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I. INTRODUCTION

-

Amylases are a group.of enzymes that hydrolyze the
(X-l-*-4 linkages found in such polymers as amylose, amylopec
tin, and glycogen„

Alpha-amylases are defined as amylases

that produce products having the alpha configuration around
the anomeric carbon atom, whereas beta- amylases yield pro
ducts having the beta configuration around the anomeric carbon
atom.
Action pattern is a mechanistic term that encompasses the
investigation of the nature of the products, their distribu
tion, and the manner in which the enzyme attacks the substrate.
o<-Amylases are among the earliest known enzymes and were
used in some of the first studies on enzyme kinetics (1,2)„
1

There have been a considerable number of publications devoted
to their study.

Many of these studies have employed a classi

cal kinetic approach (3-6). This approach usually entails:
1.

the determination of rate curves by following the increase

in reducing value, the decrease in viscosity, or the decrease
in the iodine-staining capacity of the substrate?

2. the

effect of pH, temperature, and various chemical reagents on
the rate;

and 3. the determination of the percent conversion

of the starting material to maltose.

2

Until recently, the specific products formed from the ac
tion of the majority of; amylases have not been known.

The

cue-amylases have been vaguely described as producing dextrins.
However, with the development of paper chromatography of car
bohydrate polymers, it has been possible to examine in detail
the specific products and their quantitative distributions.
Most of the studies on the action patterns of a-amylases have
been conducted with human salivary amylase (7,8).
It was the purpose of this investigation to study and
compare the nature and distribution of the products formed
from the action of several amylases.

The ultimate goal was a

better understanding of the mode of amylase action in terms of
substrate and product specificity and the relative rates of
reaction of the various amylases on different substrates.
With a clear understanding of the specific action patterns of
a number of amylases, it should be possible to use these en
zymes as reagents in probing the detailed structure of
D-glucose polymers having #-l-»4 linkages. Further, an in
sight into the action of amylases should, in general, shed
light on the mode of action of the broad category of enzymes
known as carbohydrases.
To accomplish this, the specificity of a number of amy-

lases was studied by examining the nature, amounts, and se
quence of products formed from various well-characterized sub
strates. The relative rates of reaction of the various sub
strates were determined.

The substrates used were amylose,

amylopectin, glycogen, j3-amylase limit dextrins, pure indi
vidual maltodextrins, and the cyclic Schardinger dextrins.

4

II. HISTORY AND LITERATURE
A. Properties of Amylases

In the past few years an increasing number of amylases
have been purified and crystallized. Since the break-down
products of starch are the natural sources of dietary carbon,
it is not surprising to find amylases almost universally dis
tributed throughout the animal, vegetable, and microbial
kingdoms. The amylases elaborated by bacteria have been of
especial interest because of their relative ease of isolation
(many are extra-cellular) and because of widely differing
properties between species. Table 1 lists many of the amy
lases that have been crystallized.

A number of these have

had their amino acid composition determined and have been
studied in terms of their protein nature.

A few have been

studied from an enzymatic point of view.
a-Amylases comprise a well-characterized group of pro
teins. They are all slightly acidic, water-soluble proteins
of molecular weight around 50,000; each one is known to con
tain at least one gram atom of calcium per mole (9). On the
other hand they do differ from one another in several respects.
The amylase from Bacillus subtilis is unique in that it
appears to be a zinc-containing dimer having an approximate

5

molecular weight of 100,000 (10,11).

When treated with EDTA,

it was found that the sedimentation constant changed from 6S
to 4S. Stein and Fischer (12) showed that the transformation
was a monomerization due to the removal of zinc.

B. subtilis

amylase differs from most other ^-amylases so far investi
gated in the fact that it contains no sulfhydryl groups or
disulfide linkages (13).
Fischer has stated (9) that the cx-amylase from different
strains of B. subtilis may differ from one another in their
ability to dimerize in the presence of zinc. The amylase from
an American strain (Takamine) seems to bind zinc much more
firmly than the amylase from a German strain, Biolase (11,12).
A Japanese strain B. subtilis "K" (14) has been reported to
produce an amylase with a S^^ of 4.25. This sedimentation
constant would correspond to that of the monomer. The natural
form of the Takamine strain is the dimer (11).

It is not

known whether the Japanese amylase was in the natural state or
had undergone monomerization when the sedimentation constant
was measured.
Recently an (X-amylase from B. stearothermophilus has
been crystallized and the protein properties studied (15).
It was found to differ considerably from other amylases.

The

6

molecular weight as determined by the ultracentrifuge was
unusually low, 15,600 (16). It possessed a high optimum
temperature for activity — 65°C. The amino acid composi
tion showed that it did not contain tryptophan, was low in
tyrosine, and was unusually rich in proline (17).
Table 2 gives a comparison of a number of important
properties of some crystalline
All of the

«[-amylases.

a-amylases investigated so far have been

found to contain calcium ions. These amylases are quite re
sistant to denaturation by extremes of pH, heat, and urea.
They are known to be resistant to the action of most protein
ases (18). Crystalline B. subtilis

«-amylase does not lose

activity after long exposures to the actions of trypsin, chymotrypsin, subtilisin, pepsin and papain (19).

However, the

removal of calcium by dialysis against EDTA or by electrodialysis (9) produces a labilization of the enzymes.

The pH

ranges of stability are greatly reduced (20). The calciumfree amylases are very susceptible to denaturation by heat,
acid, and uraa, and they are attacked by most proteinases
(21,22).

It is possible to reversibly remove calcium if the so
lution is maintained at the optimum pH for activity. However,

it is difficult to test for the effect of calcium on cata
lytic activity, because of the traces of calcium that may be
introduced in the assay system by glassware, by buffers, and
by the substrates.

Table 1

Some amylases and their sources

Source

Malt
Aspergillus oryzae

Crystallization

Amino acid
composition

(23)
(24,25)

(37)

Aspergillus candidus

(26)

Human saliva

(27)

(38)

Porcine pancreas

(28,29)

(39)

Bacillus subtilis

(30-32)

(40)

Bacillus coagulans

(33)

B. stearothermophilus

(15)

(16)

Bacillus macerans
Bacillus polymyxa
Pseudomonas saccharophila

(34)

Sweet potato - fi

(35)

Malt — ^

(36)

—

Table 2

Properties of some crystalline alpha amylases

Properties

B.subtilis
amylase

%N

14.0

-SH groupsa

0

optimum pH

5.3-6.8

optimum temp.
Activation*3
Energy
Isoelectric
point

40°C
11,000
5.4

Malt
A. oryzae
Porcine
Human
B.stearotx-amylase oç-amylase pancreatic saliva thermophilus
13.4

12.9

15.8

15.8

15.0

-

-

-

-

-

4.7-5.4

5.5-5.9

6.9

6.9

40°C

37°C

37°C

70°C

7,050

10,650

13,500

13,500

14,000

5.7

4.2

35°C

5.2

5.2

4.6-5.1

4.8

Activation

^

by CI"
Molecular

Weight
•d
Michaelis
constant

50,000°
100,000

59,500

2 . 6 X 10"3 3.9 X 10~3

51,000

45,000

-

1.1 X 10"3

42,000
-

15,600
6.2 X 10~3

aThe

amylase from B.subtilis does not contain cysteine or cystine; the other
enzymes contain these amino acids, but the -SH group is not involved in
catalysis.

^The activation energy is expressed in calories per mole.
cThe

monomer of some strains of B.subtilis amylase forms a dimer with zinc.

^The Michaelis constant is for the substrate, starch, except the B. subtilis
in which it is amylose. All of the constants are expressed in moles of glycosidic bond cleaved per liter.
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B. Substrates for Amylases

Starch is considered the natural substrate for amylases.
It has wide distribution and is one of the basic sources of
carbohydrate in the animal diet. Starch is a heterogeneous
material and exists in nature as a giant entity, the starch
granule. The size and shape of the starch granule is. charac
teristic of the source (41).

There have been many studies and

theories proposed on the structure of the starch granule.
These studies have involved x-ray diffraction patterns (41,42),
preferential hydrolysis by acids (43), and degradation by en
zymes (44).

However, very little is actually known about how

the components of the granule are held together and the nature
of their association.
Schoch (45) in 1941 separated starch into two types of
homopolysaccharides:

amylose, a polymer of glucose residues

linked together through

oc-1-?-4 bonds ;

and amylopectin which

is a giant, bush-like molecule made up of D-glucose units
linked
is

o(-l->4, except at branching points where the linkage

<x-l->-6.
The amylose fraction after separation must be kept as a

butanol complex (46). If the amylose fraction is dehydrated,
it forms such strong intermolecular associations that it is

11

completely insoluble in water. However, solutions of three
percent by weight may be obtained by dissolving the butanol
complex in water and removing the butanol by distillation (47).
Most starches contain 15 to 21% amylose, although higher per
centages are found in lily and pea starches.

Some starches,

such as corn waxy-maize, contain very little amylose, if any
(42). A typical determination for the molecular weight of po
tato amylose is 162,000 or an average degree of polymeriza
tion* of 1,000.
The amylopectin molecule is highly branched and has a very
high molecular weight. The average molecular weight for pota
to amylopectin has been estimated to be 162,000,000 or an averIi
age degree of polymerization of 1,000,000 (42). Myrback (49)
has calculated that the average chain length of the exterior
chains is 10.9 glucose units and the average chain length of
the interior chains (those between branch points) is 5.1 units.
Sillen and Myrback (49) have further calculated the distribu
tion of the D-glucose units on chains of different lengths in
the amylopectin molecule.

If their calculation is substanti

ally correct, amylopectin has an appreciable number of outer

*The average degree of polymerization is the average num
ber of glucose units per molecule in the mixture of polymers
of different sizes. This may be either the number average,
weight average, or Z average, depending on how the measurement
is made (48).
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chains having more than 30 glucose units.
Glycogen, the third natural substrate for amylase attack,
is a homopolysaccharide made up of D-glucose units linked
oc-l-*-4, except at branching points where the linkage is

oc-l->-6.

Glycogen is apparently found in the cells of all

animals. It has been called animal starch. Many microorga
nisms also produce glycogens (50,51).

Glycogens differ from

the plant amylopectins. in having shorter exterior chains,
more frequent branches, and shorter interior chains.

A mole

cule of glycogen can be pictured as being a compact, bush-like,
II
structure. Myrback (49) calculated the average length of the
exterior chains of glycogen to be 6.3 glucose units and the
interior chains to be 2.8 units.

Kerr (41) believes that the

glycogen molecule in solution has a more or less spherical
shape, whereas solutions of amylopectin which have high vis
cosities suggest that this molecule is highly elongated.
When starch, amylopectin, or glycogen is treated with a
crystalline sweet potato ft-amylase

preparation, there re

mains after the reaction is complete, a limit dextrin called
0 -amylase limit dextrin. The action of

yS-amylase is known

to attack <x-l->-4 D-glucose polysaccharides from the nonreducing end, removing maltose molecules by hydrolytic
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cleavage of the second glycosidic linkage from the non-reduc
ing end. Its action is known to stop when it reaches an
a-l-*-6 branch point.

Further,

-amylase cannot cleave the

linkages in the segments between branch points.

Thus, the

limit dextrins are essentially the branched molecules with the
outer chains clipped off. The maltose can be removed from
solution by dialysis and the limit dextrin precipitated with
alcohol. The structure of the limit dextrins is one con
taining the branch points and the segments between the branch
points. French (52) has described the action of ^-amylase
and the structure of the limit dextrins. The y9-amylase* limit
dextrins can serve as substrates for alpha amylases.
Pure individual ologosaccharides (containing only oC-l->-4
glycosidic linkages) have been prepared (53,54). They serve
as valuable substrates for studying the enzymic degradation
of the original low molecular weight dextrins that are formed
from amylase action on a natural substrate like amylose.
Wild (55) isolated various singly branched dextrins by
paper chromatography and carried out structure determinations.
Synthetic substrates have been made by utilizing the
coupling reactions of the amylase from Bacillus macerans.
Starting with cyclohexaamylose and "^C-labled glucose in the

14

presence of this amylase, a linear oligosaccharide, maltoheptaose is formed. This molecule is specifically labeled in
the reducing moiety (8,56). The maltoheptaose undergoes disproportionation. For example, two molecules of maltoheptaose
disproportionate to give one molecule of maltotetraose and
one molecule of maltodecaose. Similar reactions with these
products produce a homologous series of oligosaccharides
whose distribution depends on the length of time the enzyme
has been allowed to act.

Each one of these oligosaccharides

is labeled in the reducing moiety (8).
2 0—0—0—0— O—O—0 V1 0—0—0~~0
maltoheptaose maltotetraose

0—0—0—0—0—0—0—0—0—
maltodecaose

Summer (57) utilized the coupling action of B. macerans
amylase to produce a mixture of low molecular weight branched
oligosaccharides of varying degree of polymerization.

He

started with panose, cyclohexaamylose, and the amylase from
B. macerans. The isolated, pure oligosaccharides were used to
study the action of p-amylase (58).

C.

1.

Action of Amylases

Mechanisms of polymer degradation

In terms of how amylases attack the polymeric substrates,
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two types of action are generally considered;

1.

an endo-

mechanism, in which the hydrolysis occurs at the oc-1->4
linkages located somewhere in the internal segments of the
polymer and 2.

an exo-mechanism in which the enzyme attacks

the polysaccharide exclusively from the non-reducing outer
chain ends.
Apart from the position at which the enzyme encounters
the polymeric substrate, one must also consider the number of
product molecules formed from a single enzyme-substrate en
counter. Three different mechanisms have been proposed — the
single chain mechanism, the multi-chain mechanism, and the
multiple attack mechanism (59). The single chain mechanism
encompasses the idea that the enzyme completes the degradation
of a single polymer molecule before transferring its action
to another polymer. The multi-chain mechanism states that af
ter one hydrolytic attack or removal of a single unit the en
zyme leaves the polymer and attacks another polymer. The mul
tiple attack theory states that after the enzyme encounters the
polymer, it attacks the substrate several times, splitting off
products, before it attacks another polymar,
For the most part, these mechanistic theories have been
applied only to exo-enzymes, although with slight modification,
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there is no reason why they could not be applied to endoenzymes as well.

Table 3 gives a diagrammatic summary of the

three mechanisms as applied to both exo- and endo-amylases.
The action of potato phosphorylase (an exo-enzyme) has
been shown to be multi-chain (60). Cleveland and Kerr ex
amined the polymers obtained at various stages of degradation
of amylose by

p-amylase and found that there was no change

in the molecular weight (61). Additional experiments showed
that the iodine color and viscosity did not change (62). From
this evidence; they concluded that a single chain mechanism
was operating.
French (63) has stated that the molecular weight distri
bution of the original amylose was the most probable distri
bution. He showed that any of the three suggested mechanisms
gives an amylose residue with size distributions essentially
identical to those of the original amylose molecules. Thus,
it is not possible to study the single chain or multi-chain
mechanisms on natural amylose.

French suggested that one

might overcome this difficulty by preparing a synthetic
amylose having a size distribution different from the most
probable distribution.
Bailey and French (59) using synthetic polysaccharides
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Table 3

Diagrammatic representation of the
theories of amylase action
Endo-amylases

Exo-amylases
I. Single chain
2
3
4
5
1
0-0*0.-0*0-0-0-0-0-0-0-0
II.

Multi-chain

Single chain
12 3
4
5
0-0-0-0-0-0-0-0^0-0-0-0-0-0-0'-0^-0-0
I•

Multi-chain

II .

1
0-0-0'—0—0—0—0—0—0—0-0—0—0—0—0•—0—0—0—

2
0-0^0-0-0-0—0-0-0—0—0-0-

0-0-0

3
0-0^0 —0—0—0—0—0—0—0—0—0—

0-0-o

III. Multiple attack

III •

2
3
1
o-o-to--0-^0-0-0-0-0—0—0-0-

12 3
0-0'-0-0-0-0-0-0-0-0-0-0-0-0-0'-0-0-0-

5
4
o-o^o.—0—0—0—0—0—0—0—0—0—

4
5
0-0'-0 —0—0—0—0—0—0—0—0—0—0—0—0'—0—0—0—

6
0-0&0 —0—0—0—0—0—0—0—0—0—

0-0-0

1
0
1
0
1
o
i-e'to
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
o

1
0-0^0'-0-0-0-0-0-0—0—0-0-

ij
0
1
o

1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
o

-0—0—0—
—0—0—0—

Multiple attack

7

8

o
o
1
o
l»o
o
l»o
1
0
1
0
1
o
1
o
1
0
1
o
1

6

9
—0—0—0—

aThe

arrows indicate the sequence of hydrolytic cleavages of
the glycosidic bonds.

b0

represents a D-glucose unit; - represents the cx-l->4 gly
cosidic linkage; 0 represents the reducing end of the chain.

cThis

picture makes the assumption that both types of enzymes
have a high specificity for forming maltose (except the case
of endo-amylase with a multi-chain mechanism). This diagram
is not representative of the action of any one particular
enzyme.
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showed that the probable action of

j3 -amylase was a multiple

attack mechanism.
The following reactions occur in a multiple attack
mechanism.
P

P

E + S2

P

E + S3

P

E + S4

kj is the velocity constant for the enzyme-substrate en
counter.
k_]_ is the velocity constant for the enzyme-substrate
dissociation.
k^ is the velocity constant for the formation of product.
The kinetics for multiple attack mechanism are slightly differ
ent from those usually encountered in enzyme studies. The
Michaelis constant is defined as the ratio of velocity con
stants that give rise to the dissociation of (ES), enzymesubstrate complex.

For the usual enzyme reactions, the

Michaelis constant is KM =
tack systems

KM

k 1
= , ,
kj

k -, + k9

; but for multiple at-

^
. This follows, since the Michaelis

constant is essentially the dissociation of the ES complex;
the only step in multiple attack systems that leads to the
dissociation of ES is a k_^ step. While the k^ step gives
rise to product, the enzyme forms a new enzyme substrate

1.9

complex. In the ordinary non-multiple reactions, k2 gives
both product and dissociation of the ES complex — it is
impossible for the substrate to react further.
The action of alpha amylases has been considered to be
a random process which gradually degraded the starch chains
into smaller and smaller dextrins (64,65). Caldwell, using
pancreatic amylase (66), observed that products of low mole
cular weight were produced in the early stages of an amylose
digest. These sugars were hydrolyzed more slowly than the
amylose molecules.
Fischer (9) has stated that endo-amylases act randomly
on the #-l-»-4 linkages; the c£-l->6 linkages, which constitute
the branching points of amylopectin and glycogen, remain unattacked.
Alpha amylases have been considered to be endo-amylases
and act randomly because they rapidly decrease the viscosity
of starch solutions and rapidly decrease the iodine staining
capacity of starch.

However, ^-amylases have never actually

been demonstrated to be endo-enzymes.
Pazur and French (67) studied the nature of salivary
amylase action at pH conditions favorable and unfavorable for
optimum enzyme activity. They found that the action under
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optimum conditions gave relatively large amounts of di~;
tri-, and tetra- saccharides early in the digest.

The re

action at an unfavorable pH gave a wider distribution of
products. They concluded that the former reaction was not
random in terms of the products formed.

The latter reaction

gave products from glucose to large undefined oligosaccha
rides. They also concluded that salivary amylase acts by
hydrolyzing several linkages of the substrate molecule in a
localized region before the enzyme-substrate complex disso
ciates by diffusion. This is probably an example of an endoamylase with multiple attack.
Osugi (68) studied the mechanism of the degradation of
amylose by B. subtilis a-amylase. His report utilised a
statistical analysis of kinetic data as developed by Kuhn
(69). This would be a valid way of studying enzymic degra
dation of high polymers only if the process was known to be
completely random.
Bernfeld and Fuld considered (70) that one amylase might
have a preference to split certain linkages, i.e., those
relatively near the periphery of the amylopectin molecule, or
those near a branching point, whereas another amylase would
have more tendency to split other linkages, e.g., those close
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to the center of the molecule or those far from a branching
point. They concluded, that if this were the case, different
products would be formed and the ratio of saccharifying to
dextrinizing activity, S/D, would be different for the various
amylases.
They determined the S/D ratio for porcine pancreatic, hu
man saliva, malt, and B. subtilis amylase and found the
ratios to be identical. They then concluded that the action
of these enzymes on starch produced identical products.
Meyer and Gonon (71) studied the hydrolysis of amylose
from potato and from corn with crystalline swine pancreatic
amylase and crystalline malt

cc-amylase. They found that the

affinity of these two enzymes for oligo-saccharides of inter
mediate length was quite different.

In the case of malt

oc -amylase the affinity for the oligosaccharides was much

smaller than it was for amylose. In the case of the pancrea
tic oc-amylase, however, the affinity for amylose and oligo
saccharides was about the same.
2. pH and amylase reactions
The influence of pH on the rate of enzyme catalysis has
been of use in giving the biochemist an estimate of the speci
fic groups participating in the actual catalytic reaction (72).
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Ono, et al. (5) studied the influence of pH on the de
gradation of amylose by an amylase from B. subtilis. They
measured the Michaelis constant and the apparent rate con
stant, kg, from pH 3.6 to 8.4.

The Michaelis constant, KM

remained unchanged at 2.3 X 10""^ mole of glucosidic bond per
liter. The apparent rate constant, k^, decreased on both
sides of the pH optimum.

By assuming that the enzyme-sub

strate complex was involved in a type of equilibrium postu
lated by Waley (73) and Laidler (74) , Ono determined that
the two groups involved in the catalysis had pKa and pK^ of
4.2 and 7.8.

The heats of ionization were respectively,

2.0 and 4.0 kcal/mole. These results indicated that a
carboxyl group and a histidyl imino group might be the nucleophilic and electrophilic groups responsible for the cata
lytic step.
Yamamoto (31) examined the activity of B. subtilis amylase
treated with several specific reagents, and concluded that the
phenolic group of tyrosine is essential for the reaction.

The

pK value of this group lies outside the pH range that Ono in
vestigated.

Ono's, et al. (5) observation that KM was con

stant over the pH range studied, could mean that the phenolic
group is necessary for substrate binding. Thus one might pos
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tulate two distinct types of sites, the catalytic site (carboxy1 and imino groups) and the substrate binding site (pheno
lic groups).
Dahl (75) made a similar.study for human salivary amy
lase. She found that the pKa, pK^ and heats of dissociation
were tentatively those of the carboxyl of either aspartic or
glutamic acid and the phenolic group of tyrosine,
3. Products of amylase action
Nordin (8) has studied the action pattern of salivary
amylase. His investigation included comparative hydrolysis
rates for maltotriose, maltotetraose, maltoheptaose and amylodextrin. He determined the extensive action of salivary
amylase on waxy maize starch. The branched limit dextrins
were isolated and their structures studied.
Bird and Hopkins (76) have made a lengthy study of the
action patterns of malt, B. subtilis, A. oryzae and salivary
amylases. The B. subtilis and A. oryzae enzymes were crude
preparations.

Very dilute substrate concentrations (0.025%)

were employed to avoid the secondary breakdown of the pri
mary products.

They state that the ot -amylases of malt and

B. subtilis hydrolyze amylose ultimately to maltose and glu
cose. The glucose was not derived wholly by fission of
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maltotriose. They also state that the action of malt and
B. subtilis amylases on dilute amylopectin yielded, in the
early stages, negligible traces of fission products of
shorter chain length than 6-8 glucose units, while salivary
and. A. oryzae amylases gave products of 3 glucose units and
larger.
Whelan (77) has determined that the smallest limit dex
trin produced by the extensive action of B. subtilis amylase
is a pentasaccharide, tentatively assigned a structure in
•which (X-maltose is joined to C-6 of the central glucose
residue in maltotriose.
The smallest limit dextrin formed by malt

a-amylase is

panose (4- oc-isomaltosylglucose), while that formed by
human salivary, porcine pancreatic, and A. oryzae ot-amylases
is the tetrasaccharide 4- ot-panosylglucose (78).
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III.

MATERIALS AND METHODS
A. Enzymes

1. Bacillus subtilis amylase
This was a crystalline amylase produced extra-cellularly from B. subtilis, a variety of B.; biotlecus. The amylase
was a Japanese preparation obtained through the Biddle
Sawyer Corporation, 20 Vesey Street, New York 7, New York.
The crystals were colorless needles. They had 14,000 amylase
units* per milligram of protein nitrogen.

2. Bacillus polymyxa amylase
This was an extra-cellular enzyme obtained from the fer
mentation of Bacillus polymyxa ATCC 8523.

Tilden and Hudson

(79) obtained this enzyme in 1942 and studied some of its
properties.
Rose (80) has published a culturing medium for the pro
duction of the amylase.

This has been the medium used in our

work. The medium was prepared from the following solutions:
Solution A, 25 g KHgPO^ and 6.35 g Na2HPO^ per 500 ml dis

pone amylase unit is the amount of enzyme that will pro
duce a 10% blue value reduction of a 1% soluble starch solu
tion at 40°C in 1 minute.
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tilled water; Solution B, 11.25 g MgS04 per 500 ml distilled
water;

and Solution C, 4% soluble starch, 0.5% CaCOg, and

0.5% yeast extract (Difco). Each solution was sterilized
separately by autoclaving at 120°C for 30 minutes.

Ten ml

of solution A and ten ml of B were aseptically added to
980 ml of solution C. The resultant composition of the
medium was 4% soluble starch, 0.5% CaCOg, 0.5% yeast extract,
0.050% KH2P04, 0.013% Na2HP04, and 0.025% MgS04.
Inocula were obtained from a Difco nutrient medium af
ter approximately 24 hours growth at 37°C. The fermentation
flasks were placed on a rotary shaker and the temperature
maintained at 32°C.

After approximately seven days, amylase

activity was detected and increased for about two to three
days more.

An average fermentation yielded ten amylase

units per milliliter of culture filtrate.
Cultures of B. polymyxa have been maintained, under
sterile mineral oil, on nutrient agar containing one percent
soluble starch.

They were also preserved by allowing a cul

ture to dry up and sporulate on calcium carbonate.
After each transfer, the culture was checked by staining
and microscopic examination.
the fermentation.

Checks were also made during

The description of the isolation and puri

fication of the amylase is given in section IV.
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3.

Bacillus macerans amylase
This enzyme was obtained and studied by Tilden and Hud

son (79). The medium, inoculation, and culture maintenance
•that we used, were identical to those described for B. poly
myxa above.

Tht= particular organism used in this study was

Bacillus macerans ATCC 8517. The fermentation flasks were
placed on a rotary shaker and the temperature maintained at
40°C.

Enzyme activity was obtained after seven days.

4. Salivary amylase
This was collected from the saliva of the author. The
crude sample was diluted with an equal volume of 0.006 M
calcium acetate and centrifuged.

The enzyme was used as such

or with proper dilution.

5. Porcine pancreatic amylase
This was a crystalline preparation obtained from Nu
tritional Biochemicals Corporation, 21010 Miles Avenue, Cleve
land 28, Ohio. They describe the preparation as a 3X crystal
lized water suspension, prepared according to the procedure
of Caldwell (29).
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1.

Substrates

Amylose
This linear <x-l-*-4 polysaccharide fraction of starch

was isolated from potato starch by the procedure of Schoch
(45). It was stored at 5°C as the butanol complex. The
average degree of polymerization, DP, was estimated by the
alkaline ferricyanide method (81), to be 1000. The solu
tions of this substrate were prepared by dissolving the bu
tanol complex in water and removing the butanol by distil
lation (47). One percent amylose solutions could be prepared
easily and if the temperature of the solution was maintained
between 37° and 40°C, rétrogradation did not occur after
thirty minutes.
In order to facilitate the handling of amylose, a de
graded amylose, soluble in warm water was prepared.

This was

obtained by slowly dispersing a commercial amylose* into
9 M HCl at O-5°C until the concentration was ten percent by
weight. This took approximately two hours. Hydrolysis was
allowed to proceed by rapidly warming to 25°C with continuous
stirring for approximately twenty minutes.

Hydrolysis was

*The starting material was the commercial amylose, Su
per lose, obtained from Stein and Hall Company.
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arrested by neutralization with solid sodium acetate and con
centrated ammonium hydroxide.

The solution was repeatedly

dialyzed; after which it was concentrated to fifty percent of
the original volume.

The amylose was precipitated with two

volumes of acetone.

The average degree of polymerization was

60, as determined by periodate oxidation (82).

2. Amylopectin
This was obtained by the Schoch procedure from potato
starch (45). The amylopectin was more completely freed of
amylose by stirring 1-octanol into 3% aqueous amylopectin so
lution and allowing it to stand 24 hours.

The precipitate

was removed by centrifugation for thirty minutes at 22,000 G
using a Spinco model L centrifuge. The centrifugate, which
contained the bulk of the amylopectin, was heated to boiling
to remove 1-octanol. The amylopectin was precipitated with
two volumes of ethanol and dehydrated with acetone.

3. Glycogen
This was a commercial preparation from oysters, which was
obtained from Nutritional Biochemical Company.

4.

-amylase limit dextrins
These were prepared from potato amylopectin and oyster
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glycogen.

Amylopectin and glycogen were digested with

crystalline sweet potato

-amylase at 37°C and pH 4.8 for

six hours and dialyzed against distilled water for six hours,
after which fresh enzyme was added.
peated three times.

This procedure was re

After the third treatment there was no

increase in reducing value.

The limit dextrins were preci

pitated by addition of two volumes of ethanol and dehydrated
with acetone.

5. Pure individual oligosaccharides
Maltopentaose, maltohexaose, maltoheptaose, and maltooctaose (G5, Gg, G7, and Gg, respectively*) were isolated from
a B. subtilis amylase digest of amylose by paper chromato
graphy.

Maltododecaose, 6^2, was obtained by partition

chromatography on cellulose (53). Oligosaccharides were also
obtained by charcoal column chromatography.

This is des

cribed in detail in section IV.

6. Cyclic saccharides
The Schardinger dextrins, cyclohexaamylose, cycloheptaamylose, and cyclooctaamylose were prepared according to the

*Gn designates a pure individual linear maltodextrin
saccharide composed of n D-glucose residues.
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procedures described by French (83).

7. Reducing end radioactive labeled oligosaccharides
These were prepared by the reaction of

labeled

glucose and cyclohexaamylose in the presence of the amylase
from B. macerans (8, 56). Labeled compounds G^-G-^g were
separated and isolated by multiple ascent paper chromatogra
phy.

C.

Paper Chromatography

1. Preparation of chromatograms
For the analysis of the products of the enzyme digests,
multiple ascent paper chromatography was extensively employed.
Whatman No. 1 paper 14 x 14 inches was washed with dis
tilled water before use.

A strip of heavy paper 1 cm wide

was stapled to the bottom of the Whatman paper to give rigidi
ty to the chromatogram.

The samples were placed one inch

apart along a line one inch from the bottom of the paper.
After the samples had been applied to the paper, it was
stapled into a cylinder and placed in a chamber containing the
irrigation solvent.

The solvent system employed was water,

absolute ethanol, nitromethane, 23:41:35 parts by volume.
This system took about eight hours for one ascent.

After an
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ascent, the chromatogram was removed and completely dried
before attempting another ascent. The usual number of as
cents for a fourteen inch chromatogram was five.
good resolution of compounds

This gave

through G-^ •

The chromatograms were developed by rapidly dipping into
a solution containing 1 ml of saturated silver nitrate per
200 ml of acetone. The paper was dried and dipped into a
solution containing 1 ml of forty percent sodium hydroxide
per 100 ml of methanol.

Spots developed immediately.

The

paper was dried and rapidly dipped into Kodak F-24 film fixer
and immediately placed in a water wash for at least thirty
minutes.

2.

Quantitative analysis

The quantitative determination of the products in the
digests was essentially that of Dimler (84), except that a
phenol-sulfuric acid procedure (85) was substituted for the
anthrone method,
100 - 200 yu 1, containing 100 - 200 yvgm of carbohydrate,
was streaked along a two inch line at the bottom of the paper.
An identical amount was streaked along a two inch line adja
cent to the first line. The ends of the two lines were sepa
rated by one inch. The chromatogram was irrigated in the

manner described above.

After a sufficient number of sol

vent ascents, the chromatogram was sectioned between the two
lines. The first strip was developed by the silver nitrate
procedure. This was ut-ed as a guide strip in locating the
compounds on the second strip.

By matching the two strips

the compounds on the undeveloped strip were located and
the chromatogram sectioned between the areas containing the
compounds. The quantitative amount was determined by eluting
the compound with water, diluting the eluate to 10 ml and de
termining the carbohydrate by analysis of 1 ml aliquots with
phenol and sulfuric acid.

The details of this analysis are

given in part D of this section.

3. Radioautography
This was employed in determining the compounds that were
split from the end-labeled substrates. The irrigated chromatograms were placed against the sensitive side of Kodak noscreen X-ray film; the film and chromatogram were placed in
a press for three to seven days exposure.
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D.

Analytical Methods

1. Determination of reducing values
a. The Nelson copper method

This method was used

for determining small amounts of reducing groups.

In order

to increase the sensitivity in the lower carbohydrate range,
glucose was added to the copper reagent so that the blank con
tained 0.01 mg of glucose. The carbohydrate concentration
range was 0.01 to 0.15 mg of maltose.
The reagents used for the Nelson procedure are the fol
lowing:

For reagent A, 25 g anhydrous sodium carbonate,

25 g sodium, potassium tartrate, 20 g sodium bicarbonate
and 200 g anhydrous sodium sulfate were dissolved in 800 ml
distilled water and diluted to one liter.

For reagent B,

30 g CuSO^'SH^O was dissolved in 200 ml water;

two drops of

concentrated sulfuric acid were added for every 100 ml of so
lution. To modify the reagent for the lower carbohydrate
range, 50 mg of glucose was added per 200 ml of reagent.

For

reagent C, one part of reagent B was added with shaking to
twenty-five parts of reagent A.
fresh daily.

This reagent was prepared

For reagent D, the arsenomolybdate reagent,

25 g of ammonium molybdate were dissolved in 450 ml of dis
tilled water.

21 ml of concentrated sulfuric acid were added
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to the solution.

3 g of sodium arsenate heptahydrate were

dissolved completely in 25 ml distilled water and slowly
added to the first solution with constant stirring.

The so

lution was diluted to 500 ml and warmed carefully for thirty
minutes in a water bath held at 55°C.
The procedure for the analysis was the following:

1 ml

of reagent C was added to 1 ml of sample containing between
0.02 and 0.2 mg of carbohydrate. The solutions were mixed,
covered and heated for twenty minutes in a boiling water bath.
The container and contents were cooled in a running water
bath for three minutes.

1 ml of reagent D was added and the

container shaken to hasten carbon dioxide evolution.

The so

lutions were allowed to stand for ten minutes and were then
diluted to 25 ml.

The color intensity was measured in a

Klett colorimeter using a No. 66 (red) filter.
b.

3,5-Dinitrosalicylic acid method (86,87)

method was also used,in determining reducing values.

This
It was

not as sensitive as the Nelson procedure; however, it has a
higher carbohydrate range. It was also much faster and gave
very reproducible standard curves. The concentration range
was 0.10 to 1.0 mg of maltose.
The reagent for the dinitrosalicylic acid procedure,
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(DNSA), was prepared by dissolving 1 g 3,5-dinitrosalicylic
acid and 30 g sodium, potassium tartrate in 100 ml of 0.6 M
sodium hydroxide. This reagent was stable for several months.
The procedure for the analysis was the following:

2 ml

DNSA reagent and 1 ml of sample were mixed and placed in a
boiling water bath for five minutes.

The solutions were then

cooled with running water for five minutes and diluted to
10 ml. The color intensity was determined in a Klett colori
meter using a No. 54 (green) filter.

2.

Carbohydrate analysis

The phenol-sulfuric acid procedure (85) was found to be
reproducible and easy to perform. The procedure for the
analysis was the following:

0.1 ml of 80 percent phenol

solution was added to 1 ml of sample containing 1 - 100jjlg
of carbohydrate.

3 ml of concentrated sulfuric acid were

added directly to the top of the solution and the solution
completely mixed by shaking the tube.

An amber color de

veloped and the intensity was measured after thirty minutes
in a Klett colorimeter having a No. 54 (green) filter.

3. Determination of amylase activity
Amylase activity was measured by the ability of the en
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zyme to decrease the iodine staining capacity of starch so
lutions.

The reagents used for this determination were the

following:

reagent A, 1.0% starch solution ;

0.1 M hydrochloric acid solution ;

reagent B,

reagent C, 0.005% iodine,

0.05% potassium iodide solution.
The procedure for the analysis was the following:

10 ml

of reagent A was incubated at 40°C. The reaction was initiated
by adding 1 ml of a properly diluted enzyme solution.
was mixed and incubated for ten minutes.
1 ml was added to 10 ml of reagent B.

This

After this time,

This was mixed com

pletely and allowed to stand five minutes.

1 ml of this so

lution was transferred to 10 ml of reagent C.

The intensity

was measured in a Klett colorimeter having a No. 66 (red)
filter.
One unit of enzyme was defined as that amount which

causes a 10% blue value reduction of a 1.0% soluble starch
solution at 40°C in one minute.

The units of enzyme activity

were calculated by the following formula.
units =

P ~
B

P—

X 10 X n

Where D = the Klett reading when the procedure is performed
without enzyme,

D1 = the Klett reading after ten minutes reaction with
enzyme,
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n = the dilution factor for the enzyme solution.

4. Determination of protein
A quantitative determination of protein was made in
the purification of enzymes.

This enabled the calculation

of the specific activity of the enzyme. The Folin-Ciocalteu
procedure, described by Sutherland (88) and modified by
Lowry, et al. (89) was used.

This method is 10 or 20 times

more sensitive than measurement of the ultraviolet absorption
at 280 myu ;

it is several-fold more sensitive than the ninhy-

drin reaction ;

the procedure is also 100 times more sensitive

than the biuret reaction.

As little as 1.0 juq of protein can

be determined.
The following reagents were prepared for the protein de
termination: reagent A was a 4.0% sodium carbonate solution;
reagent B was a 2.0% cupric sulfate solution;

reagent C

was a 4.0% sodium, potassium tartrate solution;
100 parts of A : 1 part of B : 1 part of C;

reagent D was

reagent E was pre

pared by adding 100 g sodium tungstate (Na^O^'2îî2O), 25 g
sodium molybdate (NagMoO^'ZHgO), 700 ml of distilled water,
50 ml 85 percent phosphoric acid, and 100 ml concentrated hy
drochloric acid to a 1500 ml flask. This solution was refluxed approximately ten hours.

After refluxing, 150 g
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LigSO^., 50 ml of distilled water, and a few drops of bromine
were added and the solution boiled for fifteen minutes with
out the condenser.

The solution was cooled, diluted to one

liter, and filtered. If the reagent became greenish with
standing, a few drops of bromine were added and the solution
boiled for fifteen minutes.
The procedure for the protein determination was the
following:

5.0 ml of reagent D was added to 0.5 ml of sample ;

this was mixed and warmed in a water bath at 40°C for fifteen
minutes.

Reagent E which had been diluted 1 : 2 was added

and the optical density measured.

If the solutions contained

0 - 25yUg of protein, the measurement was made at 750 mjjt ;
if they contained 25 - 200yx.g of protein, the measurement
was made at 500 m/A . Standard curves -.were obtained using
crystalline bovine albumin or crystalline lysozyme from
egg whites.

Only slight differences were found for these

two proteins.

E.

Enzyme Digests

The substrates were prepared in aqueous solutions in
which the concentrations were between 0.1 - 1.0% by weight.
In the chromatographic studies the concentrations were

40
v.-

either 0.5% or 1.0%.

For the determination of rates of

reaction by measurement of reducing values, the concentra
tions of the substrates were all 0.1%.
In most of the digests for chromatographic analysis,
the enzyme was added so that there was 0.1 amylase unit for
each milligram of substrate. All of the reactions were
carried out at 40°C at the optimum pH of the particular
enzyme involved. The enzyme solutions were buffered at the
proper pH by a 0.1 M phosphate buffer.

Buffer was not

added to the substrate solutions.
2 ml samples of the digests were removed at various
intervals and immediately added to a tube placed in a boiling
water bath for thirty minutes to ensure complete denaturation
of the enzyme.

In the case of the digests of maltodextrins,

the samples were removed from the digests and added directly
to the paper for chromatography.

15 - 25jxl of sample was

placed on the paper for qualitative chromatographic analysis.
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IV.

EXPERIMENTAL

A. Preparative Charcoal Column Chromatography

Although charcoal column chromatography of carbohydrate
polymers has been accomplished by many people (90-92), we
have changed the conditions, so that the resolution of the
compounds has been much improved.

A glass column was packed

with an aqueous slurry of Norite charcoal and celite (1:1).
The dimensions of the column after packing were 5 X 50 cm.
Before the addition of sample, the column was washed with
500 ml of distilled water.
A lyophilized B. subtilis amylase digest of amylose was
used as the starting material. Six hundred milligrams of
material was dissolved in 10 ml of distilled water and placed
on top of the column. The sample was washed on to the column
with 200 ml of distilled water.

The oligosaccharide frac

tions were eluted with increasing concentrations of tertiary
butyl alcohol. The elution was started with 400 ml of 1%
t-butyl alcohol. The concentration of t-butyl alcohol was in
creased by 1% for each successive 400 ml volume of eluent.
The concentrations of the eluting solvents and the yield of
each compound are given in Table 4.

An elution diagram for

this series of isolations is given in Figure 1. The carbo-

Figure 1

Elution diagram of a B. subtilis amylase digest of amylose
from a charcoal-celite column by t-butyl alcohol
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hydrate contents of the fractions were determined by the
anthrone procedure (84).

20 ml fractions were collected

automatically by a Rinco fraction collector.

Table 4 Composition of the eluting solvent and yields from a
charcoal column fractionation of a B. subtilis amylase
digest of amylose
Compound

G1
G2
g3
g4
G5
G6
G7

Eluting agent
% t-butyl alcohol

Yield
milligrams

8

1
2

27
il

3

135

4

11

5

13

6

190

7
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B. Isolation and Purification of the Amylase from
B. Polymyxa

This enzyme was isolated and purified by a series of
salt and organic solvent precipitations.

After approximately

ten days of fermentation, the bacterial cells and debris were
removed by centrifugation. The pH was adjusted to 6.5 and the
culture filtrate was concentrated to 50% of the original vol
ume by a rotary vacuum evaporator (the temperature was not
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allowed to go above 32°C).

This concentrated solution was

filtered to remove any sediment that had formed during con
centration.

Assay at this point gave 11.6 amylase units per

ml and 2,800 /tg of protein per ml;

the specific activity

was 4 X 10"3 amylase units per /tg of protein.
Various pH values and concentrations of ammonium sul
fate and sodium sulfate were used on 2 ml test samples to
determine the optimum conditions for isolating the enzyme
from the concentrated culture liquor. It was found that
200 g of anhydrous ammonium sulfate and 200 g of anhydrous
sodium sulfate per liter of liquor at pH 6.5 gave high
yields of enzyme with some purification. The salt was added
slowly with constant stirring. The solution was further
stirred with a magnetic stirrer for one hour at room tempera
ture. It was then allowed to stand for twelve hours at 5°C.
The precipitate was removed by centrifuging at 30,000 G and
5°C. The precipitate was dissolved in 400 ml of 0.01 M cal
cium acetate and dialyzed against 20 liters of 0.01 M calcium
acetate solution for 20 hours at 5°C. The salt precipitation
after dialysis gave a 90% yield of enzyme which had a specific
activity of 2.0 X 10 ^.
The next step involved the precipitation of the enzyme
with an organic solvent.

In order to obtain an optimum puri
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fication, various concentrations of organic solvents were
added to 2 ml test samples of the dialyzed enzyme solution.
The solvents used were ethanol, acetone, n-propyl alcohol,
and tertiary butyl alcohol.

When added to the enzyme so

lution all of the solvents were at 0°C, except the t-butyl
alcohol which was at 23°C.

The precipitates were removed

by centrifugation and dissolved in 2 ml of 0.01 M calcium
acetate. The amylase activity and protein content were
measured and the specific activity calculated. Table 5
gives the results for these experiments.
The most efficient organic precipitating agent was
t-butyl alcohol in a ratio of two volumes of enzyme solution
to one volume of alcohol.

This gave a 77% yield and a spe

cific activity of 29 X 10~^.

Two volumes of enzyme solution

to one of n-propyl alcohol gave a yield of 67% and a specific
activity of 32 X 10~^.

Even though the specific activity of

the n-propyl precipitate was 3 specific activity units higher
than the t-butyl precipitate, the yield was 10% less.
As the second main purification step, the t-butyl alco
hol precipitation gave a seventy-threefold purification of
the concentrated liquor.
precipitation was 70%.

The overall yield after the alcohol

47

The enzyme was added to a starch celite (1:1) column
at 5°C, and eluted by a gradient elution using calcium ace
tate.

A single amylase peak was obtained. This was concen

trated and used in our experiments.

Table 5

Study of the organic solvent
precipitation of B. Polymyxa
amylase

Precipi- Enzyme to
units of
wg protein Specific - %
tating
solvent amylase per ml per ml
activity yield
agent
ratio
X 10
ethanol

2
1
2
1

:;
::
:
:
::

1
1
3
2

14.5
12.5
17.1
18.3

85
151
232
282

17.1
8.3
7.4
6.5

53.5
46.2
63.0
67.5

acetone

2
1
2
1

::
::
::
::

1
1
3
2

12.8
16.6
19.7
17.3

118
232
308
354

10.9
7.2
6.4
4.9

47.3
61.3
72.8
63.9

n-propyl
alcohol

2
2
2
1

::
:;
::
::

1
3
3
2

18.3
18.6
19.8
21.1

58
123
173
230

31.6
15.1
11.4
9.2

67.5
68.7
73.1
77.8

t-butyl
alcohol

2
1
2
1

:
::
:;
::

1
1
3
2

20.9
23.8
24.1
20.4

73
142
204
238

28.6
16.8
11.9
8.6

77.2
87.8
88.9
75.3
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C".

Specificity of An Amylase from B. Subtilis

A qualitative picture of the action of an amylase from
B. subtilis was obtained by reacting the enzyme with various
substrates and analyzing the products by paper chromatogra
phy.

1. Reaction with amylose
A substrate concentration of 0.5%, and 0.1 unit of
amylase per mg of substrate were used in the digest.
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of sample taken at various digest times were applied to
paper for analysis. The predominant initial products as
seen in Figure 2 were G^, Gg, Gg, and G7.

At the achroic

point* (60 minutes for this experiment) oligosaccharides
higher than G7 had disappeared.

Further prolonged action led

to the gradual hydrolysis of G7, while G$ was relatively
stable to the action of the enzyme. Table 6 gives the
quantitative distribution of the products at two digest
times.

Figure 14 shows the distribution of the products at

the achroic point.

This figure illustrates the dual product

specificity of B. subtilis amylase for the formation of

*Achroic point is the stage of degradation at which the
hydrolysis products do not change the color of iodine solutions.

Figure 2

Chromatographic analysis of the action
of B. subtilis amylase
Top:

Reaction of amylose

Bottom:

Reaction of maltododecaose, (G-j^)

The first two columns of compounds are
reference compounds containing maltose
through Gg
and a mixture of
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G-. and Gc.

2. Reaction with amylopectin
When potato amylopectin was the substrate, a pattern
chromatographically similar to that from amylose was obtained
(Figure 3). The initial products were G2, G3, G6, and G7.
However, only very small quantities of G4 and Gg were pro
duced in the first part of. the reaction. In later stages,
G]_ and Gg were visibly produced and G7 disappeared.

As in

the amylose reaction, Gg was quite stable toward the action
of the enzyme. Table 6 gives a comparison of the distribu
tion of products from the amylose and the amylopectin digests.

3. Reaction with pure individual oligosaccharides
The relatively low molecular weight dextrins, G^, G^,
G5, Gç, and G7, which were produced in the degradation of
amylose, were individually examined to see if they were de
graded, and if so, what products were formed.

Gg and G^

were also examined. The primary purpose in studying the de
gradation of these compounds was to give additional interpre
tations concerning the final distribution of products from
the digests of amylose, amylopectin, and glycogen. These
studies also gave a more complete description of the substrate
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specificity of B. subtilis amylase.
a.

Reaction of Gg, Gg, and G^

Using 0.5% substrate

concentration and 1.0 unit of enzyme per mg of substrate (ten
times the quantity used for amylose) it was not possible to
detect chromatographically any change in G2 or G3.

Similarly,

Gg was not degraded under these conditions (See Figure 4).
Table 6 Quantitative distribution of the oligosaccharides
formed from the digestion of amylose and amylopec
tin by an amylase from Bacillus subtilis
Amylose
Products of
Hydrolysis
G1
G2
G3
G4

< *
G6
G7

HMtr

60 min.
2.3%a

180 min.
5.3%a

Amylopectin
60 min.

180 min.

1.4%a

3.3%a

10.1

12.3

5.5

8.3

12.8

22.0

8.2

10.8

6.0

10.5

0.9

2.5

10.2

14.8

4.9

6.7

20.6

30.1

14.0

26.8

14.7

5.1

9.8

9.2

23.3

0.0

55.3

32.4

^Percentage represents weight percent of total carbohydrate
per sample.
^HMW = high molecular weight, non-chromatographic fractions.

Figure 3

Chromatographic analysis of the action
of B. subtilis amylase
Top: Reaction of potato amylopectin
Bottom; Reaction of potato amylopectin
^-amylase limit dextrin
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Figure 4 Chromatographic analysis of the action
of B. subtilis amylase
Reaction of glycogen
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b.

Reaction of Gg

Gg was degraded slowly to give

(G5 + G^) as the predominant products (Figure 4).

Small

amounts of G2 and G3 were also produced.
0—0-0—0—0—•0 -—0—0—0—0—0 4"
G6

c.

G5

Reaction of Gn

0
G1

G-j was degraded much faster than

Gg to give two sets of products in about equal amounts
(Gg + G^) and (Gg + G2)-

Figure 5 is the chromatographic

analysis of this reaction.
->• 0—0—0—0—0—)2f +

0

->-

0—0

0—0—0—0—0—0—0
G7

d.

Reaction of Gg

0-0-0-0-0

+

Gg was degraded primarily to

(Gg + G2) with some (Gg + Gg) being formed. See Figure 5.
0—0—0—0—0—0 +

0—0

0—0—0—0—0—0—0—0 —
0—0—0—0—0 +

G8

e.

Reaction of G^2

0—0—0

Maltododecaose, G^2 was cleaved

into several sets of products: (G2 + G^Q), (G3 + Gg),
(G4 + Gg), (2G6) . See Figure 2.

The products Gg, Gg, and

G^Q were further degraded to give predominantly G2, G3, and

Gg . As in the digests of amylose and amylopectin, Gg itself
was degraded very slowly. The resulting distribution of
products from G^2 resembled the distribution obtained from
amylose.
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f. Reaction of reducing-end labeled Gg
labeled with

When Gg,

in the reducing moiety was used as substrate,

the only.radioactive product was G-^.

This indicated that the

fission occurred at the glycosidic bond adjacent to the re
ducing end of the molecule.
0—0—0—0—0—0 —=»- 0-0-0-0-0 + 0
14C - Gg
14C - G-l
G5
4.

Reaction with ft-amylase

limit dextrin from potato amylo

pectin
The products formed in this reaction gave an interesting
chromatographic pattern (Figure 3).
duced were G]_, G2, and G3.
with the

The only products pro

Comparing the amylopectin digest

p-amylase limit dextrin digest, it was observed that

the pattern of the limit dextrin was essentially identical to
the upper half of the amylopectin pattern.
In the case of the limit dextrin, one can definitely say
that the reducing sugars G^, G2, and Gg came exclusively from
the interior segments of the limit dextrin molecule, i.e.,
from the portions between the branch points.
It can thus be concluded that the majority of the G^,
G2, and Gg produced in the amylopectin digest arose from the
interior chains, and the Gg and G7 must have come exclusively
from the peripheral chains of the amylopectin molecule.

Figure 5 Chromatographic analysis of the action of
B. subtilis amylase
Top: Reaction of maltopentaose (Gg)
Bottom: Reaction of maltohexaose (Gg)
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Figure 6

Chromatographic analysis of the action of
B. subtilis amylase
Top: Reaction of maltoheptaose (G7)
Bottom: Reaction of maltooctaose (Gg)
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5. Reaction of glycogen and glycogen J?-amylase limit dextrin
The immediate products from the reaction with glycogen
were only Gg and G7 (Figure 3) . Later in the digest G2 ap
peared and Gy disappeared. It was previously shown that G^
was degraded to give (Gg + G2). The small amount of G2 that
appeared in the later stages can thus be attributed to the
degradation of G7.
The reaction using glycogen j3 -amylase limit dextrin as
substrate did not produce any detectable reducing oligosac
charides by paper chromatography.

The reaction was followed

by measurement of the increase in reducing value.

Using the

Nelson reducing method of analysis, it was determined that
4.0% of the linkages of the glycogen fi -amylase limit dextrin
were broken.
Thus, it can be concluded that the Gg, Gg, and G7 pro
duced in the glycogen reaction arose exclusively from the
peripheral chains, and no chromatographically detectable pro
ducts came from the segments between the branching points.

6. Linear nature of reducing products produced from branched
substrates
The nature of the reducing oligosaccharides, Gg, Gg, and
G7, (i.e., branched or linear) from the digestion of amylo-
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pectin and glycogen was determined by reaction of aliquots of
these digests with crystalline sweet potato j9-amylase.

The

G5, Gg, and G7 were found to be linear in as much as they
were completely degraded to maltose and maltotriose.

7. Reaction with the Schardinger dextrins
Cyclohexaamylose, eyeloheptaamylose, and cyclooctaamylose
were not degraded by this enzyme. Two identical digests were
prepared to check the inhibitory effect of cyclohexaamylose.
One digest contained 0.1% amylose and 0.1 units, of enzyme
per mg of amylose.

The other digest contained 0.1% amylose,

1.0% cyclohexaamylose, and 0.1 unit of enzyme per mg of amy
lose. The rates of reaction for these two digests were fol
lowed by measurement of the increase in reducing values.
was found that the rates were identical.

It

Therefore, cyclo

hexaamylose did not act as an inhibitor. Thus, the configurational and conformational requirements of B. subtilis amy
lase were such that cyclohexaamylose did not form an enzymesubstrate complex.

D. Relative Rates of Reaction of B. Subtilis Amylase

It was observed qualitatively from paper chromatography
that the individual oligosaccharides reacted at different
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rates. It might be expected that the natural substrates,
amylose, amylopectin, and glycogen were degraded at different
rates, too.
A series of experiments to determine the rates of reaction
of the various substrates and thus the differences and simi
larities in the reactivity of these substrates was made.
digests were all made 0.1% in substrate concentration„

The

En

zyme was added in such concentration as to produce a linear
increase in reducing values for the first fifteen to twenty
minutes.

Thus, the error in the estimation - of the initial

velocity by obtaining the slope of the curve was kept to a
minimum. The initial velocity of each substrate was compared
to the initial velocity of amylose, which underwent reaction
with the fastest rate.

In this way a relative comparison of

reaction rates was made.

It was thus possible to say that amy

lose was a natural substrate that underwent reaction so many
times faster than each of the other substrates studied.
The reaction was followed by measurement of the increase
in reducing carbohydrate by the Nelson procedure.

Table 7

gives a comparison of the amount of enzyme used in each ex
periment and the reducing values obtained for the reactions.
The results are given graphically in Figure 7.

In order to
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compensate for the different quantities of enzyme required
for the different substrates, the abscissa is the time of
reaction multiplied by the relative enzyme concentration used
for each substrate.

The ordinate and abscissa values for Gg

were divided by one hundred and the values for G^q were di
vided by ten in order to fit all the data onto one graph.

The

slopes of these curves gave the initial velocity of reaction
for the substrates concerned.

Table 8 gives these values

along with a comparison of the initial velocity of amylose
to the initial velocities of the different substrates.

E.

Specificity of an Amylase from B. Polymyxa

The substrate and product specificity for the amylase
from B. polymyxa was studied by a chromatographic analysis of
the products produced from various substrates.

1. Reaction with amylose and amylopectin
An amylose concentration of 0.5%, and 0.1 amylase unit
per mg of substrate taken at various digest times was applied
to paper for analysis.

The predominant product as seen in

Figure 8 was maltose.

Small amounts of G^ and Gg were pro

duced.
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Table 7

The reducing values of B. subtilis digests as
a function of time and enzyme concentration

Rela
tive
amt.
of E

1

3

5

7

10 minutes

0.01 u/mg S

1

2

. 5

9

-

15

Amylopectin 0.02 u/mg S

2

2

5

8

• 12

16

Glycogen

0.02 u/mg S

2

1

4

7

9

13

o
i—i
5C

0.40 u/mg S

40

3

4

10

12

13

u/mg S

250

3

4

7

9

12

Substrate
(S)
Amylose

Amt. of
enzyme

2.5

mg of maltose produced
per ml of digest X 103

Table 8 The initial velocity and relative comparison
of _B. subtilis amylase reaction with various
substrates

Substrate
(S)

1.0

Amylopectin

8.9 X 10~5

2.0

Glycogen

6.4 X

o
i—•
>e

2.7

4.0 X 10"6

44.0

2.1 X 10"6

o
o
>£i

1.8 X ID"4

nt
«
o
!—«

Amylose

g6

aV^

V,
i(amylose)
V,
i (S)

Vi

= initial velocity expressed in millimole of bond cleaved
per liter-second

Figure 7

Rate curves for the catalytic hydrolysis
of various substrates by B. subtilis
amylase

69

30-

25AMYLOSE

AMYLOPECTIN

GLYCOGEN
20-

ro
O
X

E

«
</>

o
o
E

en
E

ordinate and abscissa values for G
were divided by 10 and the values

—A10

20

30

40

E'T (E= units of enzyme ) (T = time in minutes)

50

Figure 8 Chromatographic analysis of the action of
B. polymyxa amylase
Top: Reaction of amylose
Bottom: Reaction of amylopectin
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When amylopectin was used as substrate, maltose was
the main product.
nearly absent.

appeared as a product, but G3 was

After 180 and 300 minutes of reaction unde

fined limit dextrins appeared which were not present in the
amylose reaction. See Figure 8.

2. Reaction with glycogen ft-amylase

limit dextrin

The chromatographic analysis of this reaction showed
maltose to be the only product.

Reducing value determination

by 3,5-dinitrosalicylic acid showed that the reaction was
complete after 8% of the linkages had been cleaved.

3.

Reaction with

Gg

The products produced from Gg were G^, Gg, G^, and Gg.
See Figure 9. After five minutes of reaction G2 and
the predominant products and

Gg

G4

had nearly disappeared.

was not detected at any time during the reaction.

were
Gg

G3 is pro

duced only as a minor product.

4.

Reaction with the Schardinger dextrins
The Schardinger dextrins, eyelohexaamylose, cycloheptaamy-

lose, and eyelooctaamylose reacted with the B. polymyxa amy
lase to give reducing oligosaccharides.
The cyclohexaamylose reacted very slowly to give maltose.

Figure 9

Chromatographic analysis of the action of
B. polymyxa amylase reaction of maltooctaose, (Gg)
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Figure 10

Chromatographic analysis of the action of
B. polymyxa amylase
Top: Reaction of cyclohexaamylose
Center: Reaction of cycloheptaaraylose
Bottom: Reaction of cyclooctaamylose
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The eyeloheptaamylose was degraded more readily than the
eyelohexaamylose, and the predominant products were G^ and
G3.

The Gg was slowly degraded to G^ + G^. The cyclooc-

taamylose was degraded to G^ and Gg, with very small amounts
of G4.

F.

See Figure 10.

Relative Rates of Reaction of B. Polymyxa Amylase

A study similar to the one for the amylase from B. subtilis was made for B. polymyxa amylase.

0.1% solutions of

amylose, maltohexaose, cyciohexaamylose, eyeloheptaamylose,
and eyelooctaamylose were prepared.

Various enzyme concen

trations were used so as to give a linear increase in reducing
values for each experiment.
cally in Figure 11.

These results are given graphi

The slope of each curve gave the initial

velocity of the substrate represented by the curve.

A rela

tive comparison of reàction rates was made by comparing the
rate at which amylose underwent reaction to each of the other
substrates studied.

Thus amylose was said to react so many

times faster than each of these other substrates.
In order to fit all of the data onto one graph, the ordi
nate and abscissa values for amylose and cyciohexaamylose were
divided by ten. Table 9 gives the enzyme concentrations used
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in each experiment and the reducing values obtained for each
experiment.

Table 10 gives the values of the initial velocity

of reaction for each substrate and a comparison of the initial
velocity of amylose to the initial velocity of the different
substrates.

G.

Optical Rotation Studies of Amylase Digests

The reactions of three amylases were studied by ob
serving the changes in the optical rotation with time.

Rela

tively high 'amounts of'enzyme were added so that the reaction
was complete in twenty to thirty minutes. The reactions were
run at 20°C so as to minimize interference from mutarotation.
When the reaction was complete, 10 mg of anhydrous sodium
carbonate was added per 50 ml of digest.

This brought the

pH to 10. This pH stopped the enzyme reaction and accelerated
the mutarotation reaction. The determination of the optical
rotation after the addition of alkali gave the configuration
of the anomeric carbon atom of the products. If the initial
products had the alpha configuration the mutarotation reaction
would give some beta products and the resultant rotation
would be changed in the negative direction. If the initial
products were beta the optical rotation after mutarotation
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Table 9

The reducing values of B. polymyxa amylase digests
as a function of time and enzyme concentration

Substrate

Amt. of
enzyme

Relative
amt. of
E

Amylose

0.005 u/mg S

1.0

G6

0.005 u/mg S

1.0

cyclohexaamylose

mg of maltose produced
per ml of digest X 10^
1 3 . 5
7 1 0 1 5 minutes
25 75 125 175 230 260
7 12

1.00 u/mg S

200.0

7

cyclohepta- 0.03 u/mg S
amylose

6.0

1

cyclooctaamylose

2.0

6 10

Table 10

0.01 u/mg S

25

38 42

9

10

12 16

4

5

7

13

15

18

9

The initial velocity and relative comparison of
B. polymyxa amylase reaction with various sub
strates
Substrate

v.a

<S)

vi(
amylose)
vi(S)

Amylose

2.8 X 10-3

1.0

G6

4.1 X ID"*

7.0

-4
3.0 X 10

10.0

cycloheptaamylose

1.4 X 10-5

200.0

cyciohexa
amylose

2.7 X ID"?

10,000.0

cyclooctaamylose

aV^

8

20

= initial velocity expressed in millimole of bond cleaved
per liter-second

Figure 11

Rate curves for the catalytic hydrolysis
of various substrates by B. polymyxa
amylase
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would be in the positive direction.

1. Optical rotation study of B. subtilis amylase digest
of amylose
100 mg of low molecular weight amylose (DP = 60) was
dissolved in 50 ml of distilled water. Twenty units of en
zyme was added and optical rotation measurements made at
various intervals using a Rudolf polarimeter, sodium vapor
lamp, and a 4 decimeter polarimeter tube.

The temperature

was 22°C. The extent of hydrolysis was measured with 3,5dinitrosalicylic acid. The results of this experiment are
given in tabular form in Table 11 and graphically in Figure
12.

B. subtilis amylase is of the typical alpha type, in

that it produces products having the alpha configuration
around the anomeric carbon atom.

2.

Optical rotation study of porcine pancreatic amylase

digest of amylose
100 mg of low molecular weight amylose was dissolved in
50 ml of distilled water. Twenty units of enzyme were added
and optical rotation measurements made at various intervals
in a 4 decimeter polarimeter tube. The temperature was 20°C.
The results are given in Table 11 and Figure 12.

This enzyme
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is also a typical alpha type amylase. The optical rotation
after the addition of sodium carbonate was downward as would
be expected if the initial products were in the alpha con
figuration.

3.

Optical rotation study of B. polymyxa amylase digest

of amylose
100 mg of low molecular weight amylose was dissolved
in 50 ml of distilled water.

Twenty units of enzyme were

added to initiate the reaction.

Optical rotation measure

ments were made at various intervals using a 4 decimeter
polarimeter tube.

The temperature was 22°C.

are given in Table 11 and Figure 12.

The results

They show that _B.

polymyxa amylase produces products having the beta configu
ration.

H. Quantitative Distribution of Products at the Achroic Stage
for the Degradation of Amylose by Various Agents

Digests of potato amylose were prepared using five dif
ferent agents that catalyze the degradation of od-l->-4 link
ages. The digests were allowed to go to the achroic stage
and the distribution of products at this stage for each cata
lyst was determined by quantitative paper chromatography.
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Table 11

Results of the optical rotation
studies of amylase digests

time (min)

optical rotation

1.
0 .
5
10
15
45
add1n.
Na2C03

percent
hydrolysis
to maltose

B. subtilis amylase
+2.279°
+2.263°
+2.261°
+2.257°
+2.236°

28%

+2.185°

2. Porcine pancreatic amylase
time (min)

optical rotation

0
5
10
15
25
add1 n
Na2C03

+2.166°
+2.134°
+2.074°
+2.057°
+2.017°

57%

+1.876°
3.

B. polymyxa amylase

time (min)

optical rotation

0
3
5
15
add'n
Na2C03

+2.142°
+1.900°
+1.786°
+1.766°
+1.847°

90%

Figure 12

Optical rotation studies of amylase
digests
'
The triangular symbol indicates the
optical rotation after the addition
of alkali to the digests
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1.

Acid hydrolysis
A 1.0% solution of potato amylose was prepared.

The so

lution was placed in a water bath at 55°C. The reaction was
initiated by the addition of 0.50 ml of 18 M sulfuric acid;
the resulting solution was 1 M in sulfuric acid.

1 ml samples

were removed at various intervals and added to a tube con
taining 4 ml of Amberlite MB-3 ion-exchange resin. This
ion-exchange resin stopped the hydrolysis and removed the
majority of anions and cations.
removed by filtration.

The ion-exchange resin was

Paper chromatographic analysis was

made for each sampre. See Figure 13.
reached after forty hours of reaction.

The achroic point was
The qualitative nature

of the products formed throughout the reaction can be seen in
Figure 13. A quantitative distribution of the products at
the achroic point was made by quantitative paper chromatogra
phy. The distribution of the products is given in Table 12
and shown graphically in Figure 14.

2.

B. subtilis amylase digest
A 1.0% solution of potato amylose was prepared.

0.10

amylase units per mg of substrate were added to initiate the
reaction. The reaction was run at 40°C.

The products formed

at the achroic stage (60 minutes) were analyzed by quantitative

Figure 13

Chromatographic analysis of the
degradation of amylose by 1 M
sulfuric acid at 55°C.
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Figure 14 Graphical representation of the
product distributions from the
degradation of amylose
Top: 1 M sulfuric acid at 55°C
Bottom: B. subtilis amylase
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paper chromatography and are given in Table 12 and Figure 14.

3.

Human salivary amylase digest
A 1-.0% solution of potato amylose was prepared.

0.10

amylase units per mg of substrate were added to initiate the
reaction. The reaction was run at 40°C.

Samples were re

moved at various intervals and analyzed chromatographically.
The products formed were G2, Gg, and G4.
achroic point occurred after 300 minutes.

See Figure 15.

The

The quantitative

distribution of the products are given in Table 12 and Figure
16.

4. Porcine pancreatic amylase digest
A 1.0% solution of potato amylose was prepared.

0.10

amylase unit per mg of substrate was added to initiate the
reaction. The reaction was run at 40°C. The products formed
were G2, Gg, and G4.

See Figure 15.

The achroic point

occurred after 120 minutes. The quantitative distribution of
the products at the achroic point is given in Table 13 and
Figure 16.

Although the products formed by this amylase were

qualitatively identical to those formed by human salivary
amylase, the quantitative distribution of the products at
the achroic point was quite different.
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5.

:

B. polymyxa amylase digest
A 1.0% solution of amylose was prepared. 0.10 amylase

unit per mg of substrate was added to initiate the reaction.
The reaction was run at 40°C.

The products formed at the

achroic stage (60 minutes) were determined by quantitative
paper chromatography.

The results are given in Table 12 and

Figure 17 .• This amylase also produced G2, G3, and G4. How
ever, there was a great difference in the quantitative dis
tributions.

B. polymyxa amylase converts amylose to a very

high percentage of maltose, 85% at the achroic stage.

•S
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Table. 12

1 M
H2^4

55°C G1

18.2%a

Quantitative distribution of the products at
the achroic stage for the degradation of
amylose by various agents

Porcine
B. subtilis B. polymyxa Human salivary pancreamylase
amylase
atic
amylase
amylase
5.3%a

8.1%a

1.6%a

17.0°/oa

18.2

12.3

84.0

65.0

35.0

G3 18.0

22.0

4.9

20.6

29.0

16.2

10.5

-

11.1

19.0

10.4

14.8

-

-

8.5

30.1

-

-

-

4.6

5.1

-

-

-

g8

3.5

0.0

-

-

-

HMM^

2.3

0.0

3.2

1.6

0.0

G2

g4
G5
g6
g7

:

-

^Percentage represents weight percent of total carbohydrate
per digest
^HMW = high molecular weight, non-chromatographic fraction

Figure 15

Chromatographic analysis of the
degradation of amylose
Top: By human salivary amylase
Bottom: By porcine pancreatic
amylase
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Figure 16

Graphical representation of the product
distribution from the degradation of
amylose
Top: By porcine pancreatic amylase
Bottom: By human salivary amylase
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Graphical representation of the pro
duct distribution from the degrada
tion of- amylose by B. polymyxa
amylase
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V. DISCUSSION OF RESULTS
A.

Action- and Specificity of an Amylase fro
Bacillus Subtilis

The qualitative and quantitative studies of the action
of the amylase from B. subtilis on amylose and amy1opectin
have shown that it has a dual product specificity for the
formation of Gg and G^.

Although other low molecular weight

compounds G^/ G4, Gg, and Gy are produced — G3 and G5 pre
dominate. See Figures 2, 3, and 14.
The products produced from potato amylopectin had a dif
ferent distribution as compared to the distribution of pro
ducts from amylose.

The dual product specificity for the

production of G3 and Gg is emphasized when amylopectin
is the substrate. See Table 6.
products formed when amylopectin
the substrate.

Gi, G2

and G3 are the only

-amylase limit dextrin is

The amount of G^ and G3 produced from the

ji-amylase limit dextrin, as indicated by the intensity of
the spots on the chromatogram, Figure 3, is comparable to the
X
amount of G^ and G3 formed from amylopectin. The majority of
the G2 and G3 formed from amylopectin probably comes from the
segments between the branch points and all of the G^ and G3
produced from the amylopectin J?-amylase limit dextrin comes
from the segments between the branch points.

Because G 5 and
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Gy are not formed from the amylopectin |3 -amylase limit dex
trin, it can be concluded that the Gg and G7 produced from
amylopectin come exclusively from the exterior chains that
are not between branching points.
The only products produced from glycogen are Gç and G - j .
The glycogen (3 -amylase limit dextrin does not give any
chromatographically detectable oligosaccharides.

Thus, it

can be concluded that the Gç and G7 produced from glycogen
come exclusively from the peripheral chains.
glycogen

Although the

p-amylase limit dextrin does not give any oligo

saccharides , it does undergo a limited reaction in which 4%
of the bonds are cleaved».

This corresponds to an average de

gree of polymerization of 25 for the products. It is believed
that the interior segments of the glycogen molecule have, on
the average, a smaller number of glucose residues than the in
terior segments of amylopectin (49). It might be concluded
that this is one of the reasons that the glycogen p-amylase
limit dextrin does not give oligosaccharides as products, and
the amylopectin

j3 -amylase limit dextrin does.

However, be

cause the number of glucose units between branches in amylo
pectin is also limited, the distribution of products from the
internal segments (i.e., from the limit dextrin) is not the
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same as obtained from amylose.

When the enzyme is acting on

the interior segments of amylopectin (i.e., on the

j3-amylase

limit dextrin), the product specificity of. the enzyme is
limited to the size range of G^, G^, and Gg.
The experiments with the individual oligosaccharides
show that the smallest molecule capable of reaction is Gg,
and that the natural substrate, amylose, reacts sixty times
faster than Gg, and forty times faster than G10. The reac
tions of G7 and Gg qualitatively appear to be faster than Gg.
This would indicate that the enzyme-substrate complexes formed
with G-7 and Gg are more favorable for the production of pro
ducts than the complexes formed for- Gg. Gy undergoes degra
dation to give two sets of products (G5 + G^) and (G5 + G^).
These appear to be formed in about equal amounts. The reac
tion of Gg also produces two sets of products (Gg + G^) and
(G5 + G3). The former, however, are definitely the major pro
ducts and the latter the minor products. This might be ex
plained by picturing the complex which gives (Gg +G^) as
being formed more readily than the complex giving (Gg + Gg).
That is, the former complex is of lower free energy than the
latter. The initial products from G-^' range from

G2-G]_Q.

In

the later stages G3 and Gg predominate as they do in the amy-
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lose and amylopectin digests.

See Figures 2-6.

B,. ' A Mechanism for the Action of an Amylase from B. Subtilis

It was concluded from the studies of Ono, et al. (5) that
two distinct types of sites are most likely involved in the
degradation of the substrate.

The first type includes the

substrate binding sites which are independent of pH in the
range 3.6 to 8.4 and are suggested to be made up of the
phenolic groups of tyrosine. The second type is the catalytic
site which contains the nucleophilic and electrophilic groups
that are pH dependent in this range and produce the actual
cleavage of the glycosidic bonds.
We suggest that the substrate-binding groups, which "hold"
the substrate molecule in the proper position and configuration
for the action of the catalytic groups, are responsible for
the product and substrate specificity of the enzyme.
The studies of the products formed from the action of
B. subtilis amylase on various substrates indicate that a dual
product specificity is in operation. It is possible to explain
the action of this amylase by postulating binding sites which
are completely filled when nine glucose units are bound.

It

might naturally be assumed that this complex has the lowest
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possible free energy of any that could be formed.

Figures 18

and 19 attempt to picture the dual product specificity of
B. subtilis amylase action in terms of these complexes.
The wide range of initial products formed from the hy
drolysis of G]_2 suggests that the enzyme and substrate ap
proach edch other randomly.

Therefore, in our picture, we

assume that B. subtilis amylase is an endo-enzyme and en
counters the internal segments of the amylose molecule in a
random manner.

After the formation of the initial enzyme-

substrate complex, the catalytic step occurs and two dis
tinct, bound fragments are formed.

One of the two fragments

diffuses away and leaves the other fragment still bound and
capable of undergoing further reaction. The ensuing reactions
proceed essentially by an exo-mechanism with multiple attack.
The dual product specificity arises from the fact that either
one of the two fragments dissociates from the enzyme. The
products that are formed are dependent upon which fragment
dissociates and diffuses away first (Figures 18 and 19).
The fragment that remains complexed "slides" over the
surface of the enzyme and assumes a structure which has the
lowest possible free energy, that is, a structure in which all
of the binding sites are occupied.

The catalytic step breaks
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the glycosidic bond and a low molecular weight product is
produced. This process occurs several times, giving oligo
saccharides.

Occasionally the catalytic step occurs before

all of the binding sites are filled and the lowest possible
free energy is attained.
ducts as G2,

This then gives rise to such pro

or Gg, which have been observed experimental

G4,

ly. Sometimes the substrate molecule as pictured in Figure
Î8D "slides" too far and seven glucose units extend to the
left of the catalytic site.

When a complex like this is formed

and the catalytic step occurs, Gj is produced. However, this
complex is probably of higher energy than the one pictured in
Figure 18E.

Gg is produced more often than G7.

The most

favorable and frequent reactions are the formation of Gg or
G3.

In the reactions of the individual oligosaccharides, Gg

does not undergo reaction.

Two different complexes, which are

not capable of giving products, can be pictured for Gg.

Each

of these is probably of lower free energy than any that might
be pictured to give products.

Gg,

therefore, forms complexes

which are not capable of giving products.

See Figure 2OA.

Gg undergoes reaction sluggishly. The slowness of the
reaction may be due to the formation of an enzyme-substrate
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complex of low free energy, which cannot give products.

This

complex is pictured as one in which the six binding sites to
the left of the catalytic groups are filled.

A complex of

slightly higher free energy, which is capable of giving the
observed products (Gg + G^) is pictured.

See Figure 20B.

In

frequently a complex forms which gives three molecules of G^
or two molecules of G3.

Since G^ is not produced as a pro

duct in this reaction, multiple attack must accompany the for
mation of 0>2'

The predominant reaction, however, is the for

mation Of Gg + G^.
Two reactive enzyme-substrate complexes are pictured for
G-j. • The products that may be formed from these complexes are

the ones observed experimentally. Consequently, the complexes
must be the ones of lowest energy. In the first complex all
six of the binding sites to the left and one to the right of
the catalytic groups are filled. In the other complex five of
the six sites are filled on the left and two are filled on the
right.

Since the two sets of products appear to be formed in

about equal amounts, the energies of these two complexes must
be about equal.
There are also two possible reactive complexes for Gg.
The complex in which all six of the binding sites to the left
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and two to the right are filled, appears to be of lowest
energy since the products that can be formed are the predomi
nant ones observed experimentally. The second complex, in
which five of the sites to the left and three to the right of
the catalytic groups are filled, must be of higher energy
since the products that can be formed from this complex are
the minor products observed. The complexes for Gy and Gg are
pictured in Figure 20.
Pictures, similar to the ones drawn for the action of B.
subtilis amylase on the oligosaccharides, may be drawn to
illustrate and describe the differences observed for the dis
tribution of products from branched substrates. The majority
of the interior segments of the amylopectin

-amylase limit

dextrin are of such size that an enzyme-substrate complex can
be formed and low molecular weight products produced. However,
the substrate can only "slide" over the surface of the enzyme
to give G^, G2, or Gg. The segments between the branch
points do not appear to have a sufficient number of glucose
units to allow the formation of a complex capable of giving
Gg •

The glucose units having the oC-l-*~6 linkages apparently

cannot complex with the binding sites.

An alternative sug

gestion is that this glucose unit is capable of combining with
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the binding site, but somehow inhibits the catalytic step.
Sometimes the interior segments are of such size, that after
the initial cleavage the substrate can "slide" only one or two
units, giving only

or G^ as products.

Figure 21 gives a

diagrammatic representation of the formation of the enzymesubstrate complexes with the branched substrates.
Oligosaccharides are not formed from the interior seg
ments of glycogen, yet a limited amount of hydrolysis does
occur.

Thus, the enzyme must form a complex with some of the

interior segments of glycogen.

However, after the initial

cleavage, there are not enough glucose units between the
branches to allow multiple attack to occur with the formation
of oligosaccharides. Figure 21B shows the complexes and re
actions of the interior segments of glycogen.
The formation of Gg from the exterior chains of the
branched substrates is pictured in Figure 21C.

The lengths of

the exterior chains, in comparison to those of amylose, is
relatively small.

These chains are held rather rigidly to

the whole amylopectin molecule by the CL-1-+-6 branch linkage.
The bush-like molecule of amylopectin or glycogen is pictured
as being composed of a number of protruding non-reducing end
groups. Since these exterior chains are not as free and flexi
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ble as amylose molecules, the end groups are more accessible
to the surface of the enzyme than the internal segments.
Thus, the mechanism of action is one of exo-multiple attack
to give Gg and Gy.

If the exterior chains were made extremely

long, one would expect that the distribution of products from
the action of the enzyme would be that of amylose.
The diagrams that we have drawn for the formation of the
enzyme-substrate complexes have assumed that the substrate
molecules are oriented in a definite direction and there is
a specific polarity to the formation of the enzyme-substrate
complex.

For example, in the reactions of the individual

oligosaccharides, the reducing ends of all the substrates
were oriented in one direction.

The experiment with the

"^C-labeled Gg indicates that the polarity is as we have pic
tured it in Figure 20.
If these models are realistic, the compounds G^, Gg,
G4, Gg

and

Gg

should act as competitive inhibitors for the

action of this amylase.

It should also be interesting to see

if branched molecules such as panose act as inhibitors, or
simply behave like cyclohexaamylose which does not form an
enzyme substrate complex.

Figure 18
«»

Diagrammatic representation of the action
of an amylase from B. subtilis. I. For
mation of G6
The solid arrow represents the catalytic
site, which is composed of the nucleophilic
and electrophilic groups responsible for
the cleavage of the glycosidic bond.
The solid blocks represent the substrate
binding sites, which are responsible for
the formation of the enzyme-substrate com
plex.
-0-0-0-0- represent oc-1-*-4 polysaccharides.
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CASE I: Formation of 8^
A. BS complex. Ensyaa combInsa
with substrate by a random
diffusion.
Be Catalytic step occurs and the
glyeosidio bond ie broken.

0. One of the fragments diffuses
away to give a new enzymesubstrate complex that will
undergo degradation by an
exoneehanlsm to give
as
the product.
D. The substrate "slides" over the
surface of the enzyme to give a
complex in which the substrate
occupies the maximum number of
binding site's.

E. The catalytic step occurs and
the glycjsidic bond is broken.

O-O-OOO^HK>0<>0<>0ff

P. Ox is produced as the low molecular
weight product and diffuses away.
This leaves the enzyme surface
open for step D to occur again
giving multiple attack.
OQO00°

0<KK>Ox>°'O~C

<><>0<>0-c>0"0-o

Figure 19

Diagrammatic representation of the actiom of an amylase from B. subtilis.
II. Formation of Gg
The symbols are the same as used for
Figure 18.
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CASE II. Formation of Gj
A. S3 complex» Enzyme combines
with substrate by a random
jf
diffusion.
y

B. Catalytic step occurs and
the glyeoeidlc bond is broken.
0. îhe opposite fragment from the
one in case I diffuses away.
The new enzyme-sub strate complex
undergoes degradation by an
exo-mechanism to give Q* as
the product.
De The substrate "slides" over the
surface of the enzyme to give a
complex in which the substrate
occupies the maximum number
of binding sites.

_____

>

E. The catalytic step occurs and
the glyoosidic bond is broken.

F. 0, is produced as the low
molecular weight product and
diffuses away. This leaves
the enzyme surface open for
step D to occur again, giving
multiple attack.

w

~

VLA>CV-CVCV^V_V..CK^..

ChO-Ç

liasses

»

Figure 20

Diagrammatic representation of the action
of an amylase from B. subtilis. III. Re
actions of individual oligosaccharides
-0 represents the reducing moiety of a
carbohydrate molecule.
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Two enzyme-sub strate complexes of G^
These are probably the complexes of
lowest free energy. The non-reactivity
of CL is explained by the fact that
thee® complexes are not capable of
OOO-O-d)
giving products.

~_5= N.R.

N .Re

B. Enzyme-substrate complexes of 0^
CHXKK>0

This non-reactive complex
is probably the one of low
est free energy.

N.R.

>

This complex is probably of
slightly higher free energy»
yet capable of giving products.

^5

+

C. In the reaction of G?, the
_Jr
two reactive enzyme-àubstrate .CK>pOCK>p
complexes appear to be of about
equal energy, and hence under
gone degradation to give two
sets of products in about
equal amounts.
CKXM>CH><

°5 + °2

e

D. Enzyme-substrate complexes of G
Of the two reactive complexes,
this is the complex of lowest
energy and consequently forms
the predominant products.
This is the less favorable
complex and gives the
minor products.

1

CH>CtPp-CH^
36 +

°2

+ Gj

Figure 21

Diagrammatic representation of the action
of an amylase from B. subtilis. IV. Re
actions of branched substrates
A. Hydrolysis and production of products
from the segments between branch
points of amylopectin.
B. Hydrolysis of the segments between
branch points of glycogen.
C.

Hydrolysis and production of products
from the peripheral chains of amylo
pectin and glycogen.
Represents the <X-l-*-6 linkage found
in branched substrates.
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A.

Interior segmenta
of amylopectin —
formation of GJj.

-O-O
^
P"^
CK>CK><H^OiXH><>Qp-0
kAggAAAAgg (1 )
i

•
^XoaOOOOOOO

>

-J

-OO

OCK>?

N. R.

O-O-Q

°5
(4)

B. Interior segmente
of glycogen.

-oo

~^&XXXXX)
limit dextrin

r'UHMflg
te)
{

CH>
oooo

'

-OO
O<KX>o<>0

ooAQAftP.... -

. . . jxdoo

(6)

+

tiomplexes (6) and (7) cannot undergo further
rsaciie» to give oligosaccharides because of
the inhibition produced by the <x-1-*-6 linkage.

(8)

o-cyo-o-o-0
^

I

—

O-O-Q(9)

0.

9"

Reactions of the peripheral chains of
amylopectin and glycogen — formation of C^.

(7)
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C.

Action and Specificity of an Amylase from Bacillus Polymyxa

This enzyme shows characteristics of both the alpha-type
and beta-type amylases.

The main product formed (85% by

weight at the achroic stage of an amylose digest) from the
degradation of <%-1->-4 polysaccharides is maltose.

Very small

quantities of GJL and G3 are formed.
The upward mutarotation of the digests upon the addition
of alkali indicates that the products produced have the beta
configuration around the anomeric carbon atom.

In these two

respects, this enzyme resembles the beta amylase of sweet
potatoes.
In contrast to sweet potato J3 -amylase, the amylase from
B. polymyxa rapidly decreases the blue value of starch, and
degrades substrates such as the Schardinger dextrins and
sweet potato fi -amylase limit dextrins of glycogen and amylo
pectin. It apparently does not give large molecular weight
limit dextrins when reacting with glycogen or amylopectin.
Because it degrades the Schardinger dextrins, it must
not require a non-reducing end for reaction.
degrades the ordinary

Also, since it

-amylase limit dextrins, it must be

able to by-pass the oc -1+6 branch points and act on the in
ternal segments of these branched substrates.
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The relative rates of reaction (Table 10) show that it
catalyzes the degradation of Gg almost as fast as it does
amylose. This is in contrast to the action of the amylase
from B. subtilis.

It also rapidly degrades the rf -Schardinger

dextrin, cyclooctaamylose. However, it catalyzes the degra
dation of the 0C -Schardinger dextrin, cyclohexaamylose, very
slowly—one-ten thousandth as fast as it does amylose.
The chromatographic analysis of the degradation of the
oligosaccharide,

shows that Gg is the predominant product

Gg,

(Figure 9). Small amounts of G3, G4, and Gg are initially
formed. The formation of Gg indicates that the mechanism of
degradation of this enzyme is not like that of the ordinary
ji -amylases.

G^ is not produced during any stage of the re

action. Since
when

G3

Gg

is split from

two molecules of
one molecule of
cule of

is completely absent, one must conclude that

G3,

G3

G3,

Gg,

multiple attack must occur to give

and one molecule of G^ (reaction 1), or
one molecule of G^ and a remaining mole

(reaction 2) before the enzyme-substrate complex

dissociates.
1
(1)

0-0-0-0-0-0-0-0 — 2 0-0-0

1
(2)

2
+

0-0

2

0-0-0-0-0-0-0-0

0-0-0

+

0-0

+

0-0-0

121

Since only very small quantities of Gg are produced in
the early stages of the reaction (5 minutes), Gg must be de
graded by a mechanism having a high degree of multiple at
tack.

Reactions 3-5 illustrate the multiple attack action

on G g .
1

2

(3) 0—0—0—0—0—0—0—0
12

3* 2 0—0 4*

0—0—0—0

3

(4) 0-0-0-0-0-0-0-0 —9- 4 0-0
1
(5)

2

0—0—0—0—0—0—0—0 "" ** 0—0 +

2 0—0—0

Because of the very high quantities of maltose produced
in the early stages of degradation, reactions 3 and 4 must
occur most frequently.

Reaction 5 would not be expected to

occur very often since two molecules of Gg are produced for
every molecule of G^.

Figure 9 shows that Gg is only a minor

product of B. polymyxa amylase action.
This discussion of the degradation of Gg has assumed
that the enzyme is acting by an exo-mechanism. The relatively
small size of the Gg substrate inherently gives an exo-mechanism to the action of the enzyme.

When the mechanism of degra

dation is multiple attack, it is also of necessity single
chain as only two, and at the most three, bonds need to be
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broken for the mechanism to be single chain. A minimum of two
bonds must be broken to fulfill the requirements of multiple
attack. Thus, reactions 3, 4, and 5 may be viewed as being
either multiple attack or single chain mechanisms.

It is

almost futile to discuss these mechanisms with small sub
strates. However, as the size of the substrate increases
more bonds are susceptible to cleavage and the mechanism
might be expected to become endo.

The very fact that a chain-

end is not required for reaction, implies that the enzyme is
of the endo type.
This enzyme, therefore, is like the usual

J3-amylases in

that it produces large quantities of beta-maltose.

It is

unlike the usual beta amylases in that it produces maltotriose
from substrates having an even number of glucose units, it
does not require a chain-end for action, it rapidly decreases
the blue value of starch and it is able to by-pass the oC~l-*-6
linkages in the branched substrates.
It possesses characteristics of both the alpha and beta
type amylases.

It therefore cannot be considered strictly

either the one or the other.
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D. Action of Human Salivary and Porcine Pancreatic Amylases

These two enzymes have been considered to be nearly iden
tical in action and properties.

Both are from mammals and

require chloride ions for activity.
are very similar (Figure 15).

The products produced

However, the distributions of

the products at the achroic stage in the degradation of amy
lose are quite different (Figure 16).

Human salivary amylase

produces 1.8 times as much maltose as porcine pancreatic amy
lase. Human salivary amylase also produces much smaller
quantities of G3 and

G4.

Porcine pancreatic amylase produces

over ten times as much glucose.

Both enzymes gave very little,

if any, high molecular weight, non-chromatographic fractions.
The very small quantity of glucose in the human salivary di1*
gest indicates that G3 is degraded very slowly.

On the other

hand, the large amount of glucose in.the porcine pancreatic
digests suggests that G3 undergoes reaction much faster.

E. The Non-random Action of Alpha-type Amylases

Acid hydrolysis of amylose is considered to be essenti$
ally" a random process except for end effects (93,94) , that is,
the glycosidic bonds having a terminal position are broken
approximately three times faster than the non-terminal ones.
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Thus, the distribution of products (excspt for glucoso) from
the acid hydrolysis of amylose should be representative of
a random degradation process.
The distribution of the products at the achroic stage
from acid hydrolysis is much different from the distribu
tions produced by the actions of any of the alpha-amylases
studied (Table 12). The chromatographic analysis of the acid
hydrolysis (Figure 13) shows very little low molecular weight
oligosaccharides in the early stages of degradation. This
is in agreement with Ulmann (95) who showed that in the hy
drolysis of amylose and amylopectin lower sugars were formed
only after nearly all of the starch had been changed to dex
trin. This can be contrasted to the action of all of the
amylases studied. Each one produced low molecular weight
products in the very early stages of hydrolysis.
Figures 2, 8, 13, and 15.

Compare

The products produced by each amy

lase both initially and at the achroic stage differed widely
in types and amounts.
Since acid hydrolysis is representative of a random
process, and the products from amylase actions differ con
siderably from those of acid hydrolysis, it can be concluded
that alpha-amylases catalyze the hydrolysis of amylose in a
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specific, non-random fashion.
It might be argued that if the alpha amylases are endoenzymes, the initial encounter of the substrate and enzyme
is a random process, dependent upon diffusion. However,
because of the specific types and amounts of products pro
duced by each amylase, the low molecular weight dextrins must
be produced in a non-random manner ;

that is, after the initial

enzyme-substrate encounter, the low molecular weight products
are produced by a multiple attack mechanism whose specificity
is imposed by the binding sites of the enzyme.

/
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VI. SUMMARY

1. The crystalline amylase from Bacillus subtilis
showed a high product specificity for the formation of maltotriose and malttihexaose.

This dual specificity was empha

sized when potato amylopectin was the substrate.
2. The qualitative distribution of products from the
action of B. subtilis amylase on the-interior segments of the
branched substrates, amylopectin ano. glycogen, was quite
different from the distributions obtained from the linear
polysaccharide, amylose.
3.

Glucose, maltose, and maltotriose were the only

products produced from the action of B. subtilis amylase on
the interior segments of amylopectin.

Chromatographically

detectable products were not formed from the interior segments
of glycogen.

However, a limited reaction occurred in which

4% of the linkages of the interior segments of glycogen were

broken.
4.

Maltohexaose and maltoheptaose were produced from

the action of B. subtilis amylase with amylopectin and glyco
gen. They were produced exclusively from the peripheral
chains.
5.

The products formed from the action of B. subtilis
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amylase with pure individual oligosaccharides were studied.
Maltohexaose was the smallest molecule degraded by this amy
lase.

Maltoheptaose and maltooctaose each were degraded to

give two sets of specific products.
graded to (Gg + Gg) and (Gg + G^).

Maltoheptaose was de

Both sets of these pro

ducts were produced in about equal amounts.
degraded to (Gg + G2) and (Gg + G3).

Maltooctaose was

The former were pro!

duced in greater quantity than the latter.
6. It was determined that B. subtilis amylase hydrolyzed amylose sixty times faster than maltohexaose, forty
times faster than maltodecaose, three times faster than gly
cogen, and two times faster than amylopectin.
7.

A mechanism for the dual product specificity and

action on individual oligosaccharides of B. subtilis amylase
was proposed.

This mechanism involved two types of groups

at the active site — the catalytic groups and the substrate
.binding groups. The latter were suggested to be the agents
that give the product specificity to the enzyme.
8.

An amylase from B. polymyxa was isolated and a puri

fication procedure developed. This involved a study of pH,
salt precipitation, and organic solvent precipitation. An
overall seventy-fivefold purification was achieved.
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9.

B. polymyxa amylase produced large quantities of beta-

maltose from amylose and amylopectin.

It rapidly decreased

the blue value of amylose and hydrol^zed the Schardinger dextrins.

It also was able to by-pass the ot-l-*-6 branch points •

of amylopectin and glycogen and did not require a non-reducing
end for activity. This enzyme has some of the classical 'char
acteristics of both the alpha-type and beta-type amylases. .
10.

It was determined that B. polymyxa hydrolyzed amy

lose ten thousand times faster than cyclohexaamylose, two hun
dred times faster than eyeloheptaamylose, ten times faster than
cyclooctaamylose, and seven times faster than maltohexaose.
11.

Human salivary and porcine pancreatic amylases pro

duced qualitatively identical products but gave widely differ
ing quantitative distributions at the achroic stage of amylose
••

'

digests.
12.

A qualitative and quantitative comparison of the pro

ducts produced from acid hydrolysis of amylose and the enzyma
tic degradation of amylose by the amylases of B. subtilis,
polymyxa, human saliva, and porcine pancreas was made.

B.

These

results showed that the action of alpha-type amylases were
non-random and highly specific in terms of the products formed.
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