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ABSTRACT 

Maltodextrin (high-d.p. malto-oligosaccharides) was found to produce a 
trough at 303 nm in the difference spectrum of glucoamylase (E.C. 3.2.1.3) from 
Rhizopus niveus upon binding with the enzyme; this trough disappears upon hydro- 
lysis. The trough, which was ascribed to a change in the electrostatic environment of 
a tryptophan residue at the terminal subsite of the enzyme, was found closely related 
to the formation of the enzyme-substrate complex. The kinetics of binding of malto- 
dextrin and maltotriose to the enzyme were studied at pH 4.5 2nd 9, by monitoring 
the trough by the stopped-flow method. The result was consistent with a two-step 
mechanism, in which a fast, bimolecular association is followed by a slower, uni- 
molecular isomerization-process. The latter process involves an environmental 
change of the tryptophan residue, and is considered to be closely connected to the 
formation of the productive complex essential for the catalysis. 

INTRODUCTION 

Rhizoplrs glucoamylase, which hydrolyzes starch completely to D-glucose from 
its nonreducing ends by an exo type of degradation, was first crystallized by Tsujisaka 
et al.‘. Because of its simple action-pattern, the enzyme has been an excellent object 
for kinetic studies 2-1g. The structure of its active site has been characterized in 
terms of subsites, and the subsite affinities have been estimated12*13. Chemical 
modification of the enzyme with IV-bromosuccinimide (NBS) has revealed that 
probably two tryptophan residues are in the active site’ 6. The tryptophan fluorescence 
of the enzyme protein has been found to be partially quenched by the addition of 
maltodextrinr I’, D-glucono-1,5-lactonel ’, and low molecular-weight malto-oligo- 
saccharideslg. This property has been utilized to study the kinetics of interaction 

*Dedicated to Professor Dexter French on the occasion of his 60th birthday. 
Vhis study was supported, in part, by a grant from the Ministry of Education, Science and Culture, 
of Japan. 
Yfhis term is used to denote a malto-oligosaccharide mixtore of reiatively high degree of polynxxk- 
tion (d-p. > 10). 
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of the enzyme with these substrates or analogs 17-1g. It has also been found that a 
characteristic trough near 300 nm in the difference spectrum of the enzyme appears 
upon binding with maltose and D-gfucono-1,54actone, but not with D-glucose14. It 
was strongly suggested that the trough is due to some electrostatic, environmental 
change of a tryptophan residue, which is located in the terminal subsite where the 
nonreducing-end D-glucose residue is situated in the productive binding-mode of 
substrates14. 

In this paper, we have aimed to study kinetically the mechanism of interaction 
between the enzyme and substrates, maltodextrin and maltotriose, by utilizing the 
trough near 300 nm as a probe for monitoring the reaction. 

EXPERIMENTAL 

Materials. - Glucoamylase from Rhizops niveus (the purest grade, lyophilized) 
was purchased from Seikagaku Kogyo Co., and was used without further purifkation. 
The enzyme sample was confirmed to be free from alpha amylase by examining the 
relationship between the blue value and the reducing value, as has been described 
elsewhere2’. The enzyme concentration was determined spectrophotometrically at 
280 nm, by using the value of EiFo = 13.5 cm-’ and the moiecuIar weighti of 56,000. 

Maltodextrin (malto-oligosaccharides) of number-average degree of polymeri- 
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Fig. 1. Difference spectra of gh~amylase as produced by maltodextrin; pH 4.5, 25”; enzyme 
concentration eo = 22.0 FM. The initial substrate Wnmn!iGitiOn s = 0.38 % (1.4 m). The scanning 
speed was 20 mn per sec. Curve a: The difference specbmm taken within i2 set after Wg, which 
corresponds to the enzyme-substrate wrnplex in the steady-state of the reaction. Curve 6: The 
difEerence spectrum at 7 min after mixing, which carresponds to the enzyme-product (o-glucose) 
system. 
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zation d.p., = 17, and maltotriose are the products of Hayashibara Biochemical 
Laboratories, Inc. 

Methods. - The difference spectrum was taken with a spectrophotometer 
(Union Giken SM-401) at 25O using tandem cells, as described elsewhere14. A mixing 
apparatus (Union Giken MX-7) was used for the measurement of difference spectra 
in the steady state of the enzyme reaction (see Fig. 1). 

Two types of stopped-flow apparatus (Union Giken SF-70 and RA-401) 
equipped with 200 W D2 lamps as the light source were used. The former (SF-70) 
is of the conventional type equipped with driving syringes for mixing two solutionP, 
whereas the latter (RA-401) is of a new type that utilizes pressure of nitrogen gas 
and an electromagnetic valve for driving and stopping the solutions**. A data- 
averaging system (Union Giken m-450) was used in connection with the apparatus, 
if necessary. The optical path employed was 1 cm, and the dead time of the apparatus 
was about 1 msec. 

The reactions were performed at pH 4.5 with 0.02M acetate buffer and at 25 
or 5”. 

RESULTS 

The difference spectrum between the enzyme-substrate system in the steady 
state and the enzyme alone was observed with maltodextrin as the substrate, with a 
spectrophotometer and a mixing apparatus. Fig. 1 shows the result, where (a) is the 
difference spectrum taken within 12 set after mixing (the scanning speed was 20 nm 

c I dE500 

1Osec 

Fig. 2. The time-course of the absorbance change at 303 run observed for maltodextrin by the 
stopped-flow method at 2.5O. The curve represents the overall reaction; eo = 24.3 FM; de represents 
the apparent change in molar absorptivity, which is equal to the absorbance change divided by the 
molar enzyme concentration eo. The initial substrate concentration (from left to right): s = 0.05, 
O.&O.2 and 0.3 %. 
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per set), which can be regarded as the difference spectrum between the enzyme- 
substrate complex and the enzyme, and (6) is the difference spectrum 7 min after 
mixing, which refers to the enzyme-o-glucose system. The transient appearance of a 
trough near 300 nm is clearly seen. The difference spectrum (a) is very simiku to 
that observed for maltose 14. The disappearance of the trough when the enzyme 
reaction is terminated is due to the fact that D-glucose does not show this troughI and 
to its low afkity for the enzyme’. 
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Fig. 3. The dependence of the apparent change in molar absorptivity at 303 KS-II (d.5303) on the 
initial concentration of maltodextrin. The value of d&303 was obtained from the depth of the curve in 
Fig. 2. The insert is the linear plot of ~/As303 against S; pH 4.5,~~. 

Fig. 4. The proportionality between the integrated absorbance-change and the initial concentration 
of substrate. The ordinate shows the area surrounded by the reaction curve in Fig. 2 (in arbitrary 
units); pH 4.5,25 O. 
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Time courses of the change in absorbance at 303 nm accompanying the overall 
reaction observed with the stopped-flow method at 25O are shown in Fig. 2 for 
various substrate concentrations. Each curve shows a rapid initial decrease in ab- 

sorbance, which recovers to the initial state after achievement of steady states 
following various time-lapses. That these curves reflect the formation and disappear- 
ance of the enzyme-substrate complex may be confirmed in the following manner”. 

The apparent change in molar absorptivity at 303 MI, LIE~~~, which can be 
obtained from the depth of the individual curve in Fig. 2, is plotted as a function 

of the substrate concentration s in Fig. 3. The insert of the figure shows the linearity 
of the plot Of S/dEs03 versus S, indicating a concentration dependence of the Michaelis- 
Menten type. The maximum change in molar absorptivity (Aea) is estimated to 

be 1220 cm-‘, and the substrate concentration for half-saturation sIIz is determined 
as 0.022 % (0.080 mu). The latter value of sI,2 is in good agreement with that obtained” 
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Fig. 5. Comparison between the statically obtained, difference spectrum and that obtained by the 
stopped-flow method for maltodextrin at 5 O. The solid line shows the difference spectrum obtained 
with a spectrophotometer as in Fig. 1. The open circle shows the absorbance change at various 

wavelengths obtained by the stopped-flow method (such as shown in Fig. 2); eo = 22.0 pM; s = 

0.38% (1.4 rnM). 

Fig. 6. The time course of the binding of maltodextrin with the enzyme, as observed from the 
absorbance change at 303 run at 5”. The curve was obtained with the stoppd-flow apparatus (RA- 
401) and the data-averaging system v-450); 5 accumulations; eo = 24.3 ,UM; s = 0.10% (0.36 mu). 
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from the ffuorescence stopped-flow method (.~r,~ = 0.027 %) with maltodextrin at 25”. 
Moreover, the area surrounded by the reaction curve in Fig. 2 is proportional 

to the initial substrate-concentration S, as shown in Fig. 4. 
These rest&s have provided us with sufficient evidence for considering that 

the trough at 303 run is due to the formation of an essential intermediate of the 
reaction, the enzyme-substrate complex. 

The total change in absorbance (d&& observed with the stopped-flow method 
(such as shown in Fig. 2) was measured at various wavelengths at 5O, and was com- 
pared with the difference spectrum statically obtained with a spectrophotometer at 
5”, as shown in Fig. 5. The result demonstrates a reasonable agreement between 
the two spectra. The discrepancy below 285 nm might be due, in part at least, to 
the effect of stray light. 

In this paper, we focus attention on the binding of the substrate to the enzyme, 
which can be observed through the rapid decrease in absorbance at 303 ML The 
reaction temperature (5”) was chosen so as to lower the rate and facilitate observation. 
A typical example of the time-course of the reaction obtained with a stopped-flow 
apparatus (RA-401) and a data-averaging system (RA-450) is shown in Fig. 6. 

The reaction fits first-order kinetics, and the apparent first-order rate-constant 
(i&J can readily be evaluated. The dependence of kaPP on the substrate concentration 
s is shown in Fig. 7. Unfortunately, it is rather difficult to judge whether the plot is 
linear or whethe;. it +-:nds to saturate at higher substrate-concentrations, a factor 
that is important L +ile interpretation of the results. 

To make this point clear, the same kinetic study was made with mahotriose 
as the substrate, for which it is much easier to work at higher molar concentrations. 
An exampIe of a stopped-flow trace and the concentration dependence of kapp on s 
are shown in Figs. 8 and 9, respectiveiy. The hyperboIic concentration-dependence 

of k;(,,p is consistent with a two-step mechanism of the interaction, involving fast, 
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Fig_ 7. The dependence on substrate cxxentration of the apparent first-order rate-constant (&.p) 
for the binding of maltodwtrin with the enzyme at pH 4.5 aad 5 9 
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Fig. 8. The time-course of the binding of makotriose vvith the enzyme, as observed from the ab- 
sorbance change at 303 nm at 5 “. The curve was obtained with the stopped-flow apparatus and the 
data-averaging system as in Fig. 6; 17 accumulations; e, = 10.9 phi; [Maltotriosc] = 5.0 mu. 
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Fig. 9. The dependence on substrate concentration of the apparent first-order rate-constant (kSPP) 
for the biding of maltotriose with the enzyme at pH 4.5 and 5”; eo = 10.9 ,uM(O) and 21.3 pM (0). 

The solid lime is the theoretical curve drawn from Eq. 5, by using the following values: K-I = 1 .l mrd, 
k+z = 370 xc-*, k-a = 70 xc-l. 

bimolecular association followed by a slower, unimolecular, isomerization-processz3: 

k 
E + S : ES 

k 
:ES* 

k-, k--2 
(0, 

where ES and ES* are structural isomers of the enzyme-substrate complex. 
Relaxation kinetics23 predicts that, at most, two relaxation-times z1 and T* 

(zl -C r2) may be obtained from the.two-step mechanism (Eq. I). When the initial 
substrate-concentration s is sufficiently larger than the enzyme concentration e,, the 
reciprocal relaxation-times (which are equal to apparent first-order rate-constants) 
are given as foUows24: 

11% = k-, +k,,s (2) 

and 
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kczs 
l/z2 =k-2 -I-~_ Is 

1‘ 
(319 

where K_, (= k_Jkil) is the dissociation constant of the rapidly formed enzyme- 
substrate complex, ES. Tha shorter relaxation-time rl may not be obtained if the 
bimolecular process is too fast to be observed by the method employed, or if no 
observabIe change for detection inherenffy accompanies the process, or both. 

The result obtained for maltotriose (Fig. 9) is undoubtedly consistent with the 
interpretation that kapp is equal to 1/z2, which bears mainly the characteristics of the 
slower, unimolecular, isomerization-process. 

DISCUSSION 

The hyperbolic concentration-dependence of knpp observed for maltotriose is 
of the same type as those commonly observed for many enzyme-ligand interactions”. 
The most acceptable interpretation of the resuIt is that the enzyme-substrate inter- 
action is consisted of two steps, a fast, bimolecular association (E + S + ES) folIowed 
by a slower, unimolecular, isomerization-process (ES + ES*), as shown in Eq. 1. 
The rate constant (&,,) obtained is now given by: 

F 
kizs 

-nPP =k_2 + 
K-1 -I- .s 

The overah dissociation-constant (KJ, which can be obtained from the static measure- 
ment (see, for example, Fig. 3), is related to K1 and k+2/k-2 as followsz4: 

K-1 

The value of k_-2 may readily be obtained from the vertical intercept of the 

m 

plot kapp versus s. K_, and k+2 may then be obtained in the same manner as for the 
Michaelis-Menten plot. These values for maltotriose are as follows: K-, = k_Jk,, = 

l.Im~, kf2 = 370 SC-‘, and k_-2 = 70 set”. & is thus calculated from Eq. 5 as 
_k: = O.I7mbi, which is comparable to the value of Michaelis constant K, (=O.%maf) 
obtainedI from the steady-state kinetics at 25*. It may be reasonable to consider 
that ES* is the essential productive-complex from which the product D-gkICOSe is 
formed. 

The data with maltodextrin as the substrate (Fig. 7) are not su&ient to 
conclude the two-step mechanism, because of the limited range of substrate con- 
centration studied. However, the values of ?c_~ (the vertical intercept of the plot 
in Fig. 7) and k+2/K-l (the initial slope of the pIot, about 3 x 10’ M-1SCC-1) are 
similar in magnitude to those of maltotriose (Fig. 9). Moreover, Yamashita has found 
hyperbolic substrate-concentration dependence of kspp similar to that of ma&otiose 
for a series of malto-oligosaccharides (d-p. = 2-7), by monitoring the fluorescence 
quenching accompanying the enzyme-substrate interactionlg. Therefore, it is quite 
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reasonable to consider that the same two-step 
maltodextrin. 

mechanism (Eq. I) is also palid for 

It is now interesting to see in which of the two processes the characteristic 
trough at 303 nm does appear. This can be done by comparing the total change in 
absorbance AA,,, (see, for example, Fig. 5) with the absorbance change observed 
in the stopped-flow trace (Fig. 6) 18. If the trough appears solely in the unimolecular 
step, the absorbance change observed by the stopped-flow method (Fig. 6), which is 
corrected to the dead-time of the apparatus*, AA,,, must be equal to AA,,,. 

If the fast, bimolecular process were accompanied with appreciable change in 
absorbance, AA,, and AA,,, would be different. 

Now the value of AA,,, from Fig. 5 at 303 nm may be compared with the value 
of AA,, which can be obtained from Fig. 6. With s = 0.38 7: and e, = 22 JM, AA,,, 
is 0.024. By using the concentration dependence of As,,, (Fig. 3),. and correcting 
for the enzyme concentration, this value of AA,,, is converted into that for s = 0.1% 
and e. = 24.3 w, the conditions for the stopped-flow experiment of Fig. 6. Thus 
we have, AAt,, (S = O.l%, e. = 24.3 pi) = 0.023. On the other hand, Fig. 6 gives 
the absorbance change actually observed with the stopped-flow method, AA,,_ = 
0.020. When this value is corrected for the dead time (& = 1 msec) by using Eq. 7 
with k_, = 130 set -’ (Fig. 7), we have: dAsF = 0.020 x e”*r3 = 0.023 for s = 0.1 y0 
and e. = 2.43 PM. The excellent agreement between AA,,, and A& thus conGrms 
that the trough at 303 nm appears solely in the isomerization process (ES it ES*), 
but not in the fast, bimolecular step (E + S * ES). 

As the tryptophan residue responsible for the trough is considered to be located 
in the first subsite adjacent to the catalytic site14, which is occupied by substrates 
only in productive binding-modes13, it is most likely that the trough due to the 
environmental change of the tryptophan residue is closely related to the formation 
of productive complex essential for the catalytic process. Thus the minimal mechanism 
for the glucoamyiasecatalyzed reaction may be represented as follows: 

k 
E+S J 

k 
ES :ES* 

k 
f3E+P (8) 

k-, k_, 

where ES* is the essential productive complex that shows the trough at 303 nm, 
and P is the product. The rate constant k,, may correspond to the formerly defined 
“intrinsic rate-constant kint for the bond cleavage” in the productive complexZ3. As 
kt2 (= 370 see-' for maltotriose at 5”) is appreciably larger than kint (= 77 set-’ 

*Let the process be of a @seudo)l%st order having a rate constant ksPp, and .4&~, be the fast change 
in absorbance actually observed iu the stopped-flow apparatus having a dead time ia. Then, the 
correction for the dead time may be made with the following equation: 

ksfytd = h(~~SF/~~o~) (a) 
or 

d&F = d-&bs -eXP(ks~,fd). (7) 
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at 25”)13, the rate-limiting step is considered to be the bond-cleavage process (the 

k3 stel;). 
The k+z value for glucoamylase, which is closely related to the productive 

complex-formation, is much larger than the correspondingrate-constant for lysozyme- 
oligosaccharide interaction obtained by Holler et aZ.26 (k23 = 10-20 set-r at 25O 
for p-process), and rather similar in magnitude to those for the unproductive complex- 
formation for lysozyme24*26. 

ACKNOWLEDGMENT 

The authors acknowledge the generous gift of maltodextrin and maltotriose 
from Hayashibara Biochemical Laboratories, Inc. 

REFERENC’ES 

1 Y. TSUJIWKA, J. FUICUMO~, AND T. YAMAhfOTO, Nature, 181 (1958) 770-771. 
2 S. ONO, K. HIROMI, AND M. ZINBo, J. Biochem. (Tokyo), 55 (1964) 315-320. 
3 XC_ H~ROMI, 2. HAMATJZU, K. TAKAIIASM, AND S. ONO, J. Biochem. (Tokyo), 59 (1966) 411418. 
4 K. HIROMI, K. TAKAHAS I-II, 2. HAMAUZU, AND S. ONO, J. Biochem. (Tokyo), 59 (1966) 469-475. 
5 K. HIROMI, IM. KAWAI, AND S. ONO, J. Biochem. (Tokyo), 59 (1966) 476-480. 
6 N. S~ETSUGU, E. HIROOKA, H. Your, K. HIROMI, AND S. ONO, J. Biochem. (Tokyo), 73 (1973) 

1223-1232. 
7 K. H~OMI, M. KAWAI, N. SWXSUGU, Y. NIITA, T. ?%SoTAhT, A. NAGAO, T. NAKAJIMA, AND 

S. ONO, J. Biochem. (Tokyo), 74 (1973) 935-943. 
8 S. ONO, K. HIROMI, AND Z. HAMA~~~J, J. Biochem. (Tokyo), 57 (1965) 34-38. 
9 Z. HAMAUZU, K. Worm, AND S. ONO, J. Biochem. (Tokyo), 57 (1965) 3941. 

10 K. H~OMI AND S. ONO, J. Biochem. (Tokyo), 53 (1963) 164-166. 
11 K. HIROMI, K. OGAWA, N. NAKANISHI, AND S. ONO, L Biochem. (Tokyo), 60 (1966) 439449. 
12 K. HIROMI, Biochem. Biophys. Res. Commun., 40 (1970) l-6. 
13 K. HIROMI, Y. NI-ITA, C. NCJMATA, AND S. ONO, Biochim. Biophys. Acta, 302 (1973) 362-375. 
14 M. OHNISHI, H. KEG!& AND K. HIROMI, J. Biochem. (Tokyo), 77 (1975) 695-703. 
15 M. OHNISHI, T. Y-A, AND K. HIROMI, J. Biochem. (Tokyo), 79 (1976) 1007-1012. 
16 M. OHNISHI AND K HIROMI, J. Biochem. (Tokyo), 79 (1976) 11-16. 
17 K. HIROMI, M. OHNLW, XND T. Y AAWjFnTA, J. Biochem. (Tokyo), 76 (1974) 1365-1367. 
18 M. OEINISHI, T. YAMAWITA, AND K. H~OMI, J. Biochem. (Tokyo), 81 (1977) 99-105. 
19 T. YA~~A~HITA, Master’s Thesis, Kyoto University, Faculty of Agriculture, 1976. 
20 M. KATO, K. HIROMI, AND Y. MONA, J. Biochem. (Tokyo), 75 (1974) 563-576. 
21 K. HIROMI, S. ONO, S. ITOH, AND T. NAGAMLIRA, J. Biochem. (Tckyo), 64 (1968) 897-900. 
22 B. TONOMLJRA, H. NAKATANI, M. OHNISHI, J. YAMAGUCHI-ITO, AND K. H~ROMI, Anal. Biochem., 

84 (1978), in press. 
23 M. EIGEN AND L. DE MAEYER, in A. W~SSBERGER (Ed.), Technique of Organic Chemistry, Inter- 

science Publishers, New York, 1963, VoI. 8, Part 2, pp. 895-1054. 
24 S. E. HALFORD, Bioehem. J., 149 (1975) 411422. 
25 G.G.HAMMESANDP.R.S~MMEL, in P. D. BOYER (Ed.), The Eiuymes, Academic Press, New 

York, 1970, Vol. 2, pp. 67-114. 
26 E. HO-, J. A. RUPLEY, AND G. P. HESS, Biochemistry, 14 (1975) 2377-2385. 


