ph. D. Thesis, lowa 
State University, Ames, 1975. 


