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Summary 

Four a-amylase (1,4~-D-glucan glucanohydrolase, EC 3.2.1.1) mhlbltors 
were isolated from an albumin fraction of wheat flour by ion-exchange and 
gel-ffltratmn chromatography. The purified mhlb~tors were characterized 
according to thetr electrophoretlc mobflltms, molecular weights, carbohydrate 
content, sulphydryl content, susceptibility to proteolytm dlgestmn and 
specffmltms m mhlbltmg human salivary and pancreatic a-amylases. The 
properties of these mhlbltors are compared to sunflar proteins ~solated by other 
workers 

Introductmn 

In 1946, when Mflltzer and co-workers [1] extracted and characterized an 
a-amylase (1,4~-D-glucan glucanohydrolase, EC 3.2.1.1) inhibitor from wheat, 
they assumed they were deahng with a single protein It is now well estab- 
hshed that the inhibitor preparation used by these early investigators con- 
tamed a mtxture of mhlbltors [2--7]. The majority of wheat albumins are, m 
fact, a-amylase ,nhlbltors, capable of mhlbltmg a-amylases from various sources 
[8,9]. These album,ns can be dwlded into three heterogeneous groups of 
molecular weights 12 000, 24 000 and 60 000 [2]. The protems m the 12 000 
molecular weight group, which inhibit a variety of insect a-amylases [9], have 

Abbrev3at lon  DTNB, 5,5'-dlthlobls(2-mtxobenzolc aclap, 
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been extenmvely studied by Sflano and co-workers, [5,10--12] and designated 
the '0.28-1somhlbltor family' (from the electrophoretm mobility of the mare 
component of the group). The 24 000 molecular weight group has been shown 
to consist of ten protems, all achve mhlbltors of a-amylase [2]. Unlike the 
lower molecular weight albumins, these proteins are potent mhlbltors of the 
human a-amylases The major protem of the group (coded the 0.19 inhibitor) 
has also been well characterLzed [5,10--13]. The AmI: inhibitor of Shmnkm 
and Blrk [3], mhlbltors I and II of Saunders and Lang [4] and the inhibitor 
purffmd by O'Donnell and McGeeney [7] all display properties characteristic of 
this group. As yet, little attentmn has been given to the proteins of the 60 000 
molecular weight group, whmh are also potent mhlbltors of the human 
a-amylases [2]. 

In this paper we report the lsolatmn and characterization of four a-amylase 
mhlbltors from wheat albumin and compare the propertms of the isolated pro- 
terns with those of other mhlbltors described m the hterature. 

Expenmental methods 

Materials. Sephadex G-50 and G-100, QAE-Sephadex A-50, DEAE-Sephacel, 
CM-Sepharose CL-68, Dextran blue and Phadebas a-amylase test tablets were 
obtained from Pharmacla (London) Tns-HC1, bovine serum albumin, pepsin 
(porcine), trypsin (bovine pancreas), a-chymotrypsm (bovine pancreas), 
Coomassm blueR, 2-mercaptoethanol, 5,5'<ilthlobls(2-mtrobenzom acid} 
(DTNB} and a-amylases from Aspergdlus oryzae, Bacdlus subtdls and hog 
pancreas were obtamed from Sigma Chemmal Co., U K. Acrylamlde and N,N'- 
methylene-blsacrylamlde were Eastman products, N,N,N',N'-tetramethylethyl- 
enedlamme (TEMED) was purchased from G.M B.H. and Co. Ltd., Munmh; 
nboflavm from B.D.H. Ltd. (Poole), bromophenol blue and sodmm dodecyl 
sulphate (SDS) from Polyscmnces, Inc. (Warrmgton, PA). Molecular weight pro- 
tern standards for SDS-gel electrophoresls were from Blo-Rad laboratorms 
(Hertfordshire). All other reagents were Analar grade. 

Enzyme preparation Sahva from laboratory personnel was pooled and cen- 
trifuged (10000 X g; 30 mm, 4°C). Amylase was separated from the super- 
natant by gel ffitratmn on Sephadex G-100 m 50 mM phosphate buffer (pH 
6.9)]50 mM NaCl/0 5 mM CaCI: (Buffer 1). The fractmns contmnmg a-amylase 
activity were pooled and bowne serum albumin added to a fmal concentratmn 
of 10 pM. Ahquots of this preparation were stored at --20°C. Post mortem 
pancreatic tissue from patmnts who had not suffered pancreatm damage or 
functional disturbance was used as a source of human pancreatm a-amylase. 
Tissue samples (1--2 g) were homogemsed m 4 vol. (w/v) me-cold Buffer 1 
usmg an Ultra-Turrax homogemzer. The homogenate was centrifuged 
(10 000 × g, 30 ram; 4°C) and amylase separated from the supernatant by gel 
ffltratmn as described above 10 pM bovine serum albumin were added to the 
eluted amylase and the preparatmn stored in ahquots at 4°C. Wheat a-amylase 
was purified from germinated wheat seeds as described by Kruger and Tkachuk 
[14]. 

Amylase and inhibitor assay, a-Amylase achwty was measured by the 
Phadebas blue starch method [15] incorporating 0.5 mg/ml albumin m the 
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reachon mLxture for optimal enzyme act:vlty [16].  Inhibitory actlwty was 
assayed as described by O'Donnell  and McGeeney [7].  The ratio of  inhibitory 
activity towards human sahvary a-amylase relative to human pancreatm 
a-amylase is referred to as the sahvary/pancreatm ratio 

Extraction and fractlonatlon" 3 kg wheat flour (vamety, condit ioned 
Manitoba) were extracted m 0.1 N NaOH (1 : 3 w/v, pH 9.0) for 1 h at 20°C. 
The suspension was centnfuged at 10 000 × g for 30 mm and the residue re-ex- 
tracted m a further vol. of  0.1 N NaOH. The yellow-brown supernatants were 
pooled and fractlonated with (NH4)2SO4. The prec:pltate whmh formed at 
0.4--2.0 M (NH4):SO4 was collected, dlalysed and equilibrated with 115 mM 
Tns-HCl buffer (pH 9.2, I = 0.01). The solution was apphed to a DEAE- 
Sephacel column (1.6 × 100 cm) and washed with 2 column vol. Tns-HC1 (pH 
9.2, I = 0.01) before elutmg with mcreasmg concentratmns of NaC1 6 ml frac- 
tmns were collected and analysed for mhlbltmn of human salivary and pan- 
creatm a-amylases. The column effluent was continuously momtored  at 280 
nm on an LKB Uwcord II. Four  mhlbltor peaks were eluted, collected and 
lyophfllsed. The resulting powders were used as starting material for further 
purffmatmn. 

Punfzcatmn of  mh~bztor fractions The major mhlb:tor proteins m each of  
the four lyophfllsed fractions were punfmd by a series of  ran-exchange and gel- 
ffltratmn steps as shown m F:g. 1. At each chromatographm step only the 
major elutmg inhibitor peak was collected and further purified. Both human 
salivary and human pancreatm a-amylases were used for the detectmn of mh:- 
bl tory activity throughout  the punfmatmn procedures. The Hartree [17] 
method for protein analysis was used to determine the specffm actlwty of  the 
inhibitor preparatmns at each stage m the punfmatmn process. 

Gel electrophorests Polyacrylamlde gel electrophoresls was carried ou t  m a 
0.05 M Tns/0 .383 M glycme buffer (pH 8.5) accordmg to Davis [18].  Fol- 
lowing electrophoresls the gels were stained with Coomassm blue [ 19].  Electro- 
phoresls m SDS was performed m a continuous buffer system on 10% poly- 
acrylamlde gels. The gel and electrophoresls buffers contamed 0.025 M Tns/  
0.19 M glycme/0.1% SDS/0.001 M EDTA, pH 8.3. Protem samples were pre- 
pared as described by Laemmh [20].  

Molecular wezght est~matton The apparent molecular weights of  the purffmd 
mhlbltors were determined by comparmg theLr elutmn volumes with those of  
standard proteins on a Sephadex G-100 column as described by Andrews [21].  
Molecular we:ghts were also determined under chssoclatmg condlt:ons by SDS- 
polyacrylamlde gel electrophoresls according to Weber and Osborn [22].  

Treatment with d~ssoczatmg agents. Electrophoresls grade SDS was added to 
mhlbltor solutions (200--700 pg protein) to a final concentratmn of 1%. After 
24 h, the SDS was removed as described by Lenard [23].  2-Mercaptoethanol 
(5 mM), when present, was removed by dlalys:s. Treatment  with 6 M urea was 
performed m a similar manner and the urea removed by dlalys:s against Tns- 
HC1 buffer  (pH 7.6, I = 0.05) for 24 h. 

Deamtdatton. Inhibitor samples, at a protem concentratmn of 500 pg/ml 
were dmlysed against 0.2 M Na3PO4 (pH 9.9) for 6 days at 37°C with several 
changes of  dmlysls buffer These are essentially the condltmns described by 
McKerrow and Robmson  [24] whmh cause hydrolysis of amlde side chams. At 
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the end of this period the samples were dialysed against water for 24 h and 
freeze<lned. The resulting products were assayed for inhibitory actwlty and 
exammed by gel electrophoresis. 

Proteolysts. Samples of the mhlbltors (200 gg protein) were mcubated at 
37°C with 0.3 ml trypsm (103 unlts/ml) or a-chymotrypsm (94 umts/ml) m 
Trls-HCl buffer (pH 7.6). Incubation with pepsin (0.3 ml, 110 umts/ml) was 
carned out m 0.02 M HC1 (pH 2.5). 

Heat treatment Inhibitor samples (100 pg) m 10 mM phosphate buffer (pH 
6.9) were incubated at 37, 60 and 100°C for 60 min Samples were removed at 
10 mm intervals and assayed for inhibltmn of human sahvary and pancreatic 
a-amylases. 

Chemwal analyses The number of sulphydryl groups present in the inhibitor 
proteins were determined before and after reductmn by the method of Caval- 
hnI et al. [25]. The carbohydrate content of the mhibltors was measured as 
described by Krystal and Graham [26]. 

Actw~ty of  a-amylases from d~fferent sources. In addltmn to human sahvary 
and human pancreatic a-amylases the effect of the mhibitors on the activity of 
hog pancreatm, A. oryzae, B subtd~s and wheat a-amylases was exammed. To 
assay wheat a-amylase, Phadebas blue starch tablets were washed free of buffer 
salts as descnbed by O'Donnell and McGeeney [27]. The assay was performed 
m 0.1 M sodmm acetate buffer (pH 5.6)/40 mM CaC12/50 mg washed starch as 
substrate. The other enzymes were assayed under the same condltmns as 
descnbed for the human a-amylases. 

Results 

Extraction and punfzcatton of mh~bztor proteins. The chromatographic 
separation of a-amylase mhlbltors from an (NH4)2SO4 fractmn of wheat flour 
on DEAE-Sephacel is shown in Fig. 2. Four mh]bltor peaks were eluted by a 
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T A B L E  I 

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

s/p Ratio,  the r a t m  o f  i n h i b i t o r y  ac t lv l ty  t o w a r d s  h u m a n  s a hva ry  C~-amylase re la t ive  to  h u m a n  pancreatic 
~-mnylase  

I n h i b i t o r  To ta l  I u * To ta l  Speclfsc s/p % Recovery 
v$ sahvaxy p ro t e in  ac t iv i ty  ra t io  ( f r o m  

a m y l a s e  ( rag)  l y o p ~ d  

f rac taon)  

In lub l to r  1 28 800  26 3 1 0 9 4  140  I 0  

In lub l to r  2 7 154  8 36 856  25  3 
In lub l to r  3 5 605  6 56 8 5 4  2 3 5 

Inhlbltor 4 42 048  47 2 891 1 4 7 

* I u . I n h i b i t o r y  u m t s  d e h n e d  as the  quan t s ty  o f  m h l b l t o r  r e q u i r e d  to  r e d u c e  the  actawty of 2 1 U of  
a m y l a s e  by  50% 

0.00--0.5 M NaCl gradient. All peaks inhibited salivary and pancreatm a-amyl- 
ases to different degrees. The sahvary/pancreatm ratios were 10.6, 2 2, 1.13 and 
2.7 for Inhibitors 1, 2, 3 and 4, respectively. Further separation of inhibitor 1 
from inhibitor 2 was achieved primarily by rechromatography on DEAE- 
Sephacel using shallow NaCl gradients. Prehminary electrophoretm studies 
indicated that mhibitors 3 and 4 were basic proteins with strong negative 
charges at pH 7.0, hence a cation-exchange chromatography step was included 
m the purification of these two proteins. Table I summarlses the yield and 
potency of the final inhibitor preparations. The electrophoretic profiles of the 
four preparations are shown m Fig. 3. The apparent molecular weights of the 
mhlbltors, determined from their elutlon volumes on Sephadex G-100, were 
2 2 5 0 0  for inhibitor 1; 2 1 4 0 0  for inhibi tor2;  2 5 0 0 0  for Inhibi tor3 and 
63 000 for inhibitor 4. Electrophoresis m a dlssocmtmg system (SDS) gave a 
molecular weight estimation of  14 000 for inhlbitors 1, 2 and 3. Only one pro- 
tern band was observed m the gels (Fig. 4). In the case of  inhibitor 4, however, 
two bands of almost equal intensity, corresponding to molecular weights of  
14 000 and 15 000 were noted. Similar profiles were observed with reduced and 
non-reduced samples of the Inhibitor preparations These results indicate the 
presence of two subunits of similar size m each of the inhibitor 1, 2 and 3 pro- 
terns. Inhibitor 4 would seem to consist of  four subunits, two of molecular 
weight 14 000 and two of 15 000. 

Revers~bd~ty of  d~ssoctat~on. To evaluate the reversibility of  the dlssocmtlon 
of mhlbitors Into subunlts, samples were incubated with 1% SDS or 6 M urea 
Upon removal of  the dlssocmtmg agent only partial loss of inhibitory actiwty 
(20%} was observed and the salivary/pancreatic ratio of the mhlbltors remamed 
unchanged When examined by electrophoresis, the mobilItms of  the major 
bands m the treated samples corresponded to the major bands m control 
samples, indicating a re-association of subunlts to form the 'parent '  protein 
upon removal of the dissociating agent. Inclusion of 2-mercaptoethanol in the 
dissociating system caused a total loss of inhibitory activity and no distinct 
electrophoretlc pattern could be obtained from the treated samples. 

Deamtdatton. Electrophoresls of  deamldated Inhibitor samples showed the 
presence of several protein bands with moblhtles greater than the untreated 
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Fig 3 PolyacrYlamlde gel electrophoretac patterns of the punf led inhlbltors (A) Inhlbltor I ,  (B) Inhlbl- 
tot  2, (C) I n h | b | t o r  3 a n d  (D)  I n h l b l t o r  4,  

Fig 4 SDS-polyacrylamlde gel e lectrophoret lc  Profiles of (A) Reference proteins, (B) Inhibltor i ,  (C) 
Inhlbltor 2, (D)  I n h l b l t o r  3 a n d  (E)  Inh2b l to r  4,  Reference  protelns are ( from top) phosphorylase b.  
b o v l n e  serum albumin,  ovalbumni ,  carbonic anhydrase,  soybean trypsin inhlbltor axld l y s o z y m e  

mhlbltors. However, when assayed for inhibitory actwlty, the deamldated 
preparations showed no change m their relative speclfm,tms towards human 
salivary and pancreatic s-amylases. Thls mdmated that the isolated inhibitor 
proteins were not sLrnply deamldated forms of one another or of  a ~arent'  
mhlbltor. 

Proteolyszs and heat mactwatlon. Incubation of inhibitor samples with 
pepsin resulted in the total reactivation of  the four mhlbltors within 2 h. This 
reactivation was due to proteolytlc chgestlon, as control samples m 0.02 M HC1 
sustained only minor losses of  activity. Similar destructmn of  inhibitor 4 was 
caused by trypsin and a-chymotrypsm, whereas the other three mhlbltors were 
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T A B L E  II  

I N H I B I T I O N  OF m-AMYLASES F R O M  V A R I O U S  S O U R C E S  BY W H E A T  I N H I B I T O R S  

Inhibitor Quant i ty  
(pg) 

Percentage reductaon m amylase  ac t lwty  

Human Human Asper£~llus Bacdlus  Hog 
sahvaxy pancreatac o r y z a e  aubt~l~s pancreatac 

Inlubttor 1 12 0 92 50 8 15 0 
Inlubltor 2 2 0 95  65 0 19 20 
Inhlbltor 3 1 0 95  75 8 0 26 
Inhlbltor 4 0 25 95 95 0 0 28 

resistant to digestion by these proteases. When mmntamed at temperatures of  
37 or 60°C for 1 h, mhlbitors 1, 2 and 3 sustained little loss of  potency,  but 
1 h at 100°C resulted m complete reactivation of  these mhibitors. Inhibitor 4 
was also rapidly inactivated at 100°C yet,  unlike the other mhibltors, this pro- 
tein sustained significant loss of  activity at 60 ° C. The action of  the mhlbltors 
on both human s-amylases was affected in the same manner by heat treatment 
and proteolysls. 

Inhlbltzon of  s-amylases from dtfferent sources. In addition to human sah- 
vary and pancreatic s-amylases, several other s-amylases were tested for their 
susceptibility to mhlbltlon by the purified mhlbltors. The results are sum- 
mamsed m Table II No inhibition of  s-amylase from germinated wheat was 
observed by any of  the four mhlbitors. 

Chemical analyses. On disulphide reduction 14.5,  13 7, 16.7 and 65.4 
sulphydryl groups were titrated with DTNB/molecule  of  inhibitor 1, 2, 3 and 4, 
respectively. No free sulphydryl groups were detected in the non-reduced pro- 
teins. Thus, each molecule of  the mhlbltors 1, 2 and 3 contain 7--8 disulphide 
linkages compared to 32 S-S hnkages/molecule of  inh1bitor 4. Since reduction 
is not necessary to dissociate the mhlbltors into subumts,  these linkages would 
appear to be lntrachmn. Carbohydrate analysis indicated the presence of  1.46, 
2 3 and 2.0 mol reducing sugar/mol protein for mhlbltors 1, 2 and 3, respec- 
tively. No carbohydrate was detected m inhibitor 4. Table III summarizes the 
observed properties of  the four mhlbltors. 

T A B L E  I l l  

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

Carbohydrate  content ,  tool  caxbohydrate /mol  prote in  Su lphydry l  content ,  number  of  f~ee -SH groups/  
molecule  of  reduced prote in  

Inlubltor Molecular Electro- Subumt  Carbohydrate  Sulphyclryl  
welght  phoretlc" c o m p o s l t l o n  content  con ten t  

mob~hty 
(pH 8 5) 

Inhlbitor 1 22 500  0 20 2 1 46 14 5 
Inl~blto~ 2 21 400  0 21 2 2 30  13 7 
Inhlbltor 3 25 000  0 34 2 2 O0 16 7 
Inhlbltor 4 63 000  0 45  4 - -  65 4 
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Dlscusslon 

The separation and purification of  four a-amylase inhlbltors from wheat was 
achmved pmmarfly by  1on-exchange chromatography The methods employed 
proved eminently suitable for separating individual mhlbltors from the mixture 
present m wheat albumin. Three mhlbltors with sunflar physmal properties but  
with different specifmltms for human salivary and pancreatm a-amylases were 
separated and purified. Retention of the sahvary/pancreatm ratios of these 
three mhlbltors on deamldatlon mdmated that these proteins differ from one 
another m ways other  than the substitution of  glutamate or aspartate for 
glutamme or asparagme in the:r primary structures 

The presence, m wheat extracts, of  at least three mhlbltors with molecular 
weights m the 20 000--25 000 regmn, whmh exhibit pronounced differences m 
specifmltms for human salivary and pancreatic a-amylases may explmn why 
Sflano et al. [9] did not  observe a sLzeable difference m the inhibition of  these 
amylases by an inhibitor fract,on (molecular weight 24 000) separated from 
wheat albumin by gel filtration. This fractmn has been shown to be heteroge- 
neous [2],  consisting of  at least ten protems, all capable of  inhibiting human 
sahvary a-amylase. It is posmble, that  the proteins of this group also mhlblt 
human pancreatm a-amylase, to varying degrees. By direct comparison, inhibi- 
tor 1 was found to be :dentmal to the inhibitor Isolated by O'Donnell and 
McGeeney [7].  The propertms of  mhlbltors 1, 2 and 3 strongly suggest that  
these mhlbltors are members of the '0.19 lsomhlbltor family'.  It may be that 
inhibitor 1 is ldentmal to the 0.19 inhibitor [5] smce it is the major protein in 
this group isolated from wheat flour. The molecular welgh, t of  inhibitor 2 
closely resembles that reported for the inhibitor II protein of Saunders and 
Lang [4].  AmI2 {molecular weight 26 200) was purifmd by Shmnkm and B~rk 
[3] by CM-cellulose chromatography. These authors indicate that  this protein 
is quite basra. This property,  and the similarity m molecular weights, would 
suggest a close homology between mhlbltor 3 and AmI2. 

The fourth Isolated inhibitor, mh:bltor 4, differs slgnifmantly from the other 
three m physmal characterlstms (Table III) This inhibitor has the highest 
specificity for human pancreatic a-amylase and may be similar to the proteins 
described by Frerlchs et al. [28] as being 'potent  mhlbltors of  pancreatm 
a-amylase'  It is hkely that inhibitor 4 is one of  the components  of  the 60 000 
molecular weight fraction separated from wheat  albumin by Deponte et al. [2].  

All four isolated mhlbltors consist of subumts of similar molecular size. 
Sflano et al. [5] found that the mhlbltors of the '0 28 lsomhlbltor family'  were 
smgle-protomer protems of  molecular weight 13 000. Thus, the three mhlb:tor 
groups m wheat all consist of  protems whmh dissociate into subumts of slm,lar 
s:ze. This is suggestive of  different assocmtmn forms of  polypeptldes from a 
single 'pool '  However,  expemments m which the mhlbltors were dissociated 
Into subumts and allowed to reassocmte at random show that the major protein 
formed on re-assocmtmn corresponds both  m electrophoretm mobili ty and 
salivary/pancreatic ratm to the omgmal inhibitor. This m&cates highly specffm 
subumt-subumt mteractmns w~thm the md~v:dual proteins and suggests that the 
mhlbltors are products of  dmtmct, though possibly phylogenetmally related 
genes. 
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