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Summary 

The mterachon of four pumfled a-amylase (1,4~ -D-glucan glucanohydrolase, 
EC 3.2.1.1) lnhlbltors with human sahvary and pancreatm a-amylases was 
mvestigated. The inhibitory activity of the four proteins towards salivary 
a-amylase was slgnffmantly increased by pre-mcubatmn of the enzyme with 
inhibitor before adding substrate. This effect was not observed with the mhlbl- 
tmn of pancreatm a-amylase by mhlbltors 1 and 2. Inhlbltmn of both amylases 
was affected to different degrees by incubating starch with inhibitor prior to 
the addlhon of enzyme. Maltose, at concentratmns whmh only shghtly affected 
amylase actlwty, prevented the mhlbltmn of both enzymes by all four mhlbl- 
tots. Gel ffltratmn studms on sahvary amylase-inhibitor m~xtures showed the 
formatmn of EI complexes on a mol-to-mol ratm. A sumlar complex between 
pancreatm a-amylase and inhibitor 4 was obserbed, though complex formatmn 
between pancreatm a-amylase and the other mhlbltors was not clearly demon- 
strated. 

Introduction 

The presence m wheat of a-amylase (1,4~-D-glucan glucanohydrolase, EC 
3.2.1.1} mhlbltors has been well documented and reviewed [ 1]. O'Donnell and 
McGeeney [2] described the Isolation and punfmatlon of one of these mhlbl- 
tors whmh exhibited a far greater (100-fold) speclfmlty for human salivary 
a-amylase than for human pancreatic a-amylase. The use of this inhibitor to 
distinguish between sahvary and pancreatm lsoenzymes m human serum has 
since been reported [3]. We have recently descmbed the isolation from wheat 



398 

flour of four a-amylase mhlbltors, all of whmh exhibit dffferentml specffmltms 
towards the two human a-amylases [4].  The ratm of inhibitory activity 
towards human sahvary a-amylase relative to human pancreatm a-amylase was 
140, 25, 2 3 and 1.4 for mhlbltors 1, 2, 3 and 4, respectively. This marked dif- 
ference m mhlbltmn specificity prompted the mvestlgatmn of the mteractmn 
between the mhlbltors and the two human a-amylases The present study deals 
with the influence of a number of  physmal and chemical parameters on the 
enzyme-mhlb~tor reactmns and examines the formatmn of a-amylase-mh~bltor 
complexes 

Experimental methods 

Enzyme  preparations Sahva, collected from laboratory personnel was 
pooled and centrifuged. Amylase was separated from the supernatant by gel 
filtration on Sephadex G-100 m 50 mM phosphate buffer (pH 6.9)/50 mM 
NaC1/0.5 mM CaCl~ (Buffer 1). The active eluate was dlalysed against 10 mM 
Tns-HC1 buffer (pH 8.9)/3 mM CaC12 (Buffer 2) and apphed to a DEAE- 
Sephacel column (30 X 1 cm). The column was eluted with a 0.0--0.5 M NaCl 
gradmnt The active peaks, whmh represent the lsozyme forms of sahvary 
a-amylase [5],  were collected. 

Human post-mortem pancreatm tissue was homogemsed m 4 vol. (w/v) of 
Buffer 1 and centrifuged. The supernatant was fractlonated at 4°C with ethanol 
and the precipitate whmh formed at 40--70% ethanol collected by centnfuga- 
tlon, washed with absolute alcohol and dried. The dry powder was dissolved m 
Buffer 1 and apphed to a Sephadex G-100 column. Elutlon was performed m 
the same buffer at a flow rate of  12 ml • h -1. The active eluate was dmlysed 
against Buffer 2 and apphed to a DEAE-Sephacel column (30 X 1 cm) The 
column was eluted with a 0.0--0.1 M NaC1 gradmnt and the active peaks, whmh 
represent the lsozyme forms of pancreatm a-amylase [ 5], collected. 

Inhzbttor fracttons The inhibitor protems were purffmd from wheat flour as 
described prevmusly [4].  

Amylase and mhlbztor assay a-Amylase activity was measured by the 
Phadebas blue starch method [6] incorporating 0.5 mg/ml albumin m the reac- 
tmn 'mixture for optimal enzyme achvity [7].  The standard inhibitor assay was 
carrmd out  by premcubatmg 0.1 ml amylase solutmn with 10--50 pl inhibitor 
for 30 mm at 20°C m 0.5 ml Buffer 1/4 mg/ml albumin. At the end of the pre- 
mcubatmn permd the volume was adjusted to 4.1 ml with water and the 
remaining amylase actlwty assayed by the Phadebas method.  To determine the 
opt imum pre-mcubatmn time and pH of  the mhlbltmn reactmns these assay 
parameters were adjusted accordingly. 

Substrate-mhzb~tor mteractzon The effect  of  insoluble blue starch on the 
inhibition reactmn was studmd by incubating samples of  each inhibitor (50 pg) 
with Phadebas blue starch (50 mg) for 30 mm at 20°C. The samples were then 
centrifuged and the supernatant solutmns assayed for inhibitory activity. 

Effect  o f  maltose on mhlbltzon reactions Two series of experiments were 
performed to examine the effect  of maltose on the interaction of enzyme and 
mhlbltors In one series, enzyme and inhibitor were pre-mcubated at 20°C for 
30 mm and maltose (final concentration 10--100 mM) added The mLxtures 
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were allowed to stand at 20°C for a further I0 mm before measurement of the 
residual a-amylase actlwty. In the second series, maltose (10--100 raM) was 
mixed wlth the mhlbltor prior to the addltlon of enzyme and the entire mix- 
ture premcubated for 40 mln before amylase assay. 

Calcmm depletlon tests. Enzyme samples were incubated wlth 5 pmol EDTA 
before the addltlon of mhlbltor After a further 30 mm pre-mcubatmn, enzyme 
actlwty was measured using washed blue starch [8] as substrate m Buffer 1. 

Gel flltratzon Exammatmn of enzyme-mhlbltor mixtures by gel ffltratmn 
was performed by applying 1.0 ml of a solutmn containing known molar quan- 
tltms of enzyme and mhlbltor to a Sephadex G-100 column (68 × 2 cm) 
Elution was carried out m 10 mM phosphate buffer, (pH 6 9)/10 mM NaCl, at a 
rate of 10 ml. h -I. Individual samples of the four mhlbltors and the two 
enzymes were also chromatographed on the same column. The enzyme-mhlbl- 
tor mLxtures were premcubated for 1 h at 20°C before appllcatmn. Column 
eluates were scanned at 280 nm on an LKB Uwcord II and mdlvldual fractmns 
(2 ml) assayed for enzyme and inhibitory actlwty to determine the exact posl- 
tmn of the inhibitor peaks. 

Results 

Sahvary and pancreatw zsozymes DEAE-Sephacel chromatography of sail- 
vary a-amylase ymlded four lsozyme peaks with speclfm actlvltms 33.7 I.U./mg, 
311.5 I U./mg, 532 I U./mg and 424 I.U./mg. Each lsozyme was assayed for 
mhlbltlon by the four isolated mhlbltors. No difference m susceptibility to 
mhlbltlon was observed among the lsozymes. Pancreatm a-amylase was 
separated mto two lsozyme forms by ion-exchange chromatography on DEAE- 
Sephacel. As with sahvary a-amylase, no difference m inhibition susceptibility 
was observed between the two pancreatic lsozymes. 

Inhtbztlon o f  sahvary and pancreatzc a-amylases The pre-mcubatlon time 
necessary to achieve maximum inhibition of sahvary a-amylase varied with 
both enzyme and mhlbltor concentration (the higher the inhibitor/enzyme 
ratm the shorter the tune). This was observed with all four mhlbltors. A 60 
mm premcubatlon was suffmmnt to achieve maximum inhibition at all enzyme 
concentrations tested. In contrast, no pre-mcubatlon was reqmred to achmve 
maximum mhlbltmn of pancreatic a-amylase by mhlbitors 1 or 2. This was not  
affected by varying either enzyme or inhibitor concentrations. However, pre- 
mcubatIon of pancreatic a-amylase with mhlbltors 3 or 4 for up to 40 mm was 
reqmred to obtain maxnnal levels of  inhibition. These results mdmate that  the 
observed ratm of  inhibitory activity towards human salivary a-amylase relative 
to human pancreatm a-amylase (sahvary/pancreatlc ratio) is particularly depen- 
dent on the time of pre-mcubation of  inhibitor with enzyme. If the enzyme- 
mhlbltor interaction is not  allowed to reach equilibrium before addition of  sub- 
strate non-maximal Inhibition levels will be observed and low salivary/pan- 
creatic ratios calculated. 

The relationship between pH of  the pre-mcubatlon buffer and inhibitor 
actlwty was investigated over a pH range of 4.0--9.0 In all cases, max~num 
inhibition was observed between pH 5.5 and 7 5. This corresponded to the pH 
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range of optimal activity for both salivary and pancreatm a-amylases under the 
same experimental condmons.  

Under opt imum pre-mcubatlon conditions the maximum observed reduction 
in enzyme activity was 94--97%. Inhibitor concentrations up to 50-times 
greater than those reqmred to reduce enzyme activity by 50% failed to com- 
pletely inhibit either enzyme• This inability to achmve 100% mhlbmon of 
amylase by wheat inhlbltors has been noted by previous workers [1]. 

Substrate-mhlbltor interaction. Experiments on the interaction of Phadebas 
insoluble starch and the lnhlbltors indicated that  this starch does bind signifi- 
cant quantities of mhlbltors 1, 2 and 3 (30, 19 and 12 pg of  each respective 
inhibitor bound by 50 mg starch). The potency of inhibitor 4 was not affected 
by the additmn of insoluble starch. A second series of tests were performed to 
establish ff mhlbltor bound to insoluble starch could still inhibit a-amylase. In 
these tests enzyme was added directly to a pre-mcubated mixture of starch and 
inhibitor. Table I summarizes the results obtmned It would seem that  inhibitor 
bound to Phadebas starch is not  available for interaction with enzyme 

Effect  o f  maltose on the mh~bmon reactzons Significant reversal of the 
mhlbmon of both human a-amylases by all four mhlbltors was observed when 
maltose was added to a premcubated solution of enzyme and inhibitor (Fig 1) 
Reversal was most noticeable at low Inhibitor concentrations. The highest 
maltose concentration tested (100 raM) did not  completely reverse the inhibi- 
tion of either enzyme by any of the isolated mhlbltors. At this level, maltose 
itself causes approx. 15% m hlbmon of enzyme activity. When maltose was 
included m the system prior to the premcubatlon of enzyme and inhibitor it 
was found to prevent the action of the lnhlbltors. 100 mM maltose could com- 
pletely block the inhibition of salivary a-amylase by concentrations of inhibitor 
whmh normally caused 70% inhibition. This same effect was observed with the 
mhibmon of pancreatic a-amylase by mhlbltors 3 and 4 Although some 
blocking of inhibition of pancreatic a-amylase by lnhibltors 1 and 2 was 
observed, complete prevention of mhlbmon was not  observed with 100 mM 
maltose. 



401 

35 

3 0  

2 5  

-:2 

~ o5  

I/ \A 
, \ ; ,  
I 

/ k 
,.",/, / i",\ \ . ,  

0 7  

~6 E f12 
35 ~'- -4010 

34  ~ -~008 

D3 ~ ~oo6 E 

I 32 v ~004 0 

31 c 0 0 2  

35 4 0  45 50  55  60  6 5  70 75 80  

Fracbon number 

F * g  2 Elut lon  prof i le  o f  sahvary ~ -amylase - lnh lb l tor  1 m i x t u r e  on  a Sephadex  G-1 0 0  c o l u m n  ( V  0 = 5 4  

ml ,  V t = 1 6 0  m l )  The mlxt t tre  c o n t a i n e d  9 5 n m o l  m h t b l t o r  1 and 3 1 5  n m o l  e n z y m e  Fract ion  v o l u m e  = 

2 m l ,  - - - - - - - ,  e n z y m e  a c t w l t y ,  - -  - -  , inhib i tory  acttv~ty,  - ,  pro te in  V e ( 1 ) ,  V e of  inhibi tor  1 ,  V e 

( S ) ,  V e of  sahvaxy a - am ylase  

Calcmm depletion tests Lang et al. [9] have suggested that wheat s-amylase 
mhlbltors may exert their effects simply by chelating Ca 2+, an 1on which is 
vital for opt imum amylase actwlty. This possibility was studmd by examining 
the effect o f  the mhlbltors on human sahvary and pancreatm s-amylases under 
condltmns where essentially no free Ca 2÷ was available The Ca 2÷ chelator, 
EDTA, caused substantial loss m activity of  both enzymes,  reducing salivary 
a-amylase by 74% and pancreatm a-amylase by 37%. Despite this, it was 
observed that all four mhlbltors still exerted inhibition effects on the Ca 2÷- 
depleted enzymes. The potency of  the mhlbltors was reduced m the Ca 2÷- 
defmmnt system ThLs is probably due to the lnsensltlwty of  the enzyme assay 
under these condltmns.  

Enzyme-inhibitor complex formatmn. Complex formation was examined by 
submitting mhlbltor mixtures to gel ffltratmn on a Sephadex G-100 column. 
Quantities of  each inhibitor and enzyme,  ldentmal to those used m subsequent 
experiments, were first examined on the same column to determme their exact 
elutmn volumes (Ve). The elutmn profiles of  a mixture contammg 9.5 nmol 

T A B L E  1 

T H E  E F F E C T  O F  I N H I B I T O R  B O U N D  T O  B L U E  S T A R C H  I N  R E D U C I N G  T H E  A C T I V I T Y  O F  

H U M A N  S A L I V A R Y  A N D  P A N C R E A T I C  A M Y L A S E S  

Inhlbl tor  so lu t ions  w e r e  p r e - m c u b a t a d  w l t h  inso luble  b lue  starch and the  r e a c t i o n  s tarted  b y  the  adchtlon 
o f  e n z y m e  In c o n t r o l  testa.  ( w l t h o u t  pre-Lncubat~on) e n z y m e  and starch w e r e  added  to  udub l tor  w l t h m  a 
1 0  s mterv&l 

Inhtbltor  P r e - m c u b a t l o n  
w l t h  s tarch 

Percentage  e n z y m e  actlv~ty 

Sahv~ry a m y l a s e  PanereaUe a m y l a s e  

Inhibi t  or 1 - -  6 4  7 4  

+ 1 0 0  1 0 0  
Inhibi tor  2 - -  8 6  6 8  

+ 1 0 0  1 0 0  

Inlubl tor  3 - -  7 3  8 9  

+ 91 100  
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Fig  3 E lu t lon  p rof i l e s  o f  p ~ c r e a t l c  a - a m y l a s e - i n h i b i t o r  m t x t u r e s  on  S e p h a d e x  G-100  (a) In l~b t to r  1-pan- 
crea t ic  a - a m y l a s e  9 5 n m o l  i n h i b i t o r  1 and  2 1 n m o l  e n z y m e  were  p r e se n t  m the  m i x t u r e  a p p h e d  to the  
c o l u m n  (vol = 1 m l )  (b)  Inh ib i to r  4 -pancrea t i c  a - a m y l ~ e  9 0 n m o l  of  i n h i b i t o r  4 a n d  2 1 n m o l  e n z y m e  

were  a p p h e d  to the  c o l u m n  (vol = 1 m l )  F r a c t i o n  v o l u m e  = 2 ml  . . . .  . e n z y m e  a c t i v i t y ,  
i n h i b i t o r y  a c t i v i t y ,  , p ro t e in  V e (P), V e of  pancrea t i c  a - a m y l a s e  

inhibitor 1 and 3.15 nmol salivary a-amylase is shown m Fig. 2. Two protein 
peaks were eluted. Peak II had a V e ldenhcal to that  of free inhibitor and when 
assayed was found to display significant inhibitory activity. Peak I was enzyma- 
hcally active (accounting for 5% of the enzyme applied) even though its elutxon 
volume was significantly different from that  of the free enzyme. This fraction 
was collected, concentrated by ullzahltratlon (Amicon, UM-2 membrane) and 
examined by SDS-gel electrophoresls. Two protein bands of equal intensity, 
corresponding to salivary e-amylase and inhibitor, were observed, indicating 
that  this peak did represent a salivary amylase/inhibitor 1 complex. Smce 5.28 
nmol free inhibitor were recovered in peak II, it was calculated that  3.15 nmol 
amylase combined with 4.22 nmol inhibitor, mdlcatmg an EI complex compo- 
sition of  I mol enzyme/mol inhibitor. The results of similar gel h l t rahon experi- 
ments carried out on mtxtures of salivary a-amylase and lnhibitors 2, 3 and 4 
are presented m Table II. All four EI complexes, obtmned via gel ftltratlon, 
were tested for ability to inhibit pancreatic a-amylase but no Inhibition was 
observed This indicated that  a tertiary complex, 1.e., salivary amylase-inhibi- 
tor-pancreatic amylase cannot form. Similarly, when a second inhibitor was 
added to any EI complex no further inhibition was observed. Experiments m 
which different combinations of the lnhlbltors were pre-mcubated with enzyme 

T A B L E  II  

R E C O V E R Y  O F  F R E E  I N H I B I T O R  F O L L O W I N G  G E L - F I L T R A T I O N  O F  S A L I V A R Y  a - A M Y L A S E -  
I N H I B I T O R  M I X T U R E S  ON S E P H A D E X  G- IO0  

Each  m i x t u r e  con t&med 3 15 n m o l  e n z y m e  a n d  9 5 n m o l  i n h i b i t o r  

Inh lb l to r  Quan tz ty  Quan ta ty  S t o l c h l o m e t r y  % Act |ve  e n z y m e  
r e c o v e r e d  b o u n d  o f  El c o m p l e x  m EI c o m p l e x  
( n m o l )  ( n m o l )  (E I)  

I n h l b l t o r  1 5 28 4 22 1 1 3 5 
In lub l to r  2 4 99 4 51 1 1 4 9 
I n h l b l t o r 3  5 5 4 0  1 1 2  12 
Inh~bl tor  4 4 15 5 35 1 1 6 2 
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and then assayed for amylase act:vlty mdmated that  the mhlbmon effects on 
both enzymes of all four mhlbltors were addmve. 

Mixtures of pancreatic a-amylase and the four mhlbltors were also examined 
by gel filtratmn. The elutlon profile obtmned with pancreatic a-amylase-mhlb:- 
tor 1 is shown m Fig. 3a. Although the elutmn position of the active enzyme 
peak was shifted downwards, assay of the enzymm and inhibitory activity of 
the eluted fractmns mdmated an 85% recovery of both enzyme and inhibitor. 
Thus, these gel ffltratmn experLrnents did not  clearly demonstrate the forma- 
tmn of  an EI complex between inhibitor 1 and pancreatm a-amylase Snnflar 
results were obtamed with mixtures of pancreatic a-amylase and mhlbltors 2 
and 3. W~th inhibitor 4, 2.25 nmol inhibitor were not  recovered when a mLX- 
ture contmmng 9.0 nmol mhlb~tor and 2.1 nmol pancreatm a-amylase were 
apphed to the Sephadex G-100 column (F~g. 3b). Th~s would ~mply a 1 1 
complex formatmn.  Only 3% of the added enzyme activity was recovered m 
the inhibitor 4-pancreatic a-amylase complex peak. 

Discussion 

The observed inhibition of sahvary a-amylase by the four isolated mhlbltors 
was markedly increased by pre-mcubatlon of the enzyme with the lnhlbltors. 
This effect has been previously noted [2,10] and has been attributed to the 
fact that  the enzyme-inhibitor interaction is slower than starch hydrolysis 
[1,11] Thus, when starch is added to a non-equilibrated mLxture of enzyme 
and inhibitor the enzyme will bmd preferentially to starch. No premcubatlon 
was necessary to achmve maxnnal inhibition of pancreatm a-amylase by lnhlbl- 
tots 1 and 2. This may mean that  the mteractlon of these mhlbltors w:th pan- 
creatlc a-amylase is more rapid than with sahvary a-amylase. An alternative 
explanatmn is that  much larger quantltms of mhlbltors 1 and 2 are reqmred to 
mh~blt pancreatm a-amylase to the same extent  as sahvary a-amylase. It can be 
enwsaged that  such high levels of inhibitor would drive the reactmn E + 1 ~ EI 
to the nght ,  rapidly 'mopping-up' the relatively small quanti ty of  enzyme 
present. This would explain the observed results without  making any assump- 
tions about the relative bmdmg rates of the mhlbltors to the two enzymes. 
Some authors attribute the importance of pre-mcubatlon to the tendency of  
the mhlbltors to bmd starch [2,12]. It is suggested that  the substrate, when 
added to a non-equilibrated mLxture of mhibltor and enzyme, bmds the free 
inhibitor, thus making it unavailable for interaction with enzyme. Our studies 
with Phadebas insoluble starch conhrm the observatmn of  O'Donnell and 
McGeeney [2] that  this starch bmds significant quantmes of lnhlb:tor. It was 
also found that  the bound mh:bltor was not  able to inhibit a-amylase. Thus, 
the bmdmg of inhibitor to insoluble starch may be a causative factor m 
lowering the level of mhlblhon observed with the Phadebas assay system when 
non,equilibrated mLxtures of enzyme and inhibitor are employed. Maltose was 
also found to prevent the mhlbltmn of sahvary and pancreatm a-amylases by 
the four isolated lnhlbltors. Unhke starch, maltose could prevent the mhlbmon 
of both enzymes to a sLmflar extent.  Thin points to an mteractmn between 
maltose and enzyme rather than maltose and inhlb:tor. That maltose and 
enzyme interact is evident from the inhibition of enzyme actlwty noted at high 
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maltose concentrations The removal of a-amylase from afflmty columns of 
wheat inhibitor by maltose [13] provides further evidence for a maltose- 
enzyme interaction. When added to a premcubated mixture of enzyme and 
mhlbltor, maltose caused some reversal of inhibition. Similar observahons have 
been reported for the 0 19 lnhlbltor-Tenebrlo molltor larval (TmL) amylase 
system [10]. The mechamsm through whmh maltose causes dissociation of the 
EI complex is not  clear Maltose Is a product  of the hydrolytm digestion of 
starch and is thought  to cause compehtlve inhibition of a-amylase at high con- 
centratlons. Elodl et al [15] have shown that  binding of maltose to porcine 
pancreatic a-amylase takes place at the achve site and is accompanied by 
hmlted structural changes in the conformation of the enzyme It may be that  
such conformatmnal  changes modify the inhibitor bmdlng site(s) on the 
enzyme m such a way that  inhibitor can no longer mteract w~th the enzyme. 

Gel filtration experiments clearly demonstrated the formatmn of sahvary 
a-amylase-inhibitor complexes The molar combining ratms of the complexes 
were calculated as being 1 1. This bmdlng ratio is also confirmed by kmetm 
studies [16] A 1 1 ratio has been reported for the 0.19 lnhlbltor-Tenebrm 
mohtor  larval amylase and 0.19-chick pancreatic a-amylase systems [11,17] 
These gel-flltratmn studms, and assays performed m Ca2÷-deflcmnt systems, 
also confirm that  the lnhlbltors do not  act by chelatmg Ca 2÷ or removal of C1- 

The elutmn volumes of the sahvary a-amylase-inhibitor complexes on 
Sephadex G-100 did not correspond to the expected 'de values based on the 
molecular weights of the components Thus, even when bound to inhibitor the 
enzyme retmned a capacity to brad to the Dextran matrix of  the gel All the EI 
complexes isolated by gel filtration displayed some enzymatic activity which 
could not  be further inhibited by the addition of more mhlbltor. This, alhed 
to the fact that 100% inhibition of enzyme was not  observed at any inhibitor 
concentratmn tested, mdlcates that  the enzyme, when bound to inhibitor, still 
retams a capacity to catalyse a slow rate of starch hydrolysis, as previously 
suggested [1,14] This indicates that  the inhibitor bmdlng site on the enzyme 
is not  the catalytm site. Evidence from kinetic studms [16] also confirm that  
the mechanism of mh~bltmn is not  competitive. 
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