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Foreword 

THE ACS SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that, in order to save time, the 
papers are not typeset, but are reproduced as they are submit
ted by the authors in camera-ready form. Papers are reviewed 
under the supervision of the editors with the assistance of the 
Advisory Board and are selected to maintain the integrity of the 
symposia. Both reviews and reports of research are acceptable, 
because symposia may embrace both types of presentation. 
However, verbatim reproductions of previously published 
papers are not accepted. 
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Preface 

BIOTECHNOLOGY is one of the oldest technologies, though, at the same 
time, it is also one of the newest. Since the age of Noah, biotechnology 
has been employed as a means of producing products that are both desir
able and specific in function. In this contemporary age of biochemistry 
and molecular biology, however, biotechnology has assumed a totally dif
ferent dimension of applicability regarding specificity and usefulness. As 
the demand increases for enhanced biocompatibility in products and for 
abundantly available raw materials from naturally renewable resources, 
more and more people have been turning to biotechnology to produce 
products and raw materials for the next decades. 

With their general availability in the vegetable kingdom, carbohydrates 
have proved to be a valuable substrate for biotechnology. Indeed, the pro
duction of corn sweeteners is a triumph of modern commercial biotech
nology. Carbohydrates are also functionally important in the animal king
dom, but the vegetable-derived polysaccharides are much more accessible 
and available in higher quantities. In particular, starch-derived polysac
charides and oligosaccharides have proved to be exceptionally valuable in 
a broad spectrum of industrial and food applications. 

Because the main repeating monomer of these biopolymers is glucose, 
the diversity of functionality of these substances must result from struc
tural differences. It was recognized fairly early on that changing the struc
ture of starch polysaccharides can dramatically affect the behavior of 
those materials. For this reason, chemically modified starches and depo-
lymerized starches have served competently over the years. 

Contemporary society, however, has stressed the importance of the 
perception of healthfullness. To meet the demands of this perception, a 
reduction in chemical modification will probably be required. To replace 
those necessary functionalities, biotechnology will be called on to perform 
the required structural changes. To achieve this end, however, a more 
fundamental understanding of starch structures as well as 
function-structure relationships of these compounds will be required. 
Furthermore, enzyme systems must be understood along with the basic 
biochemical and genetic mechanisms that control their production and 
behavior. The purpose of this book, as well as the symposium from which 
it was derived, is to focus attention on the many facets of the biotechnol
ogy of amylodextrin polysaccharides. It is hoped that not only will the 
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potential usefulness of this group of substances be illuminated, but also 
the broad extent of fundamental scientific information will be revealed. 

This book is designed to be useful to a broad array of researchers who 
might find oligosaccharide biopolymers of interest. As such, it must cover 
biochemistry and enzymology as well as those unique structural charac
teristics that require novel analytical tools. New aspects of usefulness 
must also be addressed. Consequently, the book has three basic parts: 

• The first section deals with the basic biochemical aspects of biotech
nology of amylodextrin oligosaccharides. It includes an introduction to 
genetic engineering as well as enzyme structure and enzymology. 

• The second section focuses on applications of specific new analytical 
tools that are essential to characterize adequately these new types of 
materials. These oligosaccharides are characterized as polymeric 
materials. 

• The third area addresses specific fields of usefulness for these polysac
charides. 

Several years ago, it would have been difficult to find more than a few 
contributions on the subject. Soon it will be necessary to develop entire 
books on specific areas of oligosaccharide biotechnology. For example, it 
is expected that genetic engineering will have a significant effect on the 
direction of development of these substances. 

I acknowledge the financial assistance of the following organizations, 
which made the symposium possible: Allied-Signal Corporation; Ameri
can Maize-Products Company; Aqualon Company; Corn Products Com
pany; DCA Food Industries, Inc.; Janssen Pharmaceutica; Miles, Inc.; 
National Starch and Chemical Corporation; Novo Laboratories; Pfizer, 
Inc.; Pioneer Hi-Bred International; U.O.P.; and Wyatt Technology Cor
poration. In addition, I would like to acknowledge the assistance and sup
port of the officers of American Maize-Products Company, in particular 
William Ziegler HI, Patric J. McLaughlin, and Frances R. Katz, for their 
support and encouragement in the development of this book. The assis
tance of Sherree Jackson and Gloria Kras in the preparation of the text is 
also acknowledged. I would like to thank Alfred French for the graphic 
idea incorporated in the cover design. Finally, I would like to thank Ellen 
and the boys for their inspiration and vast amounts of encouragement. 

ROBERT B. FRIEDMAN 
American Maize-Products Company 
Hammond, IN 46320-1094 

September 9, 1990 
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Chapter 1 

Helical and Cyclic Structures in Starch 
Chemistry 

J. Szejtli 

Cyclodextrin Research and Development Laboratory, Cyclolab, 
1026 Budapest, Endrdódi S. 38/40, Hungary 

Two opposing hypotheses attempted to describe the confor
mation of the α - l , 4 - l inked glucopyranoside polymers in ne
utral aqueous solutions: the random coil and the segmented 
helix structure hypotheses. The former one was based mainly 
on hydrodynamic studies of amylose solutions, the latter 
on many very different observations, but mainly on the 
formation and properties of amylose-helix complexes. The 
formation of cyclodextrins, catalysed by cyclizing enzy
mes, delivers further proof for the helical structure, 
and simultaneously is the source of a new technology: 
the molecular encapsulation of different compounds by cyc
lodextrin complexation. The significance of the cyclodext
rins and their derivatives in commercial applications will 
be discussed. 

When two D-glucopyranose units are linked by <*-l,4 glucosidic 
linkage, the formed disaccharide i s called maltose, while a ft-1,4 
glucosidic linkage between them results i n cellobiose. Inspecting a 
molecular model of such a diglucoside, i t becomes evident, that the 
rotation around the and O-Ĉ * bond i s hindered, i.e. the values 
^and Y rotational angles (the so-called bond conformation, F i g . l . ) 
are restricted to a re l a t i v e l y narrow domain, because of c o l l i s i o n of 
the hydrogens and hydroxyls of the interconnected glucopyranoside 
units. Maltose can exists only i n the cis-configuration (Fig.2.b.) 
and cellobiose only i n the trans-configuration ( F i g . 2 . c ) . That 
configuration, i n which the plane of one glucopyranose ring l i e s at 
right angle to the other, i s s t e r i c a l l y impossible (Fig.2.a.). (1,2). 

This cis-configuration (=maltose) i s , however, not a planar 
structure, because the bond angle of the bridge-oxygen i s between 
113 and 119°, depending on the s t e r i c s t r a i n of the whole structure. 
(3). Constructing a long-chain from these disaccharides, the 
repetition of these fundamental structural elements results i n the 
case of cis-type configuration (maltose) a h e l i c a l turn, or i n case 

0097-6156/91A)458-0002$06.00/0 
© 1991 American Chemical Society 
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1. SZEJTLI Helical and Cyclic Structures in Starch Chemistry 3 

of the trans-type configuration a zig-zag conformation i . e . 
cellulose (Fig. 3). 

The amylose helix 

Amylose and cellulose are the most thoroughly studied 
polysaccharides, nevertheless, some properties of amylose are u n t i l 
today not understood. For some time two c o n f l i c t i n g hypotheses 
existed concerning the molecular conformation of amylose i n aqueous 
solution. According to one hypothesis the dissolved molecule forms a 
c o i l , (Fig.4.a.) i n which h e l i c a l segments are connected by 
disordered segments. Adherents to the other hypothesis claim that 
the molecule forms a completely random c o i l , without any h e l i c a l l y 
ordered segments. (Fig.4.b.). Neither the completely stretched 
uncoiled structure, nor the r i g i d , rodlike t o t a l l y h e l i c a l form 
(Fig.4.c.) has ever been seriously considered as a p o s s i b i l i t y , and 
their existence can be easily disproved by viscosimetric studies. 
The nature of the coiled form, i.e. whether i t i s completely 
disordered or contains ordered, h e l i c a l segments has been v i v i d l y 
disputed i n several dozens of papers. (4). 

According to the actual accepTed hypothesis the amylose 
molecule i n aqueous solution behaves as a f l e x i b l e random c o i l , 
(Fig.4.a.) which, however, consists of extended h e l i c a l segments 
(Fig.5.a.) connected by deformed non-helical segments. Upon contact 
with an appropriate complex forming agent - l i k e iodine, or fatty 
acids - the h e l i c a l segments become "tighter". (Fig.5.b.) 

Some t h i r t y years ago this inclusion complex formation seemec 
to be some sort of s c i e n t i f i c curiosity only. This type of 
association of different molecules i s never of s t r i c t l y 
stoichiometric composition. The ra t i o of the components i n the 
isolated complex depends on many factors, moreover the amylose i s a 
macromolecular c o l l o i d , by which i s more d i f f i c u l t to perform any 
work than with well defined c r y s t a l l i n e substances. The study of 
cyclodextrin inclusion complexes, and quite recently the i s o l a t i o n 
and study of pure maltooligomers up to DP= 30 (5), c l a r i f i e d some 
s c i e n t i f i c problems about the amylose and cyclodextrin inclusion 
complexes, but, f i r s t of a l l , revealed an anormous f i e l d for 
in d u s t r i a l u t i l i z a t i o n of cyclodextrins and their inclusion 
complexes. (6) 

The c y c l i c dextrins 

The cyclodextrins are produced, by an enzymic reaction, from 
starch, more exactly from amylose and from the oc-1,4 linked 
segments of amylopectin. (Fig.6.) The applied enzyme i s a 
biocatalyst: i t does nothing else, but to help to reach the 
thermodynamically most stable conformation of the polyglucan: i . e . 
the h e l i c a l segments are converted to closed rings. The easy 
formation of cyclodextrins with high y i e l d i s an indirect proof for 
the existence of the h e l i c a l structure of amylose i n the aqueous 
solution. 

Three different c y c l i c dextrins can be produced: (Fig.7.) the 6 
membered otCD, the 7 membered pCD and the 8 membered )f CD. A l l of 
these are i n d u s t r i a l l y produced c r y s t a l l i n e products, with a purity 
of over 99 %. 
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BIOTECHNOLOGY OF AMYLODEXTRIN OLIGOSACCHARIDES 

F i g . l . Bond conformation of a disaccharide: rotation around the 
Ĉ -O and 0-C> bonds. 

Fig.2. Only the " c i s " and the "trans" conformations can exist. 

amylose cellulose 

Fig.3. Repeating the " c i s " (=maltose) conformation results i n a 
h e l i c a l structure while the "trans" (=cellobiose) leads 
to a zig-zag chain. 
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SZEJTLI Helical and Cyclic Structures in Starch Chemistry 

Fig.4. The r i g i d , rod-like helix, the "segmented" f l e x i b l e c o i l 
l i k e h e l i c a l structure, and the random c o i l . 

Fig.5. The extended helix i s contracted to a tight-helix upon 
inclusion complex formation - e.g. with iodine. 

o O ' 

CGT enzyme Qj 0 

O x 1 - J 

starch cyclic and acyclic dextrins 

Fig.6. Degradation of starch to a mixture of c y c l i c and acyclic 
dextrins by cyclodextrin glycosyl-transferase enzyme. 
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Fig.7. Structure of the cyclodextrins. 
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1. SZEJTLI Helical and Cyclic Structures in Starch Chemistry 7 

The inclusion complex formation 

In this c y c l i c structure an interesting, and p r a c t i c a l l y very 
important assymetry of the glucopyranose units i s revealed: the 
internal cavity has an apolar character, because i t i s "lined" by 
hydrogen atoms, and ether-oxygen atoms. (Fig.8.) One rim of the 
molecule consists of the primary hydroxyl groups, the other rim of 
the secondary hydroxyl groups. The dimensions of these "empty 
cylinders" are considerable. (Fig.9.) Dissolving cyclodextrin i n 
water, the cavity-included water molecules w i l l contact an apolar 
cavity-surface, which i s energetically unfavorable. Adding any 
substance to an aqueous cyclodextrin solution which has also an 
apolar - water repellent - character, and which can t i g h t l y f i t into 
the cavity, an inclusion complex is formed(Fig.lO). The cyclodextrin "host" 
can accomodate molecules of very different "guest" compounds. The 
association constants are very different, (Fig.11.) but generally 
such inclusion complexes can be isolated i n microcrystalline form. 
The composition of the isolated complexes again depends on various 
factors, and only occassionally are of s t r i c t l y stoichiometric 
rat i o s , but i n most cases a nearly 1:1 (CD:guest), or 2:1, or 3:2 
etc. composition i s found. (Fig.12.) In such molecularly 
encapsulated form the physical-chemical properties of the "guest" 
substances are strongly modified. 

Industrial aspects of molecular encapsulation by CDs 

These effects can be u t i l i z e d for many in d u s t r i a l purposes. For 
example benzaldehyde i s a l i q u i d compound, which very rapidly 
oxidized to benzoic acid by atmospheric oxygen. The (iCD-
benzaldehyde complex can be stored even i n pure oxygen atmosphere, 
without significant oxidation. Volatile liquids become stable, also. 
This i s the base of the s t a b i l i z a t i o n of flavours and fragrances by 
CD-complexation. Upon contact with water, these complexes 
immediately begin to dissociate, i . e . the entrapped substances w i l l 
be released rapidly. Such products are marketed already i n several 
countries. 

Unstable, poorly soluble drugs can be s t a b i l i s e d , or their 
b i o a v a i l a b i l i t y can be improved by CD-complexation. Several drugs 
are marketed i n CD-complexed form already. With appropriate 
cyclodextrins, injectable aqueous solutions can be prepared from 
insoluble drugs. 

Light sensitive substances can be protected against 
decomposition by CD-complexation. For example, light-sensitive 
pyrethroids are insecticides which can be st a b i l i z e d for an extended 
period of time. In biotechnological processes the CDs can act as 
so l u b i l i z e r s (e.g. i n microbiological steroid conversion) or as 
t o x i c i t y reducing agents (e.g. i n waste-water detoxication). 

The t o t a l number of CD-papers and patents - which i s already 
over 5000 - shows an explosionlike increase. Actually yearly some 
650 new papers and patents are published. (7). More than 800 patents 
are dedicated to some sort of iricTustrial u t i l i z a t i o n of 
cyclodextrins. The CD production began just 10 years ago, 
pra c t i c a l l y on laboratory scale, but now i t increases rapidly. The 
approximately 1000 ton/year production i s expected to grow up to a 
several ten thousand ton/year CD-market within several years. 
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8 BIOTECHNOLOGY OF AMYLODEXTRIN OLIGOSACCHARIDES 

APOLAR CAVITY S ECONDARY 
HYDROXYLS 

"PRIMARY 

HYDROXYLS 

Fig.8. Functional schematic representation of a cyclodextrin 
''cylinder". 

174 A 3 

ccCD 

in one mol: 

104 ml 

in one g • 

0,10 ml 

262 A 

0,14 ml 

427 A 3 

0,20 ml 

Fig.9. The cavity volumes i n the cyclodextrin "capsules" 
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° SH3 ° O O / ^ C C > s o 0 o 0 o 
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Fig.10. The "host-guest" interaction: molecular encapsulation of 

p-xylene by |3-cyclodextrin. 
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SZEJTLI Helical and Cyclic Structures in Starch Chemistry 

BENCYCLAN-CD 

Fig.11. The assumed structures, the determined association cons
tants for the bencyclan (a cerebral vasodilator) cyclo-
dextrin complexes. 

COOH 

Fig.12. Various stoichiometrics of cyclodextrin complexes. 
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Chapter 2 

In Vitro Gene Manipulation 
An Introduction 

Michael Bagdasarian 

Michigan Biotechnology Institute, Lansing, MI 48909 
and Department of Microbiology, Michigan State University, 

Lansing, MI 48824 

Isolation, transfer and in vitro manipulation of genes is the strategy of 
choice not only in research of poorly characterized genetic systems and 
proteins but also in engineering of new organisms and new biological 
catalysts for biotechnology, medicine, environmental protection or 
agriculture. The basic strategies of engineering genes are outlined. 

Isolation of genes, their manipulation in vitro and expression in different organisms 
by gene cloning has rapidly become one of the most powerful and versatile research 
strategies available to modern biology. This set of methods, also referred to as 
genetic engineering, is of particular value for poorly characterized genetic systems, 
such as microorganisms isolated from natural environments or cells of higher 
eukaryotic organisms, because these methods are universal. They are not limited by 
the relatedness of the organisms under investigation to any well characterized 
laboratory strains and they do not depend upon the availability of detailed 
information on the structure and organization of their genomes. 

In the past two decades of an explosive development of genetic engineering 
techniques many excellent articles and laboratory manuals on in vitro gene 
manipulation have appeared. Some of the best of them, however, are multiarticle or 
multivolume editions useful in a molecular cloning laboratory, but not as an 
introduction into the field. This article will attempt to present a short overview of 
the strategies used in isolation and manipulation of genes, concentrating particularly 
on newer developments. The reader is referred to other publications for more 
detailed descriptions and experimental protocols (1 - 6). 

Gene cloning procedures involve four essential steps: (1) generation of DNA 
fragments that aie suitable for cloning; (2) chemical linkage of these fragments to 
DNA molecules of self-replicating genetic elements called vectors; (3) introduction 
of thus generated recombinant molecules into suitable host cells and (4) detection 

0097-6156/91/0458-0011$06.00/0 
© 1991 American Chemical Society 
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12 BIOTECHNOLOGY OF AMYLODEXTRIN OLIGOSACCHARIDES 

of clones containing the new hybrid DNA species. The basic steps used in a cloning 
procedure are represented schematically in Fig. 1. 

Generation of DNA Fragments for Cloning 

In the majority of cases this is achieved by treatment of the DNA sample with 
restriction endonucleases (7 -10). Endonucleases that create single-strand protruding 
ends, often called cohesive ends, are preferred because single strand portions of 
cohesive termini will form complementary duplex structures with the termini of the 
same type and thus facilitate ligation to the vector molecules (see subsequent 
paragraphs). However, DNA fragments having blunt ends can also be used for 
cloning (10). 

A large selection of restriction endonucleases with different specificities is 
available now from many commercial sources and new enzymes are continuously 
being introduced into the market It is therefore always possible to find a suitable 
enzyme or a combination of enzymes that enables one to excise a fragment of DNA 
carrying a particular gene. In many cases, however, it is not known in advance 
which endonuclease-sensitive sites might exist within the coding sequence of a gene 
to be isolated. In this case it is desirable to obtain DNA fragments by a partial 
cleavage with an enzyme that cuts very frequently. This procedure generates a 
mixture of fragments that resemble those obtained by completely random 
fragmentation methods such as mechanical shearing. The enzymes used most 
frequently in this procedure are SauSA or Mbol. The staggered ends produced by 
this enzyme are complementary to the protruding ends generated by BamHl 
digestion. As shown below the fragments thus obtained may be inserted into the 
BarriHl site present in many cloning vectors (see also Fig. 1). 

Cohesive ends generated by: 

5au3A or Mbol BairiEI 

5' ,ΝΝΝ GATC.NNN.3' 5 ' .NNN.G GATCC.NNN.3' 
3 ' .NNN.CTAG .NNN.5' 3 ' .NNN.CCTAG G.NNN.5' 

This strategy is particularly useful in those cases where a gene library is 
prepared such as to carry representatives of every gene of a particular genome. 

Cloning Vectors 

Vectors are well characterized molecules of DNA to which a fragment of DNA, 
carrying the genetic marker under investigation, may be linked, and which will allow 
the introduction into, and stable maintenance of the resulting recombinant DNA 
molecule in, a suitable host Vectors are constructed from plasmid or bacteriophage 
replicons by addition of DNA sequences that provide the vector with specific 
properties required for its use. The basic functional parts of a vector are: (i) a 
repHcon, consisting of an origin of replication and genes that allow the replication 
of this DNA molecule as an extrachromosomal element; (ii) selection marker, 
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2. BAGDASARIAN In Vitro Gene Manipulation 13 

Ligation 
\ G C 

\ A T 
BamHI X T A χ 

Transformation ( 0 ° 0 ° ) 

BamHI vL^J^ 
Selection 

and 
Screening 

Figure 1. Schematic representation of basic steps involved in a gene cloning 
procedure, cat, chloramphenicol transacetylase. 

cat 
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14 BIOTECHNOLOGY OF AMYLODEXTRIN OLIGOSACCHARIDES 

usually a resistance to toxic substance such as antibiotic or heavy metal ion; (in) 
cloning sites, one or several restriction endonuclease sensitive sites that are unique 
in the vector molecule. Many types of vectors have additional features that facilitate 
screening for inserted fragments, controlled expression of cloned genes or selection 
for specific functions, such as for example promoters. Figure 2 presents a physical 
and genetic map of a vector that, in addition to the basic elements contains also a 
built-in system for controlled expression of inserted genes. Examples of the most 
frequently used vectors and their basic properties are listed in Table I. 

General Purpose Cloning Vectors. Plasmids derived from pBR322 [for reviews 
see (11,12)] or from pUC series (13,14) are still the most frequently used vectors 
for general-purpose cloning. In the case of pBR322 and similar vectors the fragments 
of foreign DNA are inserted into sites within the ApR or TcR gene and the clones 
containing the recombinant plasmids may be detected by screening for the insertional 
inactivation of either of these genes. The vectors of the pUC series are even more 
convenient than pBR vectors since they carry unique cloning sites for as many as 
13 different restriction endonucleases. These sites are located within a gene encoding 
a fragment of β-galactosidase. Insertions in any of the unique cloning sites result in 
the inactivation of the enzyme and the appropriate colonies may be screened on 
plates containing 5-bromo-4-chloro-3-indoxyl-B-D-galactoside (X-Gal). These vectors 
are present in bacterial cells in multiple copies of 40-70 copies per cell. This results 
in the synthesis of high amounts of the gene products which may be a desirable 
situation. In many cases, however, high concentrations of foreign gene products are 
toxic to the host cell. These problems may be solved by the use of low copy number 
vectors, such as pACYC177 and pACYC184 (15) or the derivatives of RSF1010 
vectors described below. 

Bacteriophage Cloning Vectors. Bacteriophage replicons have been widely used 
for construction of cloning vectors that have specific advantages over plasmid-based 
vectors. The most versatile and highly developed vectors are derived from 
bacteriophage λ [for reviews see (16,17)] and bacteriophage M13 [for reviews see 
(14,18,19)1 

Replacement Vectors from Bacteriophage λ By extensive manipulation in 
vivo and in vitro bacteriophage genomes have been created that contain a set of 
cloning sites on each side of the non-essential part of its genome. This portion, 
called stuffer, is excised with the appropriate restriction enzyme and replaced by a 
fragment of foreign DNA. The ligated mixture is packaged in vitro into preformed 
λ heads and the packaged DNA is introduced into Escherichia coli by infection. 
Since only those molecules that have a correct length (between the two cos sites) 
can be successefuly packaged this procedure selects for the recombinant DNA 
molecules and against those containing only the religated vector. The strategy used 
for cloning in bacteriophage λ vectors are shown in Fig. 3, A variety of λ vectors 
have been developed to serve different purposes such as different unique cloning 
sites, different sizes of fragments that may be introduced as insert, expression of the 
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2. BAGDASARIAN In Vitro Gene Manipulation 15 

J I I I I I I I I 

Ecofi I 

Figure 2. Physical and genetic map of a broad-host-range, controlled-
expression plasmid vector. oriV, origin of vegetative replication; oriT, origin 
of transfer replication; rep, replication genes; mob, genes essential for function 
of oriT; cac and E, genes regulating rep expression; Ptac, hybrid trp-lac 
promoter; lacft, gene overproducing the Lac repressor; cat, chloramphenicol 
transacetylase. 
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Figure 3. Schematic representation of steps involved in cloning with λ 
bacteriophage vectors, cos, cohesive ends of λ DNA; B, BamHI; E, EcoRI; S, 
Sail; kb, kilobase. 
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2. BAGDASARIAN In Vitro Gene Manipulation 21 

cloned gene or easy conversion of the DNA to single strand form for sequence 
determination. Thus, XgtlO and Xgtl 1 are convenient for screening of large numbers 
of recombinant phages by hybridization to a nucleotide gene probe or by 
immunodetection, respectively (20), ADASH and λΠΧ contain a T3 or T7 promoter 
on either side of the insert and provides the possibility to synthesize large amounts 
of respective mRNAs or gene products and λΖΑΡ may be used for quick conversion 
of the cloned DNA into an M13 clone used for sequencing [for a review see (21)]. 

Vectors from Filamentous Phages. Their principal advantages is in generation 
of single-strand DNA for nucleotide sequence determination (22) and for site-
directed mutagenesis of cloned genes (23). Although bacteriophage-derived vectors 
are were developed mainly for special purposes, they still may be successfully used 
for general type cloning [for a review on filamentous phage vectors see (25)]. 

Special Purpose Cloning Vectors, Several types of vectors have been constructed 
to exhibit special properties not present in other cloning vehicles. These properties 
facilitate the use of these vectors in special cases. However, they can often be used 
for general purpose cloning. 

Cosmids. These are plasmid vectors containing one or two cos sites of 
bacteriophage λ. They have the advantage of a small size, the replication mode of 
plasmids and the ability to be packaged in vitro into bacteriophage λ heads. Their 
main use is in generation of gene libraries since they allow cloning of large 
fragments of DNA, up to 45 kb, thus reducing the number of recombinant clones 
representing the entire library. Due to the λ packaging mechanism recombinant 
cosmids smaller than 40 kb do not get successfully packaged. This selects for only 
those recombinant molecules that contain a large insert of foreign DNA [for a 
review see (33)]. 

Promoter and Terminator Cloning Vectors. The principle used in 
construction of promoter-probe vectors is to place unique restriction sites upstream 
of a gene with aphenotype that is easily selected, such as e. g. antibiotic resistance, 
or scored, such as β-galactosidase or galactokinase, from which the natural promoter 
has been deleted. By applying a similar principle, vectors for cloning transcription 
terminators aie generated by placing cloning sites between a promoter and the 
coding sequence of a gene. Overproduction of galactokinase is often detrimental to 
the host cell rendering the galK promoter-cloning plasmids (39) difficult to use. On 
the other hand β-galactosidase may be overproduced to high concentrations and is 
easily determined in a quantitative assay. Many different vectors for cloning 
"punctuation signals", including translational initiation sites, have been developed to 
satisfy different purposes. For a review see (40). 

Controlled-expression Vectors, The ability to control expression of cloned 
genes is particularly important in the following circumstances: 
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22 BIOTECHNOLOGY OF AMYLODEXTRIN OLIGOSACCHARIDES 

1. If the product of the gene is not tolerated well by the host organism and the 
gene needs to be maintained under repressed conditions until its induction 
is desired. 

2. If a particular gene product is needed in large quantities for isolation and 
purification. 

3. If effects of particular gene products on cellular metabolism are studied. 

Several different regulatory systems have been used to achieve regulated 
expression of the cloned genes. Among the most widely used are: trp promoter and 
trpR regulatory gene (41); lac promoter and the lacl or lacfi gene, such as for 
example the promoters present in the M13mp series or the pUC series of plasmids 
(14, 17-19); the hybrid trp-lac (tac) promoter (42, 43), the vector pMMB207, 
presented in Fig. 2 is an example of a tac promoter based broad-host range vector 
carrying its own regulatory gene (34, 44). Convenient expression of many cloned 
genes was achieved with a system combining the promoters of bacteriophage λ and 
their thermosensitive repressor protein provided by the cl857 gene (45, 46). Very 
high expression of genes may be obtained by the use of the bacteriophage 17 
promoter and the gene for T7 RNA polymerase cloned into a different expression 
system (such as XPL or tac) and introduced into the same host The T7 promoter 
gives virtually no expression in the absence of the T7 polymerase and allows 
therefore to clone genes that are highly toxic to the host cell or obtain an exclusive 
labelling of a particular gene product (47). 

Broad-host-range Cloning Vectors. Microorganisms other than E. coli exhibit 
a wealth of metabolic properties of great scientific interest and of considerable 
environmental, medical and commercial importance. As their extraordinary ability 
to carry out recycling of carbon and nitrogen, degradation of toxic waste, 
enhancement of animal and plant productivity and catalysis in various 
biotechnological processes is recognized, genetic manipulation in these organisms 
is becoming of utmost importance. 

Many of the vector systems discussed in the previous paragraphs are specific 
for E. coli as host bacterium. The most serious limitations of the E. coli cloning 
system are: 

1. Poor recognition by E. coli of transcriptional and translational signals from 
many other species. As a consequence, heterologous genes are often 
expressed poorly in this host 

2. Impossibility to study in E. coli the function of genes as part of metabolic 
or regulatory pathway that is absent in this host (for example hydrocarbon 
degradation, pathogenicity, secretion, nitrogen fixation etc.). 

3. Toxicity of heterologous genes in E. coli (such as genes specifying secretion 
proteins, membrane components). 

4. The inability of the narrow-host-range E. coli vectors to replicate in other 
bacterial species. 
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Plasmids of the incompatibility groups C, N, P, Q and W exhibit a host range 
much wider than those commonly used as replicons for E. coft'-specific vectors. 
Their properties have been reviewed in several recent articles that provide lists of 
vectors and hosts (34,48,49). Vectors based on IncP and IncQ replicons are among 
the most highly developed broad-host-range vectors available to date. For some of 
them, such as pMMB66 and pMMB207 series the entire nucleotide sequence has 
been determined (34). 

Suicide Vectors and Genetic Engineering In Vivo. For delivery of 
transposable elements or to select for clones where the recombination of genes 
occurred between the incoming replicon and a resident replicon, such as for example 
the chromosome, it is desirable to have vectors that may be transferred to a donor 
cell, but cannot be maintained in it. A classical example of such "suicide" vectors 
are λ bacteriophages with nonsense mutations in the replication genes that are also 
defective in their lysogenization and recombination functions. If non-permissive host 
cells are infected with such bacteriophage that carries a transposon and selection for 
the transposon markers is applied, only those cells in which a transposition has 
occurred will survive and will give rise to a colony (50). A similar strategy was 
followed to construct a transposon-delivery system for Gram-negative bacteria other 
than E. coli. Mobilizable derivatives of pBR322, carrying different transposons, were 
constructed and transferred to bacteria in which this plasmid can not replicate, such 
as Pseudomonas or Rhizobiwn. High efficiency of transposon insertion could be 
achieved by this method (51). An extension of this technique was the incorporation 
of an antibiotic resistance marker and a functional pBR322 origin into the Omegon 
transposable element. After transposition, a restriction digest of the total DNA from 
the host cells may be subjected to religation and transformation into E. coli. The 
sequences flanking the transposon insertion can thus be easily cloned (52). 

Introduction of Recombinant DNA Into New Hosts 

Purified DNA is introduced into bacterial or yeast cells by transformation. The 
procedures to make microbial cells competent to take up purified DNA usually 
involve treatment with Ca"1"1" or Mg"1"1" ions in the cold (53, 54). Although the 
molecular mechanism of transformation is not well understood the efficiency of 
transfer in E. coli and a few other Gram-negative and Gram-positive species is good 
enough to be used in gene cloning technology. On the other hand many species are 
transformed poorly if at all and the restriction systems make it virtually impossible 
to introduce into them recombinant DNA isolated from other species. Cloning 
vectors that contain transfer origins and may be transferred by conjugative 
mobilization directly from one cell to another are of great advantage in such cases. 
Conjugative transfer is more efficient than transformation by several orders of 
magnitude and some molecules of the recombinant plasmids are modified by the 
host modification system before they get digested by restriction enzymes. The 
vectors of the pMMB series, exemplified in Fig. 2 have this advantage which has 
been used to transfer genes, inserted into these vectors, to Pseudomonas and other 
Gram-negative species (30, 52). 
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A new technique of DNA transfer into living cells has recently emerged and is 
being rapidly developed. It consists of placing the cells in a high voltage electric 
field for a short period of time. This method, known as electroporation, seems to be 
applicable to a wider range of species than is calcium-induced competence and in 
many cases gives higher efficiencies of DNA transfer [for a review see (55)]. 

Engineering and Synthesis of Genes In Vitro. Protein Engineering 

The development of chemical synthesis of short oligonucleotides with defined 
sequence made it possible to synthesize in vitro genes with desired substitutions of 
any nucleotide. This technique, known as site-directed (or oligonucleotide-directed) 
mutagenesis, is used to generate proteins with desired substitution of amino acids by 
subcloning the modified genes and producing new proteins specified by these genes. 
Since the changes of amino acids may be combined and predicted and since it is 
anticipated that we will be able, in the near future, to improve substantially our 
ability to predict the properties of mutant proteins obtained by this method, this 
strategy has often been called protein engineering. The actual synthesis of the mutant 
gene is an easy process. The gene to be mutated is inserted into a vector that 
produces single-stranded DNA, e. g. one of the M13 bacteriophage vectors, the 
oligonucleotide with one or several mismatched bases is annealed to the single-
strand template and the complementary strand is completed by the action of DNA 
polymerase in the presence of deoxyribonucleotides. After transformation into a 
permissive host plaques of the bacteriophage are selected and checked for the 
presence of the mutated gene. It is obvious that the main problem is this screening. 
Several methods have been developed to distinguish bacteriophages containing the 
copy of the mutant strand. One of the most effective is the method that synthesizes 
the daughter strand with the use of modified nucleotides making it resistant to 
certain restriction nucleases. The parental strand that remains sensitive can thus be 
eliminated and the progeny of the bacteriophage, after transformation, contains 
predominantly the mutated gene (24, 56). 

Synthesis of Genes by Polymerase Chain Reaction. Another strategy that 
takes advantage of specific oligonucleotide primers is the in vitro amplification of 
specific DNA fragments from very small amounts of an impure sample. Since the 
first demonstration of the technique by Mullis and Faloona (57) it has become one 
of the most popular procedures in molecular biology and virtually has transformed 
our approach to isolation of genes [for review see (58-60). 

Polymerase chain reaction (PCR) consists of repeated cycles of in vitro DNA 
synthesis from a template by using two primer oligonucleotides that hybridize to 
opposite strands of the fragment to be amplified. The use of thermostable Taq DNA 
polymerase enables to run the required steps of denaturation, annealing and DNA 
chain elongation in an automatic thermocycler, now commercially available from 
several sources, and thus greatly reduce the time and effort. Recent modifications 
of the technique allows amplification of DNA fragments with the use of only one 
specific primer. The other primer is selected to be complementary to sequences in 
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2. BAGDASARIAN In Vitro Gene Manipulation 25 

the vector such as for example one of the universal sequencing primers available 
commercially (61). 

Concluding Remarks 

The development of new techniques in molecular biology proceeds at an astonishing 
pace. It is impossible to give a comprehensive review of the subject in a short 
article. I have, therefore, outlined the main strategies that have been already tested 
and are widely adopted by the scientific community, giving references to review 
articles, books and experimental manuals whenever possible to enable the reader to 
look through a wide range of methods and references before decideing on the 
experimental strategy most useful for his particular purpose. 
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Chapter 3 

Structure—Function Relationships in Amylases 

B. Svensson, M. R. Sierks, H. Jespersen, and M. Søgaard 

Carlsberg Laboratory, Department of Chemistry, Gamle Carlsberg Vej 10, 
DK-2500 Copenhagen Valby, Denmark 

Chemical modification has been used in conjunction with site-directed 
mutagenesis to identify and assign specific functional roles to amino acid 
residues involved in substrate binding and catalysis in glucoamylase from 
Aspergillus niger and in barley α-amylase. Kinetic properties of selected 
mutant enzymes thus indicated that the Trp120 of glucoamylase stabilized 
the substrate transition state, while Glu179 and Asp176 behaved as the 
general acid and base catalyst, respectively. In barley α-amylase Glu205 
was proposed as the general acid catalyst while Trp276 and Trp277 were 
influenced by binding of β-cyclodextrin, and hence starch granules, at a 
distance from the catalytic site. Structure comparison guided by 
functional residues suggested that most starch-degrading enzymes share 
key active site features. A few also contain homologous raw starch 
binding domains. 

Amylases degrade starch to a diversity of oligodextrins according to their individual substrate 
specificities and action patterns (1,2). Classification of activity can be made by the following 
distinctions: i) endo- versus exo-mode of attack, ii) inversion versus retention of the product 
anomeric configuration, iii) poly-, oligo-, or disaccharide/disaccharide-analogue substrate 
preference, and iv) a-(l->4), a-(l->6) or dual bond-type specificity. 

In spite of their long history as well as widespread and abundant occurrence, only a few 
amylases or related enzymes have been thoroughly investigated with regard to structure and 
mechanism. Since the development of cloning and sequencing techniques, more than 70 
primary structures representing enzymes from 12 different classes (Table I) have been 
reported, the first sequences, of murine pancreatic and salivary α-amylases, being described 
in 1980 (3). These enzymes are multidomain single polypeptide-chain proteins with one 
exception, glucoamylase from Saccharomyces cerevisiae (var. diastaûcus), which consists of 
a large and a small subunit (4). They vary in size from approx. 400 (5) to 1100 (6) amino 
acid residues. Complete protein sequences including post-translational modifications have 
been determined for porcine pancreatic α-amylase (7,8), Taka-amylase A (9), glucoamylase 
1 and 2 from Aspergillus niger (10, 11), and 0-amylase from soybean (12) and sweet potato 
(13). 

Three-dimensional structures have been reported for Taka-amylase A (TAA) (14), 

0097-6156/91/0458-0028$06.00/0 
© 1991 American Chemical Society 
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3. SVENSSON ET AL. Structure—Function Relationships in Amylases 29 

Table I. Complete Sequence of Starch-Hydrolases and 
Related Enzymes 

Enzyme Class Number of Available 
Sequences 

α-Amylase 
β-Amylase 
Glucoamylase 
a-Glucosidase 
Isomaltase 
Maltogenic α-amylase 
Maltotetraohydrolase 
Isoamylase 
Pullulanase 
Çyclodextrin glucanotransferase 
Amylomaltase 
Branching Enzyme 

ca. 40 

10 

6 
6 
2 

(a) 
(b) 
(c) 
(d) 
(e) 
(0 
(g) 
(h) 
(0 
0) 
00 
(1) 

First report: 
a. Hagenbuchle, O. et al. Cell 1980,21,179-87. b. Kreis, M. et al. EurJ.Biochem. 1987,169, 
517-25. c. Svensson, B. et al. Carlsberg Res.Commun. 1983, 48, 529-44. d. Hong, S.H.; 
Marmur, J. Gene 1986, 41, 75-84. e. Hunziker, W. et al. ÇeU 1986, 16, 227-34. f. 
Diderichsen, B.; Christiansen, L. FEMS Microb.Lett. 1988, 56, 53-60. g. Fujita, M. et al. 
J.Bacteriol 1989, 171, 1333-39. h. Amemura, A. et al. J.Biol.Chem. 1988, 263, 9271-75. i. 
Katsuragi, N. et al. J.Bacteriol. 1987,169, 2301-6. j. Takano, T. et al. J.Bacteriol. 1986,166, 
1118-22. k. Lacks, S.A. et al. ÇeU 1982, 31, 327-36. 1. Baecker, P.A. et al. J.Biol.Chem. 
1986, 261, 8738-43. 

porcine pancreatic α-amylase (15), and Bacillus circulans (16) and Bacillus stearothermophihis 
(17) çyclodextrin glucanotransferases (CGTases). A low resolution structure for soybean β-
amylase has been described (18). Molecular details on enzyme-substrate interactions have 
been proposed based on a difference Fourier map between native and maltotriose-analogue-
soaked pancreatic α-amylase (15) and a model fitting of a seven-glucosyl-residues segment 
of amylose to the active site cleft of TAA (14), respectively. The α-amylases, like the 
lysozymes, are suggested to contain two catalytic carboxyl groups and an extended substrate 
binding cleft composed of an array of subsites (19). Although the physical structure of the 
α-amylase-ligand complexes are not as well described as in lysozyme, the apparent number 
of subsites and site of cleavage have been defined for several amylases using enzyme kinetic 
techniques (20). 

Despite little, if any, homology existing between many of the starch-degrading enzymes 
listed in Table I, they are still likely to constitute a protein superfamily. At least one of 
three kinds of related structural characteristics has been recognized among them: i) 
predominant a//?-barrel catalytic domain folding (14-17.21,22; Jespersen, MacGregor, Sierks 
and Svensson, unpublished data), ii) short regional sequence similarities, perhaps reflecting 
functionally important folding modules (23-25), and iii) homologous terminal domains 
thought to bind starch granules (11,26-28). Therefore, insight acquired from 
structure/function relationships for one member of the family may likely be applied to 
certain others. The analysis of data from such related enzymes could lead to a tertiary 
structure template based on which substrate specificities and action patterns can be tailored. 
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30 BIOTECHNOLOGY OF AMYLODEXTRIN OLIGOSACCHARIDES 

Elucidating Roles of Active Site Residues 

The first essential residue to be identified in an enzyme from the amylase superfamiry was 
the acarbose-protected Trpl20 in glucoamylase from A niger (23). Interestingly, it pointed 
out a short regional sequence similarity with T A A where the corresponding Trp83 was 
proposed to participate in substrate binding at a distance from the site of catalysis (14). This 
suggests that an exo- and an endo-a-glucanase showing no overall sequence homology can 
still have functional structural elements in common. In fact, the segment Tyr75-Trp83 
creates most of the surface of the substrate binding area to one side of the catalytic residues 
in TAA (not shown). Chemical modification experiments were performed to identify the 
two catalytic carboxyl groups in glucoamylase that had been inferred from earlier kinetic 
studies (29). Acarbose (Figure 1) efficiently protected the active site against inactivation, 
enabling differential labelling with the water-soluble carbodiimide, ethyl-3-(4-azonia-4,4-
dimethylpentyl)carbodiimide (EAC) (Figure 2). Sequence analysis of the [3H]EAC-
substituted glucoamylase indicated that Aspl76, Glul79, and Glul80 comprise the two 
essential acidic groups (30.31). The individual roles in the glucoamylase mechanism of these 
three carboxylic acid residues in the critical acidic cluster were in turn elucidated by the 
analysis of kinetic properties of mutant enzymes containing the corresponding amides (32) 
(Table II). The drop in k^j for Glul79->Gln glucoamylase and increase in for Glul80-+ 

Table II. Kinetic Parameters and Change in Activation Energy 
for Glucoamylase Mutants 

Substrate Enzyme 

Aspl76 Glul79 
-•Asn -*Gln 

Glul80 
-•Gin 

Trpl20 
-•Tyr 

Wild-
type 

Maltose 

kcat Ο*"1) 
«m W , , 
k^/Kn ( S - W 1 ) 
A A G a (kJ/mol) 

0.73 
6.2 
0.12 

11.5 

1.5 
41 
0.037 

14.6 

0.12 
0.63 
0.19 

10.2 

14 
1.7 
8.3 

MaltoheDtaose 

kcatO*-1) 

k c A ( s - W 1 ) 
Δ A G 3 (kJ/mol) 

8.2 0.047 
0.63 0.15 

13 0.32 
9.1 

31 
9.4 
3 

12.8 

0.44 
0.059 
7.5 

10.6 

84 
0.22 

390 

Isomaltose 

Km ( m M > t Λ 

k c A ( s - W 1 ) 
A A G a (kJ/mol) 

0.052 
135 

0.00039 -
9.6 

0.18 
95 
0.0019 
5.2 

0.0059 
3.2 
0.0018 
5.3 

0.49 
36 
0.014 

a. AAG = -RTln [(Kai^)mJ(kat/^)wA (33). (Compiled with permission from Refc. 32, 
34· Copyright 1989, Oxford University Press). 
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3. SVENSSON ET AL. Structure-Function Relationships in Amylases 31 

Figure 1. Pseudooligosaccharide inhibitors of various amylases and glucosidases. 
Acarbose (BAYg5421): m=0,n=2. Aplanin is a maltooligodextrin mixture (average 
DP=12) containing an acarbose core. 

VA 
g 100 

>-
H 8 0 h 
> 
Ο 60 

40 

20 

0 

S 
JE _ 

+ acarbose 
t 

12 EAC per G2 

2.5 L 3 H ] - E A C i p e r G 2 

-v 12 EAC r 

10 20 
TIME (min) 

30 

Figure 2. A. niger glucoamylase G2 (4.5 mg-ml'1 in 0.05 M Mes buffer pH 6.0) was 
treated with 0.10 M EAC in the presence of 0.6 mM acarbose (A). The inhibitor was 
removed as described (30) and the derivative inactivated by 0.02 M [ 3H]EAC ( · ) . The 
control G2 enzyme incubated without EAC added retained full activity (•). 
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32 BIOTECHNOLOGY OF AMYLODEXTRIN OLIGOSACCHARIDES 

Gin glucoamylase suggested these residues were involved in catalysis and substrate binding, 
respectively. The pKg value of the general acid decreased in both the Glul80-*Gln and 
Aspl76^Asn enzymes compared to the wild-type (Table III). Glul79 was concluded to be 
the general acid catalytic group responsible for initial protonation of the oxygen in the 
glucosidic bond to be cleaved. Due to the effects on k^/K^ and values by Aspl76^Asn, 
Aspl76 was concluded to act as the catalytic base (Table II; ref. 32). The relative increases 
in activation energy, Δ AG, for hydrolysis of a-(l->4)- and a-(l-*6)-linked substrates caused 
by mutation of Glul80 (Table II) indicate that this residue stabilizes the transition state 
complex at subsite 2 (32). A schematic diagram of these interactions is given in Figure 3. 
Trpl20 was similarly found to stabilize the transition state complex in subsite 2 from a more 
distant subsite (34). 

The glucoamylase Glul80 involved in substrate binding can be aligned to acidic amino 
acid residues in related enzymes (Figure 4; ref. 25). In TAA and porcine pancreatic a-
amylase it matches aspartic acid residues suggested by crystallographic analysis to be binding 
and catalytic, respectively (14»15)· Mutagenic studies in B. subtilis α-amylase suggested the 
equivalent residue to be important for binding (35). The aligned Asp505 in isomaltase, 
however, was suggested as the catalytic base by affinity labelling with conduritol-B-epoxide 
(24,36). Evidence obtained from mutation of barley α-amylase isozyme 1 Glu205 (37) and 
B. subtilis α-amylase Glu208 (35), which both align with TAA Glu230 (25), identifies these 
groups as likely candidates for the general acid catalyst. Also an a-glucosidase (38) was 
affinity labelled by conduritol-B-epoxide, but the modified residue remains to be identified. 
Affinity labelling of soybean β -amylase (39) using 2,3-epoxypropyl-a-D-glucoside, identified 
Glul86 as the catalytic base. This catalytic base has still not enabled alignment of the β-
amylase sequence with those from the other enzyme classes. 

Table III. pKg Values for Catalytic Groups 
in Glucoamylases 

Enzyme 

Aspl76 Glul80 Wild-
-•Asn -+Gln type 

P Kl,E 
PK2,E 
PK1,ES 
PK2,ES 

n.d. 2.2 2.7 
5.3 4.9 5.9 
n.d. 1.7 2.4 
5.3 4.9 6.0 

The pH dependence of k c a t / K m and k ^ for maltose hydrolysis was 
determined in the pH range 2.4-7.1 at 45°C and used to estimate 
pK E (free enzyme), and p K ^ (substrate-enzyme complex), 
respectively (20). Derived from Ref. 32. n.d. = not determined. 

Tailoring Substrate Specificity 

In an attempt to correlate the dual bond-type specificity of glucoamylase with certain 
structural elements, comparison of the active site sequences shown in Figure 4 led to the 
postulation that Asn507 of isomaltase and Asnl82 of glucoamylase were associated with the 
ability to effect an exo-attack on a-(l-*6) glucosidic bonds. The Asnl82-*Ala mutant was 
constructed to make glucoamylase conform more closely to the a-(l-*4) hydrolases. 
Comparison of the relative substrate specificity of this and the Trpl78-+Arg mutant, made 
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3. S V E N S S O N E T A L . Structure—Function Relationships in Amylases 33 

Figure 3. Tentative schematic representation of the roles of the three groups in the 
active site acidic cluster from A. niger glucoamylase. 
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on the basis of the same rationale, with that of other mutant and wild-type glucoamylases 
indicated that only Asnl82-+Ala had increased selectivity for maltose without losing activity 
(Tables II and IV). This has potential technical applications since the high glucose syrups 
produced with glucoamylase suffer from reduced glucose yields due to accumulation of 
isomaltose generated in the reverse reaction (40). 

Table IV. Effect of Mutation on Glucoamylase 
Substrate Specificity 

W ^ m (s^mM-1) Maltose 

Enzyme Maltose Isomaltose Isomaltose 

Asnl82-*Ala 8.4 0.0062 1370 
Trpl78->Arg 1.22 0.0010 1230 

Tyrll6-Ala 2.9 0.0048 620 
Wild-type 8.3 0.014 620 
Leul77->His 0.49 0.00088 550 

Aspl76-*Asn 0.12 0.00039 304 
Trpl20->Tyr 0.19 0.0019 100 
Glul80-Gln 0.037 0.0019 19.1 

The activities were measured at pH 4.5 and 50°C. 

The dual specificity of glucoamylase was addressed also by a different approach using 
chemical modification in combination with ligand protection. A special binding mode was 
suggested earlier for a-(l-+6)- versus a-(l-»4)-linked substrates in glucoamylase from 
Rhtopus sp. (41). We confirmed this result for the A. niger enzyme and identified, 
essentially as before (23), a binding region by sequence analysis after N-bromosuccinimide 
oxidation of tryptophans in the presence of isomaltose. Trpl70 has been demonstrated to 
be specifically protected by isomaltose against N-bromosuccinimide (B. Svensson, 
unpublished data). Acarbose and isomaltose added together protected one more group than 
either one individually (Figure 5). A possible explanation is that two binding areas are found 
in connection with the same catalytic site, rather than one flexible binding site accomodating 
the different substrates. It cannot be excluded, however, that a separate binding site exists 
for a-(l-+6)-linked compounds outside of the catalytic region. 

Fungal glucoamylases show 25-35% overall sequence homology, with five short highly 
conserved stretches (42). Interestingly, Trpl20 belongs to one of these and Trpl70, Aspl76, 
Glul79 and Glul80 to another. Distant, but clear sequence similarity exists between three 
of these five regions and certain other starch-degrading enzymes. However, as discussed 
below, the majority of these enzymes presumably contains an α/0-barrel domain, which 
cannot be predicted using currently available algorithms for glucoamylase or for a few other 
of these enzymes. The conformation of the active site elements from glucoamylase thus still 
remains to be unveiled. 
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Taka-amylase A 197 - Ν Y S I D G L R I D Τ V Κ H 
Pancreatic α-amylase 188 - D I G V A G F R L D A S Κ H 
Glucoamylase 172 • Q Τ G Y D - L W Ε Ε V Ν G S 
Isomaltase 496 - Ε V Ν Y D G L w I D M Ν Ε V 
Maltase 205 - D Η G V D G F R I D Τ A G L 
Pullulanase 666 - D Y Κ I D G F R F D L M G Y 
Isoamylase 264 • Τ M G V D G F R F D L A S V 
Maltogenic ο-amylase 216 • Q L V A H G L R I D A V Κ H 
Maltotetraohydrolase 184 • Q Y G A G G F R F D F V R G 
CGTase 220 • G M G V D G I R F D A V Κ H 
Amylomaltase 286 - F Κ I Y D I V R I D H F R G 
Branching enzyme 395 - R ? G I D A L R V D A V A S 

Figure 4. Alignment of short segments from starch-hydrolases and related enzymes as 
guided by Glul80 in glucoamylase, Asp505 of isomaltase (24), and the putative catalytic 
Aspl97 of porcine pancreatic α-amylase (15) and substrate binding Asp206 of Taka-
amylase A (14). The sequences for the remaining enzymes are taken from the Refs. in 
Table I. 

Τ « 1 τ 

[ N B S ] : [ E N Z Y M E ] 

Figure 5. N-Bromosuccinimide (NBS) treatment of glucoamylase Gl (12 μΜ in 50 mM 
sodium acetate pH 4.3) in the absence ( · ) and in the presence of 50 mM isomaltose (O), 
50 mM isomaltotriose (x), 56 mM maltose (•), 0.15 mM acarbose (Δ), 50 mM 
isomaltose plus 24 mM gluconolactone (O), 50 mM isomaltose plus 56 mM maltose (A) 
and isomaltose plus 0.15 mM acarbose (©). 
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Architecture of the Catalytic Domain 

Crystallographic studies show that T A A (14), porcine pancreatic α-amylase (15), B. circulans 
CGTase (16) and B. stearothermophihis CGTase (17) are multidomain proteins with an α/β-
barrel catalytic domain. In this folding motif, 8 jS-strands and 8 α-helices alternate along the 
polypeptide chain to yield an inner cylinder of 8 parallel 0-strands surrounded by the 8 
helices (Figure 6). The α/0-barrel is one of the most common enzyme 3D folds, seen first 
in triose phosphate isomerase (43) and since then in almost 20 enzymes of diverse specificity 
and mechanism. The active site is always located at the C-terminal ends of the barrel β-
strands. The loops linking the 0-strands to the subsequent helical segments create the 
substrate binding site. 

A computational procedure adapted to α-amylases of known 3D structure has been 
used to predict barrel elements in the related enzymes (21). In this way, secondary 
structures were defined throughout the polypeptide chains of a maltase (22), two types of 
exo-a-amylases and debranching enzymes (Jespersen, MacGregor, Sierks and Svensson, 
unpublished results), as well as more α-amylases (21) and CGTases (22). In general, except 
for β -strands 4 and 6, which both are intimately involved in enzyme activity, very little 
sequence similarity was found (14,15,21,25). The variation in loop structure is assumed to 
account for substrate specificities such as strict bond-type specificity (α-amylases and the 
debranching enzymes), dual bond-type specificities (thermophilic a-amylase/pullulanase 
(44,45)), product pattern differences (cereal (46) versus mammalian α-amylases (47)) and 
the substrate fine structure preferences that distinguish pullulanase and isoamylase (48). A 
superficial pattern emerges from comparison of α/β -barrel loop lengths (Table V) as 
deduced from the results of the secondary structure predictions. 

Several common features can be drawn from the a//?-barrel starch-degrading enzymes. 
They all contain an L3 loop (Table V), defined by crystallography as a separate small domain 
with several /3-strand elements (14-16), which participates both in substrate binding and 
provides two of the Ca2+-ligands in the two α-amylases (14,15). The putative general acid 
catalytic group (discussed above) is conserved at the end of the fifth strand, and the base 
catalyst is suggested to be the conserved Asp of the Ly (14,15,25,35,37). A third conserved 
carboxylic acid residue in the L 4 is likely to participate in binding of a glucosyl residue at the 
catalytic site (25,32,35). Several additional side-chains engaged in protein-substrate 
interactions have been described for TAA (14) and pancreatic α-amylase (15)· Certain loops 
are assigned a specific subsite location in TAA as listed in Table V. Most of the loops (l 1 - 7) 
extending from the C-terminus of helices seem to connect through a short turn to the 
following strand. Assuming prediction accuracy of ± 2 residues (21) a few clearly longer 
ones include 14 in pancreas α-amylase and yeast maltase, 15 in pullulanase, 16 in barley a-
amylase and both of the debranching enzymes. Some of these six cases may qualify as 
omega loops (49). 

In general, the loops that participate in substrate binding at the C-terminus of the β-
strands are long. Lj , however, is short in α-amylases with a relatively short active site cleft, 
comprising only 5 subsites as in pancreatic α-amylase (47) and saccharifying bacterial a-
amylase (20). L2 is longest in the two debranching enzymes. The length of L3 varies a lot 
without a clear correlation to either specificity or action pattern. L 4 might be an omega 
loop. L 5 is longer in barley α-amylase, pullulanase and maltotetraohydrolase. The 
polypeptide chain segment folding to yield the part of the barrel comprising strands 5 
through 8 is in fact longer for the debranching enzymes compared to the others. L 6 consists 
of three elements: L 6 \ a helix (H) and L 6 " . L 6 is longest in the two debranching enzymes. 
Ly is particularly long in isoamylase and Klebsiella CGTase, as is Lg in pancreatic α-amylase 
and the debranching enzymes, while barley α-amylase and yeast maltase are predicted to 
have very short Lg. 

Assuming the glucosyl residues connected by the a-(l->4) and a-(l->6) bonds to be 
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3. SVENSSON ET AL. Structure—Function Relationships in Amylases 37 

2. 

Figure 6. Schematic representation of the porcine pancreatic α-amylase α/0-barrel 
catalytic domain (adapted with permission from Buisson, Duée, Payan, Haser, Food 
Hydrocolloids 1987,1, 399-406. Copyright 1987, Oxford University Press). Catalytic (O), 
binding (15) and additional binding residues in Taka-amylase A (14) are indicated ( · ) , 
as are 6 conserved regions (1.-6.) (25) and a position for a j3-cyclodextrin binding site (β-
CD) unique to cereal α-amylases (50). 
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Table V. Amino Acid Residues in Loops of a/0-Barrel Domains of 
Starch-Degrading Enzymes 

2 4 
Subsite 1 4 4 5 
Assignment 2 6 5 6 4 2 
in T A A a 1 3 7 6 7 5 3 

Loop Li li L2 12 L, 13 L 4 14 Lj 15 !<· Η Ι , ' Ι , Ly 17 Lg 

Enzyme 
TAA 28 4 34 1 63 6 8 3 5 5 0 9 8 8 14 2 27 
PPA 5 7 35 2 75 3 7 15 9 6 3 10 12 6 25 4 53 
aBl 16 4 28 1 66 10 8 4 22 6 2 7 2 15 16 2 9 
aBam 10 4 37 1 108 6 8 9 5 8 0 8 8 4 17 3 20 
aBsu 5 4 37 1 54 6 16 3 5 5 1 8 6 7 20 2 30 
aShy 5 5 29 1 62 7 9 4 6 5 1 9 5 7 16 3 24 
CBci 35 10 39 2 72 3 14 4 12 5 3 8 6 10 18 3 25 
CKpn 34 8 37 5 78 3 13 8 14 5 2 8 8 10 39 3 34 
CA1B 34 10 39 2 72 3 12 4 11 5 2 9 6 10 18 3 25 
CBst 35 10 38 2 72 3 12 5 11 5 5 5 9 10 18 3 25 
MSce 16 4 28 2 83 5 14 37 8 6 6 7 4 12 17 8 14 
IaPa 21 4 47 3 56 5 9 9 8 5 17 6 17 24 53 4 38 
PuKa 28 5 103 4 48 5 11 3 30 21 10 18 2 27 27 3 46 
MaBs 36 5 36 5 76 6 10 4 11 5 3 10 8 9 16 3 26 
MTPs 15 6 35 5 62 4 8 8 18 6 0 7 3 11 23 4 10 

a) Substrate cleavage is between subsites 4 and 5 in Taka-amylase A, Ref. 14. signify 
peptide chain loops in the α/0-barrel as indicated by number of amino acid residues in 
segments from the C-termini of /3-strands 1-8 to the N-termini of the following helices 1-8 
and for 11 - 7 from C-termini of helices 1-7 to the N-termini of the following jS-strands 2-8, H 
represents the number of residues in the extra helix. 

The lengths were defined by the 3D structures of Taka-amylase A (TAA) (14) and 
porcine pancreatic α-amylase (PPA) (15), and from the predicted structures of barley a-
amylase 1 (aBl), Bacillus amyloliquefaciens (aBam), Bacillus subtilis (aBsu) and Streptomyces 
hygroscopkus (aShy) α-amylases, Bacillus circulons (CBci), Klebsiella pneumonia (CKpn), 
Bacillus sp. strain 1011 (CA1B) and Bacillus stearothermophihis (CBst) cyclodextrin 
glucanotransferases, Saccharomyces cerevisiae maltase (MSce) (38,39), Pseudomonas 
amyloderamosa isoamylase (IaPa), Klebsiella aerogenes pullulanase (PuKa), Bacillus 
stearothermophihis maltogenic α-amylase (MaBs) and Pseudomonas stutzen maltotetraose-
forming amylase (MTPs) (Jespersen, MacGregor, Sierks and Svensson, unpublished data). 

cleaved are accomodated in the respective enzymes at equivalent subsites, all enzymes listed 
in Table V use subsites equivalent to 4 and 5 in TAA (14). By substrate and product 
structure analysis both debranching enzymes are suggested to lack subsites analogous to 6 
and 7 in TAA and pullulanase to lack subsite 1. The larger L 5 and Ly for the debranching 
enzymes may be responsible for binding the main chain of the substrate across the C-
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3. S V E N S S O N E T A L . Structure-Function Relationships in Amylases 39 

terminal end of the 0-barrel (Jespersen, MacGregor, Sierks and Svensson, unpublished 
results). * 

Although a//3-barrel enzymes bind substrate at the C-terminus of the barrel (14,15), 
chemical modification of barley α-amylase isozyme 2 led to identification of Trp276-Trp277 
as a 0-cyclodextrin binding site (50) which is equivalent to Met287-Pro288 located to 16 in 
the 3D structure of pancreatic α-amylase (15). Since /3-cyclodextrin does not affect the 
catalytic site, but competitively inhibits binding of cereal α-amylases onto granular starches 
(51,52), evidence is provided for the first time for a specific ligand binding at the N-terminal 
end of an α/β-barreL A linear pseudomaltooligodextrin (Aplanin) of DP approx. 12 (Figure 
1) also protects this /3-çyclodextrin binding site in addition to an essential tryptophan, Trp206 
in isozyme 2 near the proposed catalytic Glu204 (25,50). The relatively long binding site for 
linear substrates characteristic for cereal α-amylases (46) is speculated to be in part due to 
Trp276-Trp277, aromatic groups being as a rule important for binding of sugars (53). 

Domain Level Organisation 

For at least two important amylase classes, β -amylases and glucoamylases, we have been 
unable to predict the catalytic domain folding to be of the a//3-barrel type. Glucoamylase, 
however, shows local similarity to some other enzymes near functional residues (23,31). 
whereas the affinity labelled part of -̂amylase (39) as yet seemed not to resemble any other 
member of the amylase superfamily. Glucoamylases and /?-amylases, like α-amylases and 
CGTases (14-18,26) contain more than one domain. The C-terminal domain of 
glucoamylase has been ascribed raw starch binding capacity, and 21-45% sequence identity 
exists between it and putative domains recognized in a number of enzymes of varying 
specificity including a bacterial 0-amylase (26) (Figure 7). Sequence comparison of the 
different enzymes of the superfamily assisted by hydrophobic cluster analysis yields a picture 
of a highly diverse domain level organization (Figure 8). The functional role so far has been 
determined only for two of these domains, while a third may be a linker segment similar to 
the highly glycosylated region in glucoamylases. Others, in the cases for example of 
CGTases and debranching enzymes, might participate in substrate and acceptor binding, in 
transferase reactions or in main chain binding, respectively. The crystallographic analysis of 
the three-dimensional domain organisation (17), the interesting fine structure of the active 
site région, and tertiary structure details of the C-terminal domain, perhaps involved in 
binding onto granular starch, are currently underway for a few enzymes. 

Prospects 

The recognition of the amylases and related enzymes as constituting a protein superfamily 
enables a deeper understanding of the structure/function relationships in the individual 
enzymes. Together they offer an attractive system for engineering, whether it be tinkering 
of α/β -barrel loops to modulate substrate specificity, changing the electrostatic properties 
of the catalytic site environment, tailoring of pH activity profiles (32), or grafting of domains 
to provide altered and/or supplementary functional features such as facile raw starch 
adsorption (26). 

The technical importance of the majority of the discussed enzymes surely motivates 
"surgery" of the outlined nature aiming at alteration of the functional properties. The well 
explored protein engineering approach of enzyme hybrid formation had earlier largely 
addressed the thermal stability. We have here summarized evidence that justifies further 
attempts to engineer enzymatic properties applying this as well as more rationally based 
design procedures. 
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α - A m y l a s e 1 T ^ l HI) 

M a l t a s e 1 

M a l t o t e t r a o h y d r o l a s e ι—mm 
M a l t o g e n i c α - a m y l a s e 

C G T a s e I WtfàM 

I s o a m y l a s e 
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Figure 8. Schematic domain level organization of starch-hydrolases and related enzymes 
(see text for further details). 

D
ow

nl
oa

de
d 

by
 C

O
L

U
M

B
IA

 U
N

IV
 o

n 
A

ug
us

t 2
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

30
, 1

99
1 

| d
oi

: 1
0.

10
21

/b
k-

19
91

-0
45

8.
ch

00
3

In Biotechnology of Amylodextrin Oligosaccharides; Friedman, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1991. 



42 BIOTECHNOLOGY OF AMYLODEXTRIN OLIGOSACCHARIDES 

Legend of Symbols 

ĉat ( s = t u r n o v e r number (apparent first order rate constant of the enzyme). 
KJJ, (mM) = apparent dissociation constant of enzyme-substrate complex, 
^cat^m ( s~ l m M _ 1) = specificity constant (apparent second order rate constant). 
Δ AG (kJ/mol) = change in activation energy. 
L n (n=l,...8) = the peptide chain (loop) between β -strand η C-terminus and α-helix η N-

terminus in the α/β-barrel. 
l n (n=l,...7) = the peptide chain (loop) between α-helix η C-terminus and 0-strand (n+l) 

N-terminus in the a//?-barrel. 

Literature cited 

1. Handbook of amylases and related enzymes. Ed. The Amylase Research Society of 
Japan. Pergamon Press, 1988. 

2. Robyt, J.F. In Starch: Chemistry and Technology; Whistler, R.L.; Bemiller, J.N.; 
Paschall, E.F., Eds. 2nd Edition, Academic Press, 1984, pp 87-123. 

3. Hagenbüchle, O.; Bovey, R.; Young, R.A. Cell 1980, 21, 179-87. 
4. Yamashita, I.; Suzuki, K.; Fukui, S. J. Bacteriol. 1985, 161, 567-73. 
5. Khursheed, B.; Rogers, J.C. J. Biol. Chem. 1988, 263, 18953-60. 
6. Katsuragi, N.; Takizawa, N.; Murooka, Y. J. Bacteriol. 1987, 2301-6. 
7. Kluh, I. FEBS Lett. 1981, 136, 231-4. 
8. Pasero, L.; Mazzei-Pierron, Y.; Abadie, B.; Chicheportiche, Y.; Marchis-Mouren, G. 

Biochim. Biophvs. Acta 1986, 869, 147-57. 
9. Toda, H.; Kondo, K.; Narita, N. Proc. Jap. Acad. 1982, 58B, 208-12. 
10. Svensson, B.; Larsen, K.; Svendsen, I.; Boel, E. Carlsberg Res. Commun. 1983, 48, 

529-44. 
11. Svensson, B.; Larsen, K.; Gunnarsson, A. Eur. J. Biochem. 1986, 154, 497-502. 
12. Mikami, B.; Morita, Y.; Fukazawa, C. Seikagaku (Tokyo) 1988, 60, 211-16. 
13. Toda, H. Denpun Kaeaku 1989, 36, 87-101. 
14. Matsuura, Y.; Kusunoki, M.; Harada, W.; Kakudo, M. J. Biochem. 1984, 95, 697-702. 
15. Buisson, G.; Duée, Ε.; Haser, R.; Payan, F. EMBO J. 1987, 6, 3908-16. 
16. Hofmann, B.E.; Bender, H.; Schultz, G.E. J. Mol. Biol. 1989, 209, 793-800. 
17. Kubota, M.; Matsuura, Y.; Sakai, S.; Katsube, Y. "Protein Engineering '89". 2nd 

International Conference, Kobe, August 1989, abstract SII-P12. 
18. Aibara, S.; Yamashita, H.; Morita, Y. Agric. Biol. Chem. 1984, 48, 1575-9. 
19. Johnson, L.N.; Cheetham, J.; McLaughlin, P.J.; Acharya, K.R.; Barford, D.; Phillips, 

D.C. Curr. Top. Microbiol. Immunol. 1988, 139, 81-134. 
20. Hiromi, K.; Ohnishi, M.; Tanaka, A. Mol. Cell. Biochem. 1983, 51, 79-95. 
21. MacGregor, E.A. J. Prot. Chem. 1988, 7, 399-415, 
22. MacGregor, E.A.; Svensson, B. Biochem. J. 1989, 259, 145-52. 
23. Clarke, A.J.; Svensson, B. Carlsberg Res. Commun. 1984, 49, 559-66. 
24. Hunziker, W.; Spiess, M.; Semenza, G.; Lodish, H.F. Cell 1986, 46, 227-34. 
25. Svensson, B. FEBS Lett. 1988, 230, 72-6. 
26. Svensson, B.; Jespersen, H.; Sierks, M.R.; MacGregor, E.A. Biochem. J. 1989, 264. 

309-11. 
27. Svensson, B.; Pedersen, T.G.; Svendsen, I.; Sakai, T.; Ottesen, M. Carlsberg Res. 

Commun. 1982, 47, 55-69. 
28. Svensson, B.; Clarke, A.J.; Svendsen, I. Carlsberg Res. Commun. 1986, 51, 61-73. 
29. Hiromi, K.; Takahashi, K.; Hamauzu, Z.; Ono, S. J. Biochem. 1966, 59, 469-75. 
30. Svensson, B.; Møller, H.; Clarke, A.J. Carlsberg Res. Commun. 1988, 53, 331-42. 

D
ow

nl
oa

de
d 

by
 C

O
L

U
M

B
IA

 U
N

IV
 o

n 
A

ug
us

t 2
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

30
, 1

99
1 

| d
oi

: 1
0.

10
21

/b
k-

19
91

-0
45

8.
ch

00
3

In Biotechnology of Amylodextrin Oligosaccharides; Friedman, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1991. 



3. SVENSSON ET AL. Structure-Function Relationships in Amylases 43 

31. Svensson, B.; Clarke, A.J.; Svendsen, I.; Møller, H. Eur. J. Biochem. 1990, 188, 29-
38. 

32. Sierks, M.R.; Ford, C.; Reilly, P.J., Svensson, B. Protein Eng. 1990, 3, 193-198. 
33. Wilkinson, A.J.; Fersht, A.R.; Blow, D.M.; Winter, G. Biochemistry 1983, 22, 3581-6. 
34. Sierks, M.R.; Ford, C.; Reilly, P.J.; Svensson, B. Protein Eng. 1989, 2, 621-5. 
35. Takase, K.; Matsumoto, T.; Mizuno, H.; Yamane, K. "Protein Engineering '89". 2nd 

International Conference, Kobe, August 1989, abstr. SIII-PO8. 
36. Quaroni, Α.; Semenza, G. J. Biol. Chem. 1976, 3250-3. 
37. Søgaard, M. M. Sc. Thesis, Copenhagen University, May 1989. 
38. Yang, S.; Ge, S.; Zeng, Y.; Zhang, S. Biochim. Biophys. Acta 1985, 828, 236-40. 
39. Nitta, Y.; Isoda, Y.; Toda, H.; Sakiyama, F. J. Biochem. 1989, 105, 573-6. 
40. Nikolov, Z.L.; Maegher, M.M.; Reilly, P.J. Biotech. Bioeng. 1989, 34, 694-704. 
41. Ohnishi, M.; Wada, S.; Yamada, T.; Tanaka, Α.; Hiromi, K. J. Jpn. Soc. Starch Sci. 

1983, 30, 57-61. 
42. Itoh, T.; Ohtsuki, I.; Yamashita, I.; Fukui, S. J. Bacteriol. 1987, 169, 4171-6. 
43. Banner, D.W.; Bloomer, A.C.; Petsko, G.R.; Phillips, D.C.; Pogson, C.I.; Wilson, I.A.; 

Corran, P.H.; Furth, A.J.; Milman, J.D.; Offord, R.E.; Priddle, J.D.; Waley, S.G. 
Nature 1975, 255, 609-14. 

44. Plant, A.R.; Clemens, R.M.; Morgan, H.W.; Daniel, R.M. Biochem. J. 1987, 246, 
537-41. 

45. Melasniemi, H. Biochem. J. 1988, 250, 813-18. 
46. MacGregor, E.A.; MacGregor, A.W. Carbohydr. Res. 1985, 142, 233-36. 
47. Seigner, C.; Prodanov, E.; Marchis-Mouren, G. Biochim. Biophys. Acta 1987, 913, 

200-9. 
48. Kainuma, K.; Kobayashi, S.; Harada, T. Carbohydr. Res. 1978, 61, 345-57. 
49. Fetrow, J.S.; Zehfus, M.R.; Rose, G.D. Bio/Technology 1988, 6, 167-171. 
50. Gibson, R.M.; Svensson, B. Carlsberg Res. Commun. 1987, 52, 373-9. 
51. Weselake, R.G.; Hill, R.D. Cereal Chem. 1984, 60, 98-101. 
52. Kuzovlev, V.A.; Fursov, O.V.; Darkanbaev, T.B. Prikl. Biokh. Mikrobiol. 1988, 24, 

636-41. 
53. Quiocho, F.A. Ann. Rev. Biochem. 1986, 55, 287-315. 

RECEIVED September 9, 1990 

D
ow

nl
oa

de
d 

by
 C

O
L

U
M

B
IA

 U
N

IV
 o

n 
A

ug
us

t 2
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

30
, 1

99
1 

| d
oi

: 1
0.

10
21

/b
k-

19
91

-0
45

8.
ch

00
3

In Biotechnology of Amylodextrin Oligosaccharides; Friedman, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1991. 



Chapter 4 

Substrate-Based Investigations of the Active 
Site of CGTase 

Enzymatic Syntheses of Regioselectively 
Modified Cyclodextrins 

Sylvain Cottaz and Hugues Driguez 

Centre de Recherches sur les Macromolécules Végétales, 
Centre National de la Recherche Scientifique, 

B.P. 53 X, 38041 Grenoble cedex, France 

New insights have been obtained on the s p e c i f i c i t y 
of the c a t a l y t i c s i te of CGTase of Bacillus 
macerans by enzymatic conversion of modified 
maltosyl f luor ides . The c a t a l y t i c capabi l i ty of 
th i s enzyme led to the f i r s t regiose lect ive 
synthesis of modified cyclodextrin in good y i e l d . 
Furthermore, under coupling conditions, new 
acceptors led to reaction products suggesting at 
least four subsites for the c a t a l y t i c s i t e of th i s 
enzyme. 

Cyclodextrin glycosyltransferase (EC 2.4.1.19) i s an 
enzyme which catalyzes the revers ib le transfer reaction 
of glucosyl units between maltodextrins : 

d i s p r o p o r t i o n a t i o n 
G n + G m « * G n - y + Gm+y 

c y c l i z a t i o n 

c o u p l i n g 
G n « * C D x + G ( n - x ) 

0097-6156/91/0458-0044$06.00/0 
© 1991 American Chemical Society 
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4. COTTAZ & DRIGUEZ Active Site of CGTase 45 

The c y c l i s a t i o n r e a c t i o n o f l i n e a r m a l t o -
o l i g o s a c c h a r i d e s i n t o α , β and γ - c y c l o d e x t r i n s (CD) and 
the c o u p l i n g r e a c t i o n which l e a d s t o m o d i f i e d l i n e a r 
d e x t r i n s on the r e d u c i n g end are s p e c i a l 
d i s p r o p o r t i o n a t i o n r e a c t i o n s . 

The b i n d i n g o f an o l i g o s a c c h a r i d e t o a p r o t e i n 
i n v o l v e s a number o f hydrogen bonds, hydrophob ic 
i n t e r a c t i o n s and Van der Waals c o n t a c t s between the 
sugar and amino a c i d r e s i d u e s . T h i s a r e a of c o n t a c t 
d e f i n e s the g l o b a l b i n d i n g s i t e . I t i s conven ient t o 
express the b i n d i n g o f an o l i g o s a c c h a r i d e as the sum of 
the i n t e r a c t i o n s between each monosaccharide u n i t and 
the c o r r e s p o n d i n g b i n d i n g s i t e . These i n d i v i d u a l b i n d i n g 
s i t e s o r s u b s i t e s prove v e r y u s e f u l f o r s t u d y i n g 
s t r u c t u r e - a c t i v i t y r e l a t i o n s h i p s or f o r the l o c a l i z a t i o n 
o f the c a t a l y t i c s i t e ( u s u a l l y s i t u a t e d between two 
s u b s i t e s ) . 

In o r d e r t o o b t a i n i n f o r m a t i o n about the number o f 
s u b s i t e s i n the c a t a l y t i c s i t e o f CGTase from Klebsiella 
pneumoniae, Bender (1) s t u d i e d the c y c l i z a t i o n and 
d i s p r o p o r t i o n a t i o n r e a c t i o n s w i t h v a r i o u s m a l t o o l i g o -
s a c c h a r i d e s from DP 2-8 and a m a l t o d e x t r i n DP 19. S i n c e 
ma l tooc taose p r o v e d t o be the s m a l l e s t o l i g o s a c c h a r i d e 
f o r d i r e c t c y c l i z a t i o n and t h a t DP 19 i s not a b e t t e r 
s u b s t r a t e , i t was sugges ted t h a t the a c t i v e s i t e o f t h i s 
enzyme c o n s i s t s o f 8 s u b s i t e s . 

To d e f i n e the s p e c i f i c i t y o f t h i s a c t i v e s i t e o n l y 
the c o u p l i n g r e a c t i o n was s t u d i e d by u s i n g m o d i f i e d CDS 
(2,3) or m o d i f i e d a c c e p t o r s (4-6). These approaches have 
shown t h a t a b u l k y or charged groups on C-6 o f a 
g l u c o s y l u n i t prevent t h i s m o d i f i e d g l u c o s y l r e s i d u e 
from f i t t i n g i n t o s u b s i t e s S and R o f the donor p a r t o f 
the a c t i v e s i t e (F igure 1) . These s t u d i e s a l s o 
demonstrated t h a t s u b s i t e s Τ and U may accomodate 
v a r i o u s m o d i f i e d g l u c o s y l a c c e p t o r s ; f o r i n s t a n c e , 
a l k y l and a r y l a - or β - D - g l u c o s i d e s , methyl a - D -
x y l o s i d e , methyl 6 - 0 - m e t h y l - a - D g l u c o s i d e , panose, 
s u c r o s e and m a l t o b i u r o n i c a c i d are a c c e p t o r s . 

The aim o f t h i s work i s to p r e s e n t a new approach 
based on the a u t o c o n d e n s a t i o n r e a c t i o n o f m o d i f i e d 
m a l t o s y l f l u o r i d e s f o r the d e t e r m i n a t i o n o f the 
s p e c i f i c i t y o f the a c t i v e s i t e , and on the c o u p l i n g 
r e a c t i o n on 1 , 6 - a n h y d r o - m a l t o o l i g o s a c c h a r i d e s t o o b t a i n 
i n f o r m a t i o n on the number of s u b s i t e s . 

MATERIALS and EXPERIMENTAL 

Enzymes 

CGTase was a g i f t o f Amano Co L t d . (Japan) and 
s u b t i l i s i n was o b t a i n e d from Sigma. 
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Chemica l s 

The d e t a i l s o f the p r e p a r a t i o n and c h a r a c t e r i z a t i o n o f 
m a l t o s y l f l u o r i d e s 1-10 w i l l be r e p o r t e d e l s ewhere . The 
c o r r e s p o n d i n g a c e t y l a t e d d e r i v a t i v e s gave e l e m e n t a l 
a n a l y s i s and s p e c t r a l d a t a ( 1 3 C nmr and MS) i n a c c o r d 
w i t h the proposed s t r u c t u r e . C a t a l y t i c d e a c e t y l a t i o n 
w i t h sodium methoxide i n methanol was performed j u s t 
b e f o r e i n c u b a t i o n s . The p u r i t y o f the d e a c e t y l a t e d 
compounds was checked by H . P . L . C . (column : N H 2 μ -
Bondapack 10 |im ; e l u e n t : a c e t o n i t r i l e - w a t e r 7 : 3 ) . 

6 1 - O - A c e t y l - a - m a l t o s y l f l u o r i d e 10 was o b t a i n e d 
from α - m a l t o s y l f l u o r i d e 11 (7) by t r a n s a c e t y l a t i o n o f 
v i n y l a c e t a t e i n p y r i d i n e i n the presence o f s u b t i l i s i n . 

1 , 6 - A n h y d r o - m a l t o s e 13 and 1 , 6 - a n h y d r o - m a l t o t r i o s e 
14 were s y n t h e s i z e d as a l r e a d y d e s c r i b e d ( 8 , 9 ) . 

Enzymat ic I n c u b a t i o n w i t h CGTase 

C o u p l i n g R e a c t i o n s f o r the S p e c i f i c i t y o f A c c e p t o r P a r t 
o f the A c t i v e S i t e . - V a r i o u s p o t e n t i a l s u b s t r a t e s (5 
mg) and CDS (5 mg) were i n c u b a t e d w i t h CGTase (635 U/ml 
; 20 μ ΐ ) i n phosphate b u f f e r (0.1 M, pH 7, 1 ml) f o r 1 h 
at 4 5 e C . The mix ture was then a n a l y z e d by H . P . L . C . as 
a l r e a d y d e s c r i b e d . 

S p e c i f i c i t y o f the Donor P a r t o f CGTase . - F l u o r i d e s 1-
11 ( 50 mM) i n phosphate b u f f e r were i n c u b a t e d w i t h 
CGTase (20 μ ΐ / m l ) f o r 12 h at 4 5 e C , and then the m i x t u r e 
was a n a l y z e d by H . P . L . C . 

RESULTS and DISCUSSION 

The r e s u l t s o f exper iments where in α-CD and CGTase were 
i n c u b a t e d w i t h a l l the f l u o r i d e s 1-11 are shown on the 
r i g h t p a r t o f t a b l e 1. In each case , H . P . L . C . a n a l y s i s 
o f the m i x t u r e showed t h a t a l l - the compounds are 
a c c e p t o r s . These r e s u l t s c o n f i r m the poor s p e c i f i c i t y o f 
the Τ and U s u b s i t e s . 
To a p p r e c i a t e the s p e c i f i c i t y o f R and S s u b s i t e s , the 
f l u o r i d e s 1-11 were i n c u b a t e d w i t h CGTase but i n the 
absence o f α - C D . A l l the m o d i f i c a t i o n s made at t h e 6 
p o s i t i o n o f the r e d u c i n g u n i t p r e v e n t b i n d i n g i n s u b s i t e 
S ( l e f t p a r t o f t a b l e 1 ) . The o n l y m o d i f i c a t i o n s a l l o w e d 
are the a c e t y l a t i o n and the m e t h y l a t i o n o f p r i m a r y 
h y d r o x y l group o f the non r e d u c i n g u n i t ; the 4-
t h i o m a l t o s y l f l u o r i d e 9 i s a l s o r e c o g n i z e d . By 
p r e p a r a t i v e H . P . L . C . and c h a r a c t e r i z a t i o n by mass 
s p e c t r o m e t r y , u s i n g the FAB t e c h n i q u e , i t has been shown 
t h a t a l t e r n a t i n g o l i g o s a c c h a r i d e s are formed, w i t h the 
s t a r t i n g m o d i f i e d d i s a c c h a r i d e as the r e p e a t i n g u n i t . In 
two cases , f o r 8 and 10, c y c l i c compounds 15 and 16 
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'Table I. Structure of the modified maltosyl f l u o r i d e s 1-11 and 
t h e i r enzymatic behaviour under coupling and c y c l i z a t i o n condi
t i o n s 

C O M P O U N D 1 2 3 4 5 6 7 8 9 10 11 

X Η F B r O M c O H O H O H O H O H O H O H 

X O H O H O H O H H F B r O M c O H O A c O H 

ζ 0 0 0 0 0 0 0 0 S 0 0 

American Chemical Society 
Library 

1155 16th St., N.W. 
Washington, U.C. 20036 
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were a l s o i s o l a t e d . These compounds are β , 6 C , 6 E - t r i - 0 -
s u b s t i t u t e d a - C D S . 1 3 C - N . m . r . s p e c t r a o f these compounds 
show a s i m p l e p a t t e r n compat ib l e w i t h a r e g u l a r 
d i s a c c h a r i d e r e p e a t i n g u n i t and a l s o match the Co 
m o l e c u l a r symmetry ( f i g . 2 ) . 6 A , 6 C , 6 E - T r i - 0 - m e t h y l 
cyc lomal tohexaose was o b t a i n e d i n an o v e r a l l y i e l d o f 
c a . 12% from the c o m m e r c i a l l y a v a i l a b l e mal tose (10). 

The i n c u b a t i o n o f m o d i f i e d m a l t o s y l f l u o r i d e s 
c o n f i r m e d some f e a t u r e s a l r e a d y r e p o r t e d i n the 
l i t e r a t u r e , but a l s o b r i n g some new i n f o r m a t i o n about 
the s p e c i f i c i t y o f the a c t i v e s i t e o f CGTase. The amino 
a c i d s o f s u b s i t e s Τ and U do not e s t a b l i s h e s s e n t i a l 
bondings w i t h p r i m a r y h y d r o x y l s o f m a l t o s y l r e s i d u e s . On 
the donor p a r t , the s u b s i t e S does not accept any 
m o d i f i c a t i o n o f these p o s i t i o n s , but R i s l e s s s p e c i f i c . 
The same s p e c i f i c i t y was a l s o found i n TaJca-amylase (11) 
and was c o n f i r m e d when l i n e a r d e x t r i n s from the 
c o n d e n s a t i o n o f 6 1 - O - m e t h y l - m a l t o s y l f l u o r i d e were 
i n c u b a t e d w i t h Ta/ca-amylase to a f f o r d 6 !-0 - m e t h y l -
m a l t o s e . 

To t r y t o determine the number o f s u b s i t e s o f the 
a c c e p t o r p a r t o f the a c t i v e s i t e we i n c u b a t e d 1,6-
anhydro-mal tose 13 and m a l t o t r i o s e 14 w i t h CGTase i n the 
presence o f α - C D . Only compound 14 gave c o u p l i n g 
p r o d u c t s at a r e a s o n a b l e r a t e . I t i s sugges ted t h a t two 
g l u c o s y l r e s i d u e s are r e c o g n i z e d on a c o u p l i n g r e a c t i o n 
so o n l y two s u b s i t e s c o n s t i t u t e the a c c e p t o r p a r t o f the 
a c t i v e s i t e . 

R e a c t i o n s are i n p r o g r e s s f o r the d e t e r m i n a t i o n o f 
the number o f s u b s i t e s on the donor p a r t o f the a c t i v e 
s i t e . 
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Chapter 5 

Enzymatic Synthesis and Use of Cyclic 
Dextrins and Linear Oligosaccharides 

of the Amylodextrin Type 

John H. Pazur 

The Pennsylvania State University, University Park, PA 16802 

The enzymatic synthesis of cyclic dextrins occurs 
during the action of macerans amylase on starch by 
a cyclizing mechanism while the synthesis of linear 
oligosaccharides occurs during the action of the 
enzyme on the dextrins and appropriate co
-substrates by coupling and homologizing reactions. 
The cyclic dextrins are composed of 6 to 12 glucose 
units a l l joined by α-D-( l ,4 ) glucosidic bonds. 
Many organic compounds form inclusion complexes 
with the dextrins modifying properties and making 
the dextrins valuable for research and industrial 
uses. The linear oligosaccharides are composed of 
maltooligosaccharide moieties at the non-reducing 
ends and possibly novel carbohydrate units at the 
reducing ends. The cyclic dextrins and the linear 
oligosaccharides are structurally related to 
amylodextrin and starch in which a majority of the 
glucose units are linked by α-D-( l ,4 ) glucosidic 
bonds and a small number are linked by α-D-( l ,6 ) 
bonds. Several types of oligosaccharides have been 
synthesized with the aid of macerans amylase and 
have been used in other types of enzymological 
studies. 

Cyclic dextrins are synthesized from starch (1,2) enzymatically by 
the action of macerans amylase, an amylolytic enzyme elaborated by 
strains of microorganisms part icularly of the Bacil lus group Q ) . 
Macerans amylase catalyzes several types of glucosyl transfer 
reactions leading to the synthesis of cyc l ic dextrins and l inear 
oligosaccharides by the cycl iz ing, coupling and homologizing actions 
of the enzyme (4). In the i n i t i a l action on starch, the amylase 
forms a number of cyc l ic dextrins. Three of these have been 
isolated in pure form and characterized structural ly . The lat ter 
dextrins are composed of 6, 7 and 8 glucose units (5) known 
individually as α - , β-, and 7-dextrin and col lect ive ly as 
Schardinger dextrins (2). The dextrins have also been named to 

0097-6156/91/0458-0051$06.25/0 
© 1991 American Chemical Society 
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indicate structural relationships to amylose (5) and to 
maltooligosaccharides (6). These names are: cyclohexaamylose 
(cyclomaltohexaose), cycloheptaamylose (cyclomaltoheptaose) and 
cyclooctaamylose (cyclomaltooctaose). A l l of the glucose units in 
each dextrin are linked by a-D-(l,4) glucosidic bonds and as a 
result , cyc l ic non-reducing molecules are formed. Diagrammatic 
structures for the a- and 0-dextrins are shown in Figure 1, Frame A 
and Β (7). Frame C of the Figure shows a structure constructed from 
molecular models for the α - d e x t r i n molecule (4). Because of steric 
factors, the cycl ic dextrin molecules assume truncated cone shapes 
and as a result possess cavities in the center of the molecules 
(8,9). In such a structure there is restricted rotation about the 
glucose residues and the hydrogen atoms on carbons 3 and 5 of the 
residues are directed inward to the central cavity (6,10). The 
cavity space is therefore apolar and hydrophobic bonds can form 
readily with other hydrophobic substances forming stable inclusion 
complexes. The complexing agent is located in the cavity of the 
cycl ic dextrin. 

Macerans amylase produces other cyc l ic dextrins from starch in 
low yields (11). These dextrins have been isolated and preliminary 
structural data have been obtained. These data indicate that thé 
dextrins are composed of 9 to 12 glucose units some of which form a 
cyc l ic ring and have oligosaccharide side chains linked by a-D-(l,6) 
bonds to the residues of the core. However, the complete structures 
of the new dextrins have not yet been determined. 

Macerans amylase has been used to synthesize l inear 
oligosaccharides by the coupling (12) and homologizing pathways 
(13). In the coupling pathway, the ring of the cyc l ic dextrin is 
opened by the enzyme at a single a-D-(l,4) glucosidic bond and the 
resulting glucosyl segment is transferred to a co-substrate molecule 
which may be glucose or an appropriate glucose derivative. A l inear 
oligosaccharide terminated in the co-substrate molecule is produced. 
A variety of glucose containing compounds can function as co-
substrates (14). The enzymatically synthesized oligosaccharides are 
similar to amylodextrin, which is a glucose polymer of about 20 
units joined by a-D-(l,4) linkages, but the oligosaccharides are 
generally of lower molecular weight than the dextrin (15). 

The coupled products once formed are converted to a series of 
homologous oligosaccharides by the homologizing reactions in which a 
redistribution of the glucose units occurs (13). In homologizing 
reactions glucose segments consisting of one or more residues are 
transferred from the non-reducing end of the i n i t i a l coupled product 
to a co-substrate molecule. The transfer occurs to position 4 of a 
glucose unit of the co-substrate. The transfer process continues 
u n t i l an equilibrium is reached and the synthesis of a homologous 
series of oligosaccharides has occurred. Each oligosaccharide is 
made up of the co-substrate molecule at one terminus and a 
maltooligosaccharide moiety at the other terminus. The desired 
oligosaccharide can be isolated by chromatographic methods and used 
for structural and enzymatic studies. 

The applications of the cycl ic dextrins are based largely on 
the a b i l i t y of the dextrins to form inclusion complexes with 
appropriate organic substances or inorganic compounds (6). The 
complexing agents are held in the central cavities of the dextrin 
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Figure 1. Diagrammatic structure for α-dextrin (A) and for -̂dextrin (B) 
and for a molecular model for α-dextrin (C). (Reproduced with permission 
from Refs. 4 and 8. Copyright 1957 Academic Press and 1967 John Wiley 
and Sons.) 
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molecules by weak hydrophobic bonds. These bonds can be dissociated 
readily by heat and the complexing agent can be removed by f o i l i n g 
the solution. The dextrin is then recovered in pure form by 
crys ta l l i zat ion from water or alcohol (16) . Many of the properties 
of the dextrins and of the complexing agents or "guest molecules" in 
the adduct may be altered by the formation of the inclusion complex. 
These are enhancement of so lubi l i ty of poorly soluble compounds, 
s tabi l izat ion of labi le compounds, modification of flavors, 
elimination of odors and modification of chemical react ivi ty in 
products such as food items (12), agrichemicals (18), 
pharmaceuticals, (19) and health and beauty aides (1Z) . The 
dextrins and their inclusion complexes have been used in studies to 
elucidate enzyme-substrate reactions (20,21) , drug receptor 
interactions (22) , modification of rates of chemical reactions (23), 
and the mechanism of complex formation (6) . Other potential 
applications of the cycl ic dextrins are being developed at the 
present time (24). 

Applications of the l inear oligosaccharides derived from the 
dextrins include the development of a mapping procedure for 
elucidating the action mechanisms of amylases (25.26.27), the 
preparation of oligosaccharides with sucrose moieties (28) which can 
replace sucrose in foods, confectionaries and beverages used for 
retarding dental caries formation (29) , the preparation of novel 
oligosaccharides for use in the measurement of furanose-pyranose 
interconversions in oligosaccharides (30) and most recently the 
preparation of adsorbents useful for analytical and puri f icat ion 
purposes. Adsorbents with carbohydrate ligands useful for the 
separation of stereoisomers which are d i f f i c u l t to separate by other 
means (31,32) have been made. Also a f f in i ty adsorbents for the 
purif icat ion of enzymes, antibodies and abnormal proteins of 
diseased tissues (33) have been developed. 

Macerans amylase is produced by strains of bacteria of Bacil lus 
macerans (35) , Bacil lus circulans (3), Bacil lus stearothermophilus 
(36), Bacil lus mageterium (3.Z), a lkalophil ic Bacil lus sp. (38) f a n d 

Klebs ie l la pneumoniae (39) . The amylase from Bacil lus macerans has 
been used most often as the enzyme source for synthesizing cyc l ic 
dextrins and linear oligosaccharides. This enzyme has been purif ied 
(40) and obtained in homogeneous form (41,42). The early studies on 
the preparation, characterization and reactions of the cyc l ic 
dextrins have been reviewed (4) and later studies on inclusion 
complex formation have been discussed in more recent art ic les 
(6,43). In the present ar t i c l e , new developments in enzymology of 
the cyc l ic dextrins, the preparation of novel l inear 
oligosaccharides therefrom, and the industrial and research 
applications of the dextrins and oligosaccharides are discussed. 

Materials and Methods 

Preparation of Macerans Amylase. Macerans amylase was separated 
from cultures of Bacil lus macerans in 1939 by Tilden and Hudson 
(35) . The enzymatic hydrolysis of starch by this organism and the 
detection of the crystal l ine dextrins was f i r s t reported by V i l l i e r s 
(1) and characterization of the dextrins was achieved by Schardinger 
(2) later . Cultures of the macerans amylase may be obtained from 
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the American type col lect ion (ACTC-8517). The organism grows 
readily on a medium of 5 gm of potato s l ices , 1.5 g of calcium 
carbonate and 0.2 g of ammonium sulfate i n 50 ml of water (44). 
Since the macerans amylase was produced in the c e l l culture 
following primary growth, the culture was incubated for 5 days at 
37°C. At the end of this time the ce l l s were removed by 
centrifugation and the clear f i l t r a t e was collected. The f i l t r a t e 
was assayed for macerans amylase act iv i ty and units of enzyme were 
calculated by the Tilden-Hudson method (40). Cultures grown under 
the above conditions yielded supernatant solutions which contained 
from 1 to 2 units of enzyme act iv i ty per ml which were generally 
suitable for use in most types of experiments. I f solutions 
containing higher enzyme act iv i t ies are required, the i n i t i a l 
supernatant can be concentrated by lyophi l izat ion. 

Macerans amylase from Bacil lus macerans has been puri f ied to 
molecular homogeneity by chromatography on several types of 
adsorbents (41). The organism was grown in batch wise fashion in 
several 500 ml shaker flasks. Seventy ml of medium were used in 
each flask which contained corn steep liquor (1%), soluble starch 
(1%), ammonium sulfate (0.5%) and calcium carbonate (0.5%). The 
organism was grown with agitation on a Shaker at a temperature of 
30°C for 70 hrs. At the end of this period the cultures were 
centrifuged and the supernatant was collected. The supernatant 
solutions were combined and treated with so l id ammonium sulfate to 
30% saturation. This solution was cooled to 5°C and chromatographed 
on a column containing 150 g of corn starch granules and 60 g of 
f i l t e r a id . The adsorbed enzyme was eluted with 1200 ml of 0.33 M 
Na2HP04 buffer. The fractions of the eluate containing protein were 
collected and combined. Additional so l id ammonium sulfate was added 
and the resulting precipitate was collected by f i l t r a t i o n , dissolved 
in 80 ml of d i s t i l l e d water and dialyzed against running water. The 
dialyzed solution was applied to a DEAE-Sephadex column equilibrated 
with 0.001 M t r i s - H C l buffer (pH 7.3). The macerans amylase was 
eluted with a l inear gradient of sodium chloride from 0 to 0.5 M in 
the t r i s buffer. Fractions were assayed for a b i l i t y to synthesize 
cyc l ic dextrins from a starch substrate; those fractions with enzyme 
act iv i ty were combined and concentrated to 5 ml. The concentrated 
solution was then subjected to chromatography on a Sephadex G-75 
column with 0.01 M phosphate buffer of pH 7.0. The macerans amylase 
was eluted with the same buffer. The fractions were assayed for 
macerans amylase on a starch substrate and those fractions 
containing enzyme act iv i ty were combined and concentrated by 
lyophi l izat ion. The sample was checked for purity by 
ultracentrifugation and electrophoresis. A single ultracentrifuge 
peak indicated homogeneity in molecular size. An electrophoretic 
pattern revealed that a single protein band was present in the 
purif ied preparation and this band exhibited macerans amylase 
ac t iv i ty . The increase in enzyme act iv i ty was 200 fold in the 
overal l puri f icat ion process. The action of the purif ied enzyme on 
starch and cyc l i c dextrins was identical to that of the enzyme in 
the i n i t i a l culture f i l t ra tes (41). 

Preparation of Cyclic Dextrins with Selective P r é c i p i t a n t s . Perhaps 
the best preparative method for cycl ic dextrins involves the use of 
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selective p r é c i p i t a n t s such as toluene, trichloroethylene or bromo-
benzene to precipitate the dextrins as crystal l ine complexes from 
enzymolysates of starch (16). The complexes are isolated by 
centrifugation and individual dextrins obtained by fractionation 
with different p r é c i p i t a n t s . The maximum y ie ld of a particular 
cyc l ic dextrin depends on incubation conditions, the length of 
incubation period and the type of i solat ion procedure. Different 
p r é c i p i t a n t s are employed for isolat ing the individual dextrins. To 
prepare α - d e x t r i n , macerans amylase is added to a 5% starch paste 
and the digest is incubated for a preliminary period of 24 hrs. The 
insoluble material which may form in this period is removed by 
centrifugation and discarded. The digest i s then incubated for an 
additional 48 to 72 hrs. Alpha dextrin can be obtained from this 
digest by concentrating the solution to about 15% solids and 
precipitat ing the dextrin as the trichloroethylene-dextrin complex. 
The complex is dissolved in water at a f ina l concentration of 2% 
sol ids , boiled to remove the trichloroethylene and bromobenzene is 
added to precipitate β and 7-dextrin. The precipitated material is 
removed by f i l t r a t i o n and the f i l t r a t e is concentrated to 40% of the 
or ig inal volume. The α - d e x t r i n is precipitated'from the 
concentrated solution with trichloroethylene. The complex is 
isolated by f i l t r a t i o n and a ir -dr ied . The dried complex is 
dissolved in about 5 parts of hot water and 1.5 volumes of hot n-
propyl alcohol are added and crystal l ine α - d e x t r i n is obtained from 
the solution (Fig. 2). 

The β-dextrin is isolated from an enzymolysate of a 5% starch 
paste incubated for 5 to 7 days with macerans amylase. The 
enzymolysis is carried out in the presence of a precipitant such as 
toluene for precipitating the cycl ic dextrin and an inhibitor such 
as thymol for inhibit ing bacterial contamination. At the end of the 
enzymolysis period, the complex of β-dextrin and toluene is 
collected by centrifugation in a Sharpies centrifuge and boiled in 
water to remove the toluene. The concentration of solids is 
adjusted to 20%. The ^-dextrin solution is heated to dissolve the 
dextrin, f i l t ered to remove insoluble material and allowed to cool 
to room temperature. Large crystals of 0-dextrin are formed and 
these are collected on a f i l t e r and a i r dried. 

The 7-dextrin is isolated from an enzymolysate of 5% potato or 
corn starch paste and macerans amylase prepared in a manner similar 
to that for β-dextrin. However the reaction is allowed to proceed 
in the absence of precipitant although thymol is added to inhibi t 
extraneous bacterial growth. The f ina l digest is concentrated to 
about one-fourth the original volume and cyc l ic dextrins are 
precipitated with trichloroethylene. The precipitate is dissolved 
in hot water to about 25% solids concentration and allowed to stand 
at room temperature for 24 hrs to remove the less soluble 0-dextrin. 
The precipitated dextrin is removed by f i l t r a t i o n and the clear 
f i l t r a t e is di luted to about 3% sol ids. The 7-dextrin is 
precipitated with bromobenzene. The 7-dextrin is collected, 
dissolved in boi l ing water and concentrated to about 20% sol ids . 
This solution is treated with 1.5 volumes of η - p r o p y l alcohol. 
Crystal l ine 7-dextrin is formed in a few hours and is collected and 
a ir dried. 
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Preparation of Cyclic Dextrins by Acetylation. Other methods for 
isolat ing the cycl ic dextrins have been used. An early procedure 
u t i l i z e d the differences in so lubi l i t i e s of the dextrin acetates 
(45). An enzymolysate of starch and macerans amylase was prepared 
by methods similar to those described above. The cyc l i c dextrins 
were precipitated from this enzymolysate with a complexing agent and 
the dextrin complexes which formed were collected by f i l t r a t i o n and 
a ir -dr ied . The mixture of dextrins was acetylated with acetic 
anhydride in pyridine. A preferential crys ta l l i za t ion of the 
dextrin derivatives was used to separate the derivatives and the 
individual dextrin acetates were obtained. Deacetylation of the 
derivatives is required to obtain the crystal l ine dextrins. 

Preparation of Cycl ic Dextrins bv Crysta l l izat ion from Aqueous 
Solution. Two of the cyc l ic dextrins, a- and β-, have been isolated 
in large amounts from digests of starch by procedures which do not 
u t i l i z e complexing agents (38). Cylodextrin glucosyltransferase 
from an alkalophi l ic Bacil lus i s added to l i q u i f i e d starch and pH of 
the digest is adjusted to 9. The digest is maintained at this pH 
and at a temperature of 65°C for several days. After the 
enzymolysis has proceeded for a sufficient length of time, the 
mixture is decolorized, deionized and concentrated. Beta dextrin 
crysta l l izes from the concentrated solution and is recovered by 
f i l t r a t i o n . The f i l t r a t e is then treated with an alpha amylase to 
remove reducing oligosaccharides. From the resulting solution a-
dextrin is isolated by use of gel f i l t r a t i o n and ion exchange 
chromatography. The fractions from the column containing 
carbohydrate components are used to crys ta l l i ze a-dextrin. The 
procedures described in the previous sections or modifications 
thereof have been used to prepare cyc l ic dextrins on a laboratory 
scale (46) and to manufacture cyc l ic dextrins on an industr ia l scale 
(47). 

Preparation of Cycl ic Dextrins with More than Eight Glucose 
Residues. Four new cyc l ic dextrins which contain more than eight 
glucose residues have been isolated from starch-amylase digests 
using precipitat ion and solvent fractionation methods (48). These 
dextrins have been only par t ia l l y characterized structural ly . In 
the i so lat ion procedure most of the α - , β-, and 7-dextrins in the 
enzymolysate were f i r s t removed by precipitat ion of these dextrins 
with tetrachloroethane or tetrachloroethylene. The f i l t r a t e was 
treated with crystal l ine sweet potato 0-amylase to hydrolyze a small 
amount of contaminating l inear reducing oligosaccharides. The 
solution of cyc l ic dextrins was then applied to a cellulose column 
maintained at an elevated temperature of 75°C. The cyc l i c dextrins 
were separated by using a gradient of the solvent water, ethanol and 
1-butanol (49), the composition of which is recorded i n Figure 3 in 
the results and discussion section. The fractions containing an 
individual carbohydrate component were pooled and evaporated to 
dryness in vacuo. Four cyc l ic dextrins composed of 9, 10, 11, and 
12 glucose units were obtained and cal led λ, c, ζ, and η, 
respectively. The yields of the dextrins expressed in percent of 
the starch used were λ, 0.4%, e, 0.3%, ζ, 0.2%, and rç, 0.2%. 
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60 BIOTECHNOLOGY OF AMYLODEXTRIN OLIGOSACCHARIDES 

Preparation of Linear Oligosaccharides from Cyclic Dextrins and Co-
sub strate s . Macerans amylase catalyzes coupling and homologizing 
reactions and effects the synthesis of oligosaccharides with novel 
sugar units at the reducing end from a cyc l ic dextrin and an 
appropriate co-substrate. The amylase can act further on l inear 
oligosaccharides promoting homologizing or glucose redistribution 
reactions on the i n i t i a l coupled product. In this process glucose 
units at the non-reducing ends of maltooligosaccharides synthesized 
in the coupling reaction are transferred to acceptor molecules. A 
series of homologous oligosaccharides is produced. In experiments 
demonstrating such reactions, glucose and α - d e x t r i n were incubated 
with macerans amylase at room temperature. Aliquots of the digest 
were analyzed at 0 and 24 hrs for reaction products by paper 
chromatography in a solvent system of η - b u t y l alcohol-ethyl alcohol 
water (4:1:1 by volume). A series of maltooligosaccharides of 
glucose units joined by a-(1,4) glucosidic bonds was present in the 
digest. These compounds were isolated and characterized by chemical 
and enzymatic methods. Other series of oligosaccharides terminated 
at the reducing end with U C labeled glucose, with sucrose, with 
arabinose, or with ρ-aminopheny1 glucoside were prepared by similar 
methods to the above. 

Identifying Amylases by the Mapping Procedure with Oligosaccharides-
1- 1 4 C. Oligosaccharides labeled with 1 A C were prepared by the 
general procedure described in the previous section and were used to 
develop an oligosaccharide mapping analytical procedure (25). The 
procedure is useful for identifying and characterizing the action 
mechanism of amylases from fungi, bacteria, cereal grains and 
mammalian tissues. A mixture of labeled oligosaccharides was placed 
at the edge of a paper square (12 inch χ 12 inch of Whatman No. 1) 
and separated by chromatography in a solvent system of n-butyl 
alcohol, pyridine and water (6:4:3 by volume). Generally 3 or 4 
ascents of the solvent were used. The area of the dried 
chromatogram containing the oligosaccharides was then sprayed 
uniformly with absolution of the enzyme under test (glucoamylase, a-
amylase or 0-amylase). The sprayed chromatogram was maintained at 
room temperature for approximately 15 min in which time the paper 
strips had dried and the enzyme was inactivated. The chromatogram 
was then ro l led in a cylinder and developed in the second direction 
by 3 or 4 ascents of the same solvent system. The finished 
chromatogram was dried and a radioautogram of the chromatogram was 
prepared. The chromatogram was then stained with the s i lver nitrate 
reagent (50) to locate the reducing sugars which were produced by 
amylase action on the oligosaccharides. Comparison of the results 
on the radioautogram and the chromatogram is made and the 
ident i f icat ion of amylase is achieved. 

Coupling Sugars and Dental Caries Formation. Oligosaccharides 
cal led coupling sugars were synthesized from sucrose and cyc l ic a-
dextrin u t i l i z i n g the coupling and homologizing reactions of 
macerans amylase (28,) . Coupling sugars have been used as a 
replacement for sucrose in candies, jams and j e l l i e s . Studies have 
been conducted on the effects of these products on the development 
of dental plaques and cavities (29). In one study, a group of 
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5. PAZUR Cyclic Dextrins and Linear Oligosaccharides 61 

experimental animals was divided into four sub-groups and each sub
group was fed a different carbohydrate diet containing starch or 
starch with sucrose or coupling sugar. The animals were examined 
for number of cavities formed on each diet . Diets containing 
coupling sugar reduced cavity formation in experimental animals 
compared to control animals (51). On diets with sucrose, incidence 
of cavities was 3.8 times greater than on control diets with no 
sucrose, while the incidence of cavities on diets with coupling 
sugar was only 1.3 times greater than the control . Other types of 
experiments including inhibit ion of glucosyl transferase from oral 
bacteria by coupling sugar have been performed (29.52). The results 
of an inhibit ion experiment showed that inhibi t ion of the 
glucosyltransferase occurred with the coupling sugar but not with 
sucrose. Further, dextran, known to be involved in plaque 
formation, was synthesized in lower amounts from coupling sugar than 
from sucrose. 

Furanose-Pyranose Forms of a Trisaccharide of Glucose and Arabinose. 
A trisaccharide of two glucose units and one arabinose unit was 
prepared by the action of macerans amylase on α - d e x t r i n and a-D-
glucopyranosyl-(1,3)-D-arabinose (30), the reaction yielded a 
homologous series of oligosaccharides terminated in arabinose units. 
The trisaccharide of the series was located on paper chromatograms 
by the anil ine oxalate spray reagent (53) and isolated in pure form 
by a chromatographic procedure. On the basis of data from 
methylation analysis and the speci f ic i ty of the macerans amylase, 
the structure of the oligosaccharide was determined to be a-D-
g l u c o p y r a n o s y l - ( 1 , 4 ) - o - D - g l u c o p y r a n o s y l - ( 1 , 3 ) - £ - a r a b i n o s e . The 
trisaccharide has been used in experiments for determining the ratio 
of furanose to pyranose ring forms. 

Synthesis of Isomaltosyl-Sepharose and Maltosyl-Sepharose. The p-
aminophenyl-a-isomaltoside was synthesized from ρ-aminopheny1 a-D-
glucoside and maltose u t i l i z i n g the glucosyl transferase of 
Aspergillus niger (54) while the ρ-aminopheny1 α - m a l t o s i d e was 
prepared from p-aminophenyl α - D - g l u c o s i d e and α - d e x t r i n u t i l i z i n g 
macerans amylase (55). The aminophenyl glycosides were coupled to 
cyanogen activated Sepharose (56). The Sepharose with the 
carbohydrate ligands was packed into a column and equilibrated with 
0.1 M phosphate buffered saline at pH 7.0. The a f f in i ty 
chromatography of antiserum from a rabbit immunized with a 
pneumococcal type 20 vaccine (32) or mouse ascites f l u i d containing 
myeloma protein (34) was performed on the maltose or the isomaltose 
adsorbents. 

The p-aminophenyl maltoside was attached to bovine serum 
albumin by the carbodiimide reaction (57). This glycoconjugate has 
been used for immunization of rabbits by subcutaneous mult i -s i te 
injection. Anti-maltose antibodies should be produced and can be 
isolated by the af f in i ty methods. The experiment is s t i l l in 
progress. 

Methylation. Gas-l iquid Chromatography and Mass Spectrometry. The 
methylation of the monosaccharides, oligosaccharides and reference 
compounds was performed by the Hakomori method and analysis was done 
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by the Lindberg procedure. In the method used i n this laboratory 
(58) samples of 1 to 5 mg of the carbohydrates were thoroughly dried 
and methylated in dimethyl su l f iny l carbanion with dry methyl 
iodide. The methylated product was recovered by extraction with 
chloroform. The material was subjected to a preliminary formolysis 
with formic acid, then to hydrolysis in 0.25 M sulfuric acid, 
reduction with sodium borohydride and f ina l ly acetylation with 
acetic anhydride and pyridine. 

The methylated and acetylated products were dissolved in 
chloroform and subjected to GLC analysis in a Varian Aerograph 
series 1400 chromatograph equipped with a stainless steel (6 f t χ 
1/8 inch) column containing 3% OV -225 on 80-100 mesh Supelcoport. 
The GLC was performed at 190°C and the effluents were monitored with 
a flame ionization detector. The individual derivatives from the 
column of the gas chromatograph were subjected to fragmentation and 
to analysis in a Dupont 21-490 mass spectrometer attached to the gas 
chromatograph. Fragmentation was effected at source temperature of 
250°C and an ionization potential of 70eV. The spectral data for 
the reference arabinose and glucose derivatives were also obtained. 

Results and Discussion 

Cyclic dextrins possess unusual complexing properties due largely to 
the hydrophobic nature of the central cavity of the cyc l ic 
molecules. Inclusion complexes are readily formed with many organic 
compounds and inorganic salts containing hydrophobic groups. 
Diagrams showing the structures for the a- and 0-dextrins are shown 
in frames A and Β of Figure 1. Frame C of this Figure depicts the 
structure of α - d e x t r i n constructed with molecular models showing the 
orientation of the C-H bonds of the glucose units of the dextrin 
molecule. The complexes which form are frequently crystal l ine and 
highly insoluble. The complex forming property has been used to 
devise methods for the isolat ion and purif icat ion of the dextrins. 
Toluene, bromobenzene, cyclohexane, trichloroethylene, and 
tetrachloroethane form insoluble complexes with the dextrins and 
have been used in isolat ion procedures. 

In Figure 2, photographs of crystals of some α - d e x t r i n 
complexes are shown. The hexagonal crystals of α - d e x t r i n 
crystal ized from η - p r o p y l alcohol are shown in Frame A. Frames Β 
and C of Figure 2 are photographs of two types of crystal l ine 
iodine-dextrin complexes, hexagons and needles. The hexagons in 
Frame Β are b r i l l i a n t blue in color while the clusters of needles in 
Frame C are golden yellow. The time required for the i n i t i a l 
formation of the clusters of needles is used as the end point in an 
assay method for measuring macerans amylase act iv i ty (40). Small 
quantities of the higher molecular weight cycl ic dextrins have been 
isolated by a method u t i l i z i n g high temperature cellulose 
chromatography. An elution pattern for these dextrins from the 
cellulose column is shown in Figure 3. Since these dextrins are 
synthesized i n low yields , extensive characterization of these 
compounds has not been achieved. 

Macerans amylase not only produces cyc l ic dextrins from starch 
by the cycl iz ing reaction but also produces l inear oligosaccharides 
from the dextrins and appropriate co-substrates. Figure 4, top 
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7 : ^ . ^ ^ . ^ ^ ° ^ > · ^ > -

e«<X> 
• O C H , *o^*, 

« γ , K » | < O C H , K X > , 

Figure 4. Reactions c a t a l y z e d by macerans amylase: S -
starch, Ε = enzyme, α = α-dextrin, G l f G2, G3, etc. - glucose, 
maltose, mal t o t r i o s e , etc. 
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section, shows an equation for the formation of cyc l i c α - d e x t r i n . 
The h e l i c a l parts of starch molecules are converted to the various 
cyc l ic dextrins by the cycl iz ing action of the enzyme. The central 
section of Figure 4 shows the equation for the coupling reaction. 
In coupling reactions the ring of the dextrin is opened by the 
enzyme and the oligosaccharide fragment is transferred to a co-
substrate molecule which may be glucose or glucose containing 
oligosaccharides to y ie ld l inear oligosaccharides. The equation for 
the synthesis of maltoheptaose is shown in the central section of 
the Figure. 

The lower section of Figure 4 shows the equations for the 
occurrence of homologizing reactions of macerans amylase. In these 
reactions segments of glucose units ranging in size from one glucose 
to several glucose units are transferred to other co-substrates 
u n t i l an equilibrium is attained and a series of homologous 
oligosaccharides is synthesized. The equations for the synthesis of 
the series of maltooligosaccharides from a-dextrin and glucose are 
shown in Figure 4. Oligosaccharides with different functional 
groups at the end of the maltooligosaccharide fragment have been 
synthesized by proper selection of the co-substrate. Such 
oligosaccharides have been useful for studies on the mechanism of 
action of amylases, for the preparation of oligosaccharides for 
a f f in i ty adsorbents and for the preparation of oligosaccharide 
derivatives with potential technological uses. 

The preparation of four types of oligosaccharide series is 
described and these contain u C-glucose, glucosyl-(l ,3)-arabinose, 
sucrose, or ρ-aminophenyl glucoside at the reducing terminus of the 
oligosaccharides. The new oligosaccharides have been detected by 
chromatographic and radioautographic methods and isolated by 
preparative chromatography. Photographs of the chromatographic 
strips showing the products from 1 A C glucose and from glucosyl-
(1,3)-arabinose with α - d e x t r i n are reproduced in Figure 5, Lanes A 
and Β in the Figure show the products with 1 4 C glucose and α - d e x t r i n 
after incubation for 0 and 24 hrs. The members of this 
oligosaccharide series have been identif ied as maltose, maltotriose, 
maltotetraose, and maltopentaose. A radioautogram prepared from the 
chromatogram showed that i n i t i a l l y only glucose was radioactive but 
at completion of the reaction a l l of the new oligosaccharides were 
radioactive. Lane C and D of Figure 5 show the products which are 
synthesized from glucosyl-(1,3)-arabinose and α - d e x t r i n . These 
products were detected with the aniline oxalate spray reagent which 
reacts with oligosaccharides containing pentose units (53). 
Analytical data from methylation, gas l iqu id chromatography and mass 
spectra measurements confirmed that the arabinose of the 
oligosaccharides was located at the reducing end of the 
oligosaccharide. Sucrose as a co-substrate for the enzyme yielded 
oligosaccharides which were terminated in a sucrose moiety while the 
p-aminophenyl glucoside, yielded maltooligosaccharides terminated 
with the p-aminophenyl glucosyl moiety. 

Several applications have been developed using the new 
oligosaccharides. Thus 1 4 C labeled maltooligosaccharides have been 
used in a method for detecting and identifying various types of 
amylases from biological sources. This method of analysis has been 
cal led oligosaccharide mapping and also yields information on the 
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mechanism of action of the enzymes. Results of an oligosaccharide 
mapping experiment for glucoamylase are shown in Figure 6, Frame Β 
and C, are photographs of the radioautogram and the chromatogram of 
the products of action of glucoamylase on the 1 4C-oligosaccharides. 
Frame A of this Figure shows the separation of the radioactive 
oligosaccharide mixture which was not treated with the glucoamylase. 
The chromatogram pictured in Frame C has been stained with s i lver 
nitrate reagent for locating reducing products (50). Comparisons of 
the labeled products from the 1 4C-oligosaccharides with the nature 
of reducing products yields information establishing that the 
pattern of action of the glucoamylase on the oligosaccharides is by 
a multi-chain mechanism. 

On the basis of the above results i t is l i k e l y that the 
hydrolysis of starch by glucoamylase occurs by a multi-chain 
mechanism in which single glucose units are removed from the non-
reducing end of the starch chains. A l l of the starch chains are 
shortened progressively by one glucose unit . The action of the 
glucoamylase proceeds rapidly u n t i l an α - 1 , 6 - l i n k a g e is encountered. 
This type of linkage is slowly hydrolyzed by glucoamylase (59) and 
the slow phase of hydrolysis of these linkages is followed by the 
rapid removal of the internal a-(1,4) linked glucose units. 
Eventually the starch is converted quantitatively to glucose. 

Coupling sugars are produced from sucrose and α - d e x t r i n by the 
coupling reaction of macerans amylase. The coupling sugars are 
composed of oligosaccharides terminated at one end with sucrose 
moieties. Coupling sugars are not as sweet as sucrose, but can be 
used to replace sucrose in candies, jams, j e l l i e s , and other sweet 
products which when used in diets can cause a reduction of dental 
plaques and caries. Dextran can be synthesized from sucrose but not 
coupling sugar by the glucosyltransferase of oral bacteria (52) and 
participates in the development of dental plaques (29). Data 
obtained in feeding tests with diets containing starch, sucrose or 
coupling sugar show a significant reduction in the number of plaques 
and cavities in animals on a diet containing coupling sugar in place 
of sucrose (.51) . Additional data need to be obtained for the 
ver i f i cat ion of these findings. 

Oligosaccharides of glucose terminated at the reducing end with 
arabinose (30) have been prepared with the aid of macerans amylase. 
Such oligosaccharides have been used to measure furanose-pyranose 
transformations of reducing oligosaccharides. The structure of the 
oligosaccharide of glucose and arabinose showing the furanose and 
pyranose forms for the arabinose unit is shown in Figure 7. The 
ring forms of arabinose were determined by application of the 
methylation, gas l iqu id chromatography and mass spectrometry methods 
of analysis (58). The GLC chart for the methylation products from 
the trisaccharide is shown in Figure 8. The methylated derivatives 
were identif ied by retention times and the nature of the mass 
spectra fragments from the derivatives. From these data the ratio 
of furanose to pyranose forms for the arabinose unit of the 
oligosaccharide was calculated to be 3:2. Studies of this type are 
currently being extended to other oligosaccharides containing 
glucose, galactose, mannose or xylose as the reducing units . 
Differences in chemical react ivity and enzymatic susceptibi l i ty of 
oligosaccharides have been related to differences in the amounts of 
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Figure 5. Photograph of a paper chromatogram of the products 
of macerans amylase action on α - d e x t r i n with glucose or with 
glucosyl-(1,3)-arabinose at 0 time (A) and (C) and at 24 hr (B) 
and (D): Glt G 2 > G 3 , etc. - glucose, maltose, maltotriose, 
e tc . , GjA, G2A, G3A, etc. - glucosyl-arabinose, maltosyl-
arabinose, maltotriosyl- arabinose, etc. 

Figure 6. Oligosaccharide maps for the action of glucoamylase 
on maltooligosaccharides, A — radioautogram with no enzyme, Β — 
radioautogram of enzymatic digest and C — paper chromatogram of 
enzymic digest stained with s i lver nitrate and sodium hydroxide 
reagents. Oligosaccharides were developed horizontally in the 
f i r s t direction and ver t i ca l ly after enzyme treatment. G l t G 2 , 
G 3 , etc. - glucose, maltose, maltotriose, etc. 
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Figure 7. Trisaccharide of glucose and arabinose showing 
furanose and pyranose structures for the arabinose moiety. 

t 1 1 77 
0 5 10 15 Retent ion time(min) 

Figure 8. A photograph of a GLC pattern of par t ia l l y 
methylated a l d i t o l acetates from the trisaccharide of glucose 
and arabinose. 2,5-A - 1,3,4-tri-0-acetyl-2,5-di-0-methyl 
arabinitol ; 2,3,4,6-G - 1,5-di-0-acetyl-2,3,4,6-tetra-0-methyl 
g luc i to l ; 2,4-A - 1,3,5-tri-0-acetyl-2,4-di-0-methyl 
arabinito l ; 2,3,6-G - 1,4,5-tri-0-acetyl-2,3,6-tri-0-methyl 
g luc i to l . (Reproduced with permission from Ref. 30. Copyright 
1988 Academic Press.) 
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furanose and pyranose ring forms at the reducing ends of the 
oligosaccharides. 

Oligosaccharides containing p-aminophenyl glucose units at the 
reducing ends have been synthesized with the use of macerans amylase 
or fungal glucosyl transferase (54). Such oligosaccharides have 
been used to prepare adsorbents for a f f in i ty columns for separating 
antibodies and myeloma proteins. The isomaltose derivative was 
prepared from maltose and aminopheny1 glucoside with the fungal 
glucosyltransferase and coupled to sepharose ( 5 6 ) · Anti-isomaltose 
antibodies and myeloma proteins were purif ied by a f f in i ty 
chromatography on this adsorbent. Results of an experiment on the 
i so lat ion of myeloma protein specific for isomaltose units of a 
dextran containing such units are shown i n Figure 9. It is noted 
that the serum protein was eluted with the buffer solution while the 
myeloma protein fraction was eluted with the isomaltose solution. 
Results of agar diffusion and gel electrophoresis tests are shown in 
Figure 10. 

Other derivatives of the maltooligosaccharides such as the 
methyl glycosides (55), isomaltose (60) and the O-nitrophenyl 
glycosides (61) have been prepared with the aid of macerans amylase. 
These oligosaccharide derivatives have been very useful for 
elucidating the action pattern of fungal, salivary and pancreatic 
amylases on starch, glycogen and maltooligosaccharides. 

I 1 1 1 — » — 
0 50 100 150 200 

E l u t i o n v o l ( m l ) 

Figure 9. Elution pattern of mouse serum containing myeloma 
protein W 3129 from an isomaltosyl-sepharose column: the arrow 
indicates the point of elution with 1% isomaltose solution ( i -
G2) . The eluates were monitored at 280 run. 
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Figure 10. Gel electrophoresis patterns (A) and agar diffusion 
plate (B) of proteins i n serum and fractions. Number 1 is the 
serum with myeloma protein. Number 2 is myeloma protein 
adsorbed on an af f in i ty column and eluted with isomaltose 
solution. Number 3 is unadsorbed protein. Ag is the antigen 
solution of dextran B-1355S. (Reproduced with permission from 
Ref. 34. Copyright 1982 Elsevier Publishers.) 
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Chapter 6 

Starch-Hydrolyzing Enzymes with Novel 
Properties 

Fergus G. Priest and J. Roger Stark 

Department of Biological Sciences, Heriot Watt University, 
Edinburgh EH14 4AS, Scotland 

Amylases for starch processing, food production and other 
applications are traditionally produced from a few microbial 
sources. The aerobic, endospore-forming bacteria of the genus 
Bacillus have long dominated the market for α-amylase along with 
the "liquefying" enzymes from Bacillus amyloliquefaciens and, more 
recently B.licheniformis. These enzymes are thermostable. 
Particularly the latter has a temperature optimum for activity 
around 90°C and can be used to hydrolyse starch at even higher 
temperatures (1,2). They are ideally suited for the init ial size 
reduction of amylose and amylopectin molecules in starch during the 
process termed liquefaction (3). The dextrins produced from 
liquefaction (usually of dextrose equivalence, DE, about 15-20) are 
the substrates for several processes. Glucose syrups are prepared 
from extensive hydrolysis with the fungal enzyme glucoamylase often 
supplemented with the debranching enzyme pullulanase. High 
conversion syrups can be prepared from the liquefied starch by the 
use of fungal α-amylase. These α-amylases from Aspergillus niger 
and other molds are of the saccharifying type and on extensive 
hydrolysis of starch give rise to large quantities of glucose, 
maltose and maltotriose. The liquefying enzymes from most bacil l i 
produce larger quantities of higher oligosaccharides such as 
maltopentaose and maltohexaose. Judicious use of fungal α-amylase 
and glucoamylase can give rise to syrups with various ratios of 
glucose and maltose and higher oligosaccharides (3). These high 
conversion syrups generally contain about 35-43% glucose, 30-40% 
maltose and 8-15% maltotriose. It is important that these syrups 
should have a high DE and yet be sufficiently stable not to 
crystallize at temperatures down to 4°C at 80-82% dry 
substance. 

The expected demands from industry are for maltooligosaccharide 
preparations of various compositions and thus with various useful 
properties. High-maltose syrups for example are characterized by 
low viscosity, low hygrosopicity, resistance to crystalization and 
reduced in sweetness. Maltotetraose syrups on the other hand have 
relatively high viscosity and low colouration. To stimulate demand 
from the food industry, such syrups of consistent quality must be 

0097-6156/91/0458-0072$06.00/0 
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prepared economically and this in turn has encouraged the search 
for new amylases with novel properties that can be used to 
manufacture products with novel compositions. In this contribution, 
some of the recent developments which centre on novel microbial 
amylases and their characteristics are reviewed. 

Sources of Bacillus. Since Bacillus had proved to be such a 
valuable source of industrial enzymes since early this century, 
much screening for new enzymes concentrated initially on these 
bacteria (4). The results were not disappointing. The first 
bacterial β-amylases were discovered in B. polymyxa (5-7), B. 
cereus (8) and B. megateriurn (9,10) and the genus is a rich source 
of pullulanases (11) with commercial production from B. 
acidopullulyticus (12). However, following the lead of the 
antibiotic industry, it became apparent that bacterial diversity 
would probably be accompanied by enzymic diversity; by screening 
new and often exotic bacteria novel enzymes would be 
discovered. Three areas have proved particularly interesting. 
Pseudomonas is a heterogeneous collection of free-living, gram 
negative bacteria associated with soil, water, and plants (13). 
Most members of the genus are non-pathogenic (some cause diseases 
in plants and P. aeruginosa is a pathogen of man and animals). 
Although they are not widely recognised for the secretion of 
extracellular enzymes, some amylolytic strains have been shown to 
produce interesting amylases (see below). 

The actinomycetes are gram positive bacteria best known for the 
production of antibiotics. They are morphologically unusual since 
they generally grow as branched filaments and they are regarded as 
a distinct evolutionary group. Because of their morphology, the 
actinomycetes are often regarded as the bacterial equivalent of the 
fungi. The group encompasses more than thirty genera and several 
hundred species most of which are found widely distributed in soil, 
composts and water. They are responsible for considerable turnover 
of plant biomass in the environment and thus are well equipped with 
diverse extracellular enzymes for the degradation of plant polymers 
(14). Since most are non-pathogenic they are an ideal source of 
novel enzymes (15). 

The final group of bacteria which has been shown to be a 
reservoir of novel, starch-degrading enzymes is the C l o s t r i d i a . 
These are the anaerobic equivalent of the bacilli and, because of 
the problems associated with growing bacteria in the absence of 
air, have been ignored until recently (16). These bacteria have 
been examined in detail and they will not be mentioned here (Zeikus 
et al, this volume). 

Maltose-producing Enzymes. The common enzymes that produce maltose 
predominantly or exclusively from amylose are the β-amylases. These 
exo-acting enzymes hydrolyse amylose from the non-reducing chain 
end removing maltose units in the β-configuration. They are 
typically associated with plants such as soy bean and barley. There 
is a demand for maltose syrups which is low at present and is 
currently supplied by hydrolysing dextrins with soybean β-amylase 
and a debranching enzyme, either isoamylase or pullulanase (17). 
Bacillus β-amylases are generally too thermolabile for application 
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in industry (optimum temperatures 40-55·C for the enzymes from B. 
polymyxa, B. cereus and B. megaterium) and the optimum pH for 
activity is around neutral compared to 5 to 6 for the plant 
enzymes, unlike the plant enzymes the bacterial enzymes adsorb onto 
and partially degrade starch granules. DNA sequence comparison 
between soybean and B. polymyxa β-amylase genes shows some 30% 
homology indicating significant divergence as might be expected 
(18,19). 

The need for maltose-producing enzymes with more appropriate 
industrial properties has been met by other sources. The enzyme 
from Bacillus circulans is a β-amylase but exhibits some 
characteristics that distinguish it from other bacterial β-amylases 
(20). The enzyme is active at 60°C and is much less susceptible to 
p-chloromercuribenzoate than plant β-amylases. Activity is optimal 
around pH 7. 

An α-maltose-producing amylase has been described recently by 
Takasaki (21) originating from a strain of B. megaterium. This 
enzyme has a l l the properties of β-amylase (inhibition by 
sulphydryl agents such as mercuric chloride and p-
chloromercuribenzoate with reactivation by cysteine) but produces 
maltose that is exclusively in the α-anomeric form. It may be that 
previous "β-amylases" described from this bacterium (9,10,23) are 
in fact of this type. The pH and temperature optima (7.0 and around 
60°C) do not make this enzyme particularly attractive to industry. 
Novo Nordisk a/s manufactures an exo-attacking, α-amylase that 
produces maltose in the α-configuration from dextrins. This enzyme 
is derived from a thermophilic Bacillus strain (22) and is 
considerably more thermostable than the mesophilic Bacillus β-
amylases. 

The streptomycetes are also a rich source of amylases that 
produce predominantly maltose from starch. These enzymes achieve 
this by a mechanism that resembles that of the enzyme from the 
thermophilic bacillus strain mentioned above . They are endo-acting 
enzymes that, in common with typical a-amylases produce random 
oligosaccharides upon initial hydrolysis of starch. However, later 
in the reaction they catalyse a series of condensation and 
transglucosylation reactions that result in maltose production. The 
enzyme from S. praecox is very temperature labile (optimum 40°C) 
which severely limits its applicability for industry (24) but the 
enzyme from S. hygroscopicus has a pH optimum of 5-6 and 
temperature optimum of 50-55°C; they could be more useful (25). The 
principal primary products from amylose are maltotriose and 
maltotetraose. The latter is then hydrolysed to maltose and the 
maltotriose is converted to maltose by (i) a condensation-
hydrolytic reaction and/or (ii) a synthetic step followed by a 
hydrolytic reaction (see Fig 1). The end result of these reactions 
is to produce maltose in greater than 75% yield from starch. Indeed 
a low viscosity syrup of (%w/v) glucose,4; maltose, 62; 
maltotriose, 20 and higher oligosaccharides, 14 can easily be 
produced using this enzyme. Since the composition of this syrup is 
similar to that from barley malt, application in the brewing 
industry is being explored. 
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Condensation and hydrolysis 

o - o - # + o - o - # 

o - o - o - o - o - o 

ο - · + ο - · + ο - · 

Transglvcosvlation and hydrolysis 

ο - ο - · + ο - ο - · 

ο - ο - ο - · + ο - · 

ο - · + ο - · + ο - · 

φ = reducing glucose unit 

Figure 1. Breakdown of maltotriose by 
Streptomyces hydroscopicus a -amylase. 
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Following a screening program of a diverse collection of 98 
strains of Streptomyces, S. limosus was shown to have high 
amylolytic activity. Like the other streptomycete enzymes, this 
amylase produced large amounts of maltose from starch (26). The 
enzyme was not particularly thermostable and soon lost activity 
above 45°C. The pH optimum was near neutrality. The α-amylase 
genes from S. hygroscopicus (27,28) and S .limosus (29,30) have been 
cloned and sequenced. There are conserved regions in these genes 
but the streptomycete amylases show l i t t l e overall sequence 
homology with the Bacillus liquefying amylases. Indeed, they show 
more homology with mammalian and invertebrate amylases than with 
those from microorganisms or plants (29). 

Maltotriose-producing Amylases. Amylases that produce maltotriose 
from starch as the major end-product have not been reported 
commonly. Indeed the only enzyme in this category is the enzyme 
from Streptomyces griseus (24). This is an exo-acting enzyme that 
hydrolyses its substrate from the non-reducing end to produce 
maltotriose in the a-configuration (31). The enzyme hydrolyses 
short chain amylose completely but the extent of hydrolysis with 
starch and waxy maize starch as substrate is 55 and 51% 
respectively. The optimum pH for activity is 5.6-6.0 and the enzyme 
is stable up to 40°C but rapidly denatured at temperatures above 
450 C. 

Maltotetraose-producing Amylases. An exo-acting amylase that 
produces predominantly maltotetraose from starch was demonstrated 
in culture fluid from Pseudomonas stutzeri by Robyt and Ackerman 
(32) . The enzyme releases α-maltotetraose from the non-reducing end 
of amylose chains. Maltooligosaccharides longer than G4 are 
hydrolysed into maltotetraose and the remaining sugar. For example 
G7 is hydrolysed to G4+G3 and G6 into G4+G2 and maltotetraose is 
slowly hydrolysed to maltotriose and glucose (31). An unusual 
property of the enzyme is its ability to attack insoluble dyed 
starch which is normally resistant to attack by exo-acting amylases 
(33) . The properties of the enzyme are not entirely conducive to 
industrial exploitation, the pH optimum is around pH 8 and the 
optimum temperature for activity is about 45°C (34) . Following 
an extensive screening program, a strain of P. stutzeri that 
produces a more thermostable enzyme (optimum about 50°C) with a 
wider pH range was isolated. This enzyme is being used for the 
production of maltotetraose on a large scale in a continuous 
bioreactor system. The syrups contain about 50% maltotetraose and 
have several desirable properties such as low sweetness, prevention 
of colouration in candy and increased humectancy in cakes. (35) . 
Such exo-maltotetrahydrolases do not seem to be restricted to P. 
stutzeri since a similar enzyme from Pseudomonas saccharophila has 
recently been cloned in E. coli (36). 

Naltopentaose-producing Amylase. Although the liquefying a-amylase 
from B. licheniformis produces maltopentaose as a major product 
(37) it seldom represents more than 33% of the products from starch 
after extensive hydrolysis. Nakakuki et al. (31) showed that the 
enzyme had some exo-activity on small oligosaccharides and could 
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hydrolyse G6 to G5+G1, GG7 to G5+G2 and G8 to G5+G3. Nevertheless 
the enzyme has the predominant characteristics of a liquefying 
α-amylase. Exo-maltopentohydrolase has been demonstrated recently 
in culture supernatants of a Pseudomonas species (38). 

Maltohexaose-producing Amylases. Both endo- and exo-amylases that 
produce maltohexaose from starch have been identified and 
characterized. The exo-acting enzyme was first discovered as a cell 
bound enzyme in "Aerobacter aerogenes" (now called Klebsiella 
pneumoniae), an organism better known for pullulanase synthesis. 
The enzyme is stable at temperatures lower than 50°C and has an 
optimum pH for activity around neutrality (39). Escbericbia coli, 
long thought to be devoid of amylase activity, has been shown to 
synthesize a similar enzyme (40). These enzymes are periplasmic and 
synthesis is induced by the presence of maltose (40). 

Endo-acting α-amylases that produce large quantities of 
maltohexaose from starch are secreted by various bacilli. Bacillus 
circulans strains G-6 (41) and F-2 (42) were discovered 
independently and shown to produce such enzymes. Temperature and pH 
optima vary considerably between these enzymes, strain F-2 
producing the more temperature stable (opt. 60°C) amylase with a 
lower pH optimum for activity (6-6.5). This enzyme also has 
considerable activity on raw starch (43). 

A strain of B. subtilis was isolated by Kennedy & White (44) 
that produced an α-amylase that yielded large amounts of 
maltohexaose from starch which would seem to be different from the 
saccharifying enzyme normally associated with this species, in 
particular in showing enhanced thermostability. 

Enzymes with Actvity on Pullulan. Just as the distinction between 
a- and β-amylases is becoming confused through the isolation of 
enzymes with characteristics of both classes, so the original 
classification of 1,4-a-amylases and debranching or 1,6-a-amylases 
is no longer entirely relevant. Pullulan, the extracellular 
polysaccharide is comprised of maltotriose units linked by 1,6-a-
bonds (see Fig 2) is the common substrate for detection of 
debranching enzymes. It seems to be a suitable substrate for 
various debranching enzymes and other amylases with the exception 
of isoamylase which débranches amylopectin but has no activity on 
pullulan (45). Dyeing pullulan with reactone red or a similar dye 
aids the detection of colonies that can degrade pullulan through 
the hydrolysis of the material. The low molecular weight products 
diffuse away from the colony leaving a clear zone around the colony 
(46). 

Four categories of enzyme with activity on pullulan are now 
recognised, (i). Glucoamylase, is an exo-acting enzyme common in 
fungi that releases glucose from amylose chains and pullulan. 
Activity on 1,6-a-linkages in pullulan and amylopectin by this 
enzyme is considerably slower than activity on 1,4-a-bonds. ( i i ) . 
Pullulanase itself hydrolyses the 1,6-a-bonds in pullulan to 
release maltotriose and also débranches amylopectin. It has very 
low activity on glycogen. This enzyme is produced commercially from 
B. acidopullulyticus (12) and has been studied extensively in 
Klebsiella pneumoniae. (iii) The 1,4-a-linkages of pullulan 
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Pullulanase (P) 

Isopullulanase 
(IP) 

Neo pullulanase 
(NP) IP o-o 

NP 

= reducing glucose unit 

Products from pullulan digestion 

Pullulanase o-o- maltotriose 

Isopullulanase o-o isopanose 

Neopullulanase -> Ο 
i 

panose 

Figure 2. Hydrolysis products from pullulan. 
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furthest from the reducing end are hydrolysed by isopullulanase 
(Fig. 2) to yield isopanose. This enzyme has been demonstrated in 
culture filtrates of Aspergillus niger (47). (iv) The other 1,4-a-
linkage of pullulan is suceptible to cleavage by neopullulanase 
with the production of panose (Fig. 2). This enzyme has a slightly 
confused history but i t now seems that various thermophilic 
bacteria make a similar type of amylase (see below). An 
amylase which hydrolysed pullulan to panose and had a typical 
saccharifying activity on starch was described from culture 
filtrates of Thermoactinomyces vulgaris by Shimizu et al. (48). 
These bacteria are morphologically similar to the true 
actinomycetes and have a filamentous appearance. On solid media 
they produce a substrate mycelium and most strains later develop a 
white aerial mycelium hence their name which denotes their 
similarity to the true actinomycetes. However, in molecular 
respects they resemble the thermophilic bacilli. 
Thermoactinomycetes share considerable ribosomal RNA homology with 
the bacilli and make true endospores typical of Bacillus 
endospores. The current view is therefore that they should be 
considered filamentous bacilli rather than actinomycetes (49). 
There is also confusion about the amylases synthesized by these 
bacteria. Original studies of T. vulgaris revealed a typical, 
saccharifying α-amylase (50). The enzyme studied by Shimizu et al. 
(48) also supposed to derive from T. vulgaris had different 
physical properties in addition to activity on pullulan. Moreover, 
according to current taxonomic criteria, T. vulgaris is considered 
to be non-amylolytic ! (49). In an attempt to clarify this 
situation we examined the amylases from T. thalpophilus, which is 
generally held to be the amylolytic version of T. vulgaris (48) and 
T. putidus a closely related species. The enzyme from T. 
thalpophilus resembled the original amylase described by Kuo and 
Hartman (50) and had no significant activity on pullulan 
(unpublished). The enzyme from T. putidus showed limited activity 
on pullulan and clear zones appeared around colonies growing in the 
presence of dyed pullulan. However, it was concluded that this 
resulted from the hydrolysis of 1,4-a-bonds in maltotetraosyl units 
in the pullulan. Such units occur as about 10% of most preparations 
of pullulan (51) and could be the sites of cleavage by an enzyme 
that cannot gain access to the maltotriosyl units (52). In 
conclusion, i t would seem that the enzyme studied by Shimizu et al. 
(48) which does hydrolyse pullulan efficiently is relatively scarce 
and is not found in standard strains of T. thalpophilus or T. 
putidus. 

The close relationship between thermoactinomycetes and 
thermophilic bacilli is also evident from the occurrence of 
pullulan-hydrolysing enzymes similar to that described by Shimizu 
et al. (48) for thermoactinomyces in several thermophilic Bacillus 
strains. These enzymes have now been given the name neopullulanase 
(53) . Originally described in a strain of B. stearothermophilus 
(54) , this enzyme hydrolyses pullulan (to panose predominantly), 
amylopectin and soluble starch as well as several low molecular 
weight substrates such as a- and B-cyclodextrins, phenylmaltoside 
and maltotriose. Optimum activity is around 55°C and pH 5.8 (55). A 
similar enzyme has been described by Kuriki et al. (56) also from 
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B. stearothermophilus. This enzyme also hydrolyses the 1,6-a-
linkages in pullulan albeit as a slow delayed reaction (57). Such 
activity has also been noted in the thermoactinomycete enzyme (58) 
and would explain the presence of low amounts of glucose and 
maltose in pullulan digests recorded by Suzuki and Imai (55). There 
are some minor differences in the relative extents of hydrolysis of 
pullulan and starch by these enzymes but the general features and 
catalytic activities seem to be very similar. 

Nevertheless, not a l l amylases from B. stearothermophilus need 
be of the neopullulanase type. B. stearothermophilus is a very 
heterogeneous species and comprises at least 8 distinct taxa which 
could be considered species (59). Many of these are amylolytic and 
previous studies amongst bacilli suggest that strains of different 
species generally secrete different amylases. Thus the original 
amylase prepared from B. stearothermophilus was a normal a-amylase 
(60). The maltogenic amylases (see above) have been described and a 
third type has been described recently. This is a pullulanase that 
yields maltotriose from pullulan and also hydrolyses starch in a 
typical α-amylolytic fashion (61). Such "amylopullulanases" are not 
uncommon and have also been isolated from Thermoanaerobium sp. (62, 
63) and a strain identified as B. subtilis (64). It seems 
reasonable to assume that these different types of amylase from 
thermophilic bacilli are associated with different species just as 
different amylases are associated with the mesophilic species such 
as B. subtilis, B. lichen iformi s and B. amyloliquefaciens. 

Hydrolysis of Starch Granules. There is increasing interest in 
amylases with high activity towards starch granules. These 
particles are generally resistant to amylolytic attack thus 
necessitating gelatinization of starch slurries by cooking at high 
temperature. Significant energy saving could be realized from 
efficient enzymic degradation of raw starch prior to, for example, 
fermentation with yeast to produce ethanol (65). 

Microorganisms known to produce enzymes that degrade raw starch 
granules are generally fungi such as Aspergillus and Rhizopus in 
which the glucoamylases are active on this substrate. It seems that 
enzymes with this ability show extensive adsorbtion to starch 
granules probably through a COOH-terminus binding domain (67 and 
Svensson, this book). Bacterial enzymes that show activity on 
starch granules, such as the β-amylases of B, polymyxa and 
cyclodextrin glucanotransferase from Bacillus macerans also possess 
this domain. Surveys have shown that both exo- and endo-acting 
enzymes with activity on starch granules are fairly common 
particularly within the genus Bacillus (68, 69). 

Streptomycetes are also a rich source of α-amylases with 
activity on starch granules (26). The enzymes from S. hygroscopicus 
(70) and S. limosus (26) both have high activity on granules and 
contain the C-terminal binding domain. Typical attack on corn 
starch granules is shown in Figure 3. The early stages of 
hydrolysis are indicated by deep holes in the granules which often 
reveal the layered structure of the granule. These holes 
presumably arise from initial binding and continued attack at one 
site. For this reason, in digests where the ratio of enzyme to 
granules is low, fully degraded granules can be observed next to 
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Figure 3. Scanning electron micrographs showing the action of 
α-amylase on corn starch. 
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intact forms (Fig. 3a). Whereas, if the concentration of enzyme is 
higher, holes are produced uniformly (Fig. 3b). Extensive 
hydrolysis by the amylase from S. limosus gives rise to granules in 
the form of shells in which most of the starch has been hydrolysed 
(Fig. 3c). 

Concluding Remarks. There is a bewildering variety of microbial 
amylases described in the literature and in this review we have 
intended to highlight the major types that have been reported 
recently. These classes are based at this stage on physical 
properties and action patterns. With the exception of the endo-
versus exo- mode of action, these divisions may be somewhat 
artificial, particularly with regard to 1,4-a- and 1,6-a-bond 
specificity. It is already apparent that limited protein 
engineering can have a profound effect on the bond specificity of 
glucoamylases and enzymes with 1,4-a- and 1,6-a- activity share 
significant homology and should not be considered so widely 
different (71). As DNA sequences, particularly of the more obscure 
amylase genes are determined and analysed, it is certain that a 
deeper understanding of the classes of amylases and their evolution 
will unfold. This will undoubtedly be a fascinating story. 
Nevertheless, in the meantime there is s t i l l a future for screening 
for new enzymes. At least for the next few years screening is 
likely to remain less expensive and more successful than protein 
engineering for the development of a novel enzyme with specific 
desired properties. 
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Chapter 7 

Novel Thermostable Saccharidases 
from Thermoanaerobes 

Badal C. Saha1, Saroj P. Mathupala2, and J. Gregory Zeikus1-3 

1Michigan Biotechnology Institute, Lansing, MI 48910 
2Department of Biochemistry and 3Department of Microbiology and Public 

Health, Michigan State University, East Lansing, MI 48823 

We have purified and characterized several new saccharidase activities 
including β-amylase, amylopullulanase, α-glucosidase, and cyclodex-
trinase from thermoanaerobes. The β-amylase was stable and active 
at 75°C. The amylopullulanase displayed higher affinity towards 
pullulan than starch; and it contained a putative single active site for 
cleavage of both α-1,4 and α-1,6 linkages. It produced maltotriose 
from pullulan, and DP2, DP3 and DP4 from starch. The α-glucosi-
dase had an apparent MW of 162,000 and cleaved both maltosyl and 
isomaltosyl polymers with a decreasing affinity for longer chains. The 
cyclodextrinase hydrolyzed various cyclodextrins with decreasing 
activity rates displayed on α-CD > β-CD > γ-CD. The unique 
biochemical properties and process features of these thermophilic 
enzymes that have potential usefulness for development of new 
saccharide biotechnologies are described. 

Amylolytic enzymes are an important group of industrial enzymes. Three types of 
enzymes are involved in the production of sugars from starch: (1) endo-amylase (a-
amylase), (2) exo-amylase (β-amylase, glucoamylase) and (3) debranching enzymes 
(pullulanase, isoamylase). The starch bioprocessing usually involves two steps -
liquefaction and saccharification. First, an aqueous slurry of starch (30-40%, DS) is 
gelatinized (105°C, 5-7 min) and partially hydrolyzed (95°C, 2 h) by highly 
thermostable α-amylase to DE (dextrose equivalent) 5-10. The optimum pH for the 
reaction is 6.0-6.5 and calcium is also required. Then in the saccharification step, 
glucoamylase and pullulanase are used (60°C, pH 4.0-4.5,48 h) to produce more than 
95-96% glucose; β-amylase and pullulanase can also be used (55°C, pH 5.0-5.5, 48-
72 h) to produce around 80-85% maltose. Thus, there is a need for thermostable 
saccharolytic enzymes to run the saccharification reaction at a higher temperature. 
Thermophiles often possess thermostable enzymes and interest in thermoanaerobic 

0097-6156/91/0458-0086$06.00/0 
© 1991 American Chemical Society 
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7. S AHA ET AL. Novel Thermostable Saccharidases from Thermoanaerobes 87 

bacteria has increased because of their unexamined potential as a source of 
thermostable and thermoactive enzymes including saccharidases. Thermoanaerobic 
bacteria may then serve as gene sources for cloning thermostable enzymes into 
aerobic industrial hosts (1). Our group initiated a screening program for thermostable 
saccharidases from diverse thermoanaerobic species. As a result, some new 
organisms have been isolated from hot spring areas and some novel highly 
thermophilic saccharidases have been discovered. Table I summarizes our efforts on 
obtaining some unique saccharidases from thermoanaerobes. Clostridium thermo-

Table I. Thermophilic Saccharidases from Thermoanaerobes 
Source Optimum Optimum Thermal pH 

(Enzyme) Temp. pH stability Stability 
(up to °C) 

Clostridium thermosulfurogenes strain 4B 
B-amylase 75 5.5-6.0 80 3.5-6.5 
a-glucosidase - - -
Glucose isomerase 85 7.0 86 5.5-8.0 
Clostridium thermohydrosulfimcum strain 39E 
Amylopullulanase 90 5.5-6.0 90 4.5-5.5 
a-glucosidase 75 4.0-6.0 75 5.0-6.0 
Cyclodextrinase 65 6.0 60 5.5 
Glucose isomerase 85 8.0 85 6.0-8.0 
Thermoanaerobacter strain B6A 

Amylopullulanase 75 4.5-5.5 70 5.0-6.0 
Glucogenic 70 5.0-5.5 70 4.5-6.0 

amylase 
β-galactosidase 65 6.0-6.5 60 5.0-7.0 
Xylanase 75 5.5 65 5.0-7.0 
Cyclodextrinase 60 6.0 60 6.0 
Glucose isomerase 80 7.0 85 5.5-8.0 

sulfurogenes strain 4B produces an extracellular β-amylase and intracellular glucose 
isomerase. Clostridium thermohydrosulfimcum strain 39E produces amylopullu
lanase, α-glucosidase, glucose isomerase and cyclodextrinase activities. Thermo
anaerobacter strain B6A produces amylopullulanase, glucogenic amylase, B-
galactosidase, cyclodextrinase, glucose isomerase and xylanase. In this chapter, we 
will focus our research efforts on the amylo-saccharidases from these thermo
anaerobes. 

Biochemical Characteristics 

β-Amylase, β-Amylase (EC 3.2.1.2, a-l,4-D-glucan maltohydrolase, saccharogenic 
amylase) is an exo-acting saccharidase which cleaves alternative a-l,4-ghicosidic 
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88 BIOTECHNOLOGY OF AMYLODEXTRIN OLIGOSACCHARIDES 

linkages in starch from the non-reducing end and produce β-maltose. β-Amylase 
occurs widely in many higher plants and is also produced by microorganisms. C. 
thermosulfitrogenes 4B is the only anaerobe reported so far that produces extracellu
lar β-amylase. The enzyme is stable up to 80°C and optimally active at 75°C (2). 
β-Amylase synthesis in this organism is inducible and subject to catabolic repression. 
A hyperproductive mutant was developed which produced 8-fold more β-amylase in 
starch medium than the wild type (3). The effect of culture conditions and 
metabolite levels on the production of thermostable β-amylase with the overproducing 
mutant of C. therrnosulfurogenes 4B was investigated in continuous culture (4). The 
β-amylase activity level reached 90 units/ml at the dilution rate of 0.07/h in 3% 
starch medium. Growth inhibition by acetate and low enzyme productivity at low 
growth rates limited the further increase in enzyme production level. Nipkow et al. 
(5) then developed a microfîltration cell-recycle pilot system for continuous 
production of β-amylase by the thermoanaerobe. The concentration of β-amylase 
rose to 220 units/ml in the reactor, which was 5.5-fold more than under comparable 
conditions in a chemostat 

The β-amylase from C. thermosulfitrogenes 4B was purified 811-fold to 
homogeneity from the culture broth by ultrafiltration, ethanol treatment, DEAË-
Sepharose CL-6B column chromatography and gel filtration on Sephacryl S-200 (6). 
The purified enzyme had a specific activity of 4215 units/mg protein. It was a 
tetramer (MW 210,000) having an isoelectric point at pH 5.1. The enzyme displayed 
Km and Kcat values for boiled soluble starch of 1.68 mg/ml and 400,000/min, 
respectively. It was antigenically distinct from sweet potato and barley β-amylases. 

The β-amylase from C. therrnosulfurogenes 4B readily and strongly adsorbed onto 
raw starch (7). pCMB treated β-amylase lost its activity towards raw or gelatinized 
starch but preserved the ability to adsorb onto raw starch. The adsorbed β-amylase 
was gradually released from starch in liquid phase during hydrolysis at 75°C. The 
degradation of raw starch by β-amylase was greatly enhanced by the addition of 
pullulanase. The optimum pH for raw starch hydrolysis by β-amylase was 4.5-5.5, 
whereas, that of soluble starch hydrolysis was 5.5-6.0. Raw starch adsorbed β-
amylase and soluble β-amylase showed similar rates of hydrolysis in reaction 
mixtures. It was found that the adsorbed β-amylase can be easily desorbed from raw 
starch by using soluble starch or maltodextrin as elutant The soluble starch treated 
β-amylase could not adsorb onto raw starch which suggests that the soluble and 
insoluble substrate binding sites of the β-amylase may be the same. The β-amylase 
was easily purified to homogeniety by simple raw starch adsorption-desorption 
techniques and octyl-Sepharose chromatography (5). A comparison of certain 
physicochemical characteristics of this β-amylase with some other microbial β-
amylases is given in Table Π. 

A gene coding for the β-amylase of C. thermosulfitrogenes 4B was cloned into 
Bacillus subtilis and its nucleotide sequence was determined (72). The β-amylase 
was translated from the monocistronic mRNA as a secretory precursor with a signal 
peptide of 32 amino acid residues. The deduced amino acid sequence of the mature 
β-amylase contained 519 residues with a MW of 57,167. The amino acid sequence 
showed 57, 32 and 32% homology with those of B. polymyxa, soybean and barley 
β-amylases. The hydrophobicity of several regions in the amino acid sequence of C. 
thermosulfitrogenes 4B β-amylase was found to be remarkably high as compared with 
that of the corresponding regions of the B. polymyxa β-amylase. 
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7. SAHA ET AL. Novel Thermostable Saccharidases from Thermoanaerobes 89 

Amylopullulanase. Pullulanase is a debranching enzyme which specifically attacks 
the α-1,6 glucosidic linkages of pullulan and starch. Pullulan is a linear polymer of 
about 250 maltotriosyl units linked together by a-1,6 linkages. Pullulan degrading 
enzymes can now be classified into five groups (Table IS). Amylopullulanase, a new 
class of enzyme, hydrolyzes a-1,6 linkages of pullulan like normal pullulanase but 
unlike pullulanase which cleaves only a-1,6 linkages in starch, this enzyme cleaves 
a-1,4 linkages of starch (79). We have suggested the name amylopullulanase. 
Recently, thermostable pullulanase activity has been reported in a number of 
microorganisms such as C. thermohydrosulfiuicum (27-25), C. thermosaccharofyticum 
(24), Clostridium sp. (25), Thermus sp. (26), Thermus aquaticus (27), Thermo-
anaerobium Tok6-Bl (28), T. brockii (29), Thermoanaerobacter strain B6A (30), T. 
finmi (23), Thermobacteroides ethanolicus (24), T. acetoethylicus (24), Thermoactino-
my ces thalpophilus (31), and thermophilic Bacillus sp. (32). The pullulanase from C. 
thermohydrosulfiuicum (21,22), Thermoanaerobium Tok6-Bl (28), T. brockii (29), 
Thermus sp.(26), Thermoanaerobacter sp. B6A (30) and thermophilic Bacillus sp. 
(32) have already been demonstrated to be of the amylopullulanase type. 

The synthesis of amylase in C. thermohydrosulfiuicum 39E (ATCC 33223) was 
inducible and subject to catabolic repression (27). Catabolic repression resistant 
mutants were isolated which displayed improved starch metabolism features in terms 
of enhanced rates of growth, ethanol production and starch consumption (33). In 
chemostat cultures, both wild type and mutant strains produced amylopullulanase at 

Table IL Comparison of Properties of β-Amylase from Different 
Microbial Sources 

Property B. cereus 
var. 

mycoides 
(9) 

B. polymyxa 
1,11(10) 

B. megatarium 
(ID 

C. thermo-
sulfurogenes 

4B 
(6) 

Molecular 35,000 44,000 58,000 210,000 
weight 
Optimum pH 7.0 7.5 6.5 6.0 

Optimum temp 
(°Q 

50 45 40-55 75 

pH stability 6.0-9.0 4.0-9.0 5.0-7.5 3.5-5.0 

Thermal stabil <50 <50 <55 80 
ity (°Q 
Isoelectric 8.3 8.35, 8.59 9.1 5.9 
point (pH) 

Inhibitor 
pCMB 
Cyclodextrin 

+ 
+ 

+ 
+ 

+ 
+ 

+ 
+ 
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Table HI. Comparison of Substrate Product Relationship 
of Different Pullulan Degrading Enzymes 

Enzyme 

Linkages Cleaved in Major End Product Formed 

Enzyme Pullulan Starch Pullulan Starch 

Pullulanase a-1,6 a-1,6 maltotriose linear dextrins 
(13) 

Isopullulanase a-1,4 a-1,4 isopanose not known 
(14) 

Neopullulanase a-1,4 a-1,4 panose maltose 
(15,16) 

Glucoamylase a-1,4 and a-1,4 and glucose glucose 
(17,18) a-1,6 a-1,6 

Amylopullulanase a-1,6 a-1,4 maltotriose DP2-DP4 
(19, 20) 

high levels in starch limited chemostats but not in glucose or xylose limited 
chemostats. The enzyme was secreted into the medium when grown under substrate 
(maltose) limited continuous culture (34). 

The amylopullulanase from C. thermohydrosulfuricum 39E was purified from the 
cell-free extract by treatment with streptomycin sulfate and ammonium sulfate, and 
by DEAE-Sephacel, octyl-Sepharose and finally by pullulan-Sepharose column 
chromatography (35). The enzyme was purified 3511-fold and displayed homogene
ity on SDS-PAGE. It was a monomelic glycoprotein with a MW of 136,500 and 
isoelectric point at pH 5.9. The purified amylopullulanase was stable and active at 
90°C (Figure 1). The optimum pH for activity and pH stability ranges were 5.0-5.5 
and 3.0-5.0, respectively. Table IV compares the initial reaction velocity for 
hydrolysis of various polysaccharides by purified amylopullulanase from C. 
thermohydrosulfiuicum 39E with that of Bacillus pullulanase in order to assess the 
relative substrate specificities of these two enzymes. C. thermohydrosulfuricum 39E 
amylopullulanase displayed a 3-fold higher specificity towards soluble starch and 
amylopectin and 7-fold higher specificity towards glycogen than did Bacillus 
pullulanase. The apparent Km and KQ2X values for amylopullulanase activity on 
pullulan at 60°C were 0.675 mg/ml and 16240/min, respectively. 

C. thermohydrosulfuricum 39E amylopullulanase cleaves a variety of linear 
maltooligosaccharides (20). The final reaction products obtained from various 
starchy polysaccharides were DP2, DP3 and DP4. The enzyme hydrolyzed low MW 
oligosaccharides three glucose units away from a terminal and released maltotriose 
as a product and did not form maltose from maltotriose. The minimum substrate 
requirement for its catalytic activity was a maltotriosyl unit Kinetic analysis of the 
purified enzyme in a system which contained both pullulan and amylose as the two 
competing substrates gave positive proof for both activities belonging to the same 
enzyme and putatively within the same active site (20). 

Coleman et al (29) cloned the amylopullulanase gene from T. brockii into 
Escherichia coli and B. subtilis. The cloned enzyme could cleave all of the a-1,6 
glucosidic linkages (and none of the a-1,4 bonds) in pullulan, it hydrolyzed mostly 
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"0 10 20 30 40 50 60 70 80 90 100 
Temperature (°C) 

0 50 60 70 80 90 100 
Temperature (°C) 

Figure 1. Effect of temperature on stability and activity of Clostridium 
thermohydrosulfuricum strain 39E amylopullulanase. (a) Thermal stability. The 
enzyme was placed in acetate buffer (50 mM, pH 6.0) with 5 mM CaQ 2 and 
preincubated at various temperatures for 30 min, and then residual 
amylopullulanase activities were assayed, (b) Effect of heat on activity. The 
enzyme activity was assayed at various temperatures by the standard assay 
method (30 min incubation). (Reproduced with permission from Ref. 35. 
Copyright 1988, The Biochemical Society and Portland Press, London.) 
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Table IV. Comparison of Substrate Specificity of Homogeneous 
Amylopullulanase Purified from Clostridium thermohydrosulfuricum 

Strain 39E With That of a Commercial Pullulanase from Bacillus sp.a 

Relative Substrate Specifity 
(% hydrolysis) 

Substrate C. thermohydrosulfiuicum Bacillus sp. 
39E Pullulanase 

Amylopullulanase 

Pullulan 100 100 
Amylopectin 62 22 
Glycogen (oyster) 75 10 
β-limit dextrin 77 33 
from glycogen 
(oyster) 
Soluble starch 52 16 
Sufficient enzyme was added to cause linear release of product during the 
first 15 min of reaction. The substrate is expressed as the initial hydrolysis 
velocity as a percentage of that obtained with pullulan substrate. 
(Reprinted with permission from Ref. 35. Copyright 1988, The 
Biochemical Society and Portland Press, London.) 

a-1,4 and very few of the a-1,6 linkages in starch. The products of starch hydrolysis 
are various sized oligomers. Melasniemi (22) reported that C. thermohydrosulfuricum 
strain E101-69 produces a pullulanase and α-amylase, and suggested that the single 
protein had dual specificity and called it α-amylase - pullulanase. Later the enzyme 
was purified as two forms (36). Each form appeared to be dimers of two similar 
subunits. The two forms have similar amino acid compositions, the same N-terminal 
amino acid sequence (Glu-He-Thr- Ala-Pro- Ala-Ile) and the same isoelectric point of 
4.25. Both forms are glycoproteins having rhamnose, glucose, galactose and 
mannose, and neutral hexose content of 11-12%. Plant et al. (28) purified an 
extracellular pullulanase from culture supernatant of Thermoanaerobium Tok6-Bl by 
ammonium sulfate precipitation, pullulan-affinity precipitation, gel filtration and ion 
exchange chromatography. It hydrolyzed only a-1,6 glucosidic linkages of pullulan 
to maltotriose but it hydrolyzed starch, amylopectin and amylose producing 
maltooligosaccharides DP2-DP4 as products. Maltotetraose was slowly hydrolyzed 
into maltose. The enzyme had a half-life of 17 min at 85°C and 5 min at 90°C. It 
had an optimum pH at 5.5 and the activity was promoted by Ca + 2 ions. The enzyme 
had a single carboxyl group at the catalytic center of the active site (37). EDAC-
mediated inhibition of pullulan a-1,6 linkage hydrolysis was relieved by amylose or 
pullulan. Similarly, both pullulan and amylose protected the activity directed at a-1,4 
linkages of amylose from ED AC inhibition. When both amylose and pullulan were 
simultaneously present, the observed rate of product formation closely fitted a kinetic 
model in which both substrates were hydrolyzed at the same active site. 

We have also purified to homogeneity an amylopullulanase from Thermo
anaerobacter strain B6A (30). The purified enzyme is a glycoprotein having a MW 
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of about 450,000. It is a dimer of similar subunit MW of about 220,000. The Km 

for pullulan and boiled soluble starch were 0.43 and 0.37 mg/ml, respectively. The 
final amylose hydrolyzate contained DP2 (44%), DP3 (33%) and DP4 (17%) and 
higher saccharides (6%). The enzyme activity did not show any metal ion 
dependence and both activities were inhibited by 6- and γ-cyclodextrins but not by 
α-cyclodextrin. A summary of some biochemical characteristics of amylopullulanase 
type enzyme from some thermoanaerobes is given in Table V. 

The amylopullulanase gene from C. thermohydrosulfuricum strains Ε 101-69 and 
39E has been cloned and expressed in E. coli (38, 34). 

a-GIucosidase. α-Glucosidases (EC 3.2.1.20, α-D-glucosidic glucohydrolase) 
hydrolyze terminal non-reducing a-l,4-linked glucose residues of various substrates, 
releasing α-D-glucose. These enzymes hydrolyze di- and oligosaccharides rapidly, 
relative to large saccharides. α-Glucosidases possess very diverse substrate 
specificity. They are produced by a variety of microorganisms (59). Various 
thermoanaerobic species were reported to produce alpha-glucosidase activity such as 
C. thermohydrosulfuricum (40,22), Clostridium sp. (25), Fervidobacterium sp. (41), 
Thermoanaerobium sp. (41), Thermoanaerobacter sp. (41). In the Clostridium 
isolate, the α-glucosidase was optimally active at 65°C and pH 5.0 (25). The 
apparent Km of α-glucosidase for maltose hydrolysis was 25 mM. Our studies with 
C. thermohydrosulfuricum 39E α-glucosidase preparation showed that the organism 
possessed both a-1,4 and a-1,6 glucosidase activities (42). A summary of some 
characteristics of the α-glucosidase activity from C. thermohydrosulfuricum 39E is 
shown in Table VL The enzyme had a half-life of 35 min at 75°C, 110 min at 70°C, 
and 46 h at 60°C. 

Cyclodextrinase. Cyclodextrinase (EC 3.2.1.54, cyclomaltohydrolase, decycling, 
CDase) is an enzyme that hydrolyzes cyclic dextrins and also linear dextrins. We 
have reported that C. thermohydrosulfuricum 39E produces cyclodextrinase activity 
in addition to amylopullulanase and α-glucosidase activities (43). We have purified 
the enzyme partially and characterized it Table Vu summarizes some biochemical 
characteristics of the CDase. It is suggested that the enzyme cleaves cyclodextrin in 
a "Multiple attack" pattern. It first opens up the ring of the cyclic dextrins and the 
linear dextrin molecules aie degraded to smaller molecules. This may be the most 
thermostable and thermoactive CDase reported so far. The CDase activity is 
inhibited by pCMB indicating a SH-group is important in the active site of the 
enzyme. Thermoanaerobacter sp. B6A also possesses CDase activity (unpublished 
work). 

Application in Biotechnology 

The β-amylase is used for the production of maltose syrups from starch. It generally 
makes about 60% maltose from starch, the remainder being β-limit dextrins. With 
pullulanase, it makes about 80-85% maltose. It is also used to make high conversion 
syrups which generally has 35-43% glucose and 30-47% maltose (fermentable sugars, 
about 85%). Various maltose-containing syrups are used in the brewing, baking, 
soft-drinks, canning, and confectionery industries. The utility of C. thermosulfur-
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94 BIOTECHNOLOGY OF AMYLODEXTRIN OLIGOSACCHARIDES 

ogenes 4B β-amylase in making various maltose containing syrups has been demon
strated (44-46). 

Table V. Comparison of Some Biochemical Properties of 
Amylopullulanase-type Enzyme from 

Different Sources 
Microbial Sources 

Property 

Mol. weight 
(xlO4) 

Optimum pH 
pH stability 
Optimum temp. 
(°Q 

Thermal stability 
Isoelectric point 
Product 

Pullulan 
Starch 

Activator 
Inhibitor 

Cyclodextrin 
(β- and γ-) 

136.5 

5.0-5.5 
3.5-5.0 

90 

90 
5.9 

370±85 
330±85 

5.6 
4.5-5.0 
85-90 

65 
4.25 

maltotriose same 
DP2-DP4 

Ca 

+ + 

450 

5.0 

75 

70 
4.5 

same 
DP2-DP4 

105 

5.5 

120 

same 
DP2-DP4 

Ca 

1, C. thermohydrosulfuricum strain 39E (20,35); 2, C. thermohydrosulfuricum strain 
E101 (22,36); 3, Thermoanaerobacter strain B6A (30); 4, Thermoanaerobium brockii 
(29); 5, Thermoanaerobium strain Tok6-Bl (28). 

The amylopullulanase may not be useful as a true pullulanase (debranching 
enzyme) for use in the production of > 95% glucose syrups from starch because so 
far our studies with C. thermohydrosulfuricum 39E and Thermoanaerobacter B6A 
amylopullulanases did not increase the glucose yield nor decrease the reaction time 
(unpublished result). The Bacillus strain 3183 amylopullulanase also did not increase 
the glucose yield nor decrease the reaction time (32). 

The amylopullulanases behave likes α-amylase in their action pattern. As 
mentioned before, some of these enzymes are highly active and stable at 90-95°C and 
pH 5.0-6.0, and do not require calcium for activity. These enzymes may be used in 
starch liquefaction processes in place of α-amylase at low pH and low Ca . They 
may be a superior alternative to the conventional α-amylase that is now used for 
starch liquefaction if a more highly thermostable and thermoactive amylopullulanase 
can be discovered by a screening program. These enzymes may also be useful for 
making various specialty maltodextrin syrups because of their unique product 
specificity. 
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Table VI. Biochemical Characteristics of Thermophilic 
α-Glucosidase Partially Purified from 

Clostridium thermohydrosulfuricum Strain 39Ea 

Molecular weight 162,000 
Optimum pH 5.0-5.5 
pH stability 5.0-6.0 
Optimum temperature (°C) 75 
Half-life 

at 60°C (h) 46 
at 70°C (min) 110 
at 75°C (min) 35 

*m(mM) 
Maltose 1.85 
Isomaltose 2.95 
Panose 1.72 
Maltotriose 0.58 

pNPG 0.31 
Specificity Hydrolyzes both a-1,4 and 

a-1,6 linkages 
Metal ion requirement 

For stability None 
For activity None 

Inhibitor Acarbose 

unpublished work. 

Table ΥΠ. Biochemical Characteristics of Thermophilic 
Cyclodextrinase from Clostridium thermohydrosulfuricum strain 39E 

Optimum pH 6.0 
pH stabillity 5.5 
Optimum temperature (°C) 65 
Half-life 

at 60°C (min) 402 
at 65°C (min) 180 
at 70°C (min) 75 

Action pattern Multiple attack 
Metal ion requirement 

For activity None 
For stability None 

Inhibitor pCMB 

SOURCE: Adapted from ref. 43. 

It was demonstrated that amylopullulanase from C. thermohydrosulfuricum 39E 
catalyzes the production of condensation products from maltose and maltotriose (55). 
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It is predicted that this enzyme may be used to produce branched cyclodextrins which 
are more soluble than cyclodextrins. 

α-Glucosidase may be useful for making dextrose syrups. It is often considered 
to have transglucosidase activity. This activity is useful for the production of 
specialty oligosaccharides by the transglucosylation reaction. The commercial 
importance of cyclodextrins are growing in importance daily. These are used in 
various industries because of the molecules unique ability to bind specific environ
mental chemicals. The CDase may become useful in separation processes or in 
making specialty linear dextrins from cyclodextrins if the reaction can be stopped just 
after opening of the ring. 

Conclusions 

The amylo-saccharidases from thermoanaerobes because of their novel activity, 
extreme thermostability and thermoactivity and pH compatibility may find 
applications in starch conversion biotechnologies if product uses are demonstrated. 
These enzymes from thermoanaerobes may be cloned, overexpressed and easily 
purified in GRAS organisms such as B. subtilis (47). 
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Chapter 8 

Strategies for the Specific Labeling 
of Amylodextrins 

John F. Robyt 

Department of Biochemistry and Biophysics, Iowa State University, 
Ames, IA 50011 

Maltodextrins and isomaltodextrins specifically labeled 
in (a) the reducing-end glucopyranosyl unit, (b) the 
nonreducing-end glucopyranosyl unit, (c) a specific 
number of labeled glucopyranosyl units at one or the 
other end or both of the chain ends, and (d) a l l of the 
glucopyranosyl units uniformly labeled, find uses in the 
study of the function of the dextrins and especially in 
the study of the mechanisms of enzymes that interact 
with the dextrins and related substrates. Branched 
maltodextrins and cyclodextrins can also be specifically 
labeled. A l l of the methods that will be discussed 
involve the use of specific enzymes that are commer
cially available or can be readily prepared in the 
laboratory. 

Synthesis of uniformly labeled Maltodextrins 

C-14-Uniformly labeled glycogen can be readily synthesized using 
uniformly labeled C-14-sucrose and Neisseria perflava amylosucrase 
(1,2). The labeled glycogen can be converted into l inear a-l->4 
linked maltodextrins by the action of Pseudomonas amyloderma 
isoamylase that speci f ical ly hydrolyzes the a-1->6 branch linkages 
of glycogen to give a mixture of uniformly labeled maltodextrins 
of degree of polymerization (D.P) 10 and greater. These can be 
converted into specific maltodextrins of D.P. 2 to 6 by the action 
of specif ic amylases. For example, maltose can be obtained from 
the action of ^-amylases; maltotriose from the action of G3-amylase 
from Streptomyces griseus (3); maltotetraose from the action of 
G4-amylase from Pseudomonas stutzeri (4); maltopentaose from the 
action of G5-amylase from Pseudomonas sp. (5); and maltohexaose 
from the action of G6-amylase from Aerobacter aerogenes (6) . A 
mixture of maltose — maltoheptaose can be obtained by the action 
of B. amyloliquefaciens α -amylase in which different amounts of 

0097-6156/91/0458-0098$06.00/0 
© 1991 American Chemical Society 
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8. ROBYT Strategies for the Specific Labeling of Amylodextrins 99 

maltodextrins can be obtained, depending on the amount of enzyme 
used and the length of time of the reaction (7). Uniformly labeled 
cyclodextrins can be synthesized by the action of B. macerans 
cyclodextrin glucanosyl transferase acting on C-14 labeled amylo
dextrins obtained from the action of N. perflava amylosucrase and 
C-14 sucrose. See Table Γ for a l i s t of sources of the enzymes. 

Recently, we synthesized maltotetraose spec i f ica l ly labeled 
with C-13 at carbon-1 of each glucopyranosyl residue by converting 
1-C-13-enriched D-glucose into 1-C-13-a-glucopyranosyl f luoride, 
which is a substrate for N. perflava amylosucrases to give 1-C-13-
glycogen. The 1-C-13-glycogen was reacted with isoamylase to cleave 
the a-l-+6 branch linkages, followed by reaction with P. stutzeri 
G4 amylase to give the l-C-13-labeled maltotetraose (8) (Figure 1). 
This can be considered a special type of uniformly labeled malto-
dextrin in which each of the glucopyranosyl residues are labeled at 
C - l with C-13. 

Synthesis of Uniformly Labeled Isomaltodextrins 

A series of C-14-uniformly labeled isomaltodextrins can be obtained 
by the action of Leuconostoc mesenteroides B-512F dextransucrase and 
U-C-14-sucrose and U-C-14-glucose. The glucose acts as an acceptor 
to which dextransucrase catalyzes the transfer of the glucopyranosyl 
moiety of sucrose to the C-6-0H of the glucose acceptor (9,13); this 
product, isomaltose can then act as an acceptor to give isomalto-
triose, which in turn is an acceptor to give isomaltotetrose, 
isomaltopentaose, etc. The number and amount of each isomalto-
dextrin dependent on the relative concentration rat io of sucrose 
and glucose (9). Using an equimolar amount of sucrose and glucose 
gives isomaltodextrins down to D.P. 7. The amounts of the isomal
todextrins, however, decrease as the size of the dextrins become 
larger (9). 

Synthesis of Reducing-end Labeled Maltodextrins 

Reducing-end labeled maltodextrins can be prepared by the acceptor 
or coupling reaction catalyzed by B. macerans cyclodextrin glu
canosyl transferase reaction between nonlabeled cyclomaltohexaose 
with C-14 D-glucose (10). The f i r s t labeled product is malto-
heptaose, which is speci f ica l ly labeled in the reducing-end 
glucopyranosyl unit . This reducing-end labeled maltoheptaose 
then undergoes a series of disproportionation reactions in which 
i n i t i a l l y two maltoheptaose molecules react. For example, one of 
the disproportionation reactions could give maltose and malto-
dodecaose, a second could give maltotriose and maltoundecaose, etc. 
The products of the disproportionation reactions of maltoheptaose 
themselves can undergo disproportionation reactions (Figure 2). 
A l l of these reactions give a homologous series of maltodextrins, 
spec i f ica l ly and exclusively labeled in the reducing-end gluco
pyranosyl residue (20). Several other acceptors other than 
D-glucose could also be used, e .g. , maltose, sucrose, a-methyl-D-
glucopyranoside, isomaltose, and maltooligosaccharides to give 
homologous series in which the acceptor is located at the reducing-
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Table I Sources of Enzymes Used to Prepare Specifically 
Labeled Amylodextrins 

Neissera perflava amylosucrase 

Bacillus amyloliquefaciens 
α-amylase 

Streptomyces griseus G3-amylase 

Pseudomonas stutzeri G4-amylase 

Pseudomonas sp. G5-amylase 

Aerobacter aerogenes G6-amylase 

Pseudomonas amyloderma isoamylase 

B. macerans cyclodextrin 
glucanosyl transferase 

Leuconostoc mesenteroides B-512F 
dextransucras e 

Pullulanase 

Muscle phosphorylase 

β-amylase 

Prepared from culture, r é f . 1 

Sigma Chemical Co. , 
St. Louis, MO 

Prepared from culture, ref. 3 

Prepared from culture, ref. 4 

Prepared from culture, ref. 24 

Prepared from culture, ref. 6 

Sigma Chemical Company 

Amano International Enzyme 
Company, Inc. , Troy, VA 

Sigma Chemical Company 

Amano International Enzyme 
Company, Inc. 

Sigma Chemical Company 

Sigma Chemical Company 
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13 C¥H,OH 

a - D - g l u c o p y r a n o s y l 

f l u o r i d e 

a m y l o s u c r a s e 13 
>• 1- O G L Y C O G E N 

13 
C-Malto tetraose 

(1) i s o a m y l a s e 

(2) P. s t u t z e r i 

a m y l a s e 

Figure 1. Synthesis of 1-C-13-maltotetraose, using amylo
sucrase, isoamylase, and Pseudomonas stutzeri G4-amylase. 
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8. ROBYT Strategies for the Specific Labeling of Amylodextrins 103 

end or the potential reducing-end of the resulting maltodextrin 
chain (11) (Figure 3). 

Synthesis of Reducing-end Labeled Isomaltodextrins 

C-14 Reducing-end labeled isomaltodextrins can be synthesized by 
using nonlabeled sucrose and C-14 labeled D-glucose or C-14 labeled 
α - m e t h y l - D - g l u c o p y r a n o s i d e with L . mesenteroides B-512F dextran
sucrase (9,12,13). The labeled acceptor w i l l be spec i f ica l ly 
located at the reducing or potential reducing-end (13) (Figure 4). 
As with the B. macerans cyclodextrin glucanosyl transferase, several 
different acceptors can be used. Over thirty different acceptors 
have been identif ied (14). Not a l l of them, however, react with 
equal efficiency. The best acceptor is maltose, followed by 
isomaltose, nigerose, α - m e t h y l - D - g l u c o p y r a n o s i d e , 1,5-anhydro-D-
g luc i to l , and D-glucose with efficiencies relative to maltose of 89, 
58, 52, 30, and 17 percent, respectively (9). When the ratio of 
maltose to sucrose is relative high in the dextransucrase acceptor 
reaction, the branched trisaccharide, panose, is the major product 
(12) (Figure 5). Thus, by using U-C-14 sucrose and nonlabeled 
maltose, nonreducing-end labeled panose is formed. Using different 
types of acceptors, either labeled or nonlabeled, different series 
of isomaltodextrins are produced with the different kinds of 
acceptors located at the reducing end of the chains. 

Synthesis of Labeled Branched Maltodextrins 

When other maltodextrins, such as maltotriose, are used as acceptors 
in the dextransucrase-sucrose reaction, two acceptor products are 
formed in which the glucopyranosyl moiety of sucrose is transferred 
to the C-6-0H group of the nonreducing-end glucose residue and to 
the reducing glucose residue of maltotriose. This gives 6 3-a-D-
glucopyranosyl maltotriose and 6 1-a-D-glucopyranosyl maltotriose 
(15) (Figure 5). The former has the structure of the smallest 
α-amylase l imi t dextrin (B4) formed in the hydrolysis of amylopectin 
by most α -amylases (16,17). Thus, when the maltotriose is non-
labeled and the sucrose is labeled, a nonreducing-end labeled B4 is 
synthesized. An interesting double-labeled saccharide would result 
with label in both the reducing-end and the nonreducing-end when 
both reducing-end labeled maltotriose and labeled sucrose are used 
(reaction Β of Figure 6). Similar kinds of reactions w i l l occur 
when maltotetraose is the acceptor to give 6*-a-D-glucopyranosyl 
maltotetraose and 6 1-a-D-glucopyranosyl maltotetraose (reaction C 
of Figure 5). 

Synthesis of Nonreducing-end Labeled Maltodextrins 

Nonreducing-end labeled maltodextrins of D.P. 5 and larger can be 
synthesized using the reaction of nonlabeled maltotetraose acceptor 
with labeled a-D-glucopyranosyl-1-phosphate, catalyzed by muscle 
phosphorylase, which w i l l give nonreducing-end labeled maltopentaose 
(Figure 7). Maltotetraose is the smallest acceptor that can be 
used and hence, the smallest possible nonreducing-end labeled malto
dextrin is maltopentaose. Maltoheptaose was used as an acceptor 
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8. ROBYT Strategies for the Specific Labeling of Amylodextrins 105 

Figure 4. Synthesis of (A) reducing-end l a b e l e d isomalto
d e x t r i n s by r e a c t i o n of dextransucrase with nonlabeled sucrose 
and l a b e l e d sucrose and l a b e l e d a-methyl-D-glucopyranoside; 
synthesis of (B) nonreducing-end isomaltodextrins by r e a c t i o n 
with l a b e l e d sucrose and nonlabeled isomaltose; and synthesis 
of (C) dual l a b e l e d isomaltodextrins by r e a c t i o n with l a b e l e d 
sucrose and reducing-end l a b e l e d isomaltose. The c i r c l e 
represents a glucopyranosyl u n i t and a c i r c l e with a s l a s h 
represents a reducing glucopyranose u n i t ; a t r i a n g l e represents 
the f r u c t o s e u n i t ; black are l a b e l e d and white are unlabeled. 
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Β 

+ O - 0 — * * ~ J - 0 

+ O - O - O - 0 — * & - O O 0 + ο-ο-ο^ό 
Figure 5. Sjnithesis of nonreducing-end labeled branched malto
dextrins by reaction of dextransucrase with labeled sucrose 
and nonlabeled maltodextrins: reaction with (A) maltose, 
(B) maltotriose, and (C) maltotetraose. Symbols are the same 
as i n Figure 4. 

α2κ># + o-<>i 

Figure 6. Synthesis of variously labeled branched maltotetra-
saccharides by reaction of dextransucrase with (A) nonlabeled 
sucrose and reducing-end labeled maltotriose, (B) labeled 
sucrose and reducing-end labeled maltotriose, and (C) labeled 
sucrose and nonlabeled maltotriose. Symbols are the same as 
i n Figure 4. 
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108 BIOTECHNOLOGY OF AMYLODÉXTRIN OLIGOSACCHARIDES 

to give nonreducing-end labeled maltooctaose (18). When equimolar 
amounts of maltoheptaose and C-14-a-glucopyranosyl-l-phosphate were 
used, nonreducing-end labeled maltooctaose was the major product 
with a small amount of labeled maltononaose, which was labeled in 
the last two glucopyranosyl residues at the nonreducing-end. Dual 
labeled maltodextrins can be formed with the glucose residues 
labeled at both the nonreducing-end and the reducing-end by reaction 
of muscle phosphorylase with reducing-end labeled maltodextrin and 
labeled a-glucopyranosyl-1-phosphate (Figure 7). 

Synthesis of Nonreducing-end Labeled Isomaltodextrins 

Nonreducing-end isomaltodextrins can be synthesized by dextran
sucrase, sucrase, starting with nonlabeled isomaltodextrin acceptor 
and labeled sucrose. For example, starting with nonlabeled iso
maltose and labeled sucrose, nonreducing-end labeled isomaltotriose 
would be formed, and starting with nonlabeled isomaltotriose and 
labeled sucrose, nonreducing-end isomaltotetraose would result . 
Dual labeled isomaltodextrins can also be synthesized, starting with 
reducing-end labeled isomaltodextrin acceptors and labeled sucrose 
(Figure 4). 

Synthesis of Labeled Maltosyl Branched-cyclomaltodextrins 

Labeled maltosyl branched-cyclomaltodextrins can be synthesized by 
the action of isoamylase (19-20) or pullulanase (22,23) with various 
types of labeled maltose and cyclodextrin. Three types of labeled 
maltosyl cyclodextrins can be obtained: (a) reducing-end labeled 
maltose attached to cyclodextrin; (b) uniformly labeled maltose 
attached to cyclodextrin; and (c) nonlabeled maltose attached to 
uniformly labeled cyclodextrin (Figure 8). 

We, thus, have shown how a wide variety of amylodextrins can be 
spec i f ica l ly labeled in different ways by using twelve different 
kinds of enzymes with different kinds of labeled glucosyl donors 
and different kinds of labeled acceptors or by using combinations 
of different enzymes in sequence or by using combinations of labeled 
glucosyl donors and labeled acceptors together to give dual labeled 
products. The type of isotope that mostly has been discussed is 
C-14, but other types could equally be used, such as C-13 or H-3. 
As a summary, le t us l i s t the specific enzymes that can be used in 
conjunction with isotopical ly labeled substrates to give speci f i 
ca l ly labeled amylodextrins: N. perflava amylosucrase; specif ic 
exo-acting amylases, such as, 0-amylase, S. griseus G3-amylase, 
P. stutzeri G4-amylase, Pseudomonas sp. G5-amylase, and A. aerogenes 
G6-amylase; endo-acting amylases, such as, B. amyloliquefaciens 
amylase; P. amyloderma isoamylase; B. macerans cyclodextrin 
glucanosyl-transferase; L. mesenteroides B-512F dextransucrase; 
pullulanase; and muscle phosphorylase. Sources for these enzymes 
are given in Table 1. 
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8. ROBYT Strategies for the Specific Labeling of Âmylodextrins 109 

P u l l u l a n a s e 

or 
I s o a m y l a s e 

Figure 8. Synthesis of l a b e l e d branched cyclomaltohexaose by 
r e a c t i o n of p u l l u l a n a s e or isoamylase with cyclomaltohexaose 
and (A) uniformly l a b e l e d maltose, (B) reducing-end l a b e l e d 
maltose, and (C) nonlabeled maltose and uniformly l a b e l e d 
cyclomaltohexaose. Symbols are the same as i n Figure 2. D

ow
nl

oa
de

d 
by

 U
N

IV
 M

A
SS

A
C

H
U

SE
T

T
S 

A
M

H
E

R
ST

 o
n 

A
ug

us
t 2

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
30

, 1
99

1 
| d

oi
: 1

0.
10

21
/b

k-
19

91
-0

45
8.

ch
00

8

In Biotechnology of Amylodextrin Oligosaccharides; Friedman, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1991. 



110 BIOTECHNOLOGY OF AMYLODEXTRIN OLIGOSACCHARIDES 

Literature Cited 

1. Okada, G.; Hehre, E. J., J. Biol. Chem. 1974, 249, 126-35. 
2. Tao, Β. Y.; Reilly, P. J.; Robyt, J . F., Carbohydr. Res. 1988, 

181, 163-74. 
3. Wako, K.; Takahashi, E.; Hashimoto, S.; Kanaeda, J., Denpun 

Kagaku 1978,25(1978),155-60. 
4. Robyt, J . F.; Ackerman, R. J., Arch. Biochem. Biophys. 

1971,145, 105-12. 
5. Kobayashi, S.; Okemoto, H.; Hara, K.; Hashimoto Η., Agric. 

Biol. Chem. 1990, 54, 147-56. 
6. Kainuma, K.; Wako, K.; Kobayashi, S.; Nogami, Α.; Suzuki, S. 

Biochim. Biophys. Acta 1975,410,333-41. 
7. Robyt, J . F.; French, D., Arch. Biochem. Biophys. 1963,100,451-

67. 
8. Tao, Β. Y.; Reilly, P. J.; Robyt, J . F., Biochim. Biophys. Acta 

1989,995,214-20. 
9. Robyt, J . F.; Eklund, S. Η., Carbohydr. Res. 1983,121,279-86. 

10. Pazur, J. H., J. Amer. Chem. Soc. 1955,77,1015-8. 
11. Norberg, E.; French, D., J. Amer. Chem. Soc. 1950,72,1202-4. 
12. Jones, R. W.; Jeanes, Α.; Stringer, C. S.; Tsuchiya, Η. Μ., J . 

Amer. Chem. Soc. 1956,78,2499-502. 
13. Robyt, J. F.; Walseth, T. F., Carbohydr. Res. 1978,61,433-45. 
14. Robyt, J . F.; Eklund, S. Η., Bioorganic Chem. 1982,11,115-32. 
15. Fu, D.; Robyt, J. F., Arch. Biochem. Biophys. in press 1990. 
16. Kainuma, K.; French, D., FEBS Letters 1969,5,257-60. 
17. Kainuma, K.; French, D., FEBS Letters 1970,6,182-5. 
18. Robyt, J . F.; French, D., J. Biol. Chem. 1970,245,3917-27. 
19. Abe, J.; Mizowaki, N.; Hizukuri, S.; Koizumi, K.; Utamura, T., 

Carbohydr. Res. 1986,154,81-6. 
20. Kitahata, S.; Yoshimura, Y.; Okada, S., Carbohydr. Res. 

1987,159, 303-8. 
21. Hizukuri, S.; Abe, J.; Koizumi, K.; Okada, Y.; Kubota, Y.; 

Sakai, S.; Mandai, T., Carbohydr. Res. 1989,185,191-8. 
22. Abdullah, M.; French, D., Arch. Biochem. Biophys. 1970,137,483-

5. 
23. Shiraishi, T.; Kusano, S.; Tsumuraya, Y.; Sakano, Y. Agric. 

Biol. Chem. 1989,53,2181-8. 
24. Okemoto, H.; Kobayashi, S.; Momma, M.; Hashimoto, H.; Hara, K.; 

Kainuma, K.; Appl. Microbiol. Biotechnol. 1986,25,137-42. 
25. Fu, D.; Robyt, J.F., Prep. Biochem. 1990,20,93-106. 

RECEIVED October 3, 1990 D
ow

nl
oa

de
d 

by
 U

N
IV

 M
A

SS
A

C
H

U
SE

T
T

S 
A

M
H

E
R

ST
 o

n 
A

ug
us

t 2
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

30
, 1

99
1 

| d
oi

: 1
0.

10
21

/b
k-

19
91

-0
45

8.
ch

00
8

In Biotechnology of Amylodextrin Oligosaccharides; Friedman, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1991. 



Chapter 9 

Maltohexaose-Producing Amylase of Bacillus 
circulans F—2 

Hajime Taniguchi 

National Food Research Institute, Kannondai 2—1—2, Tsukuba, 
Ibaraki 305, Japan 

Bacillus circulans F-2 produces an alpha
-amylase which has a potent starch granule
-digesting activity and produces maltohexaose 
from soluble starch. Action pattern of this 
amylase was examined in detail. When non
-reducing end-labelled amylopectin was sub
jected to enzymatic hydrolysis, radioacti
vity was released rapidly. During enzymatic 
hydrolysis of amylopectin, intermediate 
size products were not detected on gel fil
tration. Relationship between decrease in 
iodine staining and increase in reducing 
value during the enzymatic hydrolysis of 
amylopectin was plotted. The amylase 
gave a steadily declining line which is 
very close to that obtained with beta
-amylase while alpha-amylase gave a rapidly 
declining one. The amylase produced label
led glucose, maltose and maltotriose from 
reducing end-labelled maltoheptaose, -octa-
ose and -nonaose, respectively. The anomeric 
configuration of produced maltohexaose and 
maltotetraose was found to be alpha. This 
amylase was classified as a member of unique 
alpha-amylases which act in an exo-manner 
but produce saccharides with alpha con
figuration. 

B a c i 1 l u s c i r c u l a n s F -2 , i s o l a t e d from potato tubers , i s 
a bac ter ium tha t can grow on potato s t a r c h granules as 
the s o l e carbon s o u r c e ( l , 2 ) . The amylase of t h i s b a c t e 
rium has been s t u d i e d e x t e n s i v e l y and i t was found to 
have the f o l l o w i n g 3 unique p r o p e r t i e s , (a) The p u r i f i e d 
enzyme has a potent potato s t a r c h - d i g e s t i n g a c t i v i t y O ) . 
(b) Enzyme p r o d u c t i o n i s induced only when the bacter ium 

0097-6156/91/0458-0111$06.00/0 
© 1991 American Chemical Society 
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112 BIOTECHNOLOGY OF AMYLODEXTRIN OLIGOSACCHARIDES 

i s grown on s t a r c h g r a n u l e s , potato s t a r c h be ing most 
e f f e c t i v e , (c) The p u r i f i e d enzyme produced maltohexaose 
e x c l u s i v e l y from s o l u b l e s t a r c h i n an e a r l y stage of 
h y d r o l y s i s . The second p o i n t has been s t u d i e d i n de
t a i l (4 -6) ; i t was found that t h i s bacter ium has a c a t a b o -
l i t e r e p r e s s i o n system which i s extremely s e n s i t i v e to 
g lucose . 

In t h i s paper, the t h i r d p r o p e r t y of t h i s enzyme, 
i t s a c t i o n p a t t e r n on s o l u b l e s u b s t r a t e s such as amylo
p e c t i n and m a l t o o l i g o s a c c h a r i d e s , was s t u d i e d i n d e t a i l . 

Methods 

C u l t i v a t i o n of the bac ter ium, p u r i f i c a t i o n of amylase, 
enzyme assay method, b a s i c a n a l y t i c a l methods such as 
d e t e r m i n a t i o n of p r o t e i n and sugars , p o l y a c r y l a m i d e ge l 
e l e c t r o p h o r e s e s wi th or without sodium dodecyl s u l f a t e 
(SDS) and t h i n l a y e r chromatographic method were de
s c r i b e d i n p r e v i o u s papers ( 1 ,3 ,7 ) . 

High performance l i q u i d chromatography(HPLC) was 
c a r r i e d out u s i n g Shimadzu L i q u i d Chromatograph LC-4A 
equipped wi th Senshu-Pak 5 NH2 column(4. 6 mm χ 25 cm) and 
Ermer RI D e t e c t o r ERC-7510. S i x t y % a c e t o n i t r i l e i n 
water was used as s o l v e n t at a flow ra te of 1 mL/min at 
room temperature . Sugars as low as 0.1 p g / i n j e c t i o n 
c o u l d be d e t e c t e d q u a n t i t a t i v e l y with t h i s system. 

Gel f i l t r a t i o n of the r e a c t i o n products was c a r r i e d 
out on a Sephadex G-75 column (1. 8 χ 90 cm) us ing 0. 1 M 
NaCl as a s o l v e n t . Two mL f r a c t i o n s were c o l l e c t e d and 
the amount of sugars i n each f r a c t i o n was determined by 
the p h e n o l - s u l f u r i c a c i d method(8). 

F o r t y mg of amylopec t in were incubated with 3 U of 
the enzyme i n 8 mL of 50 mM phosphate b u f f e r ( p H 6.5) at 
30 °C. At time i n t e r v a l s , 2 mL p o r t i o n s were withdrawn 
and s u b j e c t e d to ge l f i l t r a t i o n on a Sephdex G-75 column. 
F i f t y uL p o r t i o n s were withdrawn concommitantly for 
d e t e r m i n a t i o n of r e d u c i n g sugars by the method of Somogyi 
(9) and N e l s o n ( l O ) . 

R e a c t i o n mixtures c o n t a i n i n g 20 mg of amylopec t in 
and 0.4 U of amylase i n 20 mM phosphate b u f f e r ( p H 6.5) i n 
a t o t a l volume of 2 mL were incubated at 30 °C with sam
p l e s withdrawn at time i n t e r v a l s . A 40 uL sample was 
added to 3 mL of 0.005 % I n - 0. 05 % KI s o l u t i o n and the 
absorbance at 660 nm was obta ined . Reducing va lue was 
determined u s i n g a 50 pL sample. 

C - A m y l o p e c t i n was prepared by i n c u b a t i n g amylopec
t i n wi th 1 4 C - g l u c o s e - l - p h o s p h a t e (277 mC^/mmole) i n the 
presence of r a b b i t muscle phosphory 1 ase b i n 10 mM o(" 
g l y c e r o p h o s p h a t e b u f f e r (pH 6.5) and 10 mM AMP. L a 
b e l l e d a m y l o p e c t i n ( 3 mg, 20,000 cpm) was incubated with 
the enzyme(0. 02 U) i n 600 jiL of 0. 1 M phosphate b u f f e r ( p H 
6.5) at 30 °C. At i n t e r v a l s , p o r t i o n s were withdrawn and 
s p o t t e d on Toyo Roshi No 50 paper. The paper was i r r i 
gated wi th 65 % aqueous n - p r o p a n o l at 4 0 ° C by an ascend
ing method and then autoradiogrammed us ing F u j i X - r a y 
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9. TANIGUCHI Maltohexaose-Producing Amylase 0/Bacillus circulans 113 

f i l m Kx ( F u j i F i l m C o . ) . R a d i o a c t i v e spots were cut out 
and t h e i r a c t i v i t y was counted by a Packard T r i - C a r b 3315 
s c i n t i l l a t i o n spectrometer u s i n g to luene c o c k t a i l . 
P o r t i o n s of the r e a c t i o n mixture were withdrawn at the 
same i n t e r v a l s for the d e t e r m i n a t i o n of r e d u c i n g va lue . 

Reducing end l a b e l l e d mal t o o l i g o s a c c h a r i d e s were 
s y n t h e s i z e d by i u c u b a t i n g 50 j i C i (0. 5 mg) of 1 4 C - g l u c o s e 
wi th 2 mg of ç C - c y c l odextr i η i n the presence of 1.76 U of 
B a c i 1 l u s macerans c y c l o d e x t r i n g l u c a n o t r a n s f e r a s e i n 600 
uL of 0.1 M a c e t a t e buf ferCpH 5.6) c o n t a i n i n g 1 mM C a C l 2 
for 5 hrs at 50 °C. Twenty μί, of t h i s r e a c t i o n mixture 
was s p o t t e d on paper, i r r i g a t e d i n the f i r s t d i r e c t i o n , 
and d r i e d . The chromatogram was sprayed with p u r i f i e d 
enzyme s o l u t i o n (0.7 U/mL), incubated at 40 °C f o r 30 min 
and then i r r i g a t e d aga in i n the second d i r e c t i o n . An 
autoradiogram was o b t a i n e d as d e s c r i b e d above. 

The anomeric form of r e a c t i o n products was d e t e r 
mined by a JASCO DIP-140 D i g i t a l P o l a r i m e t e r equipped 
with a m i c r o c e l 1 (3. 5 χ 100 mm, 2 mL). Enzymes(4, 5 U) 
were i n c u b a t e d wi th 2 % (w/w) of shor t cha in amylose 
(Hayash ibara , D.P.=17) or maltohexaose i n 50 mM phosphate 
b u f f e r ( p H 6.5) at room temperature and the [çl] Q was 
f o l l o w e d at 1 min i n t e r v a l s . At the p o i n t s i n d i c a t e d by 
an a r r o w ( F i g . 11), 2 mg of sodium carbonate were added to 
f a c i l i t a t e m u t a r o t a t i o n . 

R e s u l t s and D i s c u s s i o n 

Pur i i f i cat i on and genera l p r o p e r t i e s of B a c i l l u s c i r c u -
lans F-2 amylase. (3) The bacter ium produced s e v e r a l 
amylase components on the medium c o n t a i n i n g potato s t a r c h 
g r a n u l e s . When the c u l t u r e supernatant was s u b j e c t e d 
to p o l y a c r y l a m i d e ge l e l e c t r o p h o r e s i s fo l l owed by a c t i v i 
ty s t a i n i n g , four groups of a c t i v i t y bands were de tec ted 
as shown i n F i g u r e 1. Group I amylase was p u r i f i e d 
r e c e n t l y and found to be very un ique(7) . I t h y d r o l y z e s 
both c^-1, 4 - g l u c o s i d i c l i n k a g e i n s o l u b l e s t a r c h and 
# r l . 6 - g l u c o s i d i c l i n k a g e i n p u l l u l a n , approx imate ly at 
the same r a t e . Amylases of groups II - IV showed a 
d i f f e r e n t a c t i o n p a t t e r n , maltohexaose(Gg) be ing the only 
product i n an e a r l y stage of h y d r o l y s i s . As the hy
d r o l y s i s r e a c t i o n proceeds , m a l t o t e t r a o s e (G4 ) and maltose 
(G2) were produced i n a d d i t i o n to Gg. However, no other 
o l i g o s a c c h a r i d e s were produced d u r i n g t h i s p e r i o d . The 
amylase component of group II and i t s p r o p e r t i e s are 
d e t a i l e d i n the f o l l o w i n g s e c t i o n . 

Group II amylase was p u r i f i e d by f r a c t i o n a t i o n with 
ammonium s u l f a t e , a d s o r p t i o n and d e s o r p t i o n from s t a r c h 
g r a n u l e s , ge l f i l t r a t i o n on B i o - G e l P-100 and ion ex
change chromatography on Whatman DE-32. R e s u l t s of 
p u r i f i c a t i o n are summarized i n Table I. Most of the 
heterogenous p r o t e i n s were removed d u r i n g a d s o r p t i o n and 
d e s o r p t i o n from s t a r c h granu les . The f i n a l p r e p a r a t i o n 
was homogeneous on SDS p o l y a c r y l a m i d e ge l e l e c t r o p h o r e s i s 
as shown i n F i g u r e 2. I t has a s p e c i f i c a c t i v i t y of 
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114 BIOTECHNOLOGY OF AMYLODEXTRIN OLIGOSACCHARIDES 

Figure 1. Action pattern of Bacillus circulans F-2 amylase. Culture 
supernatant was applied to PAGE and stained for amylase activity with 
starch-iodine method. Action patterns of groups I and II toward soluble 
starch were studied by thin-layer chromatography. (Reproduced with 
permission from ref. 7. Copyright 1989 Elsevier.) 
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9. TANIGUCHI Maltohexaose-Producing Amylase ofBaciUus circulans F-2 115 

T a b l e I. P u r i f i c a t i o n of B a c i 1 l u s c i r c u l a n s 
Group II Amylase(2) 

Pur i f i cat i on T o t a l T o t a l Spec i f i c Y i e l d 
Step P r o t e i n A c t i v i ty A c t i v i t y (%) 

(mg) (U) (U/mg) 

C u l t u r e Sup 9, 200 21, 800 2. 37 100 
30% Ammo.Sulf. 3. 390 22.400 6. 60 102. 8 
S t a r c h E l u a t e 220 8, 290 37. 6 38. 0 
B i o - G e l P-100 174 7, 500 43. 0 34. 5 
Whatman DE-32 101 5. 560 54. 8 25. 5 

Figure 2. SDS-polyacrylamide gel electrophoresis of the purified amylase. 
(Reproduced with permission from ref. 3. Copyright 1983 Japan Society for 
Bioscience, Biotechnology, and Agrochemistry.) 
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116 BIOTECHNOLOGY OF AMYLODEXTRIN OLIGOSACCHARIDES 

54.8 U/mg p r o t e i n and was obta ined with 25.5 % y i e l d 
based on c u l t u r e supernatant . 

Genera l b a s i c p r o p e r t i e s of the p u r i f i e d enzyme 
are summarized i n Tab le I I . I t s molecu lar weight c a l c u 
l a t e d from SDS p o l y a c r y l a m i d e ge l e l e c t r o p h o r e s i s i s 
93, 000 d a l t o n , c o n s i d e r a b l y h igher than those of other 
amylases . The enzyme migrated as two c l o s e bands on the 
e l e c t r o f o c u s i n g g e l . The p i va lues of these bands were 
c a l c u l a t e d to be 4.88 and 4.93. The maximum a c t i v i t y 
of the enzyme i s expressed at pH 6. 0 - 6. 5 and at 60*C. 
The enzyme i s q u i t e s t a b l e at a l k a l i n e ranges up to pH 12 
whi l e i t i s u n s t a b l e at < pH 5. The enzyme r e q u i r e s 
C a 2 + f or i t s f u l l a c t i v i t y . I t was found to have a 
remarkably h i g h e r d i g e s t i v e a c t i v i t y toward potato s t a r c h 
g r a n u l e s compared to those of p o r c i n e p a n c r e a t i c a l p h a -
amylase and S t r e p t o c o c c u s bov i s a lpha-amylase as shown i n 
F i g u r e 3. 

A c t i o n on s o l u b l e p o l y s a c c h a r i d e s . The p u r i f i e d enzyme 
was i n c u b a t e d wi th amylopec t in and the amount of v a r i o u s 
o l i g o s a c c h a r i d e s formed was determined by HPLC. R e s u l t s 
are shown i n F i g u r e 4. I t i s c l e a r that only Gg was 
produced i n i t i a l l y , wi th G^ and G2 produced s lowly and 
concommitant ly on f u r t h e r i n c u b a t i o n . However, no other 
o l i g o s a c c h a r i d e was produced u n t i l the extent of h y d r o l y 
s i s (expressed as g lucose e q u i v a l e n t of r e d u c i n g sugars) 
exceeded 20 %. T h i s r e s u l t i s i n accordance with the 
a c t i o n p a t t e r n of group II amylase shown i n F i g u r e 1. 

A m y l o p e c t i n was h y d r o l y z e d to v a r i o u s extent from 0 
( t o p ) t o 30.5 %(bottom) and the r e a c t i o n mixtures were 
a n a l y z e d by ge l f i l t r a t i o n on Sephadex G-75 to determine 
i f h y d r o l y s i s produc t s of i n t e r m e d i a t e s i z e are produced. 
R e s u l t s are shown i n F i g u r e 5. Sugar content i n the 
e l u a t e was determioned by p h e n o l - s u l f u r i c a c i d method and 
o r d i n a t e i n d i c a t e s absorbance at 490 nm. H y d r o l y s i s % 
i s expressed as j u s t d e s c r i b e d above . F i g u r e s i n the 
parenthses i n d i c a t e % amount of sugars recovered at the 
bed volume to the t o t a l e l u t e d sugars . The peak appeared 
at the v o i d volume c o n t a i n e d only amylopec t in and p a r 
t i a l l y h y d r o l y z e d amylopec t in . The l a t e r peaks at the 
bed volume c o n t a i n e d on ly Gg, G4 and G 9 . No other peak 
was d e t e c t e d u n t i l h y d r o l y s i s reached 19. 6 %, when 61.6 
% of added a m y l o p e c t i n was recovered as a mixture of the 
three o l i g o s a c c h a r i d e s at the bed volume. T h i s r e s u l t 
s t r o n g l y suggests that the enzyme a t t a c k s amylopec t in 
molecu les i n an exo-manner. 

The enzyme was incubated with amylopec t in and the 
r e l a t i o n s h i p between a decrease i n b lue i o d i n e value and 
an i n c r e a s e i n r e d u c i n g va lue was fo l lowed as shown i n 
F i g u r e 6. B a r l e y malt beta-amylase , a t y p i c a l exo-
amylase, gave a l i n e which d e c l i n e d s lowly whereas B a c i 1 -
l u s 1 i a u e f a c i e n s amylase, a t y p i c a l endo-amy1ase, gave a 
l i n e which d e c l i n e d q u i t e r a p i d l y . The p u r i f i e d amylase 
gave a l i n e c l o s e to that of beta-amylase , aga in sugges t 
ing an exo- type h y d r o l y t i c a c t i o n . 
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9. TANIGUCHI Maltohexaose-Producing Amylase of Bacïïius circulons F-2 117 

T a b l e I I . Genera l P r o p e r t i e s of The P u r i i f i e d 
Amylase (3) 

M o l e c u l a r Weight 93.000 (SDS-PAGE) 
I o e l e c t r i c P o i n t pH 4. 88 and 4. 93 
Optimum pH 6. 0-6. 5 
S t a b l e pH 6. 5-12. 0 
Optimum Temp. 60 C 
S t a b l e Temp. 100% at 35 C. 0 % at 55 C 

H g 2 + . A g + , C u 2 + . P b 2 + I n h i b i t o r 
100% at 35 C. 0 % at 55 C 
H g 2 + . A g + , C u 2 + . P b 2 + 

A c t i v a t o r C a 2 + 

Incubation time(hr) 

Figure 3. Digestion of starch granules by the purified amylase, φ , the 
purified amylase; 0> porcine pancreatic amylase; and Θ, Streptococcus bovis 
amylase. A, corn starch; Β and C, potato starch. The amount of added 
amylases was increased six-fold in C. (Reproduced with permission from 
ref. 3. Copyright 1983 Japan Society for Bioscience, Biotechnology, and 
Agrochemistry.) 

Time Course of Hydrolysis of Amylopectin 

6Q 

min of incubation 

Figure 4. Time course of hydrolysis of amylopectin by the purified amylase. 
O, G 6 ; Δ, G 4 ; • , G 2 ; · , G 6 + G 4 + G r 
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118 BIOTECHNOLOGY OF AMYLODEXTRIN OLIGOSACCHARIDES 

Figure 6. Relationship between reducing value and iodine stain during 
hydrolysis of amylopectin by various amylases. BLA is Bacillus liquefying 
amylase and F—2Amylase is the purified amylase. 
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9. TANIGUCHI MaUohexaose-Producing Amylase of Ito 119 

A m y l o p e c t i n wi th a i 4 C l a b e l l e d nonreduc ing end 
g l u c o s e moiety was used as a s u b s t r a t e of the enzyme to 
determine exo p r e f e r e n c e . As shown i n F i g u r e 7, r a d i o 
a c t i v i t y i n the a m y l o p e c t i n d i s a p p e a r e d q u i t e r a p i d l y , 
be fore l e s s than 10 % of a m y l o p e c t i n molecule was h y d r o 
l y z e d as apparent g lucose . The l a b e l l e d h y d r o l y s i s 
p r o d u c t s were mainly Gg and G^ as shown i n F i g u r e 8. 
These r e s u l t s i n d i c a t e tha t the enzyme a t t a c k s amylopec
t i n p r e f e r e n t i a l l y from i t s nonreduc ing end. 

A c t i o n on o l i g o s a c c h a r i d e s . A c t i o n of the p u r i f i e d 
enzyme on a s e r i e s of r e d u c i n g e n d - l a b e l l e d m a l t o o l i g o -
s a c c h a r i d e s was examined by two-d imens iona l paper chroma
tography. The autoradiogram shown i n F i g u r e 9A i n d i 
ca tes f o r m a t i o n of l a b e l l e d g lucose from mal to-pentaose 
and - h e p t a o s e ; l a b e l l e d maltose from malto-hexaose and 
- o c t a o s e ; l a b e l l e d m a l t o t r i o s e from maltononaose; and so 
on. These r e s u l t s are s c h e m a t i c a l l y i l l u s t r a t e d i n 
F i g u r e 9B. I t i s c l e a r tha t the enzyme c l eaves the s i x t h 
g l u c o s i d i c l i n k a g e i n o l i g o s a c c c h a r i d e s with D. P. h i g h e r 
than 6, and f o u r t h g l u c o s i d i c l i n k a g e i n maltopentaose 
and maltohexaose . 

K i n e t i c parameters of t h i s enzyme toward m a l t o o l i g o -
s a c c h a r i d e s were o b t a i n e d u s i n g HPLC. K m , V f f l a x and 
r e l a t e d peraraeters are summarized i n Table I I I . I t i s 
apparent tha t the enzyme has n e g l i g i b l e a c t i v i t y toward 
m a l t o - t r i o s e and - t e t r a o s e as compared wi th the next 
h i g h e r o l i g o s a c c h a r i d e s . Furthermore , i n terms of both 
K f f l and V f f l a x , the enzyme has a s l i g h t l y lower a c t i v i t y 
toward ma I t o t e t r a o s e compared to that for mal to -oc taose 
and -nonaose. T h i s d i f f e r e n c e i s more s t r i k i n g when 
K 0 / K f f l va lues f o r these o l i g o s a c c h a r i d e s are compared. 
T h i s parameter r e f l e c t s the a c t u a l enzymatic a c t i v i t y 
toward the s u b s t r a t e at lower c o n c e n t r a t i o n s . T h i s 
r e s u l t , t o g e t h e r wi th the data shown i n F i g u r e s 1, 4 and 
8, i s i n good accordance wi th the i n t e r p r e t a t i o n tha t 
a m y l o p e c t i n i s i n i t i a l l y h y d r o l y z e d to maltohexaose. 
When the amount of t h i s s a c c h a r i d e reached to a c e r t a i n 
c o n c e n t r a t i o n , i t i s then s p l i t i n t o m a l t o t e t r a o s e and 
maltose . 

The a c t i o n p a t t e r n of t h i s enzyme can be summarized 
as i n F i g u r e 10. The mode of a c t i o n on amylopec t in i s 
an a t t a c k from i t s nonreduc ing end r e l e a s i n g maltohexaose 
s u c c e s s i v e l y , which, i n t u r n , i s h y d r o l y z e d i n t o ma l to -
t e t r a o s e and maltose on f u r t h e r i n c u b a t i o n . 

Anomeric form of the h y d r o l y z e d product s . The a c t i o n 
p a t t e r n of the p u r i f i e d amylase was found to be an exo-
type as shown above. Exo-amylases such as g lucoamylase 
and be ta -amylase are known to produce s a c c h a r i d e s wi th 
beta c o n f i g u r a t i o n . However, r e s u l t s i n d i c a t e that both 
maltohexaose produced from amylose and m a l t o t e t r a o s e p r o 
duced from maltohexaose are i n a lpha c o n f i g u r a t i o n as 
shown i n F i g u r e 11. T h e r e f o r e , t h i s enzyme must be 
c o n s i d e r e d to be long a unique g r o u p ( l l - 1 5 ) of a l p h a -
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120 BIOTECHNOLOGY OF AMYLODEXTRIN OLIGOSACCHARIDES 

Figure 8. Autoradiogram of 14C-amylopectin hydrolyzed by the purified 
amylase. 
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9. TANIGUCHI Maltohexaose-Prodiwing Amylase of Bacûlus circulans F-2 121 

Figure 9. Autoradiogram of reducing end-labeled maltooligosaccharides 
hydrolyzed by the purified amylase. A, autoradiogram (Reproduced with 
permission from ref. 2. Copyright 1982 Japanese Society of Starch 
Science.). B, action pattern. Q> glucose residue; 0, labeled glucose 
residue; Jgf, reducing end glucose residue; and ,̂ cleavage point. 
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122 BIOTECHNOLOGY OF AMYLODEXTRIN OLIGOSACCHARIDES 

T a b l e I I I . K i n e t i c Parameters of The P u r i f i e d 
Amylase 

Rates of decrease i n the amount of s t a r t i n g 
s a c c h a r i d e s (0. l-5mg/mL) were determined by HPLC and 
the parameters were c a l c u l a t e d from double r e c i p r o c a l 
p l o t of the o b t a i n e d data . 

D.P . Km(M) V(mole/min) K Q ( V / e 0 ) k Q /Km 

3 7. 14x10 3 0. 0037x l0" 6 0 . 0 2 3 x l 0 2 0. 0 0 3 2 x l 0 5 

4 1. 16 0. 027 0. 17 0. 015 
5 0. 34 2. 53 15. 5 46. 5 
6 0. 19 2. 94 18. 4 96. 8 
7 0. 22 3. 59 22. 4 97. 4 
8 0. 18 4. 22 26. 4 147 
9 0. 16 3. 41 21. 3 133 

O O O - 0 + O 0 
Figure 10. Proposed action pattern of the purified amylase. Symbols are the 
same as those in Figure 9. 
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9. TANIGUCHI Maltohexaose-Producing Amylase of Bacillus circulans F-2 123 

Figure 11. Mutarotation of the reaction products formed by the action of 
various amylases. Ο» the purified amylase on 2% amylose; #, the purified 
amylase on 2% maltohexaose; Δ, sweet potato beta-amylase on 2% 
amylose; and • , Bacillus subtilis alpha-amylase on 2% amylose. D
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124 BIOTECHNOLOGY OF AMYLODEXTRIN OLIGOSACCHARIDES 

amylases which a t t a c k amylaceous p o l y s a c c h a r i d e s such as 
a m y l o p e c t i n i n an exo-manner. 
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Chapter 10 

Properties of CGTases from Three Types 
of Bacillus and Production of Cyclodextrins 

by the Enzymes 

Michikatsu Sato and Yoshiaki Yagi 

Central Research Laboratories, Sanraku Inc., 9-1, Johnan 4-Chome, 
Fujisawa 251, Japan 

Comparative studies of CGTases from Bacillus ohbensis, 
B. macerans and B. circulans and an enhanced production 
method of gamma-cyclodextrin (CD) are reported. Each 
CGTase was purified to a homogeneity. The CGTase from 
B. ohbensis was successfully crystallized. The enzyme 
from B. ohbensis had the smallest molecular weight 
(35,000) and had the lowest affinity to starch among 
the enzymes examined. The CGTase had similar enzymatic 
properties as the other enzymes, but it exhibited high 
temperature and broad pH stability in the presence of 
substrates. CGTase from B. macerans had advantages 
for the production of alpha-CD but the reaction condi
tions had to be strictly controlled. CGTase from B. 
ohbensis can be used favorably for the production of 
beta- and gamma-CD. We elucidated an efficient gamma-
CD production system by addition of compounds with 
high affinity to the CD. Of the compounds tested, 
glycyrrhizic acid was the most effective for production 
of gamma-CD. But the addition had l i t t le effect on 
gamma-CD production using CGTase from B. macerans and 
B. circulans. 

C y c l o d e x t r i n (CD) forming enzyme, cyclomaltodextrin glucanotransfer
ase (CGTase, alpha-1,4-glucan 4 - g l y c o s y l t r a n s f e r a s e , EC.3.2.1.19) 
i s an enzyme which produces CDs from alpha-1,4-glucan, such as 
maltodextrin, amylose, starches, e t c . There have been many reports 
on CGTase producing b a c t e r i a l s t r a i n s (1~8). The enzymes are 
c l a s s i f i e d i n t o two groups according to t h e i r major product; one 
i s a group which mainly produces alpha-CD, and the other i s one 
which mainly produces beta-CD. Primary examples of the alpha-CD 
producing group and beta-CD group are the CGTase from B. macerans 
(1) and the enzyme from B. c i r c u l a n s (4) r e s p e c t i v e l y . We i s o l a t e d 
a s t r a i n producing CGTase from a s o i l sample i n Ohba d i s t r i c t i n 
Fujisawa c i t y , Japan (5) and found that the enzyme formed a large 

0097-6156/91/0458-0125$06.00/0 
© 1991 American Chemical Society 
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126 BIOTECHNOLOGY OF AMYLODEXTRIN OLIGOSACCHARIDES 

amount o f beta-CD and d i d not produce alpha-CD under conventional 
r e a c t i o n conditions f o r the enzyme. Therefore, we examined the 
pr o p e r t i e s of the enzyme and compared them with those of other 
CGTases of B a c i l l u s o r i g i n . CD producing s t r a i n s , B. macerans I AM 
1227 and B. c i r c u l a n s IFO 3329 from our laboratory's c u l t u r e c o l l e c 
t i o n , were studied and compared to the CGTases from B. ohbensis, 
B. macerans and B. c i r c u l a n s (9). Recently, we devised a new gamma-
CD production system by adding a well f i t t e d guest compound f o r 
gamma-CD i n the r e a c t i o n mixtures (10). We report here comparative 
studies of the CGTases and a new method f o r enhanced production 
of gamma-CD by the enzyme from B. ohbensis. 

P u r i f i c a t i o n and Properties of 5 Kinds of CGTases 

CGTase from B. macerans i s known as a CD-producing enzyme (_1) and 
French et a l . (11) reported d e t a i l e d research on the enzyme i n 
1957. The CGTase predominantly produces alpha-CD and there was no 
report on other types of CGTases u n t i l 1972. Okada et al.(3) f i r s t 
reported the CGTase of B. megaterium, a beta-CD type CGTase. Since 
then many CGTases of B a c i l l u s o r i g i n have been reported, and we a l s o 
were able to i s o l a t e a beta-CD type CGTase producing bacterium 
(5). Since the enzyme d i d not form alpha-CD under normal enzyme 
r e a c t i o n conditions, we examined the pr o p e r t i e s of the enzyme and 
compared them with the other CGTases from d i f f e r e n t B a c i l l u s 
s t r a i n s . 

P u r i f i c a t i o n o f CGTases from B. ohbensis The CGTase from B. 
ohbensis was p u r i f i e d to homogeneity {12} by acetone p r e c i p i t a 
t i o n , starch adsorption (125) with ammonium s u l f a t e , DEAE-cellulose 
column chromatography and c r y s t a l l i z a t i o n (14). The s p e c i f i c 
a c t i v i t y was elevated 15-fold from the acetone p r e c i p i t a t i o n 
and the hexagonal c r y s t a l with a protruding center was formed 
<!£>· 

P u r i f i c a t i o n o f CGTase from B. macerans B. macerans I AM 1227 
was c u l t u r e d and the supernatant of the cu l t u r e d broth was adsorbed 
onto corn starch and a c t i v e f r a c t i o n s were recovered by e l u t i n g 
with warm water (50°C). The starch adsorption was e f f e c t i v e f o r 
deco l o r i n g and in c r e a s i n g the s p e c i f i c a c t i v i t y of the CGTase. 
The a c t i v e f r a c t i o n s were combined, subjected to twice repeated 
DEAE-cellulose column chromatography and Sephadex G-100 column 
chromatography. The a c t i v i t y was increased 150-fold from the 
c u l t u r e broth and the enzyme was p u r i f i e d as an almost s i n g l e 
p r o t e i n (9). 

P u r i f i c a t i o n of CGTase from B. c i r c u l a n s B. c i r c u l a n s IFO 3329 
was c u l t u r e d and the CGTase was p u r i f i e d by starch adsorption. 
The eluate from the starch was concentrated by u l t r a f i l t r a t i o n . 
The enzyme was f u r t h e r p u r i f i e d by ammonium s u l f a t e p r e c i p i t a t i o n , 
DEAE-column chromatography, Sephadex G-100 column chromatography 
and g e l i s o e l e c t r i c focusing. In the i s o e l e c t r i c focusing e l e c 
t r o p h o r e s i s , 2 a c t i v e bands appeared. The major band's i s o e l e c t r i c 
point (Ip) was 8.8 and that of the other band was 8.5. The enzyme 
of the major band was used f o r fur t h e r experiments. The Ip 8.8 
enzyme was p u r i f i e d 2,240-fold from the crude enzyme preparation 
(9). 
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Comparison of Properties o f the CGTases 

Enzymatic p r o p e r t i e s o f the res p e c t i v e CGTases such as optimum pH, 
pH s t a b i l i t y , optimum temperature, thermal s t a b i l i t y , behavior on 
starch adsorption, molecular weight by SDS-PAGE and i s o e l e c t r i c 
point were compared. The r e s u l t of the starch adsorption i s shown 
i n Table I (9). 

Table I. Adsorption of CGTase on Starch 

B. ohbensis B. macerans B. c i r c u l a n s 
(NH 4) 2S0 4 cone. adsorption(%) adsorption(%) adsorption(%) 
{% saturation) + - + - + 

0 3.4 92 61 36 53 23 
10 64 18 60 30 52 20 
20 74 8.6 63 24 53 17 

+: percent adsorbed; -: percent not adsorbed. 

The enzyme from B. ohbensis had l e s s a f f i n i t y f o r starch than the 
other enzymes. The CGTase was only adsorbed by adding ammonium 
s u l f a t e to 20 % s a t u r a t i o n . The enzyme from B. macerans had a 
high a f f i n i t y f o r st a r c h , and i t d i d not need any a d d i t i o n of 
ammonium s u l f a t e . The CGTase from B. c i r c u l a n s showed moderate 
a f f i n i t y and there was no dependence on ammonium s u l f a t e . 

The properties of three enzymes are summarized i n Table II (9). 

Table I I . Properties of CGTases 

B. ohbensis B. macerans B. c i r c u l a n s 
IAM 1227 IF0 3329 

Main product beta-CD alpha-CD beta>alpha-CD 
Optimum pH 5.5 5.5 6.0 
pH s t a b i l i t y 6.5-9.5 6.5-8.5 6.0-9.5 
Optimum temp.(°C) 60 50 55 
Thermal s t a b i l i t y ( °C)* 55 50 55 
Molecular weight 35,000 150,000 (200,000) 
I s o e l e c t r i c point <4 4.2 8.5, 8.8 
A f f i n i t y to starch - + + + + + 

*The temperature which showed 
a f t e r exposure f o r 60 min at 

the r e s i d u a l a c t i v i t y (>80 %) 
each temperature at pH 6.0. 

Enzymatic a c t i v i t i e s of the enzymes were, s i m i l a r , but the molecular 
weight, i s o e l e c t r i c point and a f f i n i t y to starch were d i f f e r e n t . 
Of greatest note i s the molecular weight; the s i z e of the enzyme 
from B. ohbensis i s the smallest that has ever been reported from 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
A

ug
us

t 1
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

30
, 1

99
1 

| d
oi

: 1
0.

10
21

/b
k-

19
91

-0
45

8.
ch

01
0

In Biotechnology of Amylodextrin Oligosaccharides; Friedman, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1991. 



128 BIOTECHNOLOGY OF AMYLODEXTRIN OLIGOSACCHARIDES 

genus B a c i l l u s . The molecular weight was measured by SDS-PAGE 
and confirmed by u l t r a - c e n t r i f u g a t i o n . We al s o c a r r i e d out g e l -
permeation column chromatography to e l u c i d a t e f u r t h e r information 
on the molecular weight, but the value showed about 70,000~80,000. 
The reason i s not known, but i t may have been by aggregation o f 
the enzyme molecules. 

Amino a c i d compositions o f the CGTases from 3 kinds of B a c i l l u s 
were examined (9). None o f the three enzymes contained c y s t e i n e , 
and the amounts o f ne u t r a l and basi c amino acids were s i m i l a r . A 
r e l a t i v e l y l a r g e amount o f a c i d i c amino acids was contained i n the 
CGTase from B. ohbensis, which may be r e l a t e d to the a c i d i t y o f 
the enzyme. 

Cyc l o d e x t r i n Formation by the CGTases 

We performed comparative studies of the 3 kinds of enzymes on CD 
production. The substrate s p e c i f i c i t i e s , i n f l u e n c e of incubation 
time, pH, temperature and quantity of the CGTase produced under 
various conditions were examined. 

Substrate S p e c i f i c i t y The substrate s p e c i f i c i t y of the CGTases 
was examined. Incubation conditions were as follows: substrate 
concentration, 1 % (w/v); incubation temperature, 50'C; incubation 
time, 20 hrs. The r e s u l t s are shown i n F i g . 1. The CGTase from 
B. ohbensis produced the l a r g e s t amount o f beta-CD of a l l the 
enzymes. The enzyme from B. macerans was a t y p i c a l alpha-CD type 
CGTase; alpha-CD was the dominant product i n any o f i t s substrates, 
and the amount o f alpha-CD was the l a r g e s t i n the CGTases examined. 
CGTase from B. c i r c u l a n s was a beta-CD type enzyme but i t a l s o 
formed a r e l a t i v e l y l a r g e amount o f alpha-CD. The pr o p e r t i e s of 
CGTase from the s t r a i n IFO 3329 was d i f f e r e n t from that reported 
by Okada et a l . (4). The CGTase from B. ohbensis d i d not form any 
amount o f alpha-CD i n the r e a c t i o n conditions and the CGTase was 
found to be unique o f a l l the beta-CD type enzymes which have been 
reported. The enzyme from B. ohbensis produced the l a r g e s t amount 
of gamma-CD of the enzymes, and the amount (8-10 % to substrate) 
may be the l a r g e s t among the CGTases reported (15). 

Time Course o f CDs Formation by the CGTases We examined the 
time course o f CD formation by the enzymes. The incubation condi
t i o n s were as follows: substrate, 5 % (w/v) of soluble s t a r c h ; 
incubation pH, 6.0; incubation temperature, 50 eC. The r e s u l t s are 
shown i n F i g . 2. The CGTase from B. ohbensis produced beta-CD 
from the beginning of enzyme r e a c t i o n and gamma-CD was formed l a t e r , 
but alpha-CD was not produced throughout the incubation p e r i o d . 
The CGTase from B. macerans began to produce alpha-CD at f i r s t , 
but the formation ceased a f t e r 10 hours of incubation. Beta-CD 
formation was a l i t t l e delayed but i t continued even a f t e r 24 
hours o f incubation. Therefore, the r a t i o o f alpha-CD/beta-CD 
decreased i n the l a t e r phase o f enzyme r e a c t i o n . In the case o f 
B. c i r c u l a n s enzyme, beta-CD was dominantly produced and alpha-CD 
was a l s o produced from the e a r l y stage of the enzyme r e a c t i o n . 

E f f e c t o f pH on CD Formation by the CGTases The enzyme r e a c t i o n 
c o n d i t i o n s were the same as the previous s e c t i o n . The r e a c t i o n pH 
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Substrate B. ohbensis Β. macerans Β. circulans 

Glucose 
Maltose 
Maltotrlose • 
Maitotetraose 1 Ώ Maitotetraose Ώ 

Maltopentaose • S 3 = s J • 

Maitohexaose • 1 • 
Maltoheptaose 
Amylose 
Amylopectin 

1 ̂  Maltoheptaose 
Amylose 
Amylopectin 

• 
Maltoheptaose 
Amylose 
Amylopectin 

— ••1 O "1 ρ Ko 
-•' - • '—^-J • 

i— : tt ruSir? Ρ 

Glycogen 
Soluble starch 
Potato starch 
Sweet potato 
Corn starch 

• I • Glycogen 
Soluble starch 
Potato starch 
Sweet potato 
Corn starch 

Glycogen 
Soluble starch 
Potato starch 
Sweet potato 
Corn starch 

ι • 

Glycogen 
Soluble starch 
Potato starch 
Sweet potato 
Corn starch 

1 • 
— J g 

Glycogen 
Soluble starch 
Potato starch 
Sweet potato 
Corn starch 

I ι ι 
==-•=1 • 

ι ι I I ι 1 

20 40 60 20 40 60 20 40 60 
Cyclodextrins 7.(wt/wt) 

Figure 1. Substrate specif ic i ty of CGTases on CD formation. 
Incubation conditions were described in the text. (Reproduced 
with permission from Ref. 9. Copyright 1986 M. Nakamura.) 

Incubation period (hr) 

Figure 2. Time course of CD formation. Incubation conditions 
were described in the text. (Reproduced with permission from 
Ref. 9. Copyright 1986 M. Nakamura.) 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
A

ug
us

t 1
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

30
, 1

99
1 

| d
oi

: 1
0.

10
21

/b
k-

19
91

-0
45

8.
ch

01
0

In Biotechnology of Amylodextrin Oligosaccharides; Friedman, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1991. 



130 BIOTECHNOLOGY OF AMYLODEXTRIN OLIGOSACCHARIDES 

was adjusted with 100 mM o f various b u f f e r s : pH 4 to 8 with M a c l l -
vaine b u f f e r , pH 8 to 11 with borate-Na 2C0 3 b u f f e r and pH 11 to 12 
with Na2HP04-NaOH b u f f e r . The r e s u l t s are shown i n F i g . 3. The 
enzyme from B. ohbensis produced CDs i n a wide range of pH (pH 5 
to 10). As f o r the CGTase from B. macerans, CD production r a t e 
was changed by the incubation pH. In the a c i d i c pH range (pH 5~6) t 

the r a t i o of alpha-CD was high while i n the neutr a l to a l k a l i n e 
range, i t became low. The CGTase from B. c i r c u l a n s had a narrow 
pH a c t i v i t y range and was a c t i v e only from pH 5 to 7. 

E f f e c t of Incubation Temperature on CDs Formation The Incubation 
pH was adjusted to pH 6.0 with 100 mM Macllvaine b u f f e r and other 
incubation conditions were the same as the previous experiment. The 
r e s u l t s are shown i n F i g . 4. The enzyme r e a c t i o n proceeded best 
i n the range of 40°C to 70°C f o r the CGTase from B. ohbensis. In 
the enzyme from B. c i r c u l a n s , the r e a c t i o n proceeded best from 
40°C to 80°C. But the CGTase from Β. macerans had a very narrow 
temperature a c t i v i t y range around 50°C. 

E f f e c t of Substrate Concentration on CD Formation Soluble starch 
was used as the substrate. The enzyme r e a c t i o n was c a r r i e d out at 
pH 6.0 and 50°C and f o r 24 hrs. The r e s u l t s are shown i n F i g . 5. 
Generally, the y i e l d decreased with increased substrate concentra
t i o n . The decrease was s i g n i f i c a n t i n the enzyme from B. macerans 
and i t had to be incubated with r e l a t i v e l y low concentration o f 
st a r c h . 

E f f e c t of CGTase Concentration on CD Formation The incubation 
c o n d i t i o n s were as follows: substrate concentration, 5 %; incubation 
pH, 6.0; incubation time, 24 hrs. One u n i t of enzyme was defined 
as the amount of enzyme which produces 1 mg of CD/hr at 50°C, pH 
6.0 with 5 % of soluble s t a r c h as substrate. Enzyme u n i t s were 
determined by HPLC using the method of Sato et a l . (16). The 
r e s u l t s are shown i n F i g . 6. As the amount of enzyme increased, 
the amount of CD produced increased and then decreased. With B. 
ohbensis, the optimum amount of enzyme f o r production of beta- and 
gamma-CD was approximately the rsame, but production of alpha-CD 
d i d not s t a r t u n t i l t h i s optimal amount of enzyme was used. As 
the amount of enzyme increased, the production of alpha-CD was 
in c r e a s i n g as the amount of beta- and gamma-CD was decreasing. An 
increase and then decrease i n CD production with B. c i r c u l a n s enzyme 
was a l s o found as enzyme concentration was increased. The optimal 
enzyme concentration f o r a l l CDs was approximately the same. With 
B. macerans enzyme, CD production again increased and then decreased 
with i n c r e a s i n g enzyme concentration. However, the optimal enzyme 
concentration f o r the maximum production o f each CD was d i f f e r e n t . 
The decrease i n CD production seemed to be due to another a c t i o n 
of CGTase, such as d i s p r o p o r t i o n a t i o n . I f we employ high enzyme 
concentration, i t i s p o s s i b l e to produce alpha-CD by CGTase from 
B. ohbensis. In the B. macerans enzyme, beta-CD r a t i o increased 
with the increased concentration of the enzyme, so, the proper 
amount of enzyme must be s e l e c t e d to produce alpha-CD. As f o r the 
CGTase from B. c i r c u l a n s , the CD production r a t i o was not changed 
with the various enzyme concentrations. 

The enzyme from B. macerans i s the most advantageous f o r 
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B. ohbensis B. macerans B. cireulans 

4 6 8 10 12 4 6 8 10 12 4 6 8 10 12 

Incubation pH 

Figure 3. Effect of pH on CD formation. Incubation conditions 
were described in the text. (Reproduced with permission from 
Ref. 9. Copyright 1986 M. Nakamura.) 

B. ohbensis B. macerans B. circulans 

0 20 40 60 80 20 40 60 80 20 40 60 80 

Incubation temp. (°C) 
Figure 4* Effect of temperature on CD formation. Incubation 
conditions were described in the text. (Reproduced with 
permission from Ref. 9. Copyright 1986 M. Nakamura.) 

B, ohbensis B. macerans B. circulans 

0 5 10 15 5 10 15 5 10 15 
Substrate concentration (%, w/v) 

Figure 5. Effect of substrate concentration on CD formation. 
Incubation conditions were described in the text. 
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producing alpha-CD, but the incubation c o n d i t i o n s must be r e l a t i v e l y 
s t r i c t l y c o n t r o l l e d . CGTase from B. ohbensis i s now being used 
f o r the i n d u s t r i a l production of beta-CD and a wide range o f 
temperature and pH can be used f o r the production o f beta-CD. For 
the production o f gamma-CD, the enzyme from B. ohbensis i s a l s o 
favorable and i s being used because the enzyme does not produce 
alpha-CD under normal enzyme r e a c t i o n c o n d i t i o n s , allowing easy 
e l i m i n a t i o n o f beta-CD from the r e a c t i o n broth. 

Enhanced Formation o f Gamma-CD by the A d d i t i o n o f High A f f i n i t y 
Guest Compound 

I t i s very c o s t l y to produce gamma-CD because o f the small amount 
produced by the enzymes. Here, we report a new system f o r producing 
gamma-CD by employing a guest compound which has a high a f f i n i t y 
f o r gamma-CD. 

Screening of Guest Compounds with According to T h e i r A f f i n i t y to 
Gamma-CD In studies to mask the b i t t e r n e s s of s t e v i o s i d e , a 
nat u r a l sweetener, gamma-CD was found to be e f f e c t i v e to el i m i n a t e 
t h i s b i t t e r n e s s and to complex the s t e v i o s i d e very well (17). 
F i g . 7 shows a phase s o l u b i l i t y diagram of CD-stevioside system 
by the method of Higuchi et a l . (18). Only gamma-CD could form an 
i n c l u s i o n complex very w e l l with the guest compound. The s t a b i l i t y 
constant was 11,200/M. From the experimental r e s u l t s , we examined 
the e f f e c t o f the a d d i t i o n o f s t e v i o s i d e on gamma-CD formation. 
The incubation conditions were as follows: a d d i t i o n a l amount of 
s t e v i o s i d e , 0.2-3.0 % (w/v); substrate, 5 % (w/v) o f soluble s t a r c h ; 
incubation pH, 6.5 with 100 mM Macllvaine b u f f e r ; incubation 
temperature, 50°C; incubation time, 20 hrs. As was had expected, 
gamma-CD increased p r o p o r t i o n a l l y with the increased concentration 
of s t e v i o s i d e from 0.2 to 1.0 % ( F i g . 8). As there had been no 
report on enhanced gamma-CD production by a d d i t i o n o f a s e l e c t i v e 
guest compound, we screened the compounds by i t s a f f i n i t y to gamma-
CD. We e s p e c i a l l y focused on the guest compounds which were n a t u r a l 
products because they may be s a f e r than chemically synthesized 
compounds. The screening system was as follows: concentration of 
guest compound to be added, 1 % (w/v); enzyme used, CGTase from 
B. ohbensis; substrate, 5 % (w/v) of sol u b l e starch; incubation 
pH, 7.5; incubation temperature, 50°C; incubation time, 20 hrs. 
Some examples o f e f f e c t i v e guest compounds are l i s t e d i n F i g . 9. 
G l y c y r r h i z i c and g l y c y r r h e t i c acids were found to be superior 
compounds to enhance gamma-CD formation. G l y c y r r h i z i c a c i d was 
se l e c t e d as the guest compound f o r f u r t h e r studies to enhance gamma-
CD formation. 

E f f e c t s of G l y c y r r h i z i c A c i d on the Formation o f Gamma-CD Incuba
t i o n pH, substrate concentration and g l y c y r r h i z i c a c i d concentration 
were studied. When the substrate concentration was increased i n 
the presence of g l y c y r r h i z i c a c i d , gamma-CD y i e l d per g of substrate 
was constant up to the substrate concentration o f 20 % (data not 
shown). Incubation pH af f e c t e d the gamma-CD formation. The 
ad d i t i o n o f g l y c y r r h i z i c a c i d was not very e f f e c t i v e f o r enhancing 
the gamma-CD production below pH 6.0, because the guest compound 
i s not water soluble i n a c i d i c c o n d i t i o n s . The optimum pH f o r 
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B. ohbensis £. macerans £. circulans 

CGTase cone, (units/g of substrate) 

Figure 6. Effect of CGTase concentration on CD formation. 
Incubation conditions were described i n the text. (Reproduced 
with permission from Ref. 9. Copyright 1986 M. Nakamura.) 
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Figure 8. Effect of stevioside addition on formation of 
CD. 

Additives (17·,w/v) C y c l o d e x t r i n s (7., w/w) 

A b i e t i c a c i d 

G l y c y r r h e t i c a c i d 

G l y c y r r h i z i c a c i d 

Stevioside 

10 20 30 40 50 60 

Figure 9 . Enhancement of gamma-CD formation with various 
additives. 
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enhanced production o f gamma-CD with g l y c y r r h i z i c a c i d was around 
pH 7.5 (data not shown). Às we increased the guest compound 
concentration, gamma-CD increased almost l i n e a r l y to the conver
s i o n y i e l d o f 40 % per substrate incubated (Fig.10). The incubation 
c o n d i t i o n s were as fo l l o w s : substrate, 5 % o f so l u b l e s t a r c h ; 
incubation pH, 7.5; incubation temperature, 50°C; incubation period, 
20 hrs. F i g . 11 shows the HPLC pattern o f the r e a c t i o n broth with 
2.5 % o f g l y c y r r h i z i c a c i d . The HPLC co n d i t i o n s were as fol l o w s : 
column, Shodex Ionpak S-614 (Showa Denko Co., Japan); detector, 
Shodex RI SE-11 (Showa Denko Co., L t d . ) ; eluent, CH 3CN/H 20 (65/35); 
flow r a t e , 1.5 ml/min; column temperature, 60°C; i n j e c t i o n volume, 
10 βΐ. Gamma-CD was almost the only product i n the incubation 
broth. 

Comparative Studies o f CGTases with Guest Compounds f o r Enhanced 
Production o f Gamma-CD We compared the e f f e c t o f g l y c y r r h i z i c 
a c i d , g l y c y r r h e t i c a c i d and s t e v i o s i d e on gamma-CD formation using 
CGTases from B. ohbensis, B. macerans and B. c i r c u l a n s . The 
re a c t i o n c o n d i t i o n s were as follows: substrate, 5 % (w/v) of sol u b l e 
s t a r c h ; incubation pH, 6.5; incubation temperature, 50°C; incubation 
period, 18 hrs. The r e s u l t s are shown i n F i g . 12. I n t e r e s t i n g l y , 
only the CGTase from B. ohbensis formed a large amount o f gamma-
CD. The reason i s not known, but we guess that i t may be r e l a t e d 
to the r e l a t i v e l y high gamma-CD production a b i l i t y o f the B. 
ohbensis enzyme i n the CGTases tested. 
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Chapter 11 

Analysis of Amylodextrins 

V. M. B. Cabalda1, J. F. Kennedy1, and Κ Jumel2 

1Research Laboratory for the Chemistry of Bioactive Carbohydrates and 
Proteins, School of Chemistry, University of Birmingham, 

Birmingham B15 2TT, England 
2Chembiotech Ltd., Institute of Research and Development, University 

of Birmingham Research Park, Vincent Drive, Edgbaston, 
Birmingham B15 2SQ, England 

Avai lable chromatographic, spectroscopic and 
chemical methods for the c h a r a c t e r i z a t i o n 
and q u a n t i t a t i v e de terminat ion of amylo-
dextrin products are reviewed, discussed and 
evaluated. The analyses of amylodextrins are 
of v i t a l importance to researchers involved, 
f o r example , i n the characterization 
of novel starch degrading enzymes and 
starches of novel rheological properties 
and the r a t i o n a l i z a t i o n of s tructure / 
function re lat ionships of amylases. 

A m y l o d e x t r i n s a r e s e v e r a l h y d r o l y t i c p r o d u c t s o f s t a r c h , 
a m y l o s e o r a m y l o p e c t i n v i a c h e m i c a l a n d / o r e n z y m a t i c 
p r o c e s s e s . They c o n s i s t o f g lucose u n i t s o f v a r y i n g c h a i n 
l e n g t h s l i n k e d by ( 1 — 4 ) - a n d / o r ( 1 - - 6 ) - a l p h a - g l y c o s i d i c 
l i n k a g e s , w i t h mal tose and i s o m a l t o s e be ing the s h o r t e s t . 
In a d d i t i o n , a m y l o d e x t r i n s c o u l d be l i n e a r , b r a n c h e d o r 
c y c l i c a n d a r e a v a i l a b l e as m i x t u r e s ( e . g . c o r n s y r u p , 
g l u c o s e s y r u p ) a n d , i n some c a s e s ( e s p e c i a l l y f o r low 
m o l e c u l a r we ight o l i g o s a c c h a r i d e s ) i n p u r i f i e d forms (e.g. 
m a l t o s e ) . Some h y d r o l y s a t e s of o t h e r p o l y s a c c h a r i d e s , e.g. 
g l y c o g e n a n d p u l l u l a n , a r e s i m i l a r t o some s t a r c h 
a m y l o d e x t r i n s . 

One o f t h e p u r p o s e s o f b i o t e c h n o l o g y i s t h e 
e x p l o i t a t i o n o f a b u n d a n t a g r i c u l t u r a l c r o p s by 
e n z y m a t i c a l l y m o d i f y i n g them to meet the e v e r - i n c r e a s i n g 
human d a i l y needs as w e l l as many l u x u r i e s . A m y l o d e x t r i n s 
a r e u s e d i n v a r y i n g ways by t h e f o o d i n d u s t r y as f a t 
s u b s t i t u t e s , s w e e t e n e r s , v i s c o s i t y m o d i f i e r s , g e l l i n g 
a g e n t s , f l a v o u r e n c a p s u l a t i n g a g e n t s , e t c . ; t h e 
f e r m e n t a t i o n i n d u s t r i e s use them as f e e d s t o c k s ; the m i n i n g 
i n d u s t r i e s use them f o r d r i l l i n g o p e r a t i o n s ; and the 
p h a r m a c e u t i c a l i n d u s t r i e s u s e t h e m as s y n t h o n s f o r 
s y n t h e s i z i n g m e d i c i n a l drugs . Hence, c o n t i n u i n g i n t e r e s t 
i n the o p t i m i z a t i o n o f t h e i r p r o d u c t i o n p r o c e s s e s a n d 

0097-6156/91ΑΜ58-0140$08.75Α) 
© 1991 American Chemical Society 
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t h e i r f u r t h e r a p p l i c a t i o n s l e a d to: a) a c t i v e i n v e s t i g a 
t i o n s on t h e r a t i o n a l i z a t i o n o f s t r u c t u r e / f u n c t i o n 
r e l a t i o n s h i p i n a m y l a s e s , b) a c t i v e s e a r c h f o r n o v e l 
s o u r c e s o f s t a r c h d e g r a d i n g enzymes w i t h new a c t i v i t i e s 
and s p e c i f i c i t i e s and c) s earch f o r new sources o f s t a r c h 
o f n o v e l r h e o l o g i c a l p r o p e r t i e s . The l a t t e r i s a l s o to 
e n a b l e , i n p a r t i c u l a r , d e v e l o p i n g c o u n t r i e s to grow t h e i r 
own " a c c l i m a t i z e d " s t a r c h p r o d u c i n g crops to a s s i s t them 
i n t h e i r quest f o r s e l f - r e l i a n c e through b i o t e c h n o l o g i c a l 
means. 

I n t e r e s t i n the g e n e t i c e n g i n e e r i n g o f b o t h p l a n t s 
and m i c r o - o r g a n i s m s f o r t h e p r o d u c t i o n o f t a i l o r made 
a m y l o s e , a m y l o p e c t i n a n d / o r s t a r c h e s h a s a l s o b e e n 
r e p o r t e d . F u r t h e r m o r e , i n v e s t i g a t i o n s on t h e e n z y m a t i c 
m o d i f i c a t i o n o f s t a r c h and i t s m a j o r c o m p o n e n t s , f o r 
example the i n t r o d u c t i o n o f a d d i t i o n a l branches composed 
o f g l u c o s e a n d / o r o t h e r m o n o s a c c h a r i d e s a n d / o r u r o n i c 
a c i d s as w e l l as amino a c i d s o r p e p t i d e s , t o p r o d u c e 
c a r b o h y d r a t e s o f p o s s i b l y c o m p a r a b l e f u n c t i o n a l i t y to 
g a l a c t o m a n n a n s , p e c t i n , gum a r a b i c , e t c . , h a s b e e n 
i n i t i a t e d . A l s o s t u d i e s on t h e m e t a b o l i c f a t e o f 
c a r b o h y d r a t e s i n f o o d , t h e b i o s y n t h e s i s o f s t a r c h , t h e 
f i n e s t r u c t u r e o f s t a r c h f r o m d i f f e r e n t s o u r c e s , the 
e f f e c t o f e l e c t r o l y t e s on the g e l a t i n i z a t i o n o f s t a r c h and 
the development of enzymic methods f o r s t a r c h a n a l y s e s are 
s t i l l a c t i v e . 

A n a l y s i s o f a m y l o d e x t r i n s i s a n e c e s s i t y f o r 
s c i e n t i s t s engaged i n t h e above a r e a s o f r e s e a r c h . T h i s 
p a p e r p r e s e n t s , d i s c u s s e s a n d r e v i e w s a v a i l a b l e 
c h r o m a t o g r a p h i c , c h e m i c a l and s p e c t r o s c o p i c methods f o r 
t h e a n a l y s e s o f a m y l o d e x t r i n s . T h e r e e x i s t s a number o f 
r e v i e w s (1-3) o f c a r b o h y d r a t e a n a l y s e s to which the r e a d e r 
i s r e f e r r e d f o r f u r t h e r r e a d i n g a n d m o r e d e t a i l e d 
d e s c r i p t i o n . 

A n a l y s e s o f a m y l o d e x t r i n s c o u l d be s u b d i v i d e d i n t o 
two t y p e s , n a m e l y , s t r u c t u r a l a n a l y s e s and r h e o l o g i c a l 
measurements . The former i s more of i n t e r e s t to the b a s i c 
r e s e a r c h e r w h i l s t b o t h a r e o f use to t h e a p p l i c a t i o n s 
r e s e a r c h e r . R h e o l o g i c a l measurements w i l l not be d i s c u s s e d 
i n t h i s r e v i e w and t h e r e a d e r i s r e f e r r e d t o w o r k s by 
C o l l y e r and C l e g g (4), M i t c h e l l (5) and R o b i n s o n (6) f o r 
i n f o r m a t i o n on t h a t p a r t i c u l a r s u b j e c t . 

STRUCTURAL ANALYSIS 

A n a l y s i s o f a m y l o d e x t r i n s i s o f v i t a l i m p o r t a n c e t o the 
r e s e a r c h e r i n v e s t i g a t i n g a c t i v i t y m e c h a n i s m s o f 
c a r b o h y d r a t e d e g r a d i n g enzymes and to t h e r e s e a r c h e r 
u n d e r t a k i n g s t r u c t u r a l s t u d i e s o f u n m o d i f i e d and m o d i f i e d 
p o l y s a c c h a r i d e s a n d t h e c a r b o h y d r a t e m o i e t y o f 
p r o t e o g l y c a n s a n d g l y c o p r o t e i n s . S t r u c t u r a l 
c h a r a c t e r i z a t i o n o f a m y l o d e x t r i n s p r o d u c e d a f t e r s t a r c h 
h y d r o l y s i s by n e w l y d i s c o v e r e d / c r e a t e d c a r b o h y d r o l a s e s 
h e l p s i n s t u d i e s r e g a r d i n g t h e i r a c t i v i t y p a t t e r n s and 
s p e c i f i c i t y ; s t r u c t u r e s o f n o v e l p o l y s a c h a r i d e s , e t c . 
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c o u l d be e l u c i d a t e d a f t e r h y d r o l y z i n g these compounds w i t h 
enzymes o f known a c t i v i t y and s p e c i f i c i t y w i t h subsequent 
a n a l y s i s o f t h e o l i g o s a c c h a r i d e d i s t r i b u t i o n a n d 
i d e n t i f i c a t i o n o f the r e s u l t i n g a m y l o d e x t r i n p r o d u c t s ( i f 
a n y ) . Some o f the c o n t r i b u t i o n s i n t h i s book e x e m p l i f y 
such i n v e s t i g a t i o n s . 

M o r e o v e r , s i n c e the a p p l i c a t i o n o f a p a r t i c u l a r 
s t a r c h h y d r o l y s a t e p r o d u c t depends on i t s m o l e c u l a r we ight 
( d i s t r i b u t i o n ) a n d / o r o l i g o s a c c h a r i d e c o m p o s i t i o n , 
a n a l y s e s o f t h e s e m a t e r i a l s a r e a n e c e s s i t y t o t h e 
a p p l i c a t i o n s c h e m i s t w h i l s t t h e h e a l t h and n u t r i t i o n 
c o n s c i o u s p u b l i c demands q u a n t i t a t i v e d e t e r m i n a t i o n o f 
c a r b o h y d r a t e s i n food . 

S t r u c t u r a l c h a r a c t e r i z a t i o n i n v o l v e s : 
a) d e t e r m i n a t i o n o f m o l e c u l a r w e i g h t 

d i s t r i b u t i o n o r d e g r e e o f p o l y m e r i z a t i o n 
e s p e c i a l l y f o r d e x t r i n s o f l ow d e g r e e o f 
h y d r o l y s i s , 

b) d e t e r m i n a t i o n of o l i g o s a c h a r i d e compo
s i t i o n , 

c) g l u c o s i d i c l i n k a g e and sequence d e t e r 
m i n a t i o n , 

d) d e t e r m i n a t i o n of anomer ic c o n f i g u r a t 
i o n , and 

e) d e t e r m i n a t i o n o f r e d u c i n g p r o p e r t y , 
f o r which c h r o m a t o g r a p h i c methods, s p e c t r o s c o p i c methods 
and c h e m i c a l methods have p l a y e d i m p o r t a n t r o l e s i n t h e i r 
i n v e s t i g a t i o n s . 

CHROMATOGRAPHIC METHODS 

H y d r o l y s i s o f s t a r c h o r i t s m a j o r c o m p o n e n t s o f t e n 
p r o d u c e s a m y l o d e x t r i n s o f a w i d e range o f m o l e c u l a r 
we ight . F o r t u n a t e l y , development i n r e c e n t y e a r s a l l o w s , 
i n some c a s e s , t h e e f f i c i e n t s e p a r a t i o n o f i n d i v i d u a l 
c a r b o h y d r a t e s w i t h t h e i r s i m u l t a n e o u s c h a r a c t e r i z a t i o n i n 
terms of m o l e c u l a r we ight (and, t h e r e f o r e , c h a i n l e n g t h or 
d e g r e e o f p o l y m e r i z a t i o n ) , q u a n t i t a t i o n , the mode o f 
l i n k a g e ( i . e . l i n e a r , b r a n c h i n g o r c y c l i c ) and a n o m e r i c 
c o n f i g u r a t i o n . 

A m y l o d e x t r i n s c o u l d be s e p a r a t e d i n v a r y i n g 
e f f i c i e n c i e s u s i n g any o f t h e d i f f e r e n t c h r o m a t o g r a p h i c 
t e c h n i q u e s n a m e l y gas l i q u i d c h r o m a t o g r a p h y , l i q u i d 
chromatography , p l a n a r c h r o m a t o g r a p h y and s u p e r c r i t i c a l 
f l u i d c h r o m a t o g r a p h y . The r e a d e r i s r e f e r r e d to the 
book o f S n y d e r and K i r k l a n d (7) f o r t h e b a s i c p r i n c i p l e s 
o f c h r o m a t o g r a p h y , and to an e x c e l l e n t r e v i e w by Churms 
(8) on r e c e n t developments i n the c h r o m a t o g r a p h i c a n a l y s e s 
of c a r b o h y d r a t e s . 

Gas L i q u i d Chromatography (GLC) 

GLC i s a p p l i c a b l e o n l y f o r the a n a l y s i s o f v o l a t i l e 
compounds . A m y l o d e x t r i n s a r e n o n - v o l a t i l e due t o t h e 
presence of p o l a r h y d r o x y l groups and need, t h e r e f o r e , to 
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be c o n v e r t e d to t h e i r v o l a t i l e d e r i v a t i v e s such as e t h e r s 
( s i l y l , m e t h y l , e t c . ) a n d e s t e r s ( a c e t y l , 
t r i f l u o r o a c e t y l , e t c . ) . 

S t r u c t u r a l e l u c i d a t i o n u s i n g GLC. As a p r e l i m i n a r y s tep 
to t h e s t r u c t u r a l a n a l y s i s ( s e p a r a t i o n , i s o l a t i o n and 
p u r i f i c a t i o n ) GLC i s not a p r e f e r r e d method. The need f o r 
a d e r i v a t i z a t i o n s t e p i s t i m e - c o n s u m i n g , q u a n t i t a t i v e 
r e c o v e r y i s not guaranteed (9,10) and i t i s o n l y p o s s i b l e 
t o a n a l y s e o l i g o s a c c h a r i d e s up t o DP6-7 ( 3 , 1 1 , 1 2 ) , see 
F i g u r e 1A. In a d d i t i o n , a l l d e t e c t o r c o m p o n e n t s o f GLC 
a r e d e s t r u c t i v e . On the o t h e r hand, d e t e r m i n a t i o n o f the 
m o n o s a c c h a r i d e c o m p o s i t i o n o f a p o l y s a c c h a r i d e a f t e r 
comple te h y d r o l y s i s i s p o s s i b l e w i t h t h i s method (2). 

H o w e v e r , as a s u b s e q u e n t s t e p to a n o n d e s t r u c t i v e 
s e p a r a t i o n and p u r i f i c a t i o n p r o c e d u r e ( e . g . HPLC) o f t h e 
a m y l o d e x t r i n p r o d u c t s a f t e r s e l e c t i v e a n d p a r t i a l 
h y d r o l y s i s o f s t a r c h , GLC coup led w i t h mass s p e c t r o s c o p y 
(MS) i s a very p o w e r f u l t o o l f o r s t r u c t u r a l e l u c i d a t i o n of 
t h e o r i g i n a l c a r b o h y d r a t e m o l e c u l e . F o r e x a m p l e (2 ) , 
i n d i v i d u a l a m y l o d e x t r i n c o m p o n e n t s are f i r s t m e t h y l a t e d 
(13) o r e t h y l a t e d to f o r m e t h e r s a t t h e f r e e h y d r o x y l 
g r o u p s . The d e r i v a t i z e d c a r b o h y d r a t e i s s u b s e q u e n t l y 
h y d r o l y z e d to the c o r r e s p o n d i n g monosacchar ides and f r e e 
h y d r o x y l groups form where there were g l y c o s i d i c l i n k a g e s 
(and r i n g l i n k a g e s ) p r e v i o u s l y . R e d u c t i o n by s o d i u m 
b o r o h y d r i d e (or b o r o d e u t e r i d e f o r d e u t e r i u m t a g g i n g of C^ 
o r C2 t o d i f f e r e n t i a t e a l d o s e s f r o m k e t o s e s ) i s t h e n 
c a r r i e d out f o l l o w e d by a c e t y l a t i o n or s i l y l a t i o n of the 
r e d u c e d m o n o s a c c h a r i d e s and f i n a l l y a n a l y s e s o f t h e 
m e t h y l a t e d a l d i t o l a c e t a t e s by G L C - M S t o a s c e r t a i n 
o r i g i n a l l i n k a g e s ( 2 , 1 4 ) . F i g u r e I B s h o w s a GLC 
s e p a r a t i o n of p a r t i a l l y m e t h y l a t e d a l d i t o l a c e t a t e s . 

P e r i o d a t e o x i d a t i o n c o u p l e d w i t h GLC i s a l s o u s e d 
f o r s t r u c t u r a l c h a r a c t e r i z a t i o n (2 ,15-17) , monosacchar ide 
sequence and g l y c o s i d i c l i n k a g e d e t e r m i n a t i o n (see below) . 
The p r e s e n c e o f b r a n c h i n g ( e . g . i n s t a r c h ) p o s e s some 
p r o b l e m s (18) h o w e v e r , t h e s e have been c i r c u m v e n t e d 
(17 ) . I n some c a s e s , p a r t i a l c l e a v a g e o f g y c o s i d i c 
l i n k a g e s i s c a r r i e d out by m e t h a n o l y s i s or a c e t o l y s i s to 
g i v e p r o d u c t s d e r i v a t i z e d a t the anomer ic carbon p r e v i o u s 
l y i n v o l v e d i n t h e g l y c o s i d i c l i n k a g e and t h e o r i g i n a l l y 
f r e e anomer ic c a r b o n . 

R o u t i n e Q u a n t i t a t i v e A n a l y s i s . Due to the r e l a t i v e 
d i f f i c u l t y i n a l k y l a t i n g s u g a r s , m e t h y l a t i o n or e t h y l a t i o n 
a r e r e s e r v e d f o r s t r u c t u r a l e l u c i d a t i o n . F o r r o u t i n e 
a n a l y s i s , s u c h as t h e q u a n t i t a t i v e d e t e r m i n a t i o n o f low 
m o l e c u l a r w e i g h t s u g a r s i n f o o d s t u f f s , the h y d r o x y l 
g r o u p s a r e s i l y l a t e d ( 1 9 - 2 1 ) , a c e t y l a t e d (22 ) o r 
t r i f l u o r o a c e t y l a t e d ( 1 2 , 2 3 ) . In some c a s e s , the need f o r 
s i m p l e chromatograms to o b t a i n n o n - e q u i v o c a l q u a l i t a t i v e 
i d e n t i f i c a t i o n and q u a n t i t a t i v e measurement r e q u i r e s p r i o r 
s p e c i f i c d e r i v a t i z a t i o n of the a ldehyde group. S i m p l i f i e d 
c h r o m a t o g r a m s c o u l d be a c h i e v e d by r e d u c t i o n o f t h e 
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a l d e h y d e w i t h s o d i u m b o r o h y d r i d e to t h e c o r r e s p o n d i n g 
a l d i t o l (24), c o n v e r s i o n o f the a ldehyde i n t o an oxime or 
a s u b s t i t u t e d o x i m e such as O - m e t h y l - o x i m e ( 2 5 , 2 6 ) , 
c o n v e r s i o n o f the a ldehyde i n t o an oxime w i t h subsequent 
d e h y d r a t i o n o f the o x i m e i n t o a n i t r i l e ( 2 7 , 2 8 ) , or 
c o n v e r s i o n o f the a ldehyde to d i e t h y l d i t h i o a c e t a l s (29). 
These procedures r e s u l t i n the n o n - p r o d u c t i o n of m u l t i p l e 
peaks ( a l p h a - and be ta -anomers , p y r a n o s i d e and f u r a n o s i d e 
r i n g s ) by e a c h s u g a r d u e t o t h e e l i m i n a t i o n o f 
s t e r e o c h e m i s t r y a t the anomer ic carbon and the opening o f 
s u g a r r i n g s . On the o t h e r h a n d , q u a n t i t a t i o n o f the 
a n o m e r i c f o r m s o f s u g a r s o l u t i o n s c o u l d be d e t e r m i n e d 
u s i n g s t r i c t l y c o n t r o l l e d c o n d i t i o n s (30). 

D e t e r m i n a t i o n o f t h e D e g r e e o f P o l y m e r i z a t i o n . A n o t h e r 
use o f GLC w i t h r e g a r d to a m y l o d e x t r i n a n a l y s i s i s the 
d e t e r m i n a t i o n o f t h e d e g r e e o f p o l y m e r i z a t i o n o f h i g h 
m o l e c u l a r weight a m y l o d e x t r i n s based on the d e r i v a t i z a t i o n 
o f the anomer ic carbon not l i n k e d through g l y c o s i d i c bond 
p r i o r to a c i d h y d r o l y s i s . A s i m p l e method i s to reduce the 
end g r o u p t o g i v e t h e c o r r e s p o n d i n g a l d i t o l ( 3 1 ) . The 
r e l a t i v e amount as w e l l as the s t r u c t u r e o f the o r i g i n a l 
end groups , and t h e r e f o r e the degree o f p o l y m e r i z a t i o n , 
can be c a l c u l a t e d e i t h e r by p r i o r s e p a r a t i o n , e . g . by 
s e l e c t i v e a b s o r p t i o n on ion-exchange r e s i n (31), o f the 
a l d i t o l and a l d o s e s , or s i m u l t a n e o u s a n a l y s i s o f d i f f e r e n t 
d e r i v a t i v e s o f a l d i t o l s and a l d o s e s (28) . P e r i o d a t e 
o x i d a t i o n c o u l d a l s o be employed f o r d e t e r m i n a t i o n of the 
degree o f p o l y m e r i z a t i o n (32). 

S e p a r a t i o n o f D - and L - E n a n t i o m e r s . I n a d d i t i o n , the 
a b s o l u t e c o n f i g u r a t i o n o f component monosacchar ides ( i . e . 
whether D- or L - e n a n t i o m e r s ) c o u l d be d e t e r m i n e d by u s i n g 
c h i r a l s t a t i o n a r y p h a s e s (33) a n d / o r by r e a c t i n g t h e 
monosacchar ide w i t h a reagent which w i l l i n t r o d u c e c h i r a l 
c e n t r e s (34) . 

Procedures f o r e t h e r i f i c a t i o n and e s t e r i f i c a t i o n of 
c a r b o h y d r a t e s f o r G L C a n a l y s i s , a d v a n t a g e s a n d 
d i s a d v a n t a g e s o f t h e d i f f e r e n t methods o f h y d r o x y l and 
a l d e h y d e g r o u p d e r i v a t i z a t i o n , c o l u m n s u s e d f o r t h e 
s e p a r a t i o n of the v a r i o u s d e r i v a t i v e s , d e t e c t i o n methods 
f o r GLC, mass s p e c t r o s c o p y and f a s t atom bombardment (FAB) 
as w e l l as o u t l i n e s o f some s t r a t e g i e s f o r s t r u c t u r a l 
a n a l y s i s o f c a r b o h y d r a t e s a r e d e s c r i b e d , d i s c u s s e d and 
r e v i e w e d i n an e x c e l l e n t b o o k on t h e a n a l y s e s o f 
c a r b o h y d r a t e s by GLC (35). 

R e c e n t d e v e l o p m e n t s i n GLC i n c l u d e m o d i f i c a t i o n o f 
e x i s t i n g methods to produce v o l a t i l e compounds u s i n g l e s s 
t i m e c o n s u m i n g , l e s s l a b o r i o u s t e c h n i q u e s (36) w h i l s t 
p e r m i t t i n g : t h e use o f l e s s e r amounts o f c a r b o h y d r a t e 
( 3 7 ) , use and d e v e l o p m e n t o f c a p i l l a r y c o l u m n s to g i v e 
more e f f i c i e n t and f a s t e r r e s o l u t i o n o f s u g a r s ( 3 6 , 3 8 ) , 
c o m p i l a t i o n o f r e t e n t i o n t i m e d a t a o f s p e c i f i c 
c a r b o h y d r a t e d e r i v a t i v e s u s i n g columns o f v a r y i n g p o l a r i t y 
as an a i d to the i d e n t i f i c a t i o n of unknown c a r b o h y d r a t e s 
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(39,40), development of c h i r a l d e r i v a t i z a t i o n techniques 
(34) and c h i r a l c o l u m n s ( 3 3 ) , and use o f f a s t atom 
bombardment (FAB)-ma s s spectroscopy (41). Churms (8) g i v e s 
a more e x t e n s i v e review on recent advances i n GLC. 

L i q u i d Chromatography 

L i q u i d chromatography was, i s and always w i l l be an essen
t i a l t e c h n i q u e f o r the p u r i f i c a t i o n , s e p a r a t i o n and 
i s o l a t i o n of a m y l o d e x t r i n s . L i q u i d c h r o m a t o g r a p h y i s 
h e r e i n c l a s s i f i e d i n t o low p r e s s u r e column chromatography 
and high pressure l i q u i d chromatography (HPLC). The b a s i c 
d i s t i n c t i o n between the two i s t h e s i z e o f the column 
packing with 25 um as the t y p i c a l d i v i s i o n . 

Low Pressure Column Chromatography 

Low pressure column chromatography i s c h a r a c t e r i z e d by the 
use of c o m p r e s s i b l e column packings (>25 um) which r e q u i r e 
t h e u s e o f low p u m p i n g p r e s s u r e s , e.g. h y d r o s t a t i c 
p r e s s u r e or p e r i s t a l t i c pumps, and extended a n a l y s i s times 
i n the r e g i o n of 2-18 h o u r s . D e t e c t i o n i s f r e q u e n t l y 
p e r f o r m e d u s i n g a utomated a s s a y s y s t e m s , e.g. an L-
c y s t e i n e s u l p h u r i c a c i d s y s t e m , o r by m a n u a l a s s a y 
f o l l o w i n g c o l l e c t i o n of e l u a n t f r a c t i o n s (1). 

G e l P e r m e a t i o n Chromatography. G e l permeation chroma
t o g r a p h y (GPC) or s i z e e x c l u s i o n c h r o m a t o g r a p h y (SEC) i s 
d e f i n e d as the s e p a r a t i o n of compounds a c c o r d i n g to t h e i r 
m o l e c u l a r s i z e , or more c o r r e c t l y a c c o r d i n g to t h e i r 
h y d r o d y n a m i c volume, which i n most c a s e s i s d i r e c t l y 
r e l a t e d to the m o l e c u l a r weight. Even with the advancement 
o f HPLC t e c h n i q u e s , low p r e s s u r e GPC i s s t i l l f r e q u e n t l y 
used by most r e s e a r c h w o r k e r s . The s l o w e r f l o w r a t e s o f 
low p r e s s u r e GPC p r o v i d e b e t t e r r e s o l u t i o n s so t h a t 
d i s t i n c t peaks c o r r e s p o n d i n g to v a r i o u s components o f 
a m y l o d e x t r i n m i x t u r e s can be seen and t h e r e f o r e can be 
b e t t e r i s o l a t e d from each other. T h i s technique p r o v i d e s a 
h i g h l y w o r k a b l e method f o r p r e p a r a t i v e i s o l a t i o n of 
i n d i v i d u a l a m y l o d e x t r i n s f o r f u r t h e r a n a l y s i s or f o r 
p u r i f i c a t i o n of a m y l o d e x t r i n s of d e f i n e d s t r u c t u r e s f o r 
c h r o m a t o g r a p h i c s t a n d a r d s . Samples a r e run under m i l d 
c o n d i t i o n s i n aqueous media and samples a r e c o m p l e t e l y 
r e c o v e r a b l e . Low pressure GPC separates amylodextrins up 
to DP 20 . 

F u r t h e r m o r e , i t has r e c e n t l y been shown t h a t t h i s 
technique can be used f o r i d e n t i f y i n g a range of o l i g o s a c 
c h a r i d e s c o n t a i n i n g more than one type of g l y c o s i d i c 
l i n k a g e ( 4 2 - 4 4 ) , s e e F i g u r e 2A and 2B. T h u s , i t i s 
p o s s i b l e t o i d e n t i f y p a r t i c u l a r o l i g o s a c c h a r i d e s of 
d e f i n e d DP s i n c e the g r e a t e r the number of ( 1 — 6 ) - a l p h a - D -
g l u c o s i d i c l i n k a g e s makes the o l i g o s a c c h a r i d e e l u t e 
e a r l i e r t h a n an o l i g o s a c c h a r i d e o f the same DP but w i t h 
more ( 1 - - 4 ) - a l p h a - D - g l u c o s i d i c l i n k a g e s . C y c l o m a l t o -
o l i g o s a c c h a r i d e s a r e a p p a r e n t l y 5% s m a l l e r t h a n m a l t o -
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A 

Β 

ELUTION TIME IhJ 
i» é 

ELUTION TIME ft) 

2.3,4.6 

Figure 2. Low pressure GPC profiles of A) cellulose (a) and amylose (b); B) dextran (a), 
pullulan (b), and amylose (c); C) methyl derivatives of glucose. (Reproduced with 
permission from Refe. 42-44, respectively. Copyright 1989 VCH, 1988 VCH, and 1974 
Springer, respectively.) 
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o l i g o s a c c h a r i d e s o f t h e s a m e DP w h i l s t c e l l o -
o l i g o s a c c h a r i d e s a p p e a r t o be 34% l a r g e r t h a n t h e 
c o r r e s p o n d i n g m a l t o - o l i g o s a c c h a r i d e s . I n a d d i t i o n , t h i s 
t e c h n i q u e has been shown to s e p a r a t e mono-, d i - , t r i - and 
t e t r a - m e t h y l - g l u c o s e s ( F i g u r e 2C). The presence o f m e t h y l 
g r o u p s i n c r e a s e s the a p p a r e n t s i z e o f t h e m o l e c u l e by 
a l m o s t one g l u c o s e u n i t p e r m e t h y l g r o u p and t h e r e f o r e 
c o u l d be used f o r s t r u c t u r a l a n a l y s i s (45). 

Sephadex and B i o g e l m a t e r i a l s ( t r i d i m e n s i o n a l c r o s s -
l i n k e d g e l s b a s e d on d e x t r a n a n d p o l y a c r y l a m i d e , 
r e s p e c t i v e l y ) h a v e f o u n d u s e f u l a p p l i c a t i o n i n 
a m y l o d e x t r i n a n a l y s e s . I t i s recommended t h a t e l u a n t s 
c o n t a i n i n g , f o r e x a m p l e , 0.1M N a C l s h o u l d be u s e d to 
p r e v e n t a d s o r p t i o n phenomena a f f e c t i n g the s e p a r a t i o n . The 
use o f p o l y a c r y l a m i d e - b a s e d g e l s i s a l s o recommended f o r 
optimum r e s o l u t i o n a t h i g h t emperatures (e.g. 60C) o r when 
samples of b i o l o g i c a l o r i g i n are used i n o r d e r to p r e v e n t 
e l u t i o n o f e x t r a n e o u s c a r b o h y d r a t e m a t e r i a l d u e t o 
d i s r u p t i o n o f t h e g e l m a t r i x . S u c h a s y s t e m c a n be 
o p e r a t e d w i t h v e r y s p e c i f i c a u t o m a t e d a s s a y d e t e c t i o n 
s y s t e m s f o r up t o 1 y e a r o r m o r e w i t h no l o s s o f 
r e s o l u t i o n f o r a m y l o d e x t r i n s c o n t a i n i n g o l i g o s a c c h a r i d e s 
up t o DP 1 3 - 1 5 . H i g h p r e s s u r e s i z e e x c l u s i o n 
c h r o m a t o g r a p h y (HPSEC) t e c h n i q u e s w i t h e . g . low a n g l e 
l i g h t s c a t t e r i n g f o r d e t e c t i o n would be more a p p r o p r i a t e 
f o r t h e d e t e r m i n a t i o n o f a v e r a g e m o l e c u l a r w e i g h t 
d i s t r i b u t i o n f o r a m y l o d e x t r i n s w i t h DP>15. M i c r o h e t e r o g e -
n e i t y and t h e e f f e c t s o f b r a n c h i n g i n t h e p o l y s a c c h a r i d e 
reduce the r e s o l u t i o n of h i g h e r o l i g o s a c c h a r i d e s . 

A l t h o u g h l o w p r e s s u r e GPC h a d been recommended f o r 
r o u t i n e a n a l y s i s (46) i t i s b e i n g r e p l a c e d i n c r e a s i n g l y by 
more r a p i d HPLC m e t h o d s . H o w e v e r , l o w p r e s s u r e GPC w i l l 
s t i l l r e m a i n i n v a l u a b l e f o r a c a d e m i c r e s e a r c h e r s w i t h 
t h e i r l i m i t e d f i n a n c i a l r e s o u r c e s . 

Ion-Exchange Chromatography. Low p r e s s u r e GPC has a l m o s t 
u n i v e r s a l l y r e p l a c e d l o w p r e s s u r e i o n - e x c h a n g e 
c h r o m a t o g r a p h y . H o w e v e r , the b a s i c p r i n c i p l e s , w h i c h i n 
mos t c a s e s do n o t r e f l e c t t r u e i o n - e x c h a n g e , h a v e been 
r e f i n e d and i n c o r p o r a t e d i n t o HPLC. 

High P r e s s u r e L i q u i d Chromatography 

H i g h p r e s s u r e l i q u i d c h r o m a t o g r a p h y p r o v i d e s r a p i d , 
a c c u r a t e and q u a n t i t a t i v e a n a l y s i s of a m y l o d e x t r i n s . HPLC 
i s t y p i f i e d by s m a l l p a r t i c l e s i z e s (<25 um), narrow bore 
co lumns , h i g h i n l e t p r e s s u r e s and s h o r t a n a l y s i s t i m e s . 

Normal Phase Chromatography. Normal phase mode i n v o l v e s 
t h e p o l a r i n t e r a c t i o n o f s a m p l e m o l e c u l e s w i t h a p o l a r 
s t a t i o n a r y phase , commonly s i l i c a - b a s e d pack ings w i t h an 
a m i n o p r o p y l bonded phase. A l t e r n a t i v e l y , pure s i l i c a g e l 
m o d i f i e d i n s i t u by e q u i l i b r a t i o n (and s i m u l t a n e o u s 
r e g e n e r a t i o n ) w i t h a m o b i l e p h a s e c o n t a i n i n g a 
p o l y f u n c t i o n a l amine t h a t i s adsorbed c o u l d be used (47). 
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The d e v e l o p m e n t o f s m a l l e r (3 urn) p a c k i n g s has now 
p e r m i t t e d r e s o l u t i o n o f l i n e a r D - g l u c o - o l i g o s a c c h a r i d e s to 
DP 30-35 w i t h i n 35 m i n u t e s u s i n g i s o c r a t i c e l u t i o n (48) 
w h i l s t t h e a p p l i c a t i o n o f two n o v e l c o l u m n p a c k i n g s , a 
po lyamine r e s i n bonded to s i l i c a g e l and a carbamoyl r e s i n 
bonded to s i l i c a g e l , have r e s o l v e d m a l t o - o l i g o s a c c h a r i d e s 
up to DP 25 i n 40 m i n u t e s ( 4 9 ) . T h e s e t h r e e p a c k i n g s have 
a l s o been s u c c e s s f u l l y a p p l i e d t o t h e HPLC a n a l y s i s o f 
b r a n c h e d c y c l o d e x t r i n s c o n t a i n i n g up t o 13 D - g l u c o s y l 
r e s i d u e s ( 4 9 ) . F o r v e r y h i g h m o l e c u l a r w e i g h t 
a m y l o d e x t r i n s n o r m a l p h a s e , as w e l l as r e v e r s e p h a s e , 
chromatography can not g i v e s a t i s f a c t o r y a n a l y s i s due to 
p r o l o n g e d r e t e n t i o n t i m e s and s o l u b i l i t y p r o b l e m s i n 
a c e t o n i t r i l e - w a t e r e l u a n t s . For f u l l a n a l y s i s , s e p a r a t i o n 
by HPSEC or HPIEX i s neces sary . 

I n s i t u m o d i f i c a t i o n o f 5 urn s i l i c a by c o n t i n u o u s 
e l u t i o n o f 50% aqueous a c e t o n i t r i l e c o n t a i n i n g 0.01% o f 
1 , 4 - d i a m i n o b u t a n e , s u b s e q u e n t t o e q u i l i b r a t i o n o f the 
column w i t h a c e t o n i t r i l e and water i n the same p r o p o r t i o n 
b u t u s i n g 0.1% a m i n e m o d i f i e r , a c h i e v e d s a t i s f a c t o r y 
r e s o l u t i o n o f m a l t o - o l i g o s a c c h a r i d e s up t o DP 25 i n 45 
m i n u t e s (47) . W h i l s t d i a m i n e m o d i f i e r s g i v e o p t i m u m 
r e s o l u t i o n be tween o l i g o s a c c h a r i d e s o f d i f f e r e n t DP, 
p o l y a m i n e m o d i f i e r s g i v e i m p r o v e d s e l e c t i v i t y a n d 
s e p a r a t i o n o f o l i g o s a c c h a r i d e s o f the same DP (3). 

A m i n e - m o d i f i e d s i l i c a columns have s e v e r a l advantages 
o v e r a m i n e - b o n d e d s i l i c a : e x c e p t i o n a l l y l o n g l i f e , h i g h 
s t a b i l i t y over a wide range of pH and s o l v e n t c o m p o s i t i o n , 
h i g h c a p a c i t y f o r c a r b o h y d r a t e s o l u t e s and r e l a t i v e l y low 
c o s t . P r o l o n g e d use o f bonded amine columns i s accompanied 
by l o s s o f p e r f o r m a n c e d u e t o t h e t e n d e n c y o f 
g l y c o s y l a m i n e f o r m a t i o n be tween the r e d u c i n g s u g a r s and 
t h e a m i n o g r o u p s ( S c h i f f ' s base r e a c t i o n ) o f t h e s t a t i o 
n a r y p h a s e . D i s a d v a n t a g e s o f t h e a m i n e - m o d i f i e d c o l u m n s 
a r e t h e v a r i a b i l i t y i n r e t e n t i o n t i m e s due t o n o n -
r e p r o d u c i b i l i t y o f the amine l o a d i n g o f the s i l i c a and 
f l u c t u a t i n g b a s e l i n e s due to v a r i a b l e amine d e l i v e r y . In 
a d d i t i o n , problems are encountered when u s i n g UV d e t e c t i o n 
due t o t h e p r e s e n c e o f a m i n e i n t h e e l u e n t . A l l s i l i c a -
based pack ings d i s s o l v e to a s m a l l ex t en t i n w a t e r - r i c h 
e l u e n t s . F i g u r e s 3A and 3B show c h r o m a t o g r a p h i c p r o f i l e s 
o f c o r n s y r u p f r a c t i o n a t e d by commonly a v a i l a b l e a m i n o -
bonded column and a m i n o - m o d i f i e d s i l i c a co lumn. 

R e v e r s e P h a s e C h r o m a t o g r a p h y . M i c r o p a r t i c u l a t e s i l i c a 
co lumns , and, more r e c e n t l y , more s t a b l e po lymer m a t r i c e s 
( e . g . v i n y l a l c o h o l c o p o l y m e r g e l s (50) and p o l y s t y r e n e 
d i v i n y l benzene r e s i n s ) a r e m o d i f i e d w i t h r e l a t i v e l y non-
p o l a r hydrocarbon c h a i n s ( u s u a l l y C 1 8 ) to produce r e v e r s e 
phase (RP) columns. 

S u c c e s s f u l f r a c t i o n a t i o n s o f a s e r i e s o f 
m a l t o d e x t r i n s ( u p t o DP 2 3 ) , c y c l o d e x t r i n s a n d 
i s o m a l t o d e x r i n s have been a c h i e v e d u s i n g RP c o l u m n s 
( 5 0 , 5 1 ) , o f w h i c h w a t e r was an e l u a n t . F o r t h e s e 
p a r t i c u l a r examples , a r e v e r s e phase p a r t i t i o n mechanism 
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does not g o v e r n the s e p a r a t i o n , which i s p r o b a b l y a form 
o f h y d r o p h o b i c c h r o m a t o g r a p h y . Van d e r W a a l s t y p e 
i n t e r a c t i o n s between the o l i g o s a c c h a r i d e s and the bonded 
C i g c h a i n s a r e i n v o l v e d . E a r l i e r t r i a l s t o s e p a r a t e 
o l i g o s a c c h a r i d e s by t h i s mechanism were not s u c e s s f u l . 
Double peaks owing to the s e p a r a t i o n of anomers of lower 
o l i g o s a c c h a r i d e s and b r o a d p e a k s due t o i n c o m p l e t e 
r e s o l u t i o n o f t h e a n o m e r i c f o r m s o f h i g h e r 
o l i g o s a c c h a r i d e s were encountered. I n c r e a s i n g s e p a r a t i o n 
temperature to 60°C (52), use of e l u a n t s which a c c e l e r a t e s 
m u t a r o t a t i o n (53) or the improvement v i a m o d i f i c a t i o n of 
h y d r o p h o b i c i n t e r a c t i o n (54) (e.g. use o f n o n - i o n i c 
d e t e r g e n t i n both s t a t i o n a r y phase and m o b i l e phase or 
a d d i t i o n o f t e t r a m e t h y l u r e a to the e l u a n t ) have been 
s u c c e s s f u l l y used to achieve s e p a r a t i o n of s i n g l e peaks up 
to DP 6-13. C y c l o d e x t r i n s and branched c y c l o d e x t r i n s which 
have no a n o m e r i c c e n t r e s a r e a l s o w e l l r e s o l v e d by RP 
columns (55). R e s o l u t i o n of branched c y c l o d e x t r i n s on Cjo 
i s now c o n s i d e r e d s u p e r i o r to normal phase p a r t i t i o n (49). 
Some ad v a n t a g e s of u s i n g RP columns f o r o l i g o s a c c h a r i d e 
s e p a r a t i o n s are t h e i r wide a v a i l a b i l i t y , v e r s a t i l i t y , ease 
o f r e g e n e r a t i o n and, as i n t h e above c a s e s , t h e use o f 
w a ter as e l u a n t . F i g u r e 3C shows an HPLC chromatogram o f 
c o r n s y r u p s e p a r a t e d by a c o m m e r c i a l l y a v a i l a b l e RP 
column. 

True re v e r s e phase p a r t i t i o n where r e s o l u t i o n depends 
on p r e f e r e n t i a l non-polar, hydrophobic i n t e r a c t i o n / a f f i n i 
ty of the sample molecules f o r e i t h e r the s t a t i o n a r y phase 
or the mobile phase occurs only when a n a l y s i n g d e r i v a t i z e d 
o l i g o s a c c h a r i d e s . A p p l i c a t i o n of t h i s mechanism has great 
p o t e n t i a l as an a l t e r n a t i v e t o GLC f o r s t r u c t u r a l 
a n a l y s i s . Such has been demonstrated by Albersheim and co
w o r k e r s (56-58) who f r a c t i o n a t e d a l k y l a t e d , r e d u c e d 
o l i g o s a c c h a r i d e s c o n t a i n i n g up to s i x sugar r e s i d u e s w i t h 
v a r y i n g d e g r e e s o f b r a n c h i n g e m p l o y i n g a q u e o u s 
a c e t o n i t r i l e e l u a n t s . D e t e c t i o n and p a r t i a l i d e n t i f i c a t i o n 
was c a r r i e d o u t by MS, t h a t i s , w i t h t h e c h e m i c a l 
i o n i z a t i o n chamber o f the MS i n t e r f a c i n g the column and 
the e l u a n t s e r v i n g as the CI r e a c t a n t gas (57,58). The 
a l k y l a t e d o l i g o s a c c h a r i d e - a l d i t o l were then i s o l a t e d and 
f u r t h e r examined by GLC coupled w i t h ΕΙ-MS. T h i s technique 
f o r s t r u c t u r a l a n a l y s e s s h o u l d f u r t h e r be d e v e l o p e d . 
Development should not only be seen through more s o p h i s t i 
c a t e d HPLC-MS i n t e r f a c e s but a l s o on d e r i v a t i z a t i o n 
techniques to produce compounds amenable to reverse phase 
or normal phase chromatography which c o n t a i n strong u l t r a 
v i o l e t chromophores t o f a c i l i t a t e d e t e c t i o n (e.g. use o f 
4 - a m i n o b e n z o i c a c i d e t h y l e s t e r , A B Ë E ) . The A l b e r s h e i m 
m e t h o d f o r s t r u c t u r a l a n a l y s i s makes p o s s i b l e t h e 
s e q u e n c i n g of complex c a r b o h y d r a t e s w i t h samples on the 
m i l l i g r a m s c a l e , w h i c h i s l e s s s e n s i t i v e t h a n GLC 
techniques. A c e t y l a t e d m a l t o - o l i g o s a c c h a r i d e s up to DP 35 
had been separated by W e l l s and L e s t e r i n 1979 (59). 

Development i n polymer based o c t a d e c y l columns 
s h o u l d i n c r e a s e p o t e n t i a l s f o r p r e p a r a t i v e RP-HPLC f o r 
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l a r g e s c a l e f r a c t i o n a t i o n of o l i g o s a c c h a r i d e s of d e f i n e d 
s t r u c t u r e s . C r o s s - l i n k i n g o f po lymers c o u l d be m a n i p u l a t e d 
e i t h e r to p r o d u c e low c a p a c i t y a n d / o r h i g h c a p a c i t y 
c o l u m n s ( e . g . R P - p o l y m e r b a s e d c o l u m n s f o r h y d r o p h o b i c 
p r o t e i n f r a c t i o n a t i o n . ) . 

R e v e r s e phase c o l u m n s a r e n o t a p p l i c a b l e to h i g h 
m o l e c u l a r we ight a m y l o d e x t r i n s due to p r o l o n g e d r e t e n t i o n 
t imes and supplementary HPSEC i s t h e r e f o r e needed f o r f u l l 
a n a l y s i s . 

H i g h P r e s s u r e S i z e E x c l u s i o n Chromatography (HPSEC). 
P r i n c i p l e s u n d e r l y i n g t h i s t e chn ique are the same as t h a t 
o f low p r e s s u r e GPC. C r o s s l i n k i n g o f the s t a t i o n a r y g e l 
m a t r i x i s c o n t r o l l e d s u c h t h a t t h e d i s t r i b u t i o n o f p o r e 
s i z e s w i t h i n the g e l m a t r i x can f r a c t i o n a t e m o l e c u l e s 
a c c o r d i n g to t h e i r hydrodynamic volume over a c o n s i d e r a b l e 
r a n g e o f e l u t i o n v o l u m e s . V e i s d i r e c t l y p r o p o r t i o n a l to 
l o g ( m o l e c u l a r w e i g h t ) . H i g h m o l e c u l a r w e i g h t s p e c i e s 
which c o u l d not p e n e t r a t e the pores are e x c l u d e d and e l u t e 
i n a v o l u m e e q u a l to t h e v o i d v o l u m e ( V Q ) o f t h e c o l u m n . 
V e r y s m a l l m o l e c u l e s p e n e t r a t e the g e l f r e e l y and a r e 
e l u t e d i n a v o l u m e ( V t ) e q u a l t o t h e sum o f V Q and t h e 
volume of s o l v e n t w i t h i n the g e l m a t r i x a v a i l a b l e to s m a l l 
m o l e c u l e s (V , p o r e v o l u m e ) . M o l e c u l e s o f i n t e r m e d i a t e 
s i z e c a n p e n e x r a t e some o f the p o r e s o f t h e g e l m a t r i x and 
t h e d e g r e e o f p e n e t r a t i o n i s r e f l e c t e d by V e w h i c h l i e s 
w i t h i n the range V Q and V t . 

The development of n o n - c o m p r e s s i b l e m a t r i c e s f o r GPC 
a n a l y s i s o f w a t e r s o l u b l e m a t e r i a l s has n o t r e a c h e d t h e 
degree of s o p h i s t i c a t o n a v a i l a b l e f o r the o r g a n i c e l u a n t 
c o m p a t i b l e m a t r i c e s . N e v e r t h e l e s s , some advances have been 
made; f o r e x a m p l e , m i c r o p a r t i c u l a t e e p i c h l o r o h y d r i n 
c r o s s l i n k e d agarose (60,61) , water c o m p a t i b l e h y d r o x y l a t e d 
p o l y e t h e r based s e m i - r i g i d m a t r i x e s (62,63) , porous s i l i c a 
d e a c t i v a t e d by c h e m i c a l l y bonded p o l y e t h e r , or h y d r o x y l i c 
phases have been deve loped . C u r r e n t l y a v a i l a b l e m a t e r i a l s 
have f r a c t i o n a t i o n r a n g e s w h i c h e x t e n d down t o DP 10-12 
w h i l s t u n m o d i f i e d s i l i c a w i t h 6nm p o r e s i z e s c a n e x t e n d 
the f r a c t i o n a t i o n range down to DP 5-6. C o n s e q u e n t l y , s i z e 
e x c l u s i o n c h r o m a t o g r a p h y i s p r i m a r i l y u s e d f o r t h e 
d e t e r m i n a t i o n o f m o l e c u l a r we ight d i s t r i b u t i o n and average 
m o l e c u l a r w e i g h t o f v e r y h i g h m o l e c u l a r w e i g h t 
a m y l o d e x t r i n s ( DP >50) (64), a m y l o d e x t r i n s which n o r m a l l y 
c o u l d n o t be a n a l y z e d by n o r m a l o r r e v e r s e p h a s e 
c h r o m a t o g r a p h y , l ow p r e s s u r e G P C , and by u s i n g f i x e d i o n 
and p e l l i c u l a r a n i o n e x c h a n g e r s , ( F i g u r e s 4A and 4B show 
the e f f i c i e n c y of a newly deve loped amino-bonded column i n 
f r a c t i o n a t i n g amylose h y d r o l y s a t e s w i t h an average DP of 
17). HPSEC i s r e q u i r e d f o r m o l e c u l a r we ight c h a r a c t e r i z a t 
i o n (65) o f low DE a m y l o d e x t r i n s ( F i g u r e 4A). A p p l i c a t i o n s 
o f such ( e . g . f a t r e p l a c e r , t h i c k e n e r s , g l u e s and i n t h e 
a f t e r c a r e of p a t i e n t s r e q u i r i n g h i g h energy but low f l u i d 
volume and e l e c t r o l y t e c o n t e n t d i e t s ) are on the i n c r e a s e . 

Polymer based p a c k i n g s f o r SEC have lower s e l e c t i v i t y 
compared to s i l i c a based m a t r i c e s . However t h i s i s o f f s e t 
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M, =42700 
M^=M200 
Mn= 39̂ 00 
Mw/Mn =1-05 
Μ Ζ/Ι\,=1.0Α 

MDRI 

LALLS 

5 10 
ELUTION VOLUME (ml) 

Figure 4A. HPSEC profile of a high-molecular-weight amylodextrin product using 
RI/LALLS. (Reproduced from Ref. 65. Copyright 1991 American Chemical Society.) 
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Figure 4B. Elution profile of a short chain amylose (c. DP 17) on a, SEC and b, amino-
bonded columns. (Reproduced with permission from Ref. 48. Copyright 1985 Elsevier.) 
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by t h e i r g r e a t e r s t a b i l i t y t o w a r d s a l k a l i n e pH ( w a t e r 
i n s o l u b l e h i g h m o l e c u l a r w e i g h t a m y l o d e x t r i n s c o u l d be 
s o l u b i l i z e d a t a l k a l i n e p H a s w e l l a s i n 
d i m e t h y l s u l p h o x i d e / w a t e r m i x t u r e s ) . F u r t h e r m o r e , m o d i f i e d 
s i l i c a s t i l l e x h i b i t s a d s o r p t i o n e f f e c t s , and e l u t i o n w i t h 
i o n i c b u f f e r s (0.1M) i s recommended w i t h i n the range 
pH 2 - 7 . S i l i c a b a s e d m a t r i c e s a l s o t e n d to d i s s o l v e i n 
a q u e o u s e l u e n t s a n d p o l y m e r b a s e d S E C p a c k i n g s a r e 
p r e f e r r e d . 

D e t e c t i o n by low a n g l e l a s e r l i g h t s c a t t e r i n g has 
b e e n r e c o m m e n d e d f o r t h e d e t e r m i n a t i o n o f a v e r a g e 
m o l e c u l a r weights and m o l e c u l a r weight d i s t r i b u t i o n s of 
p o l y s a c c h a r i d e s (64 ) . I n d i r e c t e s t i m a t i o n o f m o l e c u l a r 
weight v a l u e s from the r e t e n t i o n t i m e (or e l u t i o n volume) 
i s l e s s a c c u r a t e even when t h e same k i n d o f s t a n d a r d 
po lymer i s used (64). 

High P r e s s u r e Ion-Exchange Chromatography (HPIEX). U n t i l 
r e c e n t l y , t h e p r i n c i p a l m e c h a n i s m f o r t h e s e p a r a t i o n o f 
c a r b o h y d r a t e s was a c t u a l l y not t r u e i on -exchange . R e s o l u 
t i o n i n w i d e l y a p p l i e d f i x e d i o n r e s i n HPLC c o l u m n s 
i n v o l v e s i o n or s i z e e x c l u s i o n , h y d r o p h o b i c a d s o r p t i o n or 
l i g a n d exchange. F i x e d - i o n r e s i n s a r e u s u a l l y composed o f 
the s u l f o n i c a c i d - t y p e p o l y s t y r e n e d i v i n y l b e n z e n e r e s i n s , 
h a v i n g a d e g r e e o f c r o s s - l i n k i n g be tween t h e s t y r e n e 
po lymers of 4-8%, be ing l oaded w i t h a p a r t i c u l a r c a t i o n i c 
c o u n t e r i o n . C o u n t e r i o n s a f f e c t d e s i r e d s e p a r a t i o n w h i l s t 
r e m a i n i n g permanent ly ( i n theory) on the column throughout 
i t s u s e f u l l i f e . T h e r e a r e s e v e r a l c a t i o n i c f o r m s 
a v a i l a b l e , C a . P b , Η, Κ and Ag . The c h o i c e o f c a t i o n i s 
i m p o r t a n t . C a + + on 4% c r o s s l i n k e d r e s i n s e p a r a t e s m a l t o -
o l i g o s a c c h a r i d e s to DP 6-8 (66 ,67) and the more s t a b l e 
A g + on 4% c r o s s l i n k e d r e s i n f r a c t i o n a t e s m a l t o -
o l i g o s a c c h a r i d e s to DP 8-12 (68) ( F i g u r e 3D) depending on 
t h e s i z e (or number) o f t h e c h r o m a t o g r a p h i c c o l u m n s a n d 
t ime of a n a l y s i s . More r e c e n t l y , 2% c r o s s - l i n k e d r e s i n 
i n the H + form has been demonstrated to r e s o l v e m a l t o -
o l i g o s a c c h a r i d e s up to DP 12-14 (69,70) p r o v i d e d t h a t f low 
r a t e s , and h e n c e back p r e s s u r e , a r e k e p t low (no t more 
than 0.35 m l / m i n a t 60C and 0.5 m l / m i n a t 85C). 

F i x e d i o n c o l u m n s a r e a l w a y s r u n a t e l e v a t e d 
t emperatures to e l i m i n a t e f o r m a t i o n of d o u b l e t s or broad 
peaks owing to r e s o l u t i o n or p a r t i a l r e s o l u t i o n o f anomers 
a n d t o a c c e l e r a t e t h e s l o w , d i f f u s i o n - c o n t r o l l e d 
p a r t i t i o n i n g p r o c e s s . E x c e p t f o r t h e H + f o r m w h i c h u s e s 
a b o u t 0.005M aqueous s u l p h u r i c a c i d , c o l u m n s u s i n g the 
o t h e r c o u n t e r - i o n s use w a t e r as e l u a n t . Use o f w a t e r as 
e l u a n t i s a m a j o r a d v a n t a g e e s p e c i a l l y f o r p r e p a r a t i v e 
p u r p o s e s ( 7 1 ) , a l b e i t t h e H + f o r m c o u l d be d i r e c t l y 
a p p l i e d w i t h o u t p r i o r c l e a n - u p procedures to the a n a l y s i s 
o f t h e p r o d u c t s o f a c i d and e n z y m i c h y d r o l y s i s o f s t a r c h 
and c o m p o n e n t s . S a m p l e s s h o u l d be f r e e f r o m p r o t e i n and 
f a t t o p r e v e n t d e p o s i t i o n on t h e c o l u m n c a u s i n g l o s s o f 
e f f i c i e n c y and r e s o l u t i o n and s h o u l d be n e u t r a l ( e x c e p t 
f o r H + form) and d e i o n i z e d before i n j e c t i o n to p r e v e n t the 
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s t r i p p i n g o f f or exchange of the f i x e d c a t i o n . Regenera t 
i o n o f the c a t i o n s w i t h t h e i r r e s p e c t i v e n i t r a t e s s h o u l d 
t a k e p l a c e r e g u l a r l y t o p r e v e n t a n d c o r r e c t c o l u m n 
d e t e r i o r a t i o n . 

S i z e e x c l u s i o n i s the p r i n c i p a l mechanism o p e r a t i n g 
w i t h these columns s i n c e l a r g e m o l e c u l e s a r e e l u t e d p r i o r 
t o s m a l l e r m o l e c u l e s w h i l s t s e l e c t i v i t y i s p r i m a r i l y 
dependant on the l i g a n d ( f i x e d ion) i n t e r a c t i o n / e x c h a n g e 
(72) ( i . e . o f the w a t e r m o l e c u l e s s u r r o u n d i n g the f i x e d 
i o n ) . D e g r e e o f c r o s s l i n k i n g d e t e r m i n e s t h e l e n g t h o f 
s e p a r a t i o n t i m e w h i l s t i n c r e a s i n g r e s o l v i n g p o w e r . F o r 
f u r t h e r r e a d i n g , the rev iew of P i r i s i n o (73) on f i x e d i o n 
r e s i n columns and amino bonded columns i s recommended as 
w e l l as t h e book by M i k e s (74 ) on H P L C t e c h n i q u e s . 

The f i x e d i o n r e s i n t e c h n i q u e , i n p a r t i c u l a r C a + * and 
A g + + f o r m s o f r e s i n , i s r e p l a c i n g t r a d i t i o n a l GPC f o r 
r o u t i n e c o r n s y r u p a n a l y s i s i n the f o o d i n d u s t r y . The 
major drawback o f these columns i n c l u d e s the c o m p r e s s i b i 
l i t y of the g e l m a t r i x , extended a n a l y s i s t i m e , e f f i c i e n c y 
l o s s e s o f t h e o r d e r o f 50% f o r a d o u b l i n g o f t h e f l o w -
r a t e , the need f o r h i g h t e m p e r a t u r e (85C) o p e r a t i o n , and 
t h e need f o r s p e c i a l i z e d r e g e n e r a t i o n and r e - p a c k i n g o f 
c o n t a m i n a t e d co lumns . However these drawbacks are o f f s e t 
by t h e a b i l i t y to o b t a i n an a l m o s t t o t a l a n a l y s i s o f 
m a t e r i a l a p p l i e d to the c o l u m n and the use o f w a t e r as t h e 
o n l y e l u a n t . 

C y c l o d e x t r i n s a r e a l s o r e s o l v e d on the C a + + f o r m , a t 
9 0 C , e l u t i n g i n the o r d e r o f a l p h a < gamma < b e t a a t 
r e t e n t i o n t i m e s l a t e r t h a n t h o s e o f the c o r r e s p o n d i n g 
l i n e a r D - g l u c o - o l i g o s a c c h a r i d e s (75). 

A n o t h e r a p p l i c a t i o n o f i o n exchange c o l u m n s i n 
a m y l o d e x t r i n a n a l y s i s i s t h e s e p a r a t i o n o f 
o l i g o s a c c h a r i d e s as n e g a t i v e l y c h a r g e d b o r a t e c o m p l e x e s 
u s i n g a t r u e anion-exchange mechanism (76,77). 

More r e c e n t l y , the a v a i l a b i l i t y of h igh performance 
a n i o n e x c h a n g e c o l u m n s s t a b l e a t h i g h pH c o n d i t i o n s and 
the development o f the p u l s e d amperometr i c d e t e c t o r (PAD) 
(78 ,79) have i n t r o d u c e d a most p o w e r f u l method f o r t h e 
H P L C o f h i g h e r o l i g o s a c c h a r i d e s . S u c h a s y s t e m was 
i n t r o d u c e d by R o c h l i n e and Pohl (80), and c o m m e r c i a l i z e d 
i n t o the Dionex sys tem. 

P r i o r to t h i s t e c h n i q u e , s o l u b i l i z a t i o n problems of 
h i g h e r o l i g o s a c c h a r i d e s have r e s t r i c t e d i t s f u l l a n a l y s i s 
u s i n g amine-bonded, r e v e r s e phase and f i x e d i o n co lumns . 
A l b e i t , h i g h m o l e c u l a r o l i g o s a c c h a r i d e s a r e s o l u b l e i n 
DMSO and t h i s s o l v e n t c o u l d be u s e d on some SEC c o l u m n s . 
Good r e s o l u t i o n o f h i g h o l i g o s a c c h a r i d e s i s not o b t a i n e d 
by t h i s t echn ique and o n l y m o l e c u l a r we ight d i s t r i b u t i o n 
and average m o l e c u l a r weight can be measured. 

Most c a r b o h y d r a t e s have pKa va lues i n the range 12-13 
and hence a r e i o n i z a b l e a t pH >13. Not o n l y does h i g h pH 
s o l u b i l i z e a m y l o d e x t r i n s b u t i t a l s o e n h a n c e s t h e 
o c c u r e n c e o f c a r b o h y d r a t e o x i d a t i o n , t h e b a s i s f o r PAD 
d e t e c t i o n . T h u s , l i q u i d c h r o m a t o g r a p h y - e l e c t o c h e m i c a l 
d e t e c t o r a p p l i c a t i o n s t y p i c a l l y employ m o b i l e phases c o n -
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t a i n i n g 0.001M t o 0.15M O H " , The a d d i t i o n o f a c e t a t e 
decreases the c a p a c i t y f a c t o r s o f a l l s o l u t e s and t h i s i s 
u t i l i z e d t o f u r t h e r t h e a p p l i c a t i o n t o h i g h e r 
o l i g o s a c c h a r i d e s and r e s o l u t i o n o f i s o m e r i c d i s a c c h a r i d e s . 
u s i n g a l i n e a r g r a d i e n t , f r o m 0 t o 600 mM s o d i u m a c e t a t e 
i n 100 mM s o d i u m h y d r o x i d e o v e r 30 m i n , f o l l o w e d by 
i s o c r a t i c e l u t i o n a t the f i n a l c o n c e n t r a t i o n f o r 5 m i n , 
r e s o l u t i o n of m a l t o - o l i g o s a c c h a r i d e s up to DP 43 (81) has 
been a c h i e v e d . S e n s i t i v i t y o f the d e t e c t o r was i n c r e a s e d 
3 - f o l d f o r t h e o l i g o m e r s o f DP 2 5 - 3 5 , and 3 0 - f o l d t o 
d e t e c t those above DP 35. More r e c e n t l y , m a l t o - o l i g o s a c 
c h a r i d e s f r o m a m y l o s e h y d r o l y s a t e s and f r o m waxy m a i z e 
a f t e r d e b r a n c h i n g w i t h i s o a m y l a s e were r e s o l v e d up to DP 
50 a n d DP 90 ( s e e F i g u r e 5 A ) , r e s p e c t i v e l y ( 8 2 ) . 
H y d r o l y z a t e s o f o t h e r p o l y s a c c h a r i d e s were a l s o r e s o l v e d 
to DP >50 (82) w h i l s t branched c y c l o d e x t r i n s c o n t a i n i n g up 
to twe lve D - g l u c o s y l r e s i d u e s were a n a l y z e d (83). 

A n i o n P e l l i c u l a r Columns. Columns employed by the Dionex 
s y s t e m make u s e o f e l e c t r o s t a t i c a l l y l a t e x - c o a t e d 
p e l l i c u l a r i o n e x c h a n g e r s . These m a t e r i a l s c o n s i s t o f 3 
r e g i o n s : a) an i n e r t PS-DVB c o r e , b) a s h a l l o w s u l p h o n a t e d 
l a y e r on the s u r f a c e of the i n e r t c o r e , and c) a monolayer 
c o a t i n g o f c o l l o i d a l i o n - e x c h a n g e p a r t i c l e s w h i c h a r e 
p e r m a n e n t l y a t t a c h e d t o t h e o p p o s i t e l y c h a r g e d 
f u n c t i o n a l i z e d s u r f a c e o f the i n e r t c o r e . The l a t e x 
c o a t i n g c o n s i s t s o f f u l l y f u n c t i o n a l i z e d a n i o n e x c h a n g e 
l a t e x p a r t i c l e s made f r o m v i n y l b e n z y l c h l o r i d e (VBC) 
po lymer c r o s s l i n k e d w i t h DVB and f u l l y f u n t i o n a l i z e d w i t h 
an a p p r o p r i a t e t e r t i a r y amine f o r d e s i r e d a n i o n exchange 
s e l e c t i v i t y (84,85). Use o f p e l l i c u l a r pack ings guarantees 
a much s h o r t e r a n a l y t e d i f f u s i o n p a t h i n c r e a s i n g 
c o n s i d e r a b l y column e f f i c i e n c i e s . 

The d e t e c t i o n system employed, a p u l s e d a m p e r o m e t r i c 
d e t e c t o r , p e r m i t s r e m a r k a b l e s e n s i t i v i t y (100 p p b ) , a n d 
p r o v i d e s t h e m o s t s e n s i t i v e w o r k a b l e c o m m e r c i a l l y 
a v a i l a b l e d e t e c t o r y e t deve loped f o r HPLC o f u n d e r i v a t i z e d 
c a r b o h y d r a t e s . The drawback i s t h a t i t r e q u i r e s s t r o n g l y 
a l k a l i n e c o n d i t i o n s f o r o p t i m u m c a r b o h y d r a t e o x i d a t i o n 
( a n d d e t e c t i o n ) . E l u a n t s t h e r e f o r e c o n t a i n h i g h 
c o n c e n t r a t i o n s o f n o n - v o l a t i l e s a l t s ( t y p i c a l l y s o d i u m 
a c e t a t e and s o d i u m h y d r o x i d e ) and f u r t h e r s t r u c t u r a l 
e l u c i d a t i o n o r i d e n t i f i c a t i o n by e . g . mass s p e c t r o s c o p y 
a n d / o r NMR r e q u i r e s p r i o r d e s a l t i n g . The use o f an 
a n i o n i c m i c r o m e m b r a n e s u p p r e s s o r d o w n s t r e a m o f t h e 
d e t e c t o r , thus c o n v e r t i n g the sodium h y d r o x i d e and sodium 
a c e t a t e t o w a t e r a n d a c e t i c a c i d , r e s p e c t i v e l y , has been 
f o u n d s a t i s f a c t o r y f o r 1 H NMR a t 500 MHZ (86) . H o w e v e r , 
w i t h t h e i n h e r e n t i n s e n s i t i v i t y o f NMR a n d t h e l o w 
c a p a c i t y of p e l l i c u l a r HPAEC co lumns , p r e p a r a t i o n f o r more 
s e n s i t i v e a n a l y t i c a l m e t h o d s , e . g . MS, i s d e s i r a b l e . 
D e r i v a t i z a t i o n o f f r a c t i o n a t e d o l i g o s a c c h a r i d e s ( e i t h e r by 
m e t h y l a t i o n t e c h n i q u e s or r e d u c t i v e c o u p l i n g o f 4 - a m i n o -
b e n z o i c a c i d e t h y l e s t e r , A B E E ) a n d s u b s e q u e n t 
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ELUTION TIME (min) 

Figure 5. A) HPAEC profile of amylomaize hydrolysate. B) TLC profile of products from 
alpha-amylolysis of starch granules. (Reproduced with permission from Refis. 82 and 90, 
respectively. Copyright 1989 Elsevier and 1985 Elsevier.) 
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p u r i f i c a t i o n v i a r e v e r s e phase c h r o m a t o g r a p h y p r i o r to 
FAB-MS i s h i g h l y s u c c e s s f u l , most e s p e c i a l l y w i t h the use 
of ABEE (87). 

A f f i n i t y Chromatography. The i n t e r a c t i o n of c o n c a n a v a l i n 
A with alpha-D-glucans has been used i n the d e t e r m i n a t i o n 
of the f i n e s t r u c t u r e of a m y l o p e c t i n and g l y c o g e n ( 8 8 ) , 
where c o r r e l a t i o n between the e x t e r n a l chain l e n g t h of the 
glucan and the hydrodynamic volume has been e s t a b l i s h e d . 

Planar Chromatography 

Planar chromatography of carbohydrates has not developed 
t o the same e x t e n t i n r e c e n t y e a r s as have the column 
methods. Paper and t h i n l a y e r c h romatography, i n some 
i n s t a n c e s , s t i l l p r e s e n t a more c o n v e n i e n t method t h a n 
HPLC f o r the s e p a r a t i o n of o l i g o s a c c h a r i d e s . In g e n e r a l , 
TLC i s s u p e r i o r t o PC w i t h r e g a r d t o r e s o l u t i o n , 
s e n s i t i v i t y and e s p e c i a l l y the time r e q u i r e d f o r a n a l y s i s . 
However, u n t i l r e c e n t l y , q u a n t i t a t i v e f r a c t i o n a t i o n o f 
m a l t o - o l i g o s a c c h a r i d e s up t o DP 25 was a c h i e v e d by 
m u l t i p l e descending PC w h i l s t a p p l i c a t i o n s of HPTLC u s i n g 
m u l t i p l e development were l i m i t e d to o l i g o s a c c h a r i d e s up 
t o DP 12. R e s o l u t i o n o f m a l t o - o l i g o s a c c h a r i d e s was 
t h e r e f o r e e x t e n d e d by K o i z u m i e t a l (48) t o g i v e good 
r e s o l u t i o n up to DP >20 on s i l i c a g e l TLC p l a t e s and S i 
50000 HPTLC p l a t e s . Branched c y c l o d e x t r i n s a r e a l s o 
r e s o l v a b l e on S i 50000 HPTLC p l a t e s and NH 2~bonded HPTLC 
p l a t e s (89). 

TLC i s a c o n v e n i e n t t e c h n i q u e ; samples can be ana
l y z e d s i m u l t a n e o u s l y and i t p r o v i d e s an i d e a l method f o r 
r a p i d a m y l a s e a c t i v i t y d e t e r m i n a t i o n w h i l s t p r o v i d i n g a 
q u a l i t a t i v e a s s e s s m e n t o f i t s s p e c i f i c i t y and a c t i v i t y 
mechanism. A p p l i c a t i o n of scanning d e n s i t o m e t r i c a n a l y s i s 
on v i s u a l i z e d chromatograms p e r m i t s d o c u m e n t a t i o n and 
q u a n t i f i c a t i o n o f r e s u l t s . Macgregor and M a c g r e g o r have 
s t u d i e d the a c t i v i t y mechanism of the a l p h a - a m y l a s e i n 
c e r e a l s u s i n g TLC techniques (90), F i g u r e 5B. Recent deve
l o p m e n t s on d e t e c t i o n up t o nanogram a m o u n t s , and 
d e v e l o p m e n t of HPTLC and NH 2~bonded HPTLC p l a t e s which 
provid e b e t t e r r e s o l u t i o n o f a m y l o d e x t r i n s up t o DPs 
c o m p a r a b l e to HPLC might see a r e s u r g e n c e o f the use o f 
TLC on such a n a l y s e s . However, v a r i a t i o n on a s i n g l e 
chromatogram as w e l l as between chromatograms c o u l d occur 
due to s l i g h t d i f f e r e n c e s i n temperatures and d u r a t i o n of 
h e a t i n g and coverage of spray reagent, and a l o t of s k i l l 
i s i n v o l v e d i n p e r f o r m i n g TLC techniques. 

S u p e r c r i t i c a l F l u i d Chromatography 

u t i l i z a t i o n o f SFC f o r the s e p a r a t i o n o f s u i t a b l y 
d e r i v a t i z e d o l i g o s a c c h a r i d e s , e.g. t r i m e t h y l s i l y l a t e d and 
p e r m e t h y l a t e d a m y l o d e x t r i n s from c o r n s y r u p has been 
d e m o n s t r a t e d (91,92). R e s o l u t i o n o f the t r i m e t h y l s i l y l a 
ted o l i g o m e r s up to DP 18 and permethylated o l i g o m e r s up 
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t o DP 15 have been a c h i e v e d , a t t e m p e r a t u r e s o f 90C and 
120C, r e s p e c t i v e l y , u s i n g f u s e d s i l i c a c o l u m n s w i t h 
b o n d e d - m e t h y l p o l y s i l o x a n phases . The p r e s s u r e o f C 0 2 mo
b i l e phase was p r o g r a m m e d f r o m 115 t o 400 atm o v e r 75 
m i n s . 

SFC o f f e r s a l e s s l a b o r i o u s t e c h n i q u e w i t h b e t t e r 
r e s o l v i n g power f o r a m y l o d e x t r i n a n a l y s i s t h a n G L C . 
A p p l i c a t i o n of SFC i s expected to i n c r e a s e , p a r t i c u l a r l y 
i n c o m b i n a t i o n w i t h CI mass s p e c t r o m e t r y , w i t h which i t i s 
now i n t e r f a c e d . 

SPECTROSCOPIC METHODS 

Mass S p e c t r o m e t r y (MS) . MS i s one o f t h e key t e c h n i q u e s 
used i n s t r u c t u r e d e t e r m i n a t i o n o f c a r b o h y d r a t e s and a n a 
l y s e s v i a e l e c t r o n i m p a c t ( E . I . ) and c h e m i c a l i o n i z a t i o n 
( C . I . ) methods a r e p e r f o r m e d r o u t i n e l y on low m o l e c u l a r 
w e i g h t p e r m e t h y l a t e d or p e r a c e t y l a t e d c a r b o h y d r a t e s . 
R e c e n t l y , MS p r o c e d u r e s have f o u n d w i d e r a p p l i c a t i o n i n 
the s t r u c t u r e e l u c i d a t i o n of l e s s v o l a t i l e h i g h e r m o l e c u 
l a r w e i g h t o l i g o s a c c h a r i d e s as a r e s u l t o f i n s t r u m e n t a l 
d e v e l o p m e n t s ( i n p a r t i c u l a r , d e s o r p t i o n m e t h o d s o f 
i o n i z a t i o n , b a s e d on f a s t atom bombardment (FAB) (93) , 
f i e l d d e s o r p t i o n ( F D ) , l a s e r d e s o r p t i o n ( L D ) , p l a s m a 
d e s o r p t i o n (PD), and secondary i o n (SI) mass s p e c t r o 
metry) and improvements i n d e r i v a t i z a t i o n t e c h n i q u e s . For 
e x a m p l e , a s e r i e s o f m a l t o - o l i g o s a c c h a r i d e s , s t a r c h and 
o t h e r g l y c a n s have been e x a m i n e d w i t h LD FD-MS (94 ,95) 
w h i l s t FAB t e c h n i q u e s have been e m p l o y e d f o r s t u d i e s o f 
c e l l o - and m a l t o - o l i g o s a c c h a r i d e s (96) and branched c y c l o 
d e x t r i n s (9 7) . 

MS t echn iques can g i v e some sequence i n f o r m a t i o n , as 
f r a g m e n t a t i o n o c c u r s i n an o r d e r e d f a s h i o n ( a l b e i t s t u d i e s 
by Bosso e t a l (96) on c e l l o - and m a l t o - o l i g o s a c c h a r i d e s 
d i d n o t o b s e r v e a n y f r a g m e n t a t i o n p e r t i n e n t t o t h e 
c a r b o h y d r a t e sequence) w h i l s t an i n d i c a t i o n of the p o s i t 
i o n s o f l i n k a g e c a n a l s o be o b t a i n e d . F u r t h e r m o r e , 
m o l e c u l a r weight c o u l d be e s t i m a t e d on a few p i c o m o l e s of 
t h e n a t i v e m a t e r i a l a n d c h a r a c t e r i z a t i o n o f h o m o -
o l i g o s a c c h a r i d e s , even as a m i x t u r e has been r e p o r t e d 
(96) . A t p r e s e n t , o n l y d e r i v a t i z e d o l i g o s a c c h a r i d e s l e s s 
than DP 10 c o u l d be a n a l y z e d by MS t e c h n i q u e s . 

FAB s p e c t r a a r e r e l a t i v e l y easy to a c q u i r e and i t i s 
l i k e l y t h a t FAB-MS w i t h complementary E.I .MS and C.I.MS of 
p e r m e t h y l a t e d o l i g o s a c c h a r i d e s a n d t h e p a r t i a l l y 
m e t h y l a t e d a l d i t o l s of t h e i r c o n s t i t u e n t monosacchar ides 
( s e p a r a t e d w i t h c a p i l l a r y GLC) i s t h e mos t e f f i c i e n t 
s t ra tagem f o r MS a n a l y s i s of o l i g o s a c c h a r i d e s . 

N u c l e a r M a g n e t i c Resonance. C o n s i d e r a b l e p r o g r e s s has been 
a c h i e v e d i n the NMR s p e c t r o s c o p i c c h a r a c t e r i z a t i o n o f 
c a r b o h y d r a t e s i n the s o l i d and s o l u t i o n s t a t e . 1 3 C nmr has 
a l r e a d y p r o v e d to be a p o w e r f u l t o o l f o r t h e s t r u c t u r a l 
e l u c i d a t i o n o f p o l y s a c c h a r i d e s , p r o v i d i n g i n f o r m a t i o n on 
t h e i r c o m p o s i t i o n , s e q u e n c e , o v e r a l l c o n f o r m a t i o n and 
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anomeric c o n f i g u r a t i o n (98,2). In i 3 C nmr measurements, i t 
i s necessary to make comparisons with standard compounds. 
Such measurements and comparisons have shown t h a t c h e m i c a l 
s h i f t s i n monosaccharides are e s s e n t i a l l y the same as the 
s h i f t s o b t a i n e d w i t h a p o l y s a c c h a r i d e of the same u n i t s . 
Any s u b s t i t u e n t on a sugar c a u s e s a change ( u s u a l l y an 
i n c r e a s e ) i n the c h e m i c a l s h i f t of the c a r b o n d i r e c t l y 
i n v o l v e d i n t h e linkage/These p a t t e r n s o f c h e m i c a l s h i f t 
d i f f e r e n c e s between m o n o s a c c h a r i d e s and p o l y s a c c h a r i d e s 
i n d i c a t e t h e p o s i t i o n s o f t h e g l y c o s i d i c l i n k a g e s ; a l s o 
s i m i l a r i t i e s i n chemical s h i f t s , e s p e c i a l l y on s e l e c t i v e 
carbon atoms known to be s e n s i t i v e to change i n anomeric 
c o n f i g u r a t i o n , can be employed f o r the d e t e r m i n a t i o n o f 
l i n k a g e c o n f i g u r a t i o n . n m r c o u l d only be performed on 
more than 5 mg of a m a t e r i a l w h i l s t high r e s o l u t i o n proton 
(^H) nmr c o u l d g i v e d i a g n o s t i c s p e c t r a on as l i t t l e as 10 
nanomoles of m a t e r i a l . 1 H nmr does not p r o v i d e as much 
s t r u c t u r a l i n f o r m a t i o n due to incomplete s e p a r a t i o n of the 
p r o t o n r e s o n a n c e o b t a i n e d f o r c a r b o h y d r a t e s . I t can, 
however, be used to q u a n t i t a t e i n d i v i d u a l o l i g o s a c c h a r i d e 
contents i n s i t u a t i o n s where the unique s e l e c t i v i t y of the 
method overcomes i n t e r f e r e n c e p r o b l e m s e n c o u n t e r e d when 
us i n g other s p e c t r o s c o p i c methods of great s e n s i t i v i t y but 
i n f e r i o r s e l e c t i v i t y . 

More rec e n t i n n o v a t i o n s i n c l u d e f o r example a s e r i e s 
of proton and carbon two-dimensional (2D) NMR techniques, 
m u l t i s t e p r e l a y e d c o r r e l a t i o n spectroscopy and homonuclear 
1H- 1H Eartmann-Hahn c o r r e l a t i o n s p e c t r o s c o p y (99-101) 
which are p r o v i d i n g extremely v a l u a b l e i n f o r m a t i o n about 
t h e n o r m a l l y c r o w d e d r e g i o n s o f c o n v e n t i o n a l one 
d i m e n s i o n a l (ID) carbohydrate s p e c t r a . Examples of c u r r e n t 
a p p l i c a t i o n o f NMR i n a m y l o d e x t r i n a n a l y s i s i n v o l v e s 
s t u d i e s of t h e i r c o n f o r m a t i o n (102,103) the e f f e c t o f 
h y d r a t i o n (104), and the f o r m a t i o n of i n c l u s i o n complexes 
(105,106). G i d l e y (107) employed NMR t e c h n i q u e s f o r the 
a n a l y s i s of branching and r e d u c i n g r e s i d u e s i n s t a r c h and 
B i r c h and K h e i r i (108) determined the degree of h y d r o l y s i s 
and t h e r e f o r e the d e x t r o s e e q u i v a l e n t o f some g l u c o s e 
syrups. Furthermore, with the advent of F o u r i e r t r a n s f o r m 
techniques development i s underway to prepare on l i n e HPLC 
d e t e c t o r s (109) w h i c h w i l l p r o v i d e v a l u a b l e s t r u c t u r a l 
i n f o r m a t i o n on components i n m i x t u r e s r a t h e r t h a n t h e 
more n o r m a l d e t e r m i n a t i o n o f n e t p r o p e r t i e s o f a 
component. T h i s n o n - d e s t r u c t i v e d e t e c t o r w i l l a l l o w i t use 
i n c o n j u n c t i o n with other d e t e c t o r s or f r a c t i o n c o l l e c t o r s 
i f p r e p a r a t i v e s c a l e chromatography i s used. The reader i s 
r e f e r r e d to r e v i e w s by Coxon (110) and Rathbone (111) on 
NMR methodology and i n t e r p r e t a t i o n of s p e c t r a . 

O t h e r S p e c t r o s c o p i c Methods. E l e c t r o n s p i n r e s o n a n c e 
(ESR), i n f r a r e d (IR) and raman s p e c t r o s c o p y (112,113), 
f l u o r e s c e n c e s p e c t r o s c o p y and p h o t o e l e c t r o n spectroscopy 
c o u l d a l s o be employed i n the e l u c i d a t i o n o f s o l u t i o n 
p r o p e r t i e s and t h e s t r u c t u r e o f s t a r c h , i t s m a j o r 
components and s t a r c h h y d r o l y s a t e s (114). 
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CHEMICAL METHODS 

C o l o r i m e t r i c Methods. C o l o r i m e t r i c methods a r e m a i n l y 
used f o r t h e g r o s s d e t e r m i n a t i o n o f t o t a l c a r b o h y d r a t e 
content or t o t a l reducing sugar content although s p e c i f i c 
assay methods have been developed f o r the q u a n t i t a t i o n of 
p a r t i c u l a r o l i g o s a c c h a r i d e s from a mixture by the use of 
s p e c i f i c enzymes. Both t o t a l c a r b o h y d r a t e and r e d u c i n g 
sugar contents are important f e a t u r e s of o l i g o s a c c h a r i d e 
a n a l y s i s s i n c e i t i s p o s s i b l e to determine the s i z e of an 
o l i g o s a c c h a r i d e , o r, f o r a mixture of r e l a t e d o l i g o s a c c h a 
r i d e s , a mean v a l u e f o r the r a t i o o f t o t a l r e s i d u e s t o 
t e r m i n a l r e d u c i n g r e s i d u e s . For example, i n the f o o d 
i n d u s t r y , glucose syrups are c a t e g o r i z e d and c h a r a c t e r i z e d 
i n terms of t h e i r dextrose ( i . e . D-glucose) e q u i v a l e n t or 
DE v a l u e . R e c o g n i t i o n o f t h e s h o r t c o m i n g s o f d e f i n i n g 
mixtures of o l i g o s a c c h a r i d e s i n terms of onl y the DE value 
r e s u l t e d i n the ( i n c r e a s i n g ) c h a r a c t e r i z a t i o n of corn and 
glucose syrups based on t h e i r o l i g o s a c c h a r i d e composition 
by chromatographic techniques. However, chemical methods 
( i n p a r t i c u l a r the Lane and Eynon method ) s t i l l r e m a i n 
the p r i n c i p a l method t y p e f o r c o r n and g l u c o s e s y r u p 
c h a r a c t e r i z a t i o n . Methods f o r t o t a l sugar assay based on 
the h y d r o l y t i c a c t i o n of concentrated s u l p h u r i c a c i d w i t h 
subsequent dehydration of the monosaccharide r e l e a s e d to 
giv e d e r i v a t i v e s of f u r f u r a l and which r e a c t w i t h c e r t a i n 
compounds t o g i v e c o l o u r e d p r o d u c t s and methods f o r the 
d e t e r m i n a t i o n of t h e r e d u c i n g p r o p e r t i e s o f s u g a r s a r e 
d e s c r i b e d and r e v i e w e d by White and Kennedy (1) and 
C h a p l i n (115). 

One o f the major uses o f c o l o r i m e t r i c methods i s i n 
the m o n i t o r i n g o f c h r o m a t o g r a p h i c columns. A l l t h e low 
pressure GPC columns can be connected to automated c o l o r i 
m e t r i c assay systems based on any of the t o t a l sugar assay 
methods. There i s a p o t e n t i a l i n the a d o p t i o n o f such 
systems (analogous to flow i n j e c t i o n a n a l y s i s ) i n t o HPLC 
systems f o r the s p e c i f i c and more s e n s i t i v e (compared to 
RI and UV) d e t e c t i o n of u n d e r i v a t i z e d glucose o l i g o m e r s . 

S t r u c t u r e E l u c i d a t i o n . The use of c l a s s i c a l a n a l y t i c a l 
methods based on chemical m o d i f i c a t i o n s and degradation, 
such as Smith degradation ( p e r i o d a t e o x i d a t i o n ) and methy-
l a t i o n a n a l y s i s , i s c o n t i n u a l l y b e i n g e x t e n d e d by 
combination w i t h modern s p e c t r o s c o p i c techniques e.g. NMR 
and MS. 

M e t h y l a t i o n A n a l y s i s . M e t h y l a t i o n a n a l y s i s , as d e s c r i b e d 
p r e v i o u s l y , i n v o l v e s c o m p l e t e m e t h y l a t i o n o f a 
p o l y s a c c h a r i d e , the h y d r o l y s i s of the methylated product 
to a mixture of p a r t i a l l y methylated monosaccharides, the 
r e d u c t i o n o f t h e m e t h y l a t e d m o n o s a c c h a r i d e s , t h e 
a c e t y l a t i o n of the reduced products and, f i n a l l y , a n a l y s i s 
o f the p a r t i a l l y m e t h y l a t e d a l d i t o l a c e t a t e s by GLC and 
MS. M e t h y l a t i o n a n a l y s i s g i v e s i n f o r m a t i o n on the carbons 
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i n v o l v e d i n g l y c o s i d i c l i n k a g e s but not the anomer ic c o n 
f i g u r a t i o n of the g l y c o s i d i c l i n k a g e s nor the sequence of 
the monosacchar ide r e s i d u e s . 

P e r i o d a t e O x i d a t i o n . I n f o r m a t i o n r e g a r d i n g s t r u c t u r e s and 
m o n o s a c h a r i d e s e q u e n c e i s b a s e d on t h e f o r m a t i o n o f 
d e g r a d a t i v e p r o d u c t s o f p a r t i c u l a r p r o p o r t i o n s 
c o r r e s p o n d i n g to the s p e c i f i c g l y c o s i d i c l i n k a g e i n v o l v e d 
and the m o n o s a c c h a r i d e i n v o l v e d (17). B r i e f l y , c a r b o h y 
d r a t e r e s i d u e s c o n t a i n i n g g l y c o l g r o u p s a r e o x i d i z e d t o 
d i a l d e h y d e s b u t i f r e s i d u e s c o n t a i n h y d r o x y l g r o u p s on 
t h r e e a d j a c e n t c a r b o n s f o r m i c a c i d i s p r o d u c e d . A l s o , 
o x i d a t i o n of a p r i m a r y h y d r o x y l group a d j a c e n t to a s e c o n 
d a r y h y d r o x y l g r o u p y i e l d s f o r m a l d e h a y d e . R e a c t i o n o f 
p o l y s a c c h a r i d e s w i t h p e r i o d i c a c i d i s f o l l o w e d by 
measurement o f the amounts o f reagent consumed and o f the 
f o r m i c a c i d f o r m e d . A l t e r n a t i v e l y , o x i d a t i v e p r o d u c t s 
a f t e r r e d u c t i o n and m i l d a c i d h y d r o l y s i s a r e a n a l y s e d by 
G L C , u s u a l l y as t h e i r t r i m e t h y l s i l y l e t h e r s . A d d i t i o n a l 
s t r u c t u r a l i n f o r m a t i o n , i . e . monosacchar ide sequence, can 
be o b t a i n e d by s u b j e c t i n g t h e o x i d i z e d a n d r e d u c e d 
c a r b o h y d r a t e to a s e c o n d p e r i o d a t e o x i d a t i o n ( S m i t h 
d e g r a d a t i o n ) (116) . A n o t h e r a n a l y t i c a l scheme b a s e d on 
p e r i o d a t e o x i d a t i o n i s t h e B a r r y d e g r a d a t i o n . P e r i o d a t e 
o x i d i z e d p o l y s a c c h a r i d e s are r e a c t e d w i t h p h e n y l h y d r a z i n e 
i n d i l u t e a c e t i c a c i d . P h e n y l h y d r a z o n e s a r e f o r m e d w i t h 
t h e a l d e h y d e g r o u p s g e n e r a t e d by t h e o x i d a t i o n a n d 
r e l e a s e d by h y d r o l y s i s . Some p o l y s a c c h a r i d e s c a n be 
d e g r a d e d w i t h s e q u e n t i a l r e m o v a l o f m o n o s a c c h a r i d e 
r e s i d u e s . 

A c e t o l y s i s . A c e t o l y s i s of p o l y s a c c h a r i d e s r e s u l t s i n the 
c o m p l e t e a c e t y l a t i o n o f t h e f r e e h y d r o x y l g r o u p s o f t h e 
p o l y s a c c h a r i d e and the s e l e c t i v e c l e a v a g e o f g l y c o s i d i c 
b o n d s . T h e r e e x i s t d i f f e r e n c e s i n t h e r a t e c o n s t a n t s f o r 
t h e c l e a v a g e o f g l y c o s i d i c b o n d s u n d e r a c e t o l y s i s 
c o n d i t i o n s and t h e r e f o r e i t i s p o s s i b l e to fragment p o l y 
s a c c h a r i d e s p r e f e r e n t i a l l y a t s p e c i f i c g l y c o s i d i c bonds. 
A c e t o l y s i s can be used as a complementary method f o r a c i d 
h y d r o l y s i s . The two p r o c e d u r e s w i l l y i e l d d i f f e r e n t 
fragments and compar i son o f the fragments can g i v e s t r u c 
t u r a l i n f o r m a t i o n . 

A l k a l ^ n e D e g r a d a t i o n . T h i s m e t h o d o f a n a l y s i s o f 
p o l y s a c c h a r i d e s p r o v i d e s l i t t l e i n f o r m a t i o n about o v e r a l l 
s t r u c t u r e of p o l y s a c c h a r i d e s due to the complex na ture o f 
the r e a c t i o n s i n v o l v e d w h i c h i n c l u d e s i s o m e r i z a t i o n , 
o x i d a t i o n , r e d u c t i o n , m o l e c u l a r rearrangements o f r e d u c i n g 
r e s i d u e s and the f r a g m e n t a t i o n o f p o l y s a c c h a r i d e c h a i n s . 

ENZYMIC METHODS 

S t a r c h d e g r a d i n g e n z y m e s a r e u s e d f o r t h e s p e c i f i c 
q u a n t i t a t i v e measurement o f s t a r c h , amylose , a m y l o p e c t i n 
a n d / o r s t a r c h h y d r o l y s a t e s ( a m y l o d e x t r i n s ) i n m i x t u r e s . 
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A l s o , t h e y a r e u s e d f o r t h e s t r u c t u r a l a n a l y s i s o f 
c a r b o h y d r a t e s (117) . The i n f o r m a t i o n o b t a i n e d i s no t 
l i m i t e d to t h a t o b t a i n e d by a n a l y s i s o f the h y d r o l y s i s 
f r a g m e n t s b e c a u s e t h e s p e c i f i c i t y o f enzyme a c t i o n , a 
s p e c i f i c i t y b a s e d on t y p e o f m o n o s a c c h a r i d e and t y p e o f 
l i n k a g e , l e a d s to s i g n i f i c a n t d a t a b e i n g o b t a i n e d , by a 
p r o c e s s o f e l i m i n a t i o n , from enzyme r e s i s t a n t s t r u c t u r e s 
and p a r t i a l l y h y d r o l y z e d s t r u c t u r e s . The enzymes w h i c h 
h y d r o l y s e p o l y s a c c h a r i d e s a r e d i v i d e d i n t o two g r o u p s , 
endo- a n d e x o - p o l y s a c c h a r i d e h y d r o l a s e s . E n d o -
p o l y s a c c h a r i d e h y d r o l a s e s a r e s p e c i f i c f o r l i n k a g e and 
m o n o s a c c h a r i d e r e s i d u e a n d c a u s e f r a g m e n t a t i o n o f 
homopo lysachar ides to g i v e a homologous s e r i e s o f o l i g o s a 
c c h a r i d e s . E x o - p o l y s a c c h a r i d e h y d r o l a s e s are s p e c i f i c f o r 
m o n o s a c c h a r i d e u n i t and s t e r e o c h e m i s t r y a t C ^ . They 
c l e a v e p o l y s a c c h a r i d e s by s e q u e n t i a l remova l o f r e s i d u e s 
f r o m one end o f the m o l e c u l e , u s u a l l y the n o n - r e d u c i n g 
e n d . 

The f o l l o w i n g a r e s t a r c h d e g r a d i n g enzymes (118) 
u s u a l l y u s e d f o r s t r u c t u r a l e l u c i d a t i o n o f s t a r c h e s and 
a m y l o d e x t r i n s : 

a) a l p h a - a m y l a s e - ( e n d o h y d r o l a s e ; EC 3 . 2 . 1 . 1 ) , 
1 , 4 - a l p h a - D - g l u c a n g l u c a n o h y d r o l a s e , 
b) b e t a - a m y l a s e - ( e x o h y d r o l a s e ; EC 3 . 2 . 1 . 2 ) , 
1 , 4 - a l p h a - D - g l u c a n m a l t o h y d r o l a s e , 
c) g l u c o a m y l a s e - ( e x o h y d r o l a s e ; EC 3 . 2 . 1 . 3 . ) , 
1 , 4 - a l p h a - D - g l u c a n g l u c a n o h y d r o l a s e , 
d) i s o a m y l a s e - ( e n d o h y d r o l a s e ; EC 3 . 2 . 1 . 7 ) , 
g l y c o g e n - 6 - g l u c a n o h y d r o l a s e , 
e) p u l l u l a n a s e - ( e n d o h y d r o l a s e ; EC 3 . 2 . 1 . 4 . 1 ) , 
p u l l u l a n - 6 - g l u c a n o h y d r o l a s e . 

F o r e x a m p l e , d e b r a n c h i n g e n z y m e s ( p u l l u l a n a s e a n d 
i s o a m y l a s e ) a r e e m p l o y e d f o r t h e d e t e r m i n a t i o n o f c h a i n 
l e n g t h and degrees of b r a n c h i n g i n s t a r c h , a m y l o p e c t i n and 
amylose . Enzymes used f o r s t r u c t u r a l a n a l y s i s must be very 
pure and have e s t a b l i s h e d s p e c i f i c i t i e s . 

OTHER METHODS 

E l e c t r o p h o r e s i s . T h i s m e t h o d p r o v i d e s v e r y u s e f u l 
complementary i n f o r m a t i o n t o c h r o m a t o g r a p h i c t e c h n i q u e s 
b e c a u s e i t u t i l i z e s d i f f e r e n t c r i t e r i a f o r s e p a r a t i o n , 
n a m e l y m o l e c u l a r c h a r g e , s i z e and s h a p e . The use o f h i g h 
v o l t a g e p a p e r e l e c t r o p h o r e s i s has been a p p l i e d to the 
s e p a r a t i o n of monosacchar ides and o l i g o s a c c h a r i d e s . These 
are n e u t r a l compounds which can form e l e c t r i c a l l y charged 
complexes w i t h e l e c t r o l y t e s such as sodium b o r a t e , a r s e -
n i t e , and m o l y b d a t e . The r e l a t i v e m o b i l i t i e s o f the 
c a r b o h y d r a t e s can be v a r i e d by c h a n g i n g t h e c o m p l e x i n g 
a g e n t u s e d , where s t e r i c f a c t o r s o f t e n d e t e r m i n e the 
f o r m a t i o n of d i f f e r e n t complexes . C h o i c e o f e l e c t r o l y t e s 
w i l l o f t e n l e a d to i d e n t i f i c a t i o n of the c a r b o h y d r a t e and 
i t s s t r u c t u r e and bonding. 

Membrane Techn iques . R e l i a b l e p r e p a r a t i v e p u r i f i c a t i o n o f 
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m a l t o d e x t r i n s (DP 3-10) and s t a r c h h y d r o l y s a t e s have been 
a c h i e v e d by membrane t e c h n i q u e s ( 1 1 9 , 1 2 0 ) . Such 
a p p l i c a t i o n s a r e f o r e s e e n t o i n c r e a s e as membrane 
technology progresses. 
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Chapter 12 

Use of Multidetection for Chromatographic 
Characterization of Dextrins and Starch 

A. Heyraud and M. Rinaudo 

Centre de Recherches sur les Macromolécules Végétales, Centre National 
de la Recherche Scientifique, B.P. 53 X, 38041 Grenoble cedex, France 

Optical rotation and refractometric detectors 
were combined to characterize a series of 
dextrins by gel permeation chromatography and 
high performance l iquid chromatography (HPLC). 
Gel permeation fractionates according to the 
hydrodynamic volume when adsorption is avoided, 
and for this reason separates isomaltodextrins 
from linear maltodextrins. Specific rotation 
power [α] is directly obtained and confirms the 
chemical structure. Elution of cyclodextrins is 
also tested and discussed. HPLC reverse phase 
chromatography separates the anomers as shown 
by optical rotation and allows good resolution 
in the range of low DP. 
Light scattering and refractometric detectors 
were used to analyze starch with different 
amylose contents. Fractionations were also 
performed and iodine complexation tested in 
relation with the molecular structure. Gel 
permeation chromatography in DMSO was used to 
determine the molecular weight distribution of 
different starch samples without any 
calibration. 

Chromatography i s one o f the b e s t t e c h n i q u e s to 
c h a r a c t e r i z e o l i g o m e r s and polymers f o r a n a l y t i c a l 
p u r p o s e . The f r a c t i o n a t i o n i n v o l v e s d i f f e r e n t mechanisms 
from which s t e r i c e x c l u s i o n chromatography (GPC or SEC) 
i s the most impor tant f o r c h a r a c t e r i z a t i o n o f p o l y m e r s . 
In SEC the e l u t i o n i s c o n t r o l l e d by the hydrodynamic 

0097-6156/91/0458-0171S06.00/0 
© 1991 American Chemical Society 
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volume o f the mo lecu le s as e x p r e s s e d by t h e p r o d u c t [η]M 
where [η] i s the i n t r i n s i c v i s c o s i t y and M i s the 
m o l e c u l a r we ight . H i g h performance l i q u i d chromatography 
(HPLC) i n d i r e c t o r r e v e r s e phase w i t h a f r a c t i o n a t i o n 

based on s p e c i f i c i n t e r a c t i o n s w i t h the s t a t i o n a r y phase 
i s c e r t a i n l y the most i n t e r e s t i n g f o r o l i g o m e r s / even i f 
sometimes i t becomes n e c e s s a r y t o combine GPC and HPLC 
t e c h n i q u e s t o s o l v e an a n a l y s i s o f a complex m i x t u r e . A 
rev iew on the chromatography o f o l i g o s a c c h a r i d e s has been 
p u b l i s h e d p r e v i o u s l y (1) . 

In the f o l l o w i n g , the chromatographic s e p a r a t i o n o f 
s t a r c h and o l i g o m e r s r e l a t e d t o t h e o d - » 4) a n d a ( l - » 6) 
D - g l u c o s e s e r i e s w i l l be p r e s e n t e d and d i s c u s s e d . 

Separation of Oligosaccharides 

SEC. P r e v i o u s l y , g e l permeat ion chromatography o f c e l l o 
and m a l t o d e x t r i n s was i n v e s t i g a t e d (2-4) . I t was shown 
t h a t B i o g e l P2 gave good s e p a r a t i o n based on the 
hydrodynamic volume o f the c a r b o h y d r a t e , p r o v i d e d column 
temperature was over 6 5 e C . E l u t i o n at 65 *C suppres sed the 
l o o s e a d s o r p t i o n which e x i s t s on t h i s m a t r i x . A p l o t o f 
[η] M v e r s u s Ve gave a unique curve f o r the two s e r i e s o f 
d e x t r i n s which corresponds t o a pure s t e r i c e x c l u s i o n 
s e p a r a t i o n p r o c e s s . Assuming a d i f f e r e n c e between the 
hydrodynamic volume o f a branched d e x t r i n and t h a t o f a 
l i n e a r m a l t o d e x t r i n o f the same number o f monomers, a 
s e p a r a t i o n may be p o s s i b l e , a t l e a s t i n the range o f low 
degrees o f p o l y m e r i z a t i o n . F i g u r e 1 c o n t a i n s 
chromatograms o b t a i n e d f o r a s e r i e s o f m a l t o d e x t r i n s and 
i s o m a l t o d e x t r i n s . P a r t i t i o n c o e f f i c i e n t s (K^) g i v e n i n 
T a b l e I are c a l c u l a t e d from t h e i r e l u t i o n volumes (Ve) 
and p l o t t e d i n F i g u r e 2 . The t o t a l l y i n c l u d e d volume (V T ) 
was o b t a i n e d from the e l u t i o n o f D - g l u c o s e . 
As u s u a l , a l i n e a r dependency i s o b t a i n e d f o r l o g 
p l o t t e d as a f u n c t i o n o f the degree o f p o l y m e r i z a t i o n 
(DP) . u n i v e r s a l c a l i b r a t i o n f o r the o l i g o s a c c h a r i d e s was 
e s t a b l i s h e d ( F i g u r e 3) f o r t h e m a l t o d e x t r i n s by p l o t t i n g 
l o g [η] M a g a i n s t Kd (3). 

In T a b l e I I , the p a r t i t i o n c o e f f i c i e n t s are g i v e n 
f o r the f i r s t o l i g o m e r s (α 1 -> 6 ; α 1 - » 4) . Panose i s 
c o n s i d e r e d as a model f o r the branched t r i s a c c h a r i d e . 

D i f f e r e n c e s i n the Kd v a l u e s are s i g n i f i c a n t t o 
show the r o l e o f the 0C(1 - » 6) l i n k a g e on the 
hydrodynamic volume o f the c o r r e s p o n d i n g o l i g o m e r s . The 
use o f o p t i c a l r o t a t i o n ( ΐ . β . [ α ] ρ ) i s a l s o conven ien t t o 
c o n f i r m the c h e m i c a l s t r u c t u r e o f the o l i g o m e r s . Panose 
has K 3 and [ CC ] D v a l u e i n t e r m e d i a t e between those o f DP 3 , 
a ( l - » 6) and <x(l - » 4) l i n e a r o l i g o m e r s . The o p t i c a l 
r o t a t i o n w i l l be d i s c u s s e d s h o r t l y . 
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• ι 

VT VO 

F i g u r e 1 . M a l t o d e x t r i n s (M) and i s o m a l t o d e x t r i n s 
(IM) s e p a r a t i o n by s t e r i c e x c l u s i o n chromatography 
on a B i o g e l Ρ 2 column ( c o n d i t i o n s g i v e n i n T a b l e I ) . 
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F i g u r e 2. P a r t i t i o n c o e f f i c i e n t as a f u n c t i o n o f 
(DP-1) f o r α(1 -> β ) , a ( l -> 4) o l i g o m e r s and 
c y c l o d e x t r i n s (CD). 
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T a b l e I . C h a r a c t e r i s t i c s o f t h e ( X ( l - » 4) and(X( l - » 6) 
o l i g o m e r s 

DP Kd [OC]D 

α 1 -> 4 1 1 52.7 
2 0.901 140.7 
3 0.800 153.5 
4 0.710 162 
5 0.623 164.2 
6 0.540 166.3 
7 0.487 168.4 
8 0.435 179 
9 0.382 -10 0.339 -11 0.302 

α 1 -> β 2 0.847 121.5 
3 0.717 133 
4 0.610 145 
5 0.519 143 
β 0.448 145 
7 0.381 -8 0.327 -9 0.282 -10 0.245 -

Column : B i o g e l Po, h = 205 cm, φ = 1.5 cm 
Flow r a t e : 30 m l / h ; t emperature : 6 5 e C ; e l u e n t : H2O. 
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F i g u r e 3 . U n i v e r s a l c a l i b r a t i o n curve o b t a i n e d by 
S E C . 
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T a b l e I I . Kd f o r lower D P o l i g o s a c c h a r i d e s produced 
d u r i n g s t a r c h h y d r o l y s i s 

D P Kd [ C C ] D 

2 ( α ι -> 4) 0 .901 140 .7 
2 ( α ι — > 6) 0 .855 121 .5 
3 ( α ι 4) l i n e a r 0 .800 153.5 
Panose 0 .762 145 .4 
3 ( α 1 -> 6) l i n e a r 0 .717 133 

The chromatogr am of α, β, γ cyclodextrins i s shown 
in Figure 4. Values of Kd are given i n Table III and 
compared with the values for the comparable linear 
oligomers. 

Table III. Characteristics of the c y c l i c and 
corresponding linear oligomers 

Oligomers Kd [COD [η] ml/g 

α 0.628 _ 2.01 
D P 6 0.549 166.3 2.55 
β 0.570 - 2.12 

D P 7 0.487 168.4 2.74 
Y 0.534 - 2.09 

D P 8 0.435 179 2.85 

Same conditions as Table I. 

From these values, i t i s apparent that the hydrodynamic 
volumes of the c y c l i c oligomers are lower than the 
corresponding linear oligomers. In Table III, the values 
of Kçj, [CX]D and the i n t r i n s i c v i s c o s i t y [η] are 
determined from universal c a l i b r a t i o n . The values of [η] 
are only slighty dependent on the DP. The ra t i o between 
the i n t r i n s i c v i s c o s i t y of the c y c l i c oligomers and that 
of the linear forms decreases when DP increases from 
0.788 f o r a , to 0.773 for β and 0.733 for γ. 

Some results exist i n the l i t e r a t u r e and as an 
example, the GPC and HPLC of the three cyclodextrins were 
examined (5-7). GPC was then performed on Sephadex G-15 
and G-25. In fact, due to the low resolution obtained i n 
GPC i t i s sometimes d i f f i c u l t to determine the purity of 
the cyclodextrins. A chromatogram obtained on Biogel P2 
for the mixture of the linear and c y c l i c oligomers i s 
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F i g u r e 4. Comparison o f l i n e a r (M) and c y c l i c (CD) 
o l i g o m e r s s e p a r a t i o n s on a B i o g e l Ρ 2 co lumn. 
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g i v e n i n F i g u r e 4. From these r e s u l t s , i t seems t h a t DP β 
l i n e a r and β c y c l o d e x t r i n may not be s e p a r a t e d on the 
b a s i s o f [η] M ; the o f the c y c l o d e x t r i n s are a l s o 
r e p o r t e d on the u n i v e r s a l c a l i b r a t i o n ( F i g u r e 3 ) . 

From the r e s u l t s o b t a i n e d f o r the t h r e e s e r i e s , i t 
i s c o n c l u d e d t h a t : 

- i s o m a l t o d e x t r i n s are e l u t e d more r a p i d l y t h a n the 
i s o m e r i c m a l t o d e x t r i n s (same DP) due t o an i n c r e a s e d 
c o n t r i b u t i o n t o the hydrodynamic volume from the α 1 —» 6 
l i n k a g e ; 

- t h e c y c l o d e x t r i n s are e l u t e d l a t e r t h a n the 
l i n e a r o l i g o m e r s (α 1 - » 4) due t o a r e d u c e d a x i a l r a t i o . 
N e v e r t h e l e s s , the r e s o l u t i o n i n GPC i s o f t e n not good 
enough and HPLC g i v e s a b e t t e r s e p a r a t i o n (8). 

HPLC. Due t o the l a c k o f r e s o l u t i o n i n SEC, HPLC was used 
t o improve r e s o l u t i o n . Fur thermore a d e t e c t o r based on 
o p t i c a l r o t a t i o n was adapted t o the HPLC equipment and 
connec ted i n s e r i e s w i t h the d i f f e r e n t i a l r e f r a c t o m e t e r . 
I t i s known (9) t h a t molar o p t i c a l r o t a t i o n i n c l u d e s 
c o n t r i b u t i o n s from the c h e m i c a l s t r u c t u r e o f the 
m o l e c u l e s [m], i t s c o n f o r m a t i o n [A] and t h e r e l a t i v e 
amounts o f anomers a c c o r d i n g t o the r e l a t i o n : 

[φ] = (n-1) <[m] +[A]) + S(a,P) [1] 
T h i s r e l a t i o n i s v a l i d f o r a homologous s e r i e s o f 

o l i g o m e r s w i t h n monomeric u n i t s . Here , [m] i s the 
c o n t r i b u t i o n o f the monomeric u n i t / [Λ] t h a t o f the 
g l y c o s i d i c l i n k a g e ; S (α , β) i s the c o n t r i b u t i o n o f the 
r e d u c i n g end group due t o the e q u i l i b r i u m o f the α / β 
forms . F o r l a r g e n : (n-1 ^ n) the s p e c i f i c o p t i c a l 
r o t a t i o n [a} i s g i v e n by : 

[φ] 100 ( [ « ] + [Λ]) (n-1) S(a/B) ([m] + [A] ) 
[a] = = 100 + 100 ^ 

nmo nnio nn^ ÏÏLQ 
[2] 

w i t h m Q the m o l e c u l a r weight o f the r e p e a t i n g u n i t . In the 
case o f l a r g e n , [a] i s then independent o f the degree o f 
p o l y m e r i z a t i o n and c h a r a c t e r i z e s p o l y m e r s . 

I f an o p t i c a l r o t a r y power d e t e c t o r i s combined 
w i t h a r e f r a c t o m e t r i c d e t e c t o r , t h e n independent o f the 
p u r e t y o f the samples , the s p e c i f i c o p t i c a l r o t a t i o n [OL]Q 
i s o b t a i n e d from the r a t i o o f the two s i g n a l s . 
F u r t h e r m o r e , the v a l u e [a] i s a c h a r a c t e r i s t i c o f each 
o l i g o m e r and p e r m i t s i t s i d e n t i f i c a t i o n , the 
d e t e r m i n a t i o n o f D o r L s e r i e s , and a l s o the c h e m i c a l 
c o m p o s i t i o n f o r heterogeneous o l i g o m e r s or po lymers 
(AxBy) . I t has been demonstrated t h a t the r a t i o o f the 

two s i g n a l s g i v e s the r a t i o M/G i n a l g i n a t e s (10) and 
M/G i n galactomannans (11) . 

A commercia l d e t e c t o r i s now a v a i l a b l e and was 
d e s c r i b e d by G o o d a l l et a l . under the name ACS 
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Chiramonitor (22) . It i s also convenient to use a flow 
c e l l i n a spectropolarimeter Perkin Elmer model 241. 

A f i r s t application of double detection was for the 
i d e n t i f i c a t i o n of the α/β equilibrium i n HPLC 
chromatography on a CI8 column (13). Each oligomer of the 
maltodextrin series gives two peaks i n refractive index 
over a degree of polymerization of 3 (Figure 5). This i s 
one of the disadvantage of HPLC compared with GPC. The 
oligomers are also well separated for ana l y t i c a l purposes 
under t h e i r reduced form (3). 

The use of the opti c a l rotation detector i n HPLC 
also allows one to determine the molar o p t i c a l rotation 
φ(ϋΡ-Ι) for the two series (relation 1 ; Figure 6) ; for 
these conditions, the term ( [m] + [Λ] ) i s obtained from 
the slopes; [a]o = 192 and 185 i s calculated as s p e c i f i c 
o p t i c a l rotation of the corresponding polymers amylose 
and dextran, respectively. These values are i n good 
agreement with the values given i n the l i t e r a t u r e . 

The optical rotation of panose may be considered as 
that of a copolymer given by the following a d d i t i v i t y : 
[φ] = 162 [α]ι _> 4 + 162 [α] ι _> 6 + 180 [ a ] g l u c o s e 

taking the contribution determined previously. 
The agreement between the calculated value (705.60) 

and the experimental one (732.80) i s satisfactory. From 
Figure 6, i t seems that the difference between the 
contribution of a ( l -> 4) linkage compared with that of 
a(l -» 6) i s too small, to separate the contributions of 
amylose and amylopectin i n gel permeation chromatography 
on the basis of the optical rotation. 

The separation of oligomers i n HPLC on a C-18 
column i s controlled by th e i r interactions with the 
hydrophobic matrix. The structure of the oligomer and 
especially i t s s o l u b i l i t y i s based on -OH groups. Due to 
the low s o l u b i l i t y of cyclodextrins, the HPLC was 
performed i n the presence of controlled amounts of 
methanol i n the eluent. Elution volumes of cyclodextrins 
decrease when the content of methanol increases. The same 
i s observed with the linear oligosaccharides (Figure 7). 

Figure 8 gives the separation of the three 
cyclodextrins i n 15% MeOH. Elution volume increased i n 
the order γ < α < β. This seems to indicate different 
s o l u b i l i t i e s of these c y c l i c oligomers, especially for γ 
cyclodextrin. Under these conditions (C-18 columns ; 15% 
methanol) the linear oligomers are eluted i n the void 
volume followed by the cyclodextrins. Optical rotation 
should be also useful to confirm the identity of these 
oligomers. The ratios between the two signals give the 
following^numbers : α(0.625), β(0.68), γ(0.803). Thus [α] 
allows a good means for identifying cyclodextrins. From 
these data, i t i s clear that HPLC based on s p e c i f i c 
interactions allows good separations especially when the 
role of the eluent i s also considered. For heterogeneous 
oligomers, i t i s nevertheless useful to perform f i r s t SEC 
fractionation and take each peak for HPLC separation. 
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? 7 

t 1 I I I I ι 
Ο 10 20 30 40 50 

F i g u r e 5 . M a l t o d e x t r i n s (M) and i s o m a l t o d e x t r i n s 
(IM) s e p a r a t i o n by HPLC on a C-18 column e l u t e d w i t h 

H^O. R = r e f r a c t o m e t r i c and Ρ = p o l a r i m e t r i c 
s i g n a l s . 
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F i g u r e 6. M o l a r r o t a t i o n at λ = 589 nm as a f u n c t i o n 
o f (DP-1) f o r a ( l - » 4) and <x(l -> 6) o l i g o m e r s . 
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t(mn) 
I L i I 1 I — • 
Ο 5 10 15 20 

F i g u r e 8. S e p a r a t i o n o f c y c l o d e x t r i n s by HPLC on a 
C-18 column i n presence o f 15% MeOH. 
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Characterization of Starch 

S t a r c h c o n s i s t s o f a m y l o p e c t i n ( h i g h l y b r a n c h e d D - g l u c o s e 
po lymer with cc(l - » 6) l i n k a g e s ) and amylose ( l i n e a r 
polymer with a ( l -> 4) l i n k a g e s ) and a f r a c t i o n o f 
i n t e r m e d i a t e m a t e r i a l c o r r e s p o n d i n g t o amylose w i t h some 
degree o f b r a n c h i n g r e d u c i n g the degree o f β - a m y l o l y s i s . 
The GPC i s w e l l adapted t o c h a r a c t e r i z e a polymer by i t s 
m o l e c u l a r weight d i s t r i b u t i o n . W i t h s t a r c h the m o l e c u l a r 
weight d i s t r i b u t i o n i s superimposed upon a heterogeneous 
d i s t r i b u t i o n i n c h e m i c a l s t r u c t u r e and e s p e c i a l l y i n the 
degree o f b r a n c h i n g . 

A t l e a s t two problems must be s o l v e d t o i n t e r p r e t 
GPC chromatograms o f s t a r c h : 

- F i r s t , s t a r c h must be w e l l d i s s o l v e d w i t h no 
a d s o r p t i o n on the s u p p o r t . T h e r e f o r e , s t a r c h was 
d i s s o l v e d i n DMSO, a good s o l v e n t o f the c o n s t i t u t i v e 
p o l y m e r s . In bad s o l v e n t s a g g r e g a t i o n o c c u r s and l o o s e 
a d s o r p t i o n g r e a t l y d i s t u r b the d e t e r m i n a t i o n s (14,15) . 

- Second ly , a r e l a t i o n between e l u t i o n volume and 
the m o l e c u l a r weight must be e s t a b l i s h e d which i s 
independent o f the polymer morphology . T h i s was o b t a i n e d 
w i t h a l i g h t s c a t t e r i n g d e t e c t o r g i v i n g M d i r e c t l y 
wi thout the use o f a c a l i b r a t i o n c u r v e . 

Yamada and T a k i (16) o b t a i n e d m o l e c u l a r weight 
d i s t r i b u t i o n s o f d i f f e r e n t s t a r c h e s on Sepharose 2B i n 
the presence o f 0.04% HCIO4. The i o d i n e index was 
de termined on the chromatogram and seemed t o i n d i c a t e a 
good s e p a r a t i o n between h i g h m o l e c u l a r weight a m y l o p e c t i n 
and amylose . No v a l u e s o f m o l e c u l a r weight were g i v e n . 

Van D i j k et a l . (17) per formed GPC o f amylose 
d i s s o l v e d i n DMSO on a P o r a s i l column (Waters ; s i l i c a 
g e l d e a c t i v a t e d ) . By u s i n g u n i v e r s a l c a l i b r a t i o n a f t e r 
d e t e r m i n a t i o n o f the v i s c o s i t y on each f r a c t i o n , they 
o b t a i n e d good agreement between Mw and Mn v a l u e s o b t a i n e d 
from GPC and d i r e c t measurements. F o l l o w i n g these works, 
DMSO has been adopted as a good s o l v e n t f o r d e f a t t e d 
s t a r c h (14) . GPC exper iments were per formed on s i l i c a 
g e l s g r a f t e d w i t h d i o l (Merck, L i c h r o s p h e r - d i o l ) at 6 0 ' C . 
The e l u e n t was DMSO/MeOH 85/15 (v/v) c o n t a i n i n g 0.5 M 
ammonium a c e t a t e t o reduce i n t e r a c t i o n (H b o n d s ) . The 
presence o f Me OH d e c r e a s e d the v i s c o s i t y o f the s o l v e n t . 
Under these e x p e r i m e n t a l c o n d i t i o n s , u n i v e r s a l 
c a l i b r a t i o n was shown t o be v a l i d i n d i c a t i n g t h a t t h e r e 
was no a d s o r p t i o n . The l a r g e r pores o f these s u p p o r t s are 
even too s m a l l t o o b t a i n a good f i l t r a t i o n o f a m y l o p e c t i n 
which i s u s u a l l y e x c l u d e d and s e p a r a t e d from amylose . A l l 
t h e chromatograms o f s t a r c h c o n t a i n i n g a m y l o p e c t i n show a 
peak w i t h a v e r y l a r g e m o l e c u l a r w e i g h t . T h i s peak would 
c o n t r i b u t e g r e a t l y t o the o v e r a l l weight average 
m o l e c u l a r weight o f the sample . 

Some o f the v a l u e s o b t a i n e d are r e c a l l e d i n the 
T a b l e I V . 
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T a b l e I V . C h a r a c t e r i s t i c s o f some s t a r c h s 

Mn Mw 
amylose 

% 
CLI 

Amylose 
AVEBE 
from p o t a t o e s 

7 8% amy-
l o s i s 162000 278000 95 19.5 

SNOW from 
waxy maize 

>99% amy
l o p e c t i n 

1 2 x l 0 6 14.8x10 6 0 0.5 

AMILO from 7 . 3 1 x l 0 6 1 3 . 6 x l 0 6 27 5.9 
B r a s i l t a p i o c a 

CLI = c a p a c i t y o f i o d i n e f i x a t i o n e x p r e s s e d i n grm of I2 
f o r 100 grm o f s t a r c h , t a k i n g as r e f e r e n c e the f i r s t 
f r a c t i o n of Avebe c r i s t a l l i z e d w i t h b u t a n o l ( ie CLI = 
20.5 ; 100% amylose) and waxy maize (CLI = 0 .5 , 100% 
amylopect in ) i n s o l u t i o n I2 i n 0.05 M IK at 20 e C. 

From these v a l u e s , i t must be p o i n t e d out t h a t the 
f r a c t i o n o f amylose e x p r e s s e d from I2 f i x a t i o n i s 
d i f f e r e n t ( g e n e r a l l y l a r g e r ) from the f r a c t i o n o f 
m a t e r i a l c r y s t a l l i z e d i n presence o f b u t a n o l . In 
a d d i t i o n , the f r a c t i o n c r y s t a l l i z e d from a s t a r c h sample 
u s u a l l y has a CLI lower t h a n t h a t o f pure amylose (18) . 
The importance o f the d i r e c t m o l e c u l a r weight measurement 
w i l l be u n d e r s t o o d i f one c o n s i d e r s the Mark Houwink 
r e l a t i o n : 
Amylose DMSO/25°C (19) [η] = 1.25 χ ΙΟ" 3 Μ 0 · 8 7 

A m y l o p e c t i n DMSO/MeOH 85/15 [η] = 2.16 χ ΙΟ""3 Μ 0 · 6 7 

0 . 5 Μ A c N H 4 or [ η ] = 1.84 χ 10"1 Μ 0 · 3 6 

60*C (18) 
The r e l a t i o n s g i v e n f o r a m y l o p e c t i n depend on the degree 
o f h y d r o l y s i s . The f i r s t one i s f o r n a t i v e s t a r c h down t o 
6 . 5 x 1 0 ° . Then one gets a lower dependency w i t h M 
c o r r e s p o n d i n g t o a more compact s t r u c t u r e w h i l e m o l e c u l a r 
weight d e c r e a s e s . 

F o l l o w i n g these v a l u e s , i t i s c l e a r t h a t even 
u n i v e r s a l c a l i b r a t i o n , [ η ] M ( V e ) , cannot be used d i r e c t l y 
f o r a n a l y s i s o f a s t a r c h sample . In a d d i t i o n , the Κ and a 
v a l u e s are not w e l l e s t a b l i s h e d i n the l i t e r a t u r e due t o 
d i f f i c u l t i e s i n working w i t h t h e s e systems. 
M u l t i d e t e c t i o n GPC a l l o w i n g the measurements on l i n e o f 
Μ, [ η ] and c o n c e n t r a t i o n s h o u l d be the b e s t way t o f o l l o w 
the c h a r a c t e r i z a t i o n o f s t a r c h e s from d i f f e r e n t o r i g i n s 
(20) . The use o f a v i s c o m e t e r as d e t e c t o r s h o u l d a l l o w 
d e t e r m i n i n a t i o n of the f a c t o r g which i s r e l a t e d t o the 
degree of b r a n c h i n g . 
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E x p e r i m e n t a l 

The pure o l i g o s a c c h a r i d e s were o b t a i n e d by p r e p a r a t i v e 
l i q u i d chromatography from p a r t i a l l y h y d r o l y z e d p o l y m e r s . 
M i x t u r e o f m a l t o d e x t r i n s i s a commercia l sample o b t a i n e d 
by p a r t i a l enzymic and a c i d h y d r o l y s i s o f s t a r c h 
(Roquette , F r a n c e ) . M i x t u r e o f i s o m a l t o d e x t r i n s i s 

p r e p a r e d by p a r t i a l a c i d h y d r o l y s i s o f d e x t r a n . 
C y c l o d e x t r i n s are commercia l samples from A l d r i c h . 

G e l permeat ion chromatography was per formed on 
B i o g e l Ρ 2 e l u t e d by pure water a t 65 e C as d e s c r i b e d 
p r e v i o u s l y (2,3). 

The HPLC was r e a l i z e d w i t h a Waters s o l v e n t 
d e l i v e r y system. S e p a r a t i o n s o f o l i g o m e r s were o b t a i n e d 
w i t h a N u c l e o s i l 5 μπι C-18 r e v e r s e phase column from 
S . F . C . C . (France) (c9) . The e l u e n t was d i s t i l l e d water 
f i l t e r e d t h r o u g h a 0.45 |im M i l l i p o r e membrane. The s t a r c h 
was d i s s o l v e d i n DMSO and the e l u e n t was DMSO/MeOH (85/15 
v / v ) i n 0.5 M ammonium a c e t a t e . The column se t was d i o l 
s i l i c a g e l from Merck : 2 χ S i 1000 D i o l , 1 χ S i 500 
D i o l , 1 χ S i 100 D i o l t h e r m o s t a t e d at 60*C. The d e t e c t o r 
was e i t h e r a d i f f e r e n t i a l r e f r a c t o m e t e r from Waters (R 
401) o r an IOTA ( J o b i n Y v o n ) . The second on l i n e d e t e c t o r 
was a l i g h t s c a t t e r i n g d e t e c t o r (Chromatix CMX 100) o r a 
s p e c t r o p o l a r i m e t e r ( P e r k i n Elmer model 241 work ing at 365 
nm w i t h a f low c e l l o f p a t h l e n g t h 10 cm and a 30 μ ΐ 
vo lume) . The v a l u e o f [a lp are e x p r e s s e d from [0t]365 d a t a 
u s i n g a c o r r e c t i v e f a c t o r . The p a r t i t i o n c o e f f i c i e n t Kd 
i s e x p r e s s e d as : 

v e " v o 
Kd = 

v g l u c o s e ~ v o 

w i t h V 0 the v o i d volume and V e the e l u t i o n volume. V 0 was 
o b t a i n e d from the e l u t i o n volume o f a T70 d e x t r a n sample 
(Pharmac ia ) . 

C o n c l u s i o n 
In t h i s paper the b e h a v i o r o f o l i g o s a c c h a r i d e s 
c o r r e s p o n d i n g to models f o r s t a r c h h y d r o l y s i s or 
a m y l o l y s i s p r o d u c t s was d i s c u s s e d . The r o l e o f the 
c h e m i c a l s t r u c t u r e on the e l u t i o n volume was p o i n t e d out 
i n r e l a t i o n t o the n a t u r e o f the g l y c o s i d i c l i n k a g e . 
Combinat ion w i t h o p t i c a l r o t a t i o n improves the q u a l i t y o f 
a n a l y s i s . The b e h a v i o r o f c y c l i c and branched o l i g o m e r s 
was a l s o d i s c u s s e d . 

In the second p a r t , the main r e s u l t s o b t a i n e d i n 
the domain o f s t a r c h c h a r a c t e r i z a t i o n were r e c a l l e d 
showing the n e c e s s i t y t o adopt a m u l t i d e t e c t i o n system 
f o r the a n a l y s i s o f s t a r c h m o l e c u l a r weight d i s t r i b u t i o n . 
N e v e r t h e l e s s , the major prob lem remains the p r e p a r a t i o n 
o f a good s o l u t i o n a v o i d i n g aggregates and w i t h no 
a d s o r p t i o n on the g e l m a t r i x . 
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Chapter 13 

Phosphorolytic Synthesis of Low-Molecular-
Weight Amyloses with Modified Terminal 

Groups 
Comparison of Potato Phosphorylase and Muscle 

Phosphorylase Β 

C. Niemann1,4, W. Saenger1, B. Pfannemüller2, W. D. Eigner3, and 
A. Huber3 

1Institut für Kristallographie der Freien Universität Berlin, Takustrasse 6, 
D-1000 Berlin 33, Germany 

2Institut für Makromolekulare Chemie der Albert-Ludwigs-Universität 
Freiburg, Stefan-Meier-Strasse 31, D-7800 Freiburg, Germany 

3Institut für Physikalische Chemie, Karl-Franzens-Universität Graz, 
Heinrichstrasse 28, A-8010 Graz, Austria 

The preparation of low molecular weight 
amyloses with modified terminal groups 
in a DP range of 4-25 was carried out by 
enzymatic synthesis using either potato 
phosphorylase or phosphorylase b from 
rabbit muscle. p-Nitrophenyl-α-D-malto-
oligomers with a minimum chain length of 
f ive glucosyl residues served as primers; 
glucose-1-phosphate was the monomer. The 
invest igation of the products by size 
exclusion chromatography/low angle laser 
l ight scattering and HPLC showed that 
the behaviour of the enzymes is d i f ferent 
in the view of the d i s t r i b u t i o n of 
oligomers formed under the same reaction 
condit ions. Whereas the synthesis by 
muscle phosphorylase leads to an expected 
Poisson d i s t r ibut ion the reaction pro
ducts from potato phosphorylase are 
altered by a simultaneous pH dependent 
disproport ionat ion. With both enzymes, 
s ign i f i cant amounts of the desired 
p-nitrophenyl-α-D-maltooligosaccharides 
in the DP range 10-20 can be obtained. 
These oligomers are of special interest 
for X-ray single crysta l d i f f r a c t i o n 
analyses. 

4Current address: Whistler Center for Carbohydrate Research, Smith Hall, Purdue University, 
West Lafayette, IN 47907 

0097-6156/91/0458-0189$06.00/0 
© 1991 American Chemical Society 
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A l t h o u g h t h e f o r m a t i o n o f s u p e r m o l e c u l a r a r r a n g e m e n t s 
b y a m y l o s e a n d t h e b r a n c h e d a m y l o p e c t i n h a v e b e e n 
e x t e n s i v e l y d i s c u s s e d , t h e c r y s t a l 1 i n i t y o f s t a r c h 
g r a n u l e s a n d d e t a i l s o f r é t r o g r a d a t i o n s t i l l r e m a i n 
s o m e w h a t o b s c u r e . I n o r d e r t o m a k e p r o g r e s s i n t h i s 
f i e l d , l o w m o l e c u l a r w e i g h t a m y l o s e s (LMWA) w i t h 
d e f i n i t e c h a i n l e n g t h s c a n s e r v e a s m o d e l s u b s t a n c e s 
t o a n s w e r o p e n q u e s t i o n s . C o m p o u n d s w i t h a d e g r e e o f 
p o l y m e r i z a t i o n ( D P ) i n t h e r a n g e o f 1 0 - 2 0 g l u c o s e 
u n i t s p e r m o l e c u l e a p p e a r t o b e p a r t i c u l a r l y u s e f u l , 
b e c a u s e t h e y r e p r e s e n t a n i n t e r m e d i a t e s t a g e b e t w e e n 
t h e " l o w m o l e c u l a r " m a l t o o l i g o s a c c h a r i d e s a n d t h e 
" h i g h m o l e c u l a r " a m y l o s e a n d a m y l o p e c t i n . T h i s DP 
r a n g e c o r r e s p o n d s t o t h e l e n g t h o f t h e o u t e r c h a i n s o f 
t h e a m y l o p e c t i n m o l e c u l e , w h i c h a r e p r o b a b l y r e s p o n 
s i b l e f o r s t a r c h c r y s t a l 1 i n i t y ( 1 ) . On t h e o t h e r h a n d , 
i n p r e l i m i n a r y s t u d i e s a s u d d e n c h a n g e o f t h e X - r a y 
p o w d e r d i f f r a c t i o n p a t t e r n o f r e t r o g r a d e d m i c r o c r y s t a l -
l i n e LMWA f r o m t h e B - t y p e t o t h e A - t y p e w a s o b s e r v e d 
b e t w e e n DP 13 a n d 12 ( 2 ) . 

T h e b e s t m e t h o d t o e l u c i d a t e m o l e c u l a r s t r u c t u r e s 
i n t h e s o l i d s t a t e i s t h e s i n g l e c r y s t a l X - r a y d i f f r a c 
t i o n a n a l y s i s . H o w e v e r , t h e p r o d u c t i o n o f l a r g e r 
a m o u n t s o f LMWA i n a p u r i t y a n d q u a n t i t y r e q u i r e d f o r 
c r y s t a l l i z a t i o n i s s t i l l a p r o b l e m . R e c e n t l y we 
s u c c e e d e d i n t h e c r y s t a l l i z a t i o n o f a m a l t o h e x a o s e ( 3 ) 
w i t h a n α - ρ - n i t r o p h e n y 1 g r o u p a t t h e r e d u c i n g e n d a s 
i t s p o l y i o d i d e c o m p l e x e s . We a s s u m e t h a t s u c h a d e r i v a -
t i z a t i o n c o m p l e t e d w i t h c o m p l e x f o r m a t i o n f a c i l i t a t e s 
t h e g r o w t h o f s i n g l e c r y s t a l s a t l e a s t i n t h i s l o w e r 
DP r a n g e . T o s t u d y t h e s t r u c t u r e o f t h e a m y l o s e s 
f u r t h e r , we d e c i d e d t o e x t e n d t h e s e s t u d i e s t o m o d i 
f i e d LMWA i n t h e r a n g e o f DP 1 0 - 2 0 . 

T h e u s u a l m e t h o d s t o o b t a i n LMWA, e . g . a c i d 
h y d r o l y s i s o f s t a r c h ( 4 ) , a m y l o l y t i c d e g r a d a t i o n o f 
a m y l o s e ( 5 ) o r d e b r a n c h i n g o f a m y l o p e c t i n ( 6 ) a n d 
g l y c o g e n ( 7 ) , c a n n o t b e t h e m e t h o d o f c h o i c e b e c a u s e 
a s u b s e q u e n t c h e m i c a l m o d i f i c a t i o n t o b l o c k t h e 
r e d u c i n g e n d i n o n e c o n f i g u r a t i o n w o u l d b e d i f f i c u l t 
a n d i n e f f e c t i v e . A n a l t e r n a t i v e w ay i s t h e c h a i n 
e l o n g a t i o n o f a s u i t a b l y m o d i f i e d a c c e p t o r w i t h t h e 
h e l p o f c y c l o d e x t r i n g l u c o s y l t r a n s f e r a s e a n d a - c y c l o -
d e x t r i n o r b y p h o s p h o r o l y t i c s y n t h e s i s w i t h g l u c o s e - 1 -
p h o s p h a t e a s t h e m o n o m e r d o n o r . 

T h e p r e p a r a t i o n o f p - n i t r o p h e n y 1 - α - D - m a l t o o l i g o -
s a c c h a r i d e s b y t h e f o r m e r m e t h o d h a s b e e n r e p o r t e d b y 
W a l l e n f e l s e t a l . ( 8 ) l e a d i n g t o o n l y l o w y i e l d s o f 
o l i g o m e r s i n t h e r a n g e b e y o n d DP 7, b u t w i t h c o n s i 
d e r a b l e a m o u n t s o f n o n - s u b s t i t u t e d m a l t o o l i g o s a c c h a -
r i d e s a n d β - a n d γ - c y c l o d e x t r i n . M e a n w h i l e t h e p - n i t r o -
p h e n y l a t e d m a l t o o l i g o m e r s ( u p t o DP 8 ) a r e c o m m e r -
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c i a l l y a v a i l a b l e a n d c a n b e u s e d a s s u i t a b l e p r i m e r s 
f o r c h a i n e l o n g a t i o n r e a c t i o n s . R e s u l t s o f o u r i n v e s t i 
g a t i o n s t o p r o d u c e LMWA w i t h m o d i f i e d t e r m i n a l g r o u p s 
u s i n g c y c l o d e x t r i n g l u c o s y l t r a n s f e r a s e w i l l b e p u b 
l i s h e d e l s e w h e r e . 

I n p h o s p h o r o l y t i c s y n t h e s i s ( e q . 1 ) , p r o d u c t s o f 
a r a t h e r n a r r o w c h a i n l e n g t h d i s t r i b u t i o n c a n b e 
e x p e c t e d , a n d u n s u b s t i t u t e d o l i g o m e r s s h o u l d n o t b e 
f o r m e d . U s i n g t h i s m e t h o d , h i g h m o l e c u l a r w e i g h t 
a m y l o s e s (HMWA) c a r r y i n g d i f f e r e n t t e r m i n a l g r o u p s 
w e r e o b t a i n e d ( 9 ) , a n d i n p r e l i m i n a r y s t u d i e s t h e 
r e a c t i o n c o n d i t i o n s t o p r e p a r e l a r g e r q u a n t i t i e s o f 
LMWA w e r e o p t i m i s e d ( 1 0 ) . 

T h e a i m o f t h i s w o r k i s t h e c o m p a r i s o n o f t w o o f 
t h e m o s t c o m m o n l y e m p l o y e d p h o s p h o r y l a s e s , p o t a t o 
p h o s p h o r y l a s e a n d r a b b i t m u s c l e p h o s p h o r y l a s e b i n t h e 
l a r g e s c a l e p r o d u c t i o n o f LMWA. T h e d e c i s i v e c r i t e r i o n 
s h o u l d b e t h e c h a i n l e n g t h d i s t r i b u t i o n o f t h e o l i g o 
m e r s f o r m e d . 

R e s u l t s a n d D i s c u s s i o n 
P h o s p h o r o l y t i c s y n t h e s i s . I n o r d e r t o s y n t h e s i z e LMWA 
w i t h a p - n i t r o p h e n y 1 g r o u p i n « - p o s i t i o n a t t h e 
r e d u c i n g e n d , p - n i t r o p h e n y l - a - D - m a l t o t e t r a o s i d e w a s 
u s e d a s a p r i m e r . I n t h e s e e x p e r i m e n t s we c o n f i r m e d 
p r e v i o u s r e s u l t s o f E m m e r l i n g e t a l . ( 1 1 ) who o b s e r v e d 
t h a t a n α - s u b s t i t u t e d m a l t o t e t r a o s i d e b e h a v e s l i k e a n 
u n s u b s t i t u t e d m a l t o t r i o s e w h i c h i s n o t a g o o d p r i m e r 
f o r p o t a t o p h o s p h o r y l a s e . T h e d i s t r i b u t i o n p a t t e r n o f 
t h e p r o d u c t s s h o w e d l a r g e a m o u n t s o f n o n - c o n v e r t e d 
p r i m e r a n d l o w y i e l d s o f h i g h e r o l i g o m e r s ( 1 2 ) . S u b 
s e q u e n t s t u d i e s s h o w e d t h a t a m o d i f i e d p r i m e r s u i t a b l e 
f o r t h e r e a c t i o n h a s t o c o n t a i n a t l e a s t f i v e g l u c o s y l 
u n i t s p e r m o l e c u l e ( 1 0 ) . 

p h o s p h o r y l a s e s 
pNP G n + m 6 - 1 - P - pNP G n + m + m ? { ( 1 ) 

pNP = p - n i t r o p h e n y l , G - 1 - P - g 1 u c o s e - 1 - p h o s p h a t e , P, = 
i n o r g a n i c p h o s p h a t e , η > 5, m = 11 
We u s e d a r a t i o o f p r i m e r t o m o n o m e r o f 1:11 b e c a u s e 
t h e c o n v e r s i o n o f G - 1 - P a t pH 6 . 0 , t h e pH o p t i m u m f o r 
s y n t h e s i s , s h o u l d b e a t a b o u t 9 0 % f o r p o t a t o p h o s 
p h o r y l a s e ( 1 3 ) . T h e s a m e c o n d i t i o n s w e r e u s e d i n t h e 
e x p e r i m e n t s w i t h m u s c l e p h o s p h o r y l a s e . 

P o t a t o p h o s p h o r y l a s e ( I ) was i s o l a t e d f r o m p o t a t o 
t u b e r s b y p r e c i p i t a t i o n w i t h a m m o n i u m s u l p h a t e a c c o r 
d i n g t o t h e m e t h o d o f Z i e g a s t e t a l . ( 9 ) . F u r t h e r 
p u r i f i c a t i o n w as c a r r i e d b u t b y h y d r o p h o b i c i n t e r a c t i o n 
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c h r o m a t o g r a p h y a n d s u b s e q u e n t g e l f i l t r a t i o n ( I I ) 
( 1 4 ) . F o r c o m p a r i s o n w i t h t h e s e p r e p a r a t i o n s a s t i l l 
h i g h e r p u r i f i e d p o t a t o p h o s p h o r y l a s e ( I I I ) w a s u s e d 
( 1 5 ) . P o t a t o p h o s p h o r y l a s e I I a n d I I I a p p e a r e d a s a 
s i n g l e b a n d i n S D S g e l e l e c t r o p h o r e s i s . A n i m p r o v e d 
s t a b i l i t y o b s e r v e d f o r I I I may r e s u l t f r o m i t s p r e p a r a 
t i o n i n 0.1 M p h o s p h a t e b u f f e r pH 7 . 5 , w h e r e a s I a n d 
I I w e r e p r e p a r e d w i t h o u t a n y a d d i t i o n o f i n o r g a n i c 
p h o s p h a t e . M u s c l e p h o s p h o r y l a s e b ( S i g m a ) , c o n t a i n i n g 
a s m a l l a m o u n t o f i n o r g a n i c p h o s p h a t e a n d 5 1 - A M P w a s 
u s e d w i t h o u t f u r t h e r p u r i f i c a t i o n . 5'-AMP a n d m e r c a p t o -
e t h a n o l w e r e a d d e d t o t r a n s f o r m t h e i n a c t i v e b - f o r m 
i n t o t h e a c t i v e f o r m ( 1 6 ) . 

A l l p h o s p h o r y l a s e s w e r e u s e d i n a r a t i o o f 0.1 U 
p e r g m o l p r i m e r t o r e a c h e q u i l i b r i u m w i t h i n a r e l a t i v e 
l y s h o r t t i m e ( 1 0 ) . T h e c o n v e r s i o n o f G - 1 - P , m e a s u r e d 
b y c o l o r i m e t r i c d e t e r m i n a t i o n o f l i b e r a t e d i n o r g a n i c 
p h o s p h a t e ( 1 7 ) , i n d i c a t e s t h e r a t e o f r e a c t i o n . W h e r e a s 
p o t a t o p h o s p h o r y l a s e s h o w s a h i g h e r i n i t i a l r a t e o f 
r e a c t i o n , t h e m u s c l e p h o s p h o r y l a s e g i v e s a s o m e w h a t 
h i g h e r c o n v e r s i o n a t t h e e n d ( T a b l e I ) . 
T a b l e I . C o n v e r s i o n o f g l u c o s e - 1 - p h o s p h a t e i n p h o s p h o -

r o l y t i c s y n t h e s i s ( s e e t e x t f o r e x p l a n a t i o n ) 

r e a c t i o n % c o n v e r s i o n o f t o t a l g l u c o s e - 1 - p h o s p h a t e b y 
t i m e p o t a t o p h o s p h o r y l a s e m u s c l e p h o s p h o r y l a s e 
m i n 
5 14.1 7.5 

10 2 4 . 4 1 5 . 0 
2 0 3 8 . 6 2 6 . 4 
4 0 5 8 . 0 4 3 . 8 
6 0 6 7 . 2 5 7 . 5 

120 7 7 . 7 7 8 . 8 
180 8 3 . 3 8 8 . 8 
2 4 0 8 5 . 3 9 1 . 3 

T h e d i f f e r e n c e i n i n i t i a l r a t e o f r e a c t i o n c o u l d b e 
d u e t o t h e h i g h e r a f f i n i t y o f p o t a t o p h o s p h o r y l a s e f o r 
s h o r t c h a i n m a l t o o l i g o s a c c h a r i d e s i n c o m p a r i s o n t o 
m u s c l e p h o s p h o r y l a s e w h i c h , a c c o r d i n g t o F u k u i e t a l . 
( 1 8 ) , i s a s s o c i a t e d w i t h d i f f e r e n t a m i n o a c i d s e q u e n c e s 
a t t h e s u b s t r a t e b i n d i n g s i t e s . T h e e f f e c t o b v i o u s l y 
d i s a p p e a r s d u r i n g f u r t h e r p r o g r e s s o f r e a c t i o n . 

C h a r a c t e r i z a t i o n o f t h e p r o d u c t s o f p h o s p h o r o 
l y t i c s y n t h e s i s w a s c a r r i e d o u t b y s i z e e x c l u s i o n 
c h r o m a t o g r a p h y c o m b i n e d w i t h l o w a n g l e l a s e r l i g h t 
s c a t t e r i n g a c c o r d i n g t o a t e c h n i q u e u s u a l l y a p p l i e d t o 
h i g h e r m o l e c u l a r w e i g h t c o m p o u n d s ( 1 9 , 2 0 ) . T h e s i m u l 
t a n e o u s d e t e c t i o n o f l a s e r s c a t t e r i n g i n t e n s i t y ( L A L L S 
d e t e c t o r ) a n d c o n c e n t r a t i o n ( D R I - d e t e c t o r ) p r o v i d e s 
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i n f o r m a t i o n a b o u t m o l e c u l a r w e i g h t a v e r a g e s Μ η , Mw, 
Mz, p o l y d i s p e r s i t i e s Mw/Mn, Mz/Mn a n d m o l e c u l a r w e i g h t 
d i s t r i b u t i o n s (MWD) w i t h o u t a n y e x t e r n a l c a l i b r a t i o n 
r e q u i r e d . 

T h e D R I - s i g n a l s w e r e o f e x c e l l e n t q u a l i t y a n d 
r e p r o d u c i b i l i t y . T h e L A L L S - s i g n a 1 s w e r e n o t a s g o o d a s 
e x p e c t e d , d e s p i t e t h e a v e r a g i n g p r o c e d u r e s u s e d . T h i s 
c o u l d b e a s s o c i a t e d w i t h t h e i n h e r e n t l i m i t s o f t h e 
t e c h n i q u e f o r t h e l o w m o l e c u l a r w e i g h t f r a c t i o n o f o u r 
o l i g o m e r m i x t u r e s b e l o w DP 1 2 . I t c o u l d a l s o e x p l a i n 
t h e d i s c r e p a n c y o f t h e DP m a x i m a d e t e c t e d i n H P L C a n d 
t h e o b s e r v e d m o l e c u l a r w e i g h t a v e r a g e s b y S E C / L A L L S 
( T a b l e I I ) . 
T a b l e I I . DP M a x i m a ( H P L C ) ; e x p e c t e d a n d o b s e r v e d 

m o l e c u l a r w e i g h t a v e r a g e s a n d p o l y d i s p e r s i 
t i e s ( S E C / L A L L S ) o f p r o d u c t s a n d p h o s p h o r o -
l y t i c s y n t h e s i s 

S E C / L A L L S d a t a 
p h o s p h o r y l a s e DP max. M a v e x P - Mw V Mn M 2/M w 

s o u r c e (HPLC) g /mol g /mol g/mol g/mol 
p o t a t o ( I I ) 10 1800 2400 2100 2700 1.14 1.13 
p o t a t o ( I I I ) 11 1950 2800 2500 3000 1.11 1.07 
m u s c l e 14 2400 2600 2400 2700 1.08 1.04 
T h e r e s u l t i n g MWD f o r t h e LMWA o b t a i n e d w i t h p o t a t o 
a n d w i t h m u s c l e p h o s p h o r y l a s e a r e g i v e n i n F i g u r e 1. 
T h e p r o d u c t s o b t a i n e d b y t h e m u s c l e e n z y m e e x h i b i t a 
h i g h e r u n i f o r m i t y t h a n t h o s e p r e p a r e d b y t h e p o t a t o 
e n z y m e , i n d e p e n d e n t o f t h e d e g r e e o f p u r i t y o f t h e 
u s e d p o t a t o p h o s p h o r y l a s e s . S i m i l a r r e s u l t s w e r e 
o b s e r v e d w i t h u n m o d i f i e d LMWA a n d w i l l b e p u b l i s h e d 
e l s e w h e r e . 

F i g u r e 2 s h o w s t h e m o l e c u l a r w e i g h t d i s t r i b u t i o n 
c a l c u l a t e d f r o m H P L C ( 2 1 ) i n c o m p a r i s o n t o a c o r r e s p o n 
d i n g t h e o r e t i c a l P o i s s o n d i s t r i b u t i o n ( 2 2 ) . F o r m u s c l e 
p h o s p h o r y l a s e t h e r e i s g o o d a g r e e m e n t . T h e s e r i o u s 
d e v i a t i o n s h o w n b y p o t a t o p h o s p h o r y l a s e p r o m p t e d u s t o 
i n v e s t i g a t e t h e d e v e l o p m e n t o f c h a i n l e n g t h d i s t r i b u 
t i o n w i t h b o t h e n z y m e s a s a f u n c t i o n o f r e a c t i o n t i m e . 
A l i q u o t s w e r e r e m o v e d f r o m t h e r e a c t i o n m i x t u r e s a t 
f i x e d t i m e s a n d t h e r e a c t i o n w a s t e r m i n a t e d b y t r e a t 
m e n t w i t h a m i x e d b e d i o n e x c h a n g e r t o r e m o v e s a l t s 
a n d e n z y m e s . T h e p r o d u c t s w e r e a n a l y z e d b y H P L C . 

F i g u r e 3 a - h a n d T a b l e s I I I a n d IV i l l u s t r a t e t h e 
t i m e d e p e n d e n t d i f f e r e n c e s i n t h e m o l a r c o m p o s i t i o n o f 
t h e o l i g o m e r m i x t u r e s . I t i s o b v i o u s t h a t t h e r e a c t i o n 
o f b o t h p h o s p h o r y l a s e s p r o c e e d s d i f f e r e n t l y . W h e r e a s 
t h e m u s c l e p h o s p h o r y l a s e r e a c t s b y a s t r a i g h t c h a i n 
e l o n g a t i o n o f t h e p r i m e r , t h e r e a c t i o n w i t h p o t a t o 
p h o s p h o r y l a s e i s m o r e c o m p l i c a t e d . A l r e a d y a f t e r f i v e 
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O.B 

4.Β -

3.8 -

8.Β 

O.B 

-O.B 
2.6 2.8 3.0 3.2 3.4 3.6 

logQQ 
3.8 4.0 

PC-LALLS 
F i g u r e 1 M o l e c u l a r weight d i s t r i b u t i o n (SEC/LALLS) 

of LMWA w i t h m o d i f i e d t e r m i n a l groups 
ob t a i n e d by p h o s p h o r o l y t i c s y n t h e s i s 
e i t h e r by potato phosphorylase ( I I ) (72) 
and ( I I I ) (58) or muscle phosphorylase b 
(62). 

I.II 

8.15 

F i g u r e 2 Molar r a t i o s np of LMWA ( c a l c u l a t e d from 
HPLC) versus DP in comparison to a theore
t i c a l P o i s s o n d i s t r i b u t i o n . 
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Table I I I . Development of cha i n l e n g t h d i s t r i b u t i o n of 
LMWA wi t h m o d i f i e d t e r m i n a l groups d u r i n g 
p h o s p h o r o l y t i c s y n t h e s i s . Enzyme: potato 
phosphorlyase. C o n c e n t r a t i o n i n mol % c a l c u 
l a t e d from HPLC. DP Maxima w r i t t e n i n i t a l i c 

DP 0 5 10 20 40 60 120 J 180 240min 
3 0.04 0.04 
4 2.75 2.00 2.05 2.60 2.33 3.70 4.59 4.12 
5 100 21.78 11.40 7.18 5.35 4.75 5.47 5.97 5.71 
6 39.56 86.72 18.79 10.70 8.05 6.74 6.79 6.31 
7 21.00 27.14 17.90 11.00 8.10 6.92 7.38 7.08 
8 6.48 10.13 8.62 6.71 5.70 7.06 7.81 7.63 
9 2.04 4.35 5.65 5.73 5.70 7.34 8.25 7.70 

10 2.66 5.80 8.02 8.03 7.43 8.39 8.49 7.55 
11 1.52 3.29 6.90 8.16 7.99 8.60 8.08 7.14 
12 0.07 2.58 6.93 8.69 8.54 8.70 7.51 6.85 
13 1.62 4.90 7.47 7.88 7.91 6.61 6.54 
14 0.06 3.09 5.80 6.75 6.69 5.79 5.65 
15 2.10 4.28 5.50 5.50 4.44 4.98 
16 1.55 3.53 4.74 4.41 3.54 4.60 
17 0.09 2.65 3.83 3.37 2.72 3.54 
18 2.00 2.88 2.70 2.16 2.72 
19 1.19 2.06 2.38 1.92 2.30 
20 0.09 1.32 1.60 1.42 1.85 
21 0.05 0.08 1.18 0.09 1.30 
22 0.07 1.07 0.08 0.09 
23 0.04 0.09 0.07 0.08 

Table IV. See Table I I I . Enzyme: muscle phosphorylase 

DP 0 5 10 20 40 60 120 180 240min 
5 100 50.59 27.10 5.69 0.18 0.04 0 0 0 
6 28.27 24.92 8.39 0.72 0.08 0 0.13 0.22 
7 14.59 25.54 19.19 3.81 1.09 0.50 0.50 0.62 
8 4.39 17.84 87.20 18.36 5.89 1.37 0.95 1.30 
9 0.30 3.08 18.98 22.65 11.26 2.93 2.59 2.74 

10 0.36 7.23 20.83 15.48 5.04 4.61 4.52 
11 2.09 16.18 18.92 8.08 7.13 6.69 
12 0.60 9.84 18.25 11.13 9.75 8.88 
13 4.35 13.59 12.95 11.81 10.72 
14 1.63 8.43 18.38 12.82 11.72 
15 0.40 4.57 1163 12.25 11.64 
16 2.05 9.57 10.70 10.67 
17 0.89 6.55 8.39 8.80 
18 0.23 4.39 6.34 6.63 
19 2.59 4.00 4.49 
20 1.57 2.59 2.84 
21 1.10 1.34 1.57 
22 0.82 0.90 1.04 
23 0.74 
24 0.48 
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Figure 3. Chain length distribution of LMWA during phosphorolytic synthesis after a, 5 
and b, 40 min by potato phosphorylase. Continued on next page. 
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Ο 10 20 min 

Figure 3. Continued. Chain length distribution of LMWA during phosphorolytic synthesis 
after c, 120 and d, 240 min by potato phosphorylase. Continued on next page. 
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e 
> I 

li_L 

Mu005min 

10 20 min 

Mu040min 

i l 
10 20 min 

Figure 3. Continued. Chain length distribution of LMWA during phosphorolytic synthesis 
after e, 5 and f, 40 min by muscle phosphorylase. Continued on next page. 
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Mul20min 

min 

0 

h 

14 

Mu240min _ 

-

0 10 20 min 

Figure 3. Continued. Chain length distribution of LMWA during phosphorolytic synthesis 
after g, 120 and h, 240 min by muscle phosphorylase. 
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m i n u t e s a r e m a r k a b l e a m o u n t o f t h e p - n i t r o p h e n y 1 - α - D -
ma l t o t e t r a o s i d e i s f o r m e d . Two d i s t i n c t m a x i m a d e v e l o p 
w i t h i n a p p r o x i m a t e l y 4 0 m i n u t e s . T h i s c a n b e c o r r e l a 
t e d w i t h t w o s i m u l t a n e o u s , i n d e p e n d e n t e n z y m a t i c a c t i 
v i t i e s . A f t e r t w o h o u r s r e a c t i o n t i m e , t h e d i s t r i 
b u t i o n s h o w s a s i n g l e m a x i m u m i n t h e r e g i o n o f DP 1 2 . 
E v e n l a t e r , t h e m a x i m u m i s s h i f t e d t o DP 10 a n d s m a l l 
t r a c e s o f t h e m a l t o t r i o s i d e a r e d e t e c t e d . T h e f l a t 
t e n i n g o f t h e d i s t r i b u t i o n c o n t i n u e s , i n d i c a t i n g t h a t 
a d i s p r o p o r t i o n a t i o n r e a c t i o n i n f l u e n c e s t h e c h a i n 
l e n g t h d i s t r i b u t i o n w h i l e s y n t h e s i s i s r e d u c e d o r e v e n 
d i s c o n t i n u e d u n d e r e q u i l i b r i u m c o n d i t i o n s . 

T h e s e p h e n o m e n a a p p e a r t o i n d i c a t e t h a t t h e l e s s 
p u r i f i e d p o t a t o p h o s p h o r y l a s e ( I ) i s c o n t a m i n a t e d b y a 
d i s p r o p o r t i o n a t e e n z y m e , m o s t p r o b a b l y D - e n z y m e , o r 
a s p e c i a l k i n d o f α - a m y l a s e ( 1 6 , 2 3 ) . T h e u s e o f p u r i 
f i e d e n z y m e d i d n o t c o n f i r m t h i s a s s u m p t i o n . On t h e 
c o n t r a r y , t h e e f f e c t w a s r a t h e r p r o n o u n c e d . 

I n o r d e r t o e x a m i n e t h e d i s p r o p o r t i o n a t i o n a c t i v i 
t y s e p a r a t e l y we i n c u b a t e d t h e p - n i t r o p h e n y l - a - D - m a l t o -
p e n t a o s i d e w i t h t h e e n z y m e s u n d e r t h e s a m e c o n d i t i o n s 
a s i n s y n t h e s i s b u t i n t h e a b s e n c e o f g l u c o s e - 1 - p h o s -
p h a t e . T h e r e s u l t s o f H P L C a n a l y s i s a r e s h o w n i n F i g . 
4. A f t e r f o u r h o u r s a t pH 6.0 w i t h t h e p h o s p h a t e f r e e 
p r e p a r e d p h o s p h o r y l a s e p r e p a r a t i o n ( I I ) , a s l o w d i s p r o 
p o r t i o n a t i o n i s o b s e r v e d . A f t e r 2 4 h o u r s t h e a m o u n t s 
o f p - n i t r o p h e n y l - a - D - m a l t o t e t r a o s i d e a n d - h e x a o s i d e 
a r e c o n s i d e r a b l y i n c r e a s e d . A t pH 7.0 ( 0 . 1 M T r i s / H C L 
b u f f e r ) t h e d i s p r o p o r t i o n a t i o n i s e v e n m o r e s i g n i f i c a n t 
a f t e r f o u r h o u r s . I n c o n t r a s t , t h e m u s c l e p h o s p h o r y l a s e 
d o e s n o t a t t a c k t h e p r i m e r a t pH 6.0 e v e n a f t e r 2 4 
h o u r s . A t pH 7.0 d i s p r o p o r t i o n a t i o n i s c o n s i d e r a b l y 
s l o w e r t h a n w i t h t h e p o t a t o e n z y m e . 

I n c u b a t i o n o f t h e p e n t a o s i d e w i t h h i g h l y p u r i f i e d 
p h o s p h o r y l a s e ( I I I ) c o n t a i n i n g 0 . 0 3 p m o l P i p e r m l 
r e a c t i o n m i x t u r e s h o w e d a m o r e r a p i d r e a c t i o n e v e n a t 
pH 5 . 5 a n d pH 6 . 0 . A f t e r t w o h o u r s m o r e t h a n 5 0 % o f 
t h e p r i m e r w as d i s p r o p o r t i o n a t e d t o t h e t e t r a o s i d e a n d 
h i g h e r o l i g o m e r s u p t o DP 1 0 . 

A s i m i l a r e f f e c t w a s a l s o o b s e r v e d b y P a l m e t a l . 
( 2 4 ) w i t h Ε . c o l i p h o s p h o r y l a s e . T h e y r e p o r t e d t h a t 
a f t e r p r o l o n g e d i n c u b a t i o n o f a r a d i o a c t i v e l y l a b e l l e d 
m a l t o t e t r a o s e a t pH 6.5 a s m a l l f r a c t i o n o f r a d i o a c t i 
v i t y w a s a l s o f o u n d b y T L C i n t h e p o s i t i o n o f m a l t o -
t r i o s e , m a l t o s e a n d a d d e d l i m i t d e x t r i n . O u r i n v e s t i g a 
t i o n s w i t h 3 0 f o l d r a t i o o f p o t a t o p h o s p h o r y l a s e ( I ) t o 
m o d i f i e d p r i m e r s a t pH 5.8 r e v e a l e d a f t e r 2 4 h a s a 
m a i n p r o d u c t o f d i s p r o p o r t i o n a t i o n t h e m a l t o t r i o s i d e . 
T h e m a l t o s i d e a n d g l u c o s i d e a s w e l l a s t h e w h o l e 
s e r i e s u p t o DP 16 w e r e f o r m e d ( 1 0 ) . 

I t s h o u l d b e d i s c u s s e d w h e t h e r i n o r g a n i c p h o s p h a t e 
i s a c t u a l l y i n v o l v e d i n t h e g l y c o s y l t r a n s f e r r e a c t i o n . 
K l e i n e t a l . ( 2 5 ) p o s t u l a t e d a c a t a l y t i c m e c h a n i s m o f 
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,0O300 I 0P 5 

OPS 

JU 

RoAh 
pH 6.0 

0 
• τ — 1 

10 

OD300 DP 5 

Hu 2Lh 
pH 6.0 

—r ·" 

t(min) 

0P5 

Mu Ah 
pH7.0 

_ ^ J V J 
10 10 10 t(min) 

F i g u r e 4 D i s p r o p o r t i o n a t i o n o f p - n i t r o p h e n y l - a - D -
m a l t o p e n t a o s i d e (DP 5 ) ( a ) p o t a t o p h o s p h o 
r y l a s e ( I I ) a n d ( b ) m u s c l e p h o s p h o r y l a s e 
b a t pH 6.0 a n d 7.0 a f t e r 4 h a n d 24 h . 
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phosphorylase a c t i o n i n which a "mobile" phosphate 
anion p l a y s a v e r s a t i l e r o l e . I t co u l d serve as a 
proton c a r r i e r f o r s u b s t r a t e a c t i v a t i o n , s t a b i l i z i n g 
the i n t e r m e d i a t e and a c t i n g as a n u c l e o p h i l e which can 
accept a g l y c o s y l r e s i d u e r e v e r s i b l y . However, muscle 
phosphorylase was not ab l e to d i s p r o p o r t i o n a t e the 
pentaoside at pH 6.0 even i n the presence of 5.5 pmol 
P i . O b v i o u s l y the high amounts of l i b e r a t e d phosphate 
in p h o s p h o r o l y t i c s y n t h e s i s (90 pmol/ml at e q u i l i b r i u m ) 
d i d not i m p a i r the d i s t r i b u t i o n p a t t e r n of the pro
d u c t s . The lower r a t e of d i s p r o p o r t i o n a t i o n by phos
p h o r y l a s e " ! 1 I ) and the c o n s i d e r a b l e i n c r e a s e of reac
t i o n r a t e at extremely low c o n c e n t r a t i o n s of P i suggest 
t h a t i n o r g a n i c phosphate co u l d have a s t i l l unknown 
f u n c t i o n i n enzyme a c t i v a t i o n , e s p e c i a l l y i n non-regu
l a t e d p l a n t systems. 

The g l y c o s y l t r a n s f e r a c t i v i t y seems t o be more 
s e n s i t i v e w i t h regard t o the pH dependence. The pH-
optimum f o r both enzymes i s r e p o r t e d i n the range 
between pH 4.9 and 8.7 (17,22,26). P a r t i c u l a r s p e c i f i 
c a t i o n s of optimum pH values f o r s y n t h e s i s and f o r 
d e g r a d a t i o n d i f f e r . In g e n e r a l , p h o s p h o r o l y t i c degrada
t i o n should not occur at pH 5.5 or 6.0. But i t has t o 
be c o n s i d e r e d t h a t the d i s p r o p o r t i o n a t i o n r e a c t i o n i s 
due to a s y n t h e s i s / d e g r a d a t i o n e q u i l i b r i u m e s p e c i a l l y 
at pH 7.0. 

Co n c l u s i o n s 

A s i g n i f i c a n t d i f f e r e n c e was observed between the 
ch a i n l e n g t h d i s t r i b u t i o n of LMWA w i t h m o d i f i e d t e r 
minal groups o b t a i n e d by p h o s p h o r o l y t i c s y n t h e s i s 
e i t h e r w i t h p o t a t o phosphorylase or muscle phospho
r y l a s e b. Under the g i v e n c o n d i t i o n s the s y n t h e s i s by 
muscle phosphorylase d e l i v e r s a much narrower c h a i n 
l e n g t h d i s t r i b u t i o n w i t h i n the DP range of 10-20. The 
products of the s y n t h e s i s by potato phosphorylase are 
a l t e r e d by a d i s p r o p o r t i o n a t i o n of the primer and 
formed o l i g o m e r s which i m p a i r s the d i s t r i b u t i o n p a t t e r n 
to such a degree t h a t the y i e l d of LMWA w i t h m o d i f i e d 
t e r m i n a l groups d e c r e a s e s . 

Legend of Symbols 
SEC ^ s i z e e x c l u s i o n chromatography 
LALLS = low angle l a s e l i g h t s c a t t e r i n g 
DR1 = d i f f e r e n t i a l r e f r a c t i v e index 
M = number average 
M = weight average 
M = z-average 
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Chapter 14 

Maize Starch Sample Preparation for Aqueous 
Size Exclusion Chromatography Using 

Microwave Energy 

Gregory A. Delgado, David J. Gottneid, and Robert N. Ammeraal 

American Maize-Products Company, 1100 Indianapolis Boulevard, 
Hammond, IN 46320 

A convenient method for solubilizing maize starch 
is needed for characterizing and comparing starches 
from different genetic varieties of maize as well 
as their enzyme hydrolysis products. A water-based 
system for solubilization of starch was developed 
for size exclusion chromatography (SEC). Samples 
from four different commercial types of maize starch 
were prepared for SEC using microwave energy. A 
microwave method had the advantage of speed and 
convenience and it did not require addition of any 
reagent other than water while the chromatography 
yielded results comparable to other methods of 
preparation. 

A convenient method for solubi l iz ing starch is needed for character
izing and comparing starches from different genetic varieties of 
maize as well as their enzyme hydrolysis products. This method is 
needed especially for performing size exclusion chromatography (SEC). 
SEC allows one to compare the relative distribution of intact 
polymeric components of starches. A major concern about any 
solubi l izat ion method is that disruption of the granular structure 
should proceed while minimizing degradation of the starch polymeric 
structure. Current methods of solubi l izat ion include u t i l i z i n g 
solvents, such as dimethyl sulfoxide (DMSO) ( 1 ) , or sodium hydroxide 
or autoclaving. The autoclave step is usually followed by sonicat-
ion in either neutral or alkaline aqueous systems ( 2 ) . A new 
method for solubi l izat ion of starch has been developed and i s 
reported here. This method ut i l i zes a neutral aqueous system and 
microwave energy. This microwave method has been used to compare 
starches from seven different genetic varieties of maize. 

Materials and Methods 

Materials. Seven starches from different genetic varieties of maize 

0097-6156/91/0458-0205$06.00A) 
© 1991 American Chemical Society 
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were obtained from American Maize-Products Company. They included 
four commercial starches: waxy, common, Amylomaize V and Amylomalze 
VII. These starches have approximate apparent amylose contents of 
0, 25, 50 and 70%, respectively. Starches from three other genetic 
varieties of corn were also used. They were dul l waxy (duwx), dul l 
horny (duh) and amylose extender dul l (aedu). The approximate 
apparent amylose contents of these starches are 0, 30 and 50%, 
respectively. 

Chromatographic System. SEC was performed on a Hewlett-Packard 1090 
Chromatograph. Two Waters l inear Ultra hydrogel columns (cross-
linked methacrylate, 7.8 mm diameter χ 300 mm length) were connected 
in series preceded by a guard column. The columns were maintained at 
4 5 ° C The mobile phase was 0.1M sodium nitrate in water pumped at a 
flow rate of 0.8 mi l l i t ers per minute. Temperature of the 
refractive index detector was maintained at 4 0 ° C The injection 
volume was 100 microl i ters . Commercial standards were used. Low 
molecular weight materials were obtained from Sigma. Higher 
molecular weight standards were obtained from Polymer Laboratories. 
They are derived from pullulan, and, as such, were used only as 
general indicators of molecular weight range rather than as precise 
standards. Standard solutions were prepared (0.1 wt. per volume) in 
0.1M sodium nitrate aqueous mobile phase with 0.2% sodium azide 
added as a preservative. A l l solutions were passed through a 0.45 
micron f i l t e r before injection. 

Starch so lubi l i ty was determined by measuring total refractive 
index response from SEC-HPLC chromatography. Detector response was 
compared to that of a standard soluble 5 DE waxy maize hydrolysate 
(Lo-Dex 5) of known concentration. Insoluble material was removed 
by f i l t r a t i o n . The mass of total starting material was measured 
gravimetrically. Solubi l i ty is reported as the percent of soluble 
starch to the total starting dry sol ids. 

Autoclave/Sonication Method for Solubil ization. Solubil ization of 
maize starches by autoclaving followed by sonication in both an 
aqueous and an a l k a l i system was performed according to the method 
of Jackson et a l . (2). 

Solvent (DMSO) Method for Solubil ization. A modified method for 
solubi l iz ing starch in solvent was used (1). Maize starch samples 
were prepared in a test tube by dissolving 16 mg. of starch in 4 ml. 
of 90% dimethyl sulfoxide solution. A suspension was formed by 
mixing with a vortex mixer for 5 sec. It was then allowed to stand 
at room temperature for 30 min. It was again vortex-mixed for 5 
sec. Then i t was placed in a boi l ing water bath for 5 min. and 
allowed to cool to room temperature. It was again vortex-mixed for 
5 sec. and centrifuged for 5 min. at 3000 χ g. Aliquots of 100 u l . 
were then carefully removed from the top of the supernatant l iqu id 
and chromâtographed. 

Microwave Energy Method For Solubil ization. A microwave oven was 
preheated (3). A 0.1% starch sample was prepared by suspending 5.5 
mg. of starch (dry basis) in 5.0 ml. of deionized water. The sample 
was prepared in a teflon microwave digestion bomb (model no. 4782, 
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Parr Instrument Company). The bomb was placed in a microwave oven 
and subjected to the desired radiation power level for the appropri
ate time interval . The bomb was then cooled in a cold water bath. 
After the solution had reached room temperature i t was f i l t ered thru 
a 0.45 micron f i l t e r . The solution was then ion exchanged by adding 
ion exchange resin and f i l t ered again thru a 0.45 micron f i l t e r . A 
sample of f i l t r a t e (100 u l . ) was then chromatograjihed by SEC. 

Results and Discussion 

Our i n i t i a l objective was to evaluate the amylose component of 
different genetic varieties of starch. The exclusion volume of the 
particular column system was selected to end at 13 to 14 minutes; 
the early peak in the chromatogram is actually excluded material. 
This peak represents higher molecular weight materials and probably 
contains amylopectin. Molecular weight approximations were limited 
to the highest pullulan molecular weight of 853,000 at a retention 
time of about 18 minutes. 

Sample Preparation Observations. The observations outlined below 
were made: 
A. During the autoclave/sonication method: 

1) a gel was observed at the bottom of the test tube after 
boil ing in the aqueous system and i t persisted even 
after autoclaving, 

2) sonication for longer time intervals showed increased 
dispersion of the gel , 

3) microscopy revealed both heat swollen and unswollen 
intact granules in the sediment after centrifugation, 

4) gelatinized starch was present after boi l ing in the 
a l k a l i system; i t dispersed after autoclaving. 

B. When the solvent (DMSO) method for solubi l izat ion was used, 
after centrifugation: 
1) a gel- l ike sediment formed at the bottom of the test 

tube and 
2) the supernatant was clear. 

C Increased c lar i ty of solution and increased ease of 
f i l t r a t i o n were observed as the heating time and microwave 
power output were increased during the solubi l izat ion of 
starch using microwave energy. 

Autoclave Method. Amylomaize V was solubil ized in an autoclaved 
aqueous system (a 10 ml. aliquot of a 0.5% by weight starch 
solution) and was sonicated at different time intervals . As 
sonication time increased, the relative ratio of high molecular 
weight material to low molecular weight material in the soluble 
phase increased. This suggests that precipitated higher molecular 
weight material was being solubil ized by sonication. Table I shows 
that solubi l izat ion in an aqueous system increased with increasing 
sonication time. Solubil ization is also enhanced as the apparent 
amylose content of the starch decreases. 
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Table I. Effects of Sonication Time: % Solubilized 

Starch Type 
Sonication Time Waxy Common Amy V 

30 seconds 56.5% 47.4% 39.5% 
80 seconds 79.0% 75.3% 46.5% 

When amylomaize 5 is autoclaved and sonicated in a l k a l i , the 
concentration of solubil ized components increased. As the a l k a l i 
concentration increased, a shift in the distribution of components 
occurred with the appearance of more low molecular weight material. 
This may be due to degradation of the starch polymer. 

Solvent Method, unlike the autoclaved aqueous system, so lubi l i ty of 
the components in 90% DMSO/water increased as the apparent amylose 
content increased. The lower molecular weight fraction is more 
easily solubil ized in DMSO than is the higher molecular weight 
fraction. Overall , this method yielded low percentages of so lub i l 
i t y . Only 32.5% (by weight) was solubil ized for the most soluble 
starch, Amylomaize VII. 

Microwave Method. Common maize starch was heated by microwave for 
6 minutes at different power levels . As the wattage increased, the 
concentration of solubil ized polymers also increased. At 1200 watts, 
96% of the starch was solubi l ized. However, the peak corresponding 
to the higher molecular weight fraction was reduced, suggesting that 
degradation occurred. A l l of the following microwave method 
results were obtained by irradiat ing starch samples with 720 watts 
of microwave energy. As the microwave heating interval increased, 
the amount of starch solubil ized increased. This was generally true 
for a l l the starches used in this study. In the case of starch from 
corn with the dul l horny mutation, as the microwave heating interval 
increased there was a significant shift toward a higher concentration 
of lower molecular weight materials. Chromatographic analysis of 
common and dul l horny starches yielded similar component d is tr ibu
tion patterns at approximately 70% solubi l i ty (Figure 1). 

Waxy starch, which is essentially a l l amylopectin, had an 
increase in solubi l izat ion as the duration of heating with microwave 
energy was increased. The longest exposure time, however, revealed 
a reduction in the higher molecular weight peak suggesting 
degradation. Starch obtained from dul l waxy corn is also comprised 
of amylopectin. The physical properties of this starch are 
s ignif icantly different, however, from those of conventional waxy 
starch. Chromatograms of dul l waxy starch also show a shift toward 
lower molecular weight materials with longer exposure to microwave 
energy, similar to waxy starch. Waxy and dul l waxy starches yielded 
similar molecular weight distribution at similar levels of 
so lubi l izat ion. 

The distribution patterns of components for a l l of the starches 
studied contained an early amylopectin peak (Figure 1) or shoulder 
(Figure 2). At a retention time of 19-20 minutes a peak is evident 
which includes the higher molecular weight amyloses and intermediate 

D
ow

nl
oa

de
d 

by
 U

N
IV

 M
A

SS
A

C
H

U
SE

T
T

S 
A

M
H

E
R

ST
 o

n 
A

ug
us

t 1
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

30
, 1

99
1 

| d
oi

: 1
0.

10
21

/b
k-

19
91

-0
45

8.
ch

01
4

In Biotechnology of Amylodextrin Oligosaccharides; Friedman, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1991. 



14. DELGADOETAL. Maize Starch Sample Preparation 209 

WEIGHT % DISTRIBUTION 

3.5 ι 

2.5 

0.5 

14.2 16.2 18.2 20.2 
RETENTION TIME (min.) 

22.2 

Figure 1. High-performance size exclusion chromatographic 
profiles of common and dul l horny maize starch solubil ized by 
microwave energy; Ο common, + dul l horny. 

WEIGHT % DISTRIBUTION 

5 

14.2 16.2 18.2 20.2 
RETENTION TIME (min.) 

22.2 

Figure 2. High-performance size exclusion chromatographic 
profiles at 62.7% solubil ized amylomaize V, 74.0% solubil ized 
amylomaize VII and 92.0% solubil ized amylose extender dul l (aedu) 
maize starch solubil ized by microwave energy; A amy V, 

Φ amy VII, Q aedu. 
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Table II . Microwave Energy Method for Solubil ization 

Advantages Disadvantages 

Short Analysis Time Indirect Temperature Control 

Low Equipment Cost Indirect Pressure Control 

Low Energy Cost 

High Solubil ization 

No Special Reagents 

Table III . Comparison of Solubil ization Methods 

Method 

Features AC(Water) AC(Akali) DMSO Microwave 

Preparation 
Time 

135 min. 135 min. 105 min. 90 min. 

Equipment 
Needed 

Hot Plate Hot Plate Hot Plate Microwave 
Oven 

Autoclave Autoclave Vortex Digestion 
Mixer Bomb 

Sonicator Sonicator Centrifuge 

Centrifuge Centrifuge 

Waterbath Waterbath 

Steps 8 9 10 4 

Degradation No Yes No No 
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molecular weight branched molecules. This is followed by a shoulder 
or broad distribution of the lower molecular weight amyloses and 
smaller branched molecules. While there was shift toward production 
of lower molecular weight fractions with overheating, the heating 
time at which this degradation begins i s different for each of the 
starches studied. 

Starch obtained from com with the amylose extender dul l (aedu) 
mutation also contains approximately 50% apparent amylose. The aedu 
starch did not show a shift in molecular weight distribution to a 
higher concentration of low molecular weight material as the duration 
of heating with microwave energy increased. This i s evident by a 
high concentration of material about the middle of the distribution 
(Figure 2). These features are unique when compared to Amylomaize V 
and Amylomaize VII molecular weight distributions, (Figure 2). In 
general, as the apparent amylose content of starches increased, 
solubi l izat ion with microwave energy increased. This is evident 
with 60% of the Amylomaize V starch solubil ized after only 4 minutes 
of heating time. 

The microwave energy method for starch solubi l izat ion for size 
exclusion chromatography had many advantages (Table II) . A minimum 
amount of time is needed for sample preparation and equipment 
required is re lat ively inexpensive. A high degree of so lubi l i ty can 
be achieved but no special reagents or solvents are needed. The 
main disadvantages are that the temperature and pressures within the 
digestion bomb are controlled only indirect ly . Excessive heating 
appears to damage the starch polymers. The autoclave/sonication 
method yielded a desired high so lubi l i ty but i t s disadvantages 
outweighed this advantage. It required a long analysis time and i t 
had a high equipment cost. High energy input and a special reagent 
were needed. The solvent (DMSO) method had a moderate analysis time 
and energy need. But, again, there was a high equipment cost and a 
special solvent was needed. This method's main disadvantage was 
that i t could not produce a high so lubi l i ty in a short analysis time. 
Table III compares features of the four solubi l izat ion methods 
reviewed. A new microwave energy method was presented that is 
convenient, quick and effective for the solubi l izat ion of starch. 
Current methods for solubi l izat ion were reviewed and the microwave 
method was compared to them. The microwave method was also used for 
comparing solubi l izat ion of starches from different genetic 
varieties of maize. It should be noted that individual methodologies 
must be varied depending on the type of starch and the apparent 
amylose and amylopectin content. 
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Chapter 15 

Distribution of the Binding of A Chains 
to a Β Chain in Amylopectins 

Susumu Hizukuri and Yuji Maehara 

Department of Agricultural Chemistry, Faculty of Agriculture, Kagoshima 
University, Korimoto-1, Kagoshima-shi 890, Japan 

Β chains of amylopectin were classified into Ba and Bb 
chains by whether they carry A chains (Ba) or not 
(Bb). A Ba chain of wheat amylopectin bound 2.1 A 
chains on an average but this number was variable in 
the range of 1-4. The longer Ba chain carried more A 
chains. A similar distribution was also found in waxy 
rice amylopectin. This was analyzed by determining 
the ratios of the non-reducing to reducing residues of 
the maltosyl-Ba chain fragments, which were obtained 
by the stepwise hydrolysis of amylopectin with β-
amylase, isoamylase, and β-amylase. The A to Β chain 
and the Ba to Bb chain ratios in wheat amylopectin 
were found to be 1.26 and 1.7, respectively. 

Starch i s comprised of two major components, amylose and 
amylopectin. The former i s composed of l inear and branched 
molecules with very limited branches, and the lat ter i s composed of 
highly branched molecules with hundreds or thousands of branches. 
The branched component of amylose may be cal led an intermediate 
molecule or the th ird component (1_). These molecules are b u i l t up 
of only glucose but their molecular structures are not well 
elucidated yet, i n spite of the many efforts by various 
investigators. Here, we present our recent findings on the 
molecular structure of amylopectin. 

Several models have been proposed for amylopectin structure 
(2), but only the cluster models (3,4) have been accepted widely. 
The cluster model shown i n Figure 1 has been presented based on the 
chain-length distributions of some amylopectins (_5). The chains are 
named as A, B, and C by Peat et a l . (β)ζ that i s , A chains l ink to 

0097-6156/91ΑΜ58-Ο212$06.00/0 
© 1991 American Chemical Society 
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A-

A-

" A-

B1-
A-

B1 

B2 

-j^BI 
¥ 1 

Γ 

B2 

C.l. = ' 
.12-16—ί 

-*-C.I. = 27-28 « 

•0 

Figure 1. Cluster model for amylopectin. (Reproduced with permission from Ref. 
5. Copyright 1986 Elsevier.) 

other chains only by their reducing residues; Β chains l ink to 
another Β or C chains at their reducing residues, and i n addition 
they carry one or more A and/or Β chains as branches; C chains 
carry the reducing residues i n their molecules. Bi , Β 2 , and Β 3 
chains mean that the Β chains comprise of one, two, and three 
clusters, respectively (5.). These chains make clusters by l inking 
i n some complicated manners through a- ( 1 ->6 ) -glucosidic linkages but 
detai ls remain to be solved. The chain-length dis tr ibut ion as 
revealed by size exclusion chromatography supports the cluster 
structure (!5) but gives l i t t l e information on the inter-chain 
l ink ing . In this study, the binding mode of the A and Β chains was 
examined by a new enzymic analysis. 

Theory and Experimental Procedures 
The amounts of A chains, which l ink to a Ba chain, were analyzed by 
the following procedures. Here, Ba chains are defined as Β chains 
which carry at least one A chain and the rest of the Β chains are 
defined as Bb chains. Amylopectin i s f i r s t processed into 3-limit 
dextrin (β-LD) with sweet potato 3-amylase, then with Pseudomonas 
isoamylase, and f i n a l l y again with β-amylase (2nd 3-amylolysis), 
successively. A chains are trimmed into maltosyl or maltotriosyl 
residues depending on the even or odd numbers of the chain length 
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on the 1st 3-amylolysis (7J. The following isoamylolysis s p l i t s 
a l l the a- ( 1 +6 ) -glucosidic linkages except maltosyl-Ba chain 
linkages which are highly resistant to the enzyme. The inter-chain 
linkages between Bb chains result i n linear chains. Maltotriose and 
the linear chains are hydrolyzed into maltose and glucose by the 
2nd 3-amylolysis. However, the majority of maltosyl-Ba chain 
fragments remain intact after the 2nd 3-amylolysis and they are 
easily separable from maltose and glucose by conventional gel 
f i l t r a t i o n . Therefore, nearly half of the connecting segments of A 
and Ba chains are recovered as maltosyl-Ba chain fragments. The 
number (N) of A chains binding to a Ba chain i n amylopectin i s 
determined from the number (n) of the binding maltosyl residues to 
Ba chain fragments or the ratio (R) of non-reducing to reducing 
residues of the maltosyl-Ba chain fragments. The η value i s 
determined by the increase of reducing power after hydrolysis of 
the maltosyl-Ba chain fragments with pullulanase. Non-reducing 
residues are determined by enzymic assay of glycerol after Smith 
degradation (8). Reducing residues are determined colorimetrically 
by the method of Somogyi and Nelson with extended heating to 30 min 
(9) or by modifications of the Park and Johnson ferricyanide method 
(10) . R value i s equal to (n + 1 ). The η i s not equal to Ν because 
half of the linkages between A and Β chains involving maltotriose 
are liberated with isoamylolysis. Mostly, R value was assayed 
instead of η value. The relationship between Ν and R i s expressed 
by "Equation 1" where C means combinations, and i s shown i n Table I 
and Scheme 1. 

NCI(1+D + +NCN(1+N) 2NCI(1+<) 
R= = (1) 

NC< + +NCN 2 n - 1 

Table I. Relationship between R and Ν 

R 2.00 2.33 2.71 3.13 3.58 

Ν 1 2 3 4 5 

Results and Discussion 
Wheat amylopectin was processed by a series of enzyme actions, 3 -
amylase, isoamylase and 3-amylase again. The resulting maltosyl-Ba 
chain fragments were fractionated into four fractions of nearly 
equal amounts, by weight, on Bio-Gel P-2, and the R value of each 
fraction was determined. The R values were i n the range of 2.1-2.8, 
higher with increase in molecular size, which correspond to the Ν 
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Amylopectin 

I 
β-LD 

I 
β, i—LD 

1 

M—Ba 

Amylopectin 

1 
β-LD 

I 
B,i-LD 

I 
M-Ba Amylopectin 

\ 
B-LD 

\ 
B,i - LD 
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Ba 
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M 
R - 3 

= 2.33 

Ba 
MT Τ Τ MT Τ Τ M 

N = 3 
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_ ^ 
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= 2.71 

Scheme 1. Structural changes of the binding segments of the A and 
Β chains by a series of hydrolysis, M and Τ denote maltosyl and 
maltotriosyl stubs, respectively. * See the text. 
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values of 1.2 - 3.2. This implies a Ba chain i n amylopectin carries 
1-4 A chains, and longer Ba chains carry more A chains (Hizukuri, 
S., Maehara, Υ., Carbohydr. Res., i n press). The R value of the 
unfractionated maltosyl-Ba chain fragments was found to be 2 .4 , 
which means a Ba chain i n amylopectin carries 2.1 A chains on an 
average. The value agrees well with that of the revised Meyer model 
by Gunja-Smith et a l . (1J_), but the distribution of the R value i s 
not i n accord with the model and favors the cluster structure with 
random branching. 

The A to Β chain ratio of wheat amylopectin was found to be 
1.26:1 from the amounts of maltose and maltotriose yielded from i t s 
β-LD by debranching with isoamylase and pullulanase. From the A to 
Β chain and the A to Ba chain ratios, the Ba to Bb chain ratio was 
calculated to be 1.7 : 1. 

The maltosyl-Ba chain fragments of waxy rice amylopectin were 
fractionated into two fractions, A and B. They were separated from 
glucose and maltose (C, Figure 2) by Bio-Gel P-2 f i l t r a t i o n after 
the 2nd 3-amylolysis and the properties of these fractions are 
summarized i n Table II. The Ba chain of the amylopectin had 2 A 
chains on an average, similar to wheat amylopectin, but the number 
i s variable i n the range of 1-3. This would be probably i n a more 
broad range as i n wheat amylopectin, i f the maltosyl-Ba chains were 
fractionated into more fractions. These results support the random 
branching of cluster structure. 

Table II. Properties of Maltosyl-Ba Chain Fragments of Waxy Rice 
Amylopectin 

Fraction A Β Whole 

P.p. 33.2 13.0 20.9 
C.l. 12.7 6.1 9.0 
R* 2.6 2.1 2.3 
N* 2.7 1.2 2.0 
Amount 
Mole(%) 39.2 60.8 (100) 
Weight(%) 61.5 38.5 (100) 

*See text 

The maltosyl-Ba chain fragments of fraction Β were debranched 
with pullulanase and the chain-length distribution of the resultant 
Ba chain fragments were examined by HPLC on NH2-bonded s i l i c a . The 
most frequent chain length was 8, and 60% of the fragments had 
chain lengths between 6-11 (Figure 3). This implies that the inner 
chain length of the majority of Ba chains ranged between 3.5-8.5, 
because most of the Ba chains of the fraction carry a single A 
chain and one or two glucosyl residue(s) remain(s) on the outer 
chains of Β chains after 3-amylolysis. These short inner chains 
are considered to form non-crystalline domains of clusters. 

A problem of this enzymic analysis i s that maltosyl-Ba chain 
fragments are slightly susceptible to the isoamylase. The 
hydrolysis of maltosyl-Ba chain fragments affect only slightly or 
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30 40 50 60 70 80 
Fraction no. 

90 100 

Figure 2. Fractionation of Maltosyl-Ba chain fragments of waxy 
r ice amylopectin by a Bio-Gel P-2 column. 

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 
Chain length 

Figure 3. Chain-length distribution of the Ba chain fragments of 
fraction Β i n waxy r i c e amylopectin. 
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negligibly the f i n a l result when the hydrolysis i s below 20% and 
the analysis i s done within the lim i t . However, accurate 
determination of R value i s important because the error of the 
value i s amplified 2-3 fold i n Ν value. 

This enzymic analysis for the numbers of A chain binding to a 
Ba chain provides basic information for elucidation and 
characterization of the intricate branching of amylopectin. 
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Chapter 16 

Polymer Physicochemical Characterization 
of Oligosaccharides 

Harry Levine and Louise Slade 

Fundamental Science Group, Nabisco Brands, Inc., P.O. Box 1944, 
East Hanover, NJ 07936-1944 

This paper reviews the development and technological appli
cations of a polymer characterization method, based on low 
temperature differential scanning calorimetry (DSC), to 
analyze the structure-physicochemical property relation
ships of linear, branched, and cyclic oligosaccharides. The 
DSC method, based on analog derivative thermograms, is used 
to measure Tg', the characteristic subzero glass transition 
temperature of a maximally freeze-concentrated aqueous so
lution. Solute-specific Tg' values have been measured in 
order to evaluate the behavior of 91 commercial starch hy
drolysis products (SHPs) ( i .e. dextrins, maltodextrins, 
corn syrup solids, and corn syrups, of dextrose equivalent 
(DE) 0.3-100 and polydisperse molecular weight (MW)) and 84 
other polyhydroxy compounds (PHCs) ( i .e . sugars, polyhydric 
alcohols, and derivatized glycosides, of monodisperse MW 
62-1153) (1.2). For the commercial SHPs, an inverse linear 
correlation exists between Tg' and DE. A plot of Tg' vs. 
number-average MW (Mn) demonstrated the classical behavior 
of polydisperse SHPs as a homologous family of amorphous 
glucose oligomers and polymers, and revealed an "entangle
ment coupling" capability for polymeric SHPs of Tg' ≥-8°C 
and DE ≤ 6 ( i .e . Mn ≥ 3000 and number-average degree of 
polymerization, DPn ≥ 18). In contrast to the higher Mn 
SHPs, the quasi-homologous series of lower MW, monodis
perse, monomeric and oligomeric PHCs, which included a ho
mologous family of linear malto-oligosaccharides of DP 1-7 
and MW 180-1153, exhibited an inverse linear correlation 
between Tg' and 1/MW, and thus evidenced no capability for 
intermolecular entanglement in the maximally freeze-concen
trated aqueous glass at Tg'. The structure-property rela
tionship between intermolecular entanglement (leading to 
three-dimensional network formation) and the functional 
behavior of polymeric SHPs as food ingredients in applica
tions involving gelation, encapsulation, frozen-storage 
stabilization, thermomechanical stabilization, or fac i l i t a -

0097-6156/91/0458-0219$11.50A) 
© 1991 American Chemical Society 
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tion of drying processes has been demonstrated and is dis
cussed. This underlying physicochemical basis for the em
pi r ica l ly demonstrated technological utility of low DE SHPs 
in inhibiting various "collapse" phenomena, which affect 
the processing/storage stability of many foods, is de
scribed and explained, as is the contrasting role typically 
played by small sugars and polyols in promoting these usually 
detrimental phenomena. 

In the decade of the 1980s, the value of a polymer science approach 
to the study of str u c t u r e - p r o p e r t y r e l a t i o n s h i p s i n food m a t e r i a l s , 
products, and processes has been i n c r e a s i n g l y recognized by a growing 
number of food s c i e n t i s t s (3-7 and r e f s . t h e r e i n ) . In t h i s respect, 
food science has followed the compelling lead of the s y n t h e t i c poly
mers f i e l d . As reviewed r e c e n t l y i n d e t a i l elsewhere (3-7). the 
emerging research d i s c i p l i n e of "food polymer science" emphasizes the 
fundamental and generic s i m i l a r i t i e s between s y n t h e t i c polymers and 
food molecules, and provides a new t h e o r e t i c a l and experimental frame
work f o r the study of food systems which are k i n e t i c a l l y c o n s t r a i n e d . 
On a t h e o r e t i c a l basis of e s t a b l i s h e d s t r u c t u r e - p r o p e r t y r e l a t i o n 
ships from the f i e l d of s y n t h e t i c polymer science (8-13). t h i s inno
v a t i v e d i s c i p l i n e has developed to u n i f y s t r u c t u r a l aspects of foods, 
conceptualized as k i n e t i c a l l y - m e t a s t a b l e , completely amorphous or 
p a r t i a l l y c r y s t a l l i n e , homologous polymer systems, w i t h f u n c t i o n a l 
aspects, dependent upon m o b i l i t y and conceptualized i n terms of 
"water dynamics" and "glass dynamics" (3-7). These u n i f i e d concepts 
have been used to e x p l a i n and p r e d i c t the f u n c t i o n a l p r o p e r t i e s of 
food m a t e r i a l s during processing and product storage (1-7.14-29). 
Key elements of t h i s t h e o r e t i c a l approach to i n v e s t i g a t i o n s of food 
systems, w i t h relevance to moisture management and water r e l a t i o n 
s h i p s , include r e c o g n i t i o n of: 
1) the behavior of foods and food m a t e r i a l s as c l a s s i c a l polymer 

systems, and that the behavior i s governed by dynamics r a t h e r 
than e n e r g e t i c s ; 

2) the importance of the c h a r a c t e r i s t i c temperature Tg, at which 
the glass-rubber t r a n s i t i o n occurs, as a physicochemical parame
t e r which can determine p r o c e s s i b i l i t y , product p r o p e r t i e s , qual
i t y , s t a b i l i t y , and safe t y of food systems; 

3) the c e n t r a l r o l e of water as a ubiquitous p l a s t i c i z e r of n a t u r a l 
and f a b r i c a t e d amorphous food ingredients and products; 

4) the e f f e c t of water as a p l a s t i c i z e r on Tg and the r e s u l t i n g 
non-Arrhenius, d i f f u s i o n - l i m i t e d behavior of amorphous polymer
i c , o l i g o m e r i c , and monomeric food m a t e r i a l s i n the rubbery l i q 
u i d s t a t e at Τ > Tg; 

5) the s i g n i f i c a n c e of non-equilibrium g l a s s y s o l i d and rubbery 
l i q u i d s t a t es (as opposed to e q u i l i b r i u m thermodynamic phases) 
i n a l l " r e a l world" food products and processes, and t h e i r ef
f e c t s on time-dependent s t r u c t u r a l and mechanical p r o p e r t i e s 
r e l a t e d to q u a l i t y and storage s t a b i l i t y . 
In previous reports and reviews (1-7.14-29 and r e f s . t h e r e i n ) , 

we have described how the r e c o g n i t i o n of these key elements of the 
food polymer science approach and t h e i r relevance to the behavior of 
a broad range of d i f f e r e n t types of foods (e.g. intermediate-moisture 
foods (IMFs), low-moisture foods, frozen foods, starch-based foods, 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

A
R

IZ
O

N
A

 o
n 

A
ug

us
t 1

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
30

, 1
99

1 
| d

oi
: 1

0.
10

21
/b

k-
19

91
-0

45
8.

ch
01

6

In Biotechnology of Amylodextrin Oligosaccharides; Friedman, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1991. 



16. LEVINE & SLADE Characterization of Oligosaccharides 221 

g e l a t i n - , g l u t e n - , and other protein-based foods) and corresponding 
aqueous model systems has increased markedly during t h i s decade. We 
have i l l u s t r a t e d the perspective afforded by using t h i s conceptual 
framework and demonstrated the t e c h n o l o g i c a l u t i l i t y of t h i s new ap
proach to understand and e x p l a i n complex behavior, design processes, 
and p r e d i c t product q u a l i t y , safety, and storage s t a b i l i t y , based on 
fundamental s t r u c t u r e - p r o p e r t y r e l a t i o n s h i p s of food systems viewed 
as homologous f a m i l i e s ( i . e . monomers, oligomers, and high polymers) 
of p a r t i a l l y c r y s t a l l i n e g lassy polymer systems p l a s t i c i z e d by water. 
R e f e r r i n g to the food polymer science approach, John Blanshard (Uni
v e r s i t y of Nottingham, personal communication, 1987.) has s t a t e d that 
" i t i s not o f t e n that a new concept casts f r e s h l i g h t across a whole 
area of research, but there i s l i t t l e doubt that the r e c o g n i t i o n of 
the importance of the t r a n s i t i o n from the glassy to the c r y s t a l l i n e 
or rubbery s t a t e i n f o o d s t u f f s , though w e l l known i n s y n t h e t i c poly
mers, has opened up new and p o t e n t i a l l y very s i g n i f i c a n t ways of 
t h i n k i n g about food p r o p e r t i e s and s t a b i l i t y . " In a recent l e c t u r e on 
h i s t o r i c a l developments i n i n d u s t r i a l p o lysaccharides, James B e M i l l e r 
( W h i s t l e r Center f o r Carbohydrate Research, Purdue U n i v e r s i t y ) has 
echoed Blanshard's words by remarking that a key poi n t regarding the 
fu t u r e of polysaccharide research and technology i s "the p o t e n t i a l , 
a lready p a r t l y r e a l i z e d , i n applying ideas developed f o r s y n t h e t i c 
polymers to polysaccharides; f o r example, the importance of the 
gl a s s y s t a t e i n many polysaccharide a p p l i c a t i o n s " (30). 

In t h i s a r t i c l e , we i l l u s t r a t e the theory and p r a c t i c e of food 
polymer science by h i g h l i g h t i n g the development and t e c h n o l o g i c a l 
a p p l i c a t i o n s of a polymer c h a r a c t e r i z a t i o n method, based on low tem
perature DSC, to analyze the structure-physicochemical property r e l a 
t i o n s h i p s of l i n e a r , branched, and c y c l i c mono-, o l i g o - , and polysac
charides. These studies have demonstrated the major o p p o r t u n i t y of
fer e d by t h i s food polymer science approach to expand not only our 
q u a n t i t a t i v e knowledge but a l s o , of broader p r a c t i c a l value, our 
q u a l i t a t i v e understanding of the s t r u c t u r e - f u n c t i o n r e l a t i o n s h i p s of 
such carbohydrates i n a wide v a r i e t y of food products and processes. 

T h e o r e t i c a l Basis of the C h a r a c t e r i z a t i o n Method - Tg'; Glass Dynam
i c s : the State Diagram as a Dynamics Map Used to Trace "Collapse" 
Phenomena i n Foods 

Our method of c h a r a c t e r i z i n g the s t r u c t u r e - f u n c t i o n r e l a t i o n s h i p s of 
mono-, o l i g o - , and polysaccharides derives from the f a c t that t h e i r 
f u n c t i o n a l p r o p e r t i e s i n foods depend on m o b i l i t y and can be under
stood i n terms of the in t e g r a t e d concepts of "water dynamics" and 
"glass dynamics" (1-7). Through t h i s i n t e g r a t i o n , the appropriate 
k i n e t i c d e s c r i p t i o n of the non-equilibrium thermomechanical behavior 
of such food m a t e r i a l s has been i l l u s t r a t e d i n the context of a "dy
namics map" (23.) , an example of which i s shown i n Figure 1 (7) . This 
map was derived from a generic s o l u t e - s o l v e n t s t a t e diagram (31.32). 
i n t u r n based o r i g i n a l l y on a more f a m i l i a r e q u i l i b r i u m phase diagram 
of temperature vs. composition (22). The dynamics map has been used 
to describe m o b i l i t y transformations (23.) i n water-compatible food 
polymer systems that e x i s t i n k i n e t i c a l l y - m e t a s t a b l e g l a s s y and rub
bery s t a t e s always subject to c o n d i t i o n a l l y b e n e f i c i a l or de t r i m e n t a l 
p l a s t i c i z a t i o n by water (3-7) . 

Glass dynamics deals with the time- and temperature-dependence 
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222 BIOTECHNOLOGY OF AMYLODEXTRIN OLIGOSACCHARIDES 

of r e l a t i o n s h i p s among composition, s t r u c t u r e , thermomechanical prop
e r t i e s , and f u n c t i o n a l behavior. As i t s name i m p l i e s , g l a s s dynamics 
focuses on 1) the glass-forming s o l i d s i n an aqueous food system, 2) 
the Tg of the r e s u l t i n g aqueous glass that can be produced by c o o l i n g 
to Τ < Tg, and 3) the e f f e c t of the glass t r a n s i t i o n and i t s Tg on 
food processing and process c o n t r o l , v i a the r e l a t i o n s h i p s between Tg 
and the temperatures of i n d i v i d u a l processing steps (which may be 
d e l i b e r a t e l y chosen to be f i r s t above and then below Tg) (6.7). This 
concept emphasizes the o p e r a t i o n a l l y immobile, s t a b l e , and unr e a c t i v e 
s i t u a t i o n ( a c t u a l l y one of k i n e t i c m e t a s t a b i l i t y ) that can o b t a i n 
during product storage (of a p r a c t i c a l duration) at temperatures be
low Tg and moisture contents below Wg (the amount of water i n the 
glas s at i t s Tg) (3.6). I t has been used to describe a u n i f y i n g con
cept f o r i n t e r p r e t i n g " c o l l a p s e " phenomena, which govern, e.g., the 
time-dependent caking of amorphous food powders during storage (1.2). 
Collapse phenomena i n completely amorphous or p a r t i a l l y c r y s t a l l i n e 
food systems (33-37.115), examples of which are l i s t e d i n Table I (1-
£), are d i f f u s i o n - l i m i t e d consequences of a m a t e r i a l - s p e c i f i c s t r u c 
t u r a l and/or mechanical r e l a x a t i o n process (1). The microscopic and 
macroscopic manifestations of these consequences occur i n r e a l time 
at a temperature about 20°C above that of an underlying molecular 
s t a t e transformation (23.). This transformation from k i n e t i c a l l y - m e t a -
s t a b l e amorphous s o l i d to unstable amorphous l i q u i d occurs at Tg (V). 
The c r i t i c a l e f f e c t of p l a s t i c i z a t i o n ( l e a d i n g to increased f r e e v o l 
ume (1Û) and m o b i l i t y i n the dynamically constrained g l a s s ) by water 
on Tg i s a key aspect of c o l l a p s e and i t s mechanism (2). 

A general physicochemical mechanism f o r c o l l a p s e has been de
s c r i b e d (!), based on occurrence of the m a t e r i a l - s p e c i f i c s t r u c t u r a l 
t r a n s i t i o n at Tg, followed by viscous flow i n the rubbery l i q u i d 
s t a t e (36). The mechanism was derived from W i l l i a m s - L a n d e l - F e r r y 
(WLF) f r e e volume theory f o r ( s y n t h e t i c ) amorphous polymers (1Q). I t 
has been concluded that Tg i s i d e n t i c a l to the phenomenological t r a n 
s i t i o n temperatures observed f o r s t r u c t u r a l c o l l a p s e (Tc) and r e c r y s -
t a l l i z a t i o n ( T r ) . The non-Arrhenius k i n e t i c s of c o l l a p s e and/or re-
c r y s t a l l i z a t i o n i n the high v i s c o s i t y rubbery s t a t e are governed 
by the m o b i l i t y of the w a t e r - p l a s t i c i z e d polymer matrix. These k i 
n e t i c s depend on the magnitude of ΔΤ - Τ - Tg (I), as defined by a 
temperature-dependent exponential r e l a t i o n s h i p derived from WLF theo
ry. Glass dynamics has proved a u s e f u l concept f o r e l u c i d a t i n g the 
physicochemical mechanisms of stru c t u r a l / m e c h a n i c a l changes i n v o l v e d 
i n v a r i o u s melting and ( r e ) c r y s t a l l i z a t i o n processes ( 3 ) . Such phe
nomena are observed i n many p a r t i a l l y c r y s t a l l i n e food polymers and 
processing/storage s i t u a t i o n s (4.15). 

One p a r t i c u l a r l o c a t i o n among the continuum of Tg values along 
the reference glass curve i n Figure 1 r e s u l t s from the behavior of 
water as a c r y s t a l l i z i n g p l a s t i c i z e r and corresponds to an operation
a l l y i n v a r i a n t point ( c a l l e d Tg') on a st a t e diagram f o r any p a r t i c u 
l a r s o l u t e (1.18-20.22.23.31.38-42). Tg' represents the solute-spe
c i f i c subzero Tg of the maximally freeze-concentrated, amorphous s o l 
ute/unfrozen water (UFW) matrix surrounding the i c e c r y s t a l s i n a 
fro z e n s o l u t i o n . As i l l u s t r a t e d i n the i d e a l i z e d s t a t e diagram i n 
Figure 1, the Tg' point corresponds to, and i s determined by, the 
poin t of i n t e r s e c t i o n of the k i n e t i c a l l y - d e t e r m i n e d g l a s s curve f o r 
homogeneous solute-water mixtures and the non- e q u i l i b r i u m extension 
of the e q u i l i b r i u m l i q u i d u s curve f o r the Tm of i c e Π.18-20.22.23) . 
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16. LEVINE & SLADE Characterization of Oligosaccharides 223 

Table I. Collapse Processes Governed by Tg and Dependent on P l a s t i c i -
zation by Water 

A. Processing and/or storage at Τ < 0°C 

1. Ice recrystal l izat ion ("grain growth") £ Tr (*) 
2. Lactose crystal l izat ion ("sandiness") in dairy products £ Tr (*) 
3. Enzymatic act ivi ty £ Tg' (*) 
4. Structural collapse, shrinkage, or puffing (of amorphous matrix 

surrounding ice crystals) during freeze-drying (sublimation 
stage) s "melt-back" ;> Tc (*) 

5. Structural collapse or shrinkage due to loss of entrapped gases 
during frozen storage £ Tg' (*) 

6. Solute recrystal l ization during freeze-drying (sublimation stage) 
i> Td (*) 

7. Loss of encapsulated volatiles during freeze-drying (sublimation 
stage) £ Tc (*) 

8. Reduced survival of cryopreserved embryos, due to ce l lu lar damage 
caused by diffusion of ionic components £ Tg' 

9. Reduced v i a b i l i t y of cryoprotected, frozen concentrated cheese-
starter cultures > Tg' 

10. Reduced v i a b i l i t y of cryoprotected, v i t r i f i e d mammalian organs 
due to lethal effects of ice crystal l izat ion £ Td 

11. Staling due to starch r é t r o g r a d a t i o n via recrystal l izat ion in 
breads and other high-moisture, lean baked products during freez
er storage £ Tg' (*) 

B. Processing and/or storage at Τ £ 0°C 

1. Cohesiveness, sticking, agglomeration, sintering, lumping, caking, 
and flow of amorphous powders £ Tc (*) 

2. Plating, coating, spreading, and adsorbing of, e .g. , coloring 
agents or other fine particles on the amorphous surfaces of gran
ular particles £ Tg 

3. (Re)crystallization in amorphous powders £ Tc (*) 
4. Recrystall ization due to water vapor adsorption during storage of 

dry-milled sugars ( i .e . grinding -> amorphous particle surfaces) £ Tg 
5. Structural collapse in freeze-dried products (after sublimation 

stage) £ Tc (*) 
6. Loss of encapsulated volatiles in freeze-dried products (after 

sublimation stage) £ Tc (*) 
7. Oxidation of encapsulated l ipids in freeze-dried products (after 

sublimation stage) £ Tc (*) 
8. Enzymatic act iv i ty in amorphous solids £ Tg 
9. Maillard browning reactions in amorphous powders £ Tg (*) 

10. Sucrose inversion in acid-containing amorphous powders £ Tg 
11. Stickiness in spray-drying and drum-drying > Τ sticky point (*) 
12. Graining in boiled sweets £ Tg (*) 
13. Sugar bloom in chocolate £ Tg 
14. Color uptake due to dye diffusion through wet fibers > Tg 
15. Gelatinization of native granular starches > Tg (*) 

Continued on next page 
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Table i . Continued 

16. Sugar-snap cookie spreading ( s o - c a l l e d " s e t t i n g " ) during baking £ 
Tg (*) 

17. S t r u c t u r a l c o l l a p s e during baking of h i g h - r a t i o cake b a t t e r formu
l a t e d w i t h unchlorinated wheat f l o u r or with r e c o n s t i t u t e d f l o u r 
c o n t a i n i n g waxy corn s t a r c h i n place of wheat s t a r c h (due to l a c k 
of development of leached-amylose network Tg) > Tg' 

18. R e c r y s t a l l i z a t i o n of amorphous sugars i n ("dual t e x t u r e " ) cookies 
at the end of baking vs. during storage > Tg 

19. "Melting" ( i . e . flow) of bakery i c i n g s (mixed sugar glasses) due 
to moisture uptake during storage > Tg (*) 

20. S t a l i n g due to st a r c h rétrogradation v i a r e c r y s t a l l i z a t i o n i n 
breads and other high-moisture, lean baked products during storage 
> T g ' (*) 

(*) = Examples e x i s t i n the food science and technology l i t e r a t u r e of 
s t a b i l i z a t i o n against c o l l a p s e through the use of low DE SHPs. 
See (22.26) f o r previous versions of t h i s Table that l i s t those 
references. 

Figure 1. Schematic state diagram of temperature vs. w% water for an 
aqueous solution of a hypothetical, glass-forming, small carbohydrate 
(representing a model frozen food system), illustrating how the critical 
locations of Tg' and Wg' divide the diagram into three distinguishable 
structure-property domains. (Reproduced with permission from reference 7. 
Copyright 1991 Plenum.) 
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16. LEVTND & SLADE Characterization of Oligosaccharides 225 

This s o l u t e - s p e c i f i c l o c a t i o n defines the composition of the gl a s s 
that contains the maximum p r a c t i c a l amount of p l a s t i c i z i n g water 
( c a l l e d Wg', expressed as g UFW/g solute or weight % (w%) water, or 
a l t e r n a t i v e l y designated i n terms of Cg', expressed as w% so l u t e ) 
(1.3) and represents the t r a n s i t i o n from concentrated f l u i d to k i n e t -
i c a l l y - m e t a s t a b l e , dynamically constrained s o l i d that occurs on c o o l 
ing to Τ < Tg' (25). In t h i s homogeneous, freeze-concentrated s o l 
ute-water g l a s s , the water represented by Wg' i s not "bound" energet
i c a l l y but rather rendered unfreezable i n a p r a c t i c a l time frame due 
to the imm o b i l i t y imposed by the extremely high l o c a l v i s c o s i t y of 
about 10 1 2 Pa s at Tg' (1-7.18-20.22.23.38-42). Marsh and Blanshard 
(43) have r e c e n t l y documented the t e c h n o l o g i c a l importance of freeze-
c o n c e n t r a t i o n and the p r a c t i c a l i m p l i c a t i o n of the d e s c r i p t i o n of 
water as a r e a d i l y c r y s t a l l i z a b l e p l a s t i c i z e r , c h a r a c t e r i z e d by a 
high value of Tm/Tg r a t i o - 2 (23.44). A t h e o r e t i c a l c a l c u l a t i o n 
(41) of the Tg of a t y p i c a l l y d i l u t e ( i . e . 50%) wheat s t a r c h g e l f e l l 
w e l l below the measured value of about -5 to -7°C f o r Tg' (15), be
cause the t h e o r e t i c a l c a l c u l a t i o n based on free volume theory d i d not 
account f o r the formation of i c e and fr e e z e - c o n c e n t r a t i o n that occurs 
below about -3°C. Recognition of the p r a c t i c a l l i m i t a t i o n of water 
as a p l a s t i c i z e r of water-compatible s o l u t e s , due to the phase sepa
r a t i o n of i c e , r e c o n c i l e d the d i f f e r e n c e between t h e o r e t i c a l and mea
sured values of Tg (23.43). Moreover, the t h e o r e t i c a l c a l c u l a t i o n s 
supported the measured value of « 27% water f o r Wg' ( i l ) , the maximum 
p r a c t i c a l water content of an aqueous wheat s t a r c h g l a s s . The c a l c u 
l a t e d water content of the wheat s t a r c h glass w i t h Tg of about -7°C 
i s about 28%. 

A c r i t i c a l point i m p l i c i t i n the i d e a l i z e d s t a t e diagram i n F i g 
ure 1 i s that the stru c t u r e - p r o p e r t y r e l a t i o n s h i p s of water-compati
ble food polymer systems are d i c t a t e d by a moisture-temperature-time 
s u p e r p o s i t i o n (1 . 23 .36.45). V i s u a l i z i n g Figure 1 as a dynamics map 
of m o b i l i t y , one sees that the Tg curve represents a boundary between 
non - e q u i l i b r i u m glassy s o l i d (at Τ < Tg) and rubbery l i q u i d (at Τ > 
T g ) p h y s i c a l states (1 -3.42). In these non-equilibrium s t a t e s , v a r i 
ous d i f f u s i o n - l i m i t e d processes (e.g. c o l l a p s e phenomena i n v o l v i n g 
mechanical and s t r u c t u r a l r e l a x a t i o n s ) e i t h e r can (at Τ > Tg and W > 
Wg', the high moisture p o r t i o n of the water dynamics domain corre 
sponding to the u p p e r - l e f t part of Figure 1, or Τ > Tg and W < Wg', 
the low moisture p o r t i o n of the water dynamics domain corresponding 
to the upper-right part of Figure 1) or cannot (at Τ < Tg, i n the 
domain of glass dynamics corresponding to the bottom part of Figure 
1) occur over r e a l i s t i c times (1-3.42). The WLF equation defines the 
k i n e t i c s of m o l e c u l a r - l e v e l r e l a x a t i o n processes, which w i l l occur i n 
p r a c t i c a l time frames only i n the rubbery st a t e above Tg, i n terms of 
an e x p o n e n t i a l , but non-Arrhenius, f u n c t i o n of ΔΤ above t h i s boundary 
c o n d i t i o n (1.21) . 

Physicochemical Basis of the Experimental DSC C h a r a c t e r i z a t i o n Method 
f o r Determining Tg' Values of Carbohydrates 

Figure 2 Q) shows t y p i c a l low temperature DSC thermograms f o r 20 w% 
s o l u t i o n s of a) glucose and b) a 10 DE ma l t o d e x t r i n ( S t a l e y S tar D r i 
10). In each, the heat flow curve begins at the top (endothermic 
down), and the analog d e r i v a t i v e trace (endothermic up and zeroed to 
the temperature a x i s ) at the bottom. For both thermograms, i n s t r u -
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T E M P E R A T U R E , ° C 

2G o n 20 
T E M P E R A T U R E , °C 

Figure 2. DuPont 990 DSC thermograms for 20 w% solutions of a) glucose, 
and b) Star Dri 10 (10 DE) maltodextrin. In each, the heat flow curve 
begins at the top (endothermic down), and the analog derivative trace 
(endothermic up and zeroed to the temperature axis) at the bottom. 
(Reproduced with permission from reference 1. Copyright 1986 Elsevier.) 
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16. LEVINE & SIADE Characterization of Oligosaccharides in 
mental a m p l i f i c a t i o n and s e n s i t i v i t y s e t t i n g s were i d e n t i c a l , and 
sample weights comparable. [For d e t a i l s of the experimental DSC 
methodology, see (1.2). Ί I t i s evident that the d i r e c t analog d e r i v 
a t i v e feature of the DSC (DuPont Model 990) g r e a t l y f a c i l i t a t e s de-
con v o l u t i o n of s e q u e n t i a l thermal t r a n s i t i o n s , assignment of p r e c i s e 
t r a n s i t i o n temperatures (to ± 0.5°C f o r Tg' values of d u p l i c a t e sam
p l e s ) , and thus o v e r a l l i n t e r p r e t a t i o n of thermal behavior, e s p e c i a l 
l y f o r such fr o z e n aqueous s o l u t i o n s e x e m p l i f i e d by Figure 2A. We 
commented i n 1986 (!) on the s u r p r i s i n g absence of previous reports 
of the use of d e r i v a t i v e thermograms, i n the many e a r l i e r DSC stu d i e s 
of such systems wit h water content > Wg' (see Franks (3j£) f o r an ex
t e n s i v e b i b l i o g r a p h y ) , to sort out the small endothermic and exother
mic changes i n heat flow that t y p i c a l l y occur below 0°C. Most modern 
commercial DSC instruments provide a d e r i v a t i v e f e a t u r e , but i t s use 
fo r increased i n t e r p r e t a t i v e c a p a b i l i t y s t i l l appears to remain much 
neglected i n the thermal a n a l y s i s of foods i n general, and f r o z e n 
aqueous food systems i n p a r t i c u l a r (22.46). 

Despite the handicap of such instrumental l i m i t a t i o n s i n the 
past, the t h e o r e t i c a l basis f o r the thermal p r o p e r t i e s of aqueous 
s o l u t i o n s at subzero temperatures has come to be i n c r e a s i n g l y under
stood (31.32.38-40.47-49). As shown i n Figure 2A, a f t e r r a p i d c o o l 
ing (about 50°C/min) of the glucose s o l u t i o n from room temperature to 
< -80°C, slow heating (5°C/min) reveals a minor Tg at -61.5°C, f o l 
lowed by an exothermic d e v i t r i f i c a t i o n (a c r y s t a l l i z a t i o n of some of 
the p r e v i o u s l y UFW) at Td - -47.5°C, followed by another (major) Tg, 
namely Tg', at -43°C, and f i n a l l y the melting of i c e , beginning at Τ 
> Tg' and ending at Tm. In Figure 2B, the m a l t o d e x t r i n s o l u t i o n 
thermogram shows only an obvious Tg' at -10°C, followed by Tm. These 
assignments of c h a r a c t e r i s t i c t r a n s i t i o n s ( i . e . the sequence Tg < Td 
< Tg' < Tm) and temperatures have been r e c o n c i l e d d e f i n i t i v e l y w i t h 
a c t u a l s t a t e diagrams p r e v i o u s l y reported f o r various s o l u t e s , i n 
c l u d i n g small sugars and water-soluble polymers (18.20.38.49). I t 
has been demonstrated (1.20) that the thermogram f o r the glucose so
l u t i o n i n Figure 2A represents a c h a r a c t e r i s t i c example, i f somewhat 
t r i v i a l case (23), of the unusual phenomenon of m u l t i p l e values of Tg 
i n glass-forming systems, which i s a subject of i n c r e a s i n g current 
i n t e r e s t i n the cryotechnology f i e l d Π.2.18.19.20.22.50-53) . Due to 
incomplete phase separation (50-53) i n an incompletely f r o z e n aqueous 
s o l u t i o n , two d i s t i n g u i s h a b l e dynamically-constrained g l a s s e s , w i t h 
l o c a l domains of s u f f i c i e n t dimension ( i . e . > 100 Â (£)) and coopéra-
t i v i t y to a l l o w ready d e t e c t i o n , may co e x i s t (23.53) . One i s a "bulk" 
g l a s s w i t h the same s p a t i a l homogeneity and s o l u t e c o n c e n t r a t i o n as 
the o r i g i n a l d i l u t e s o l u t i o n and a corresponding low value of Tg. 
The other, surrounding the i c e c r y s t a l s , i s the freeze-concentrated 
g l a s s w i t h a higher value of Tg, which i s Tg' (1.2.18-23) . The lower 
l i m i t i n g value of Tg f o r the d i l u t e bulk glass i s Tg of pure amor
phous s o l i d water i t s e l f (about -135°C (15)), and the upper l i m i t i n g 
value of Tg' f o r the freeze-concentrated glass i s Tm of pure c r y s t a l 
l i n e water (2fi). The observation of such a Tg + Tg' doublet depends 
on sample moisture content, cooling/heating h i s t o r y , and pressure 
h i s t o r y (23.53) , and represents an example of the d i f f i c u l t y that can 
be encountered i n deconvoluting the non-equilibrium e f f e c t s of sample 
h i s t o r y (54.119) , and the r e s u l t i n g p o t e n t i a l f o r m i s i n t e r p r e t a t i o n 
that can a r i s e when experiments on frozen aqueous systems are not 
designed from a knowledge of the operative reference s t a t e (50-52). 
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The i d e a l i z e d s t a t e diagram shown i n Figure 3 (20), modified 
from MacKenzie and Rasmussen (49), exemplifies those p r e v i o u s l y re
ported and reveals the various d i s t i n c t i v e c o o l i n g / h e a t i n g paths that 
can be followed by s o l u t i o n s of monomeric (glucose) vs. polymeric 
(maltodextrin) saccharide solutes during t y p i c a l low temperature DSC 
experiments. As demonstrated by the DSC thermograms i n Figure 2, i n 
e i t h e r general case, and regardless of i n i t i a l c o o l i n g r a t e , rewarm-
ing from Τ < Tg' forces the system through a s o l u t e - s p e c i f i c g l a s s 
t r a n s i t i o n at Tg ' (J_) . As i l l u s t r a t e d i n the s t a t e diagram i n Figure 
3, the Tg'-Cg' point represents a " u n i v e r s a l crossroads" on t h i s map, 
i n that a l l c o o l i n g / h e a t i n g paths e v e n t u a l l y lead to t h i s p o i n t (20). 
As shown by one of the i d e a l i z e d paths i n Figure 3, slow c o o l i n g of a 
s t e r e o t y p i c a l sugar s o l u t i o n from room temperature (point X) to a 
temperature corresponding to point Y can f o l l o w the path XVSUWY, 
which passes through the Tg'-Cg' p o i n t , W. In the absence of under
c o o l i n g (e.g. upon d e l i b e r a t e n u c l e a t i o n ) , f r e e z i n g ( i c e formation) 
begins at point V (on the e q u i l i b r i u m l i q u i d u s curve, at a subzero 
temperature determined by the MW and concentration of the p a r t i c u l a r 
s o l u t e , v i a c o l l i g a t i v e f r e e z i n g point depression) and ends at p o i n t 
W (on the non-equilibrium extension of the l i q u i d u s curve). Due to 
v i t r i f i c a t i o n of the Tg'-Cg' glass at point W, some of the water i n 
the o r i g i n a l s o l u t i o n ( i . e . an amount defined as Wg') i s l e f t unfro
zen i n the time frame of the experiment. This UFW i s not "bound" to 
the s o l u t e nor "unfreezable" on thermodynamic grounds, but simply 
experiences retarded m o b i l i t y i n the Tg'-Cg' g l a s s . The extremely 
high l o c a l v i s c o s i t y of t h i s k i n e t i c a l l y - m e t a s t a b l e , dynamically con
s t r a i n e d glass prevents d i f f u s i o n of a s u f f i c i e n t number of water 
molecules to the surface of the i c e l a t t i c e to al l o w measurement of 
i t s growth i n r e a l time (1.38-42). As exemplified by the thermogram 
f o r the m a l t o d e x t r i n s o l u t i o n i n Figure 2B, rewarming from p o i n t Y to 
poin t X can f o l l o w the r e v e r s i b l e path YWUSVX, passing back through 
the Tg'-Cg' point at W (2£)) . 

In contrast to the slow-cooling path XVSUWY i n Figure 3, quench-
c o o l i n g can f o l l o w the d i r e c t path from point X to point Z, whereby 
v i t r i f i c a t i o n can occur at Τ » Tg, the temperature corresponding to 
poin t A, without any f r e e z i n g of ic e or consequent change i n the i n i 
t i a l s o l u t i o n concentration (49). However, u n l i k e path XVSUWY, path 
XZ i s not r e a l i s t i c a l l y r e v e r s i b l e i n the context of p r a c t i c a l warm
ing rates (£6). Upon slow, continuous rewarming from point Ζ to 
point X, the glass (of composition Cg-Wg rather than Cg'-Wg') softens 
as the system passes through the Tg at point A, and then d e v i t r i f i e s 
at the Td at point D (49). D e v i t r i f i c a t i o n leads to d i s p r o p o r t i o n a 
t i o n , which r e s u l t s i n the f r e e z i n g of pure i c e (point E) and r e v i -
t r i f i c a t i o n v i a freeze-concentration of the non-ice ma t r i x to Cg' 
(point F) during warming (4£). Further warming above Td causes the 
glass (of composition Cg'-Wg' rather than Cg-Wg) to pass through the 
Tg'-Cg' point at W (where i c e melting begins), a f t e r which the s o l u 
t i o n proceeds along the l i q u i d u s curve to point V (where i c e m e l t i n g 
ends at Tm), and then back to point X. The rewarming path ZADFWUSVX 
(20) i s exe m p l i f i e d by the thermogram f o r the glucose s o l u t i o n i n 
Figure 2A. 

The t h i r d c o o l i n g path i l l u s t r a t e d i n Figure 3, XQSUWY, i s the 
one most relevant to the p r a c t i c a l c o o l i n g and warming rates i n v o l v e d 
i n commercial frozen food processes (20). Cooling of a s o l u t i o n from 
po i n t X can proceed beyond point V (on the l i q u i d u s curve) to po i n t 
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Q, because the system can undercool to some s i g n i f i c a n t extent before 
heterogeneous n u c l e a t i o n occurs and f r e e z i n g begins (3j$). Upon f r e e z 
ing at point Q, d i s p r o p o r t i o n a t i o n occurs, r e s u l t i n g i n the formation 
of pure i c e (point R) and freeze-concentration of the s o l u t i o n to 
poi n t S (2_£). The temperature at point S i s above that at po i n t Q 
due to the heat l i b e r a t e d by the f r e e z i n g of i c e (3£). The fre e z e -
concentrated matrix at point S concentrates f u r t h e r to p o i n t U, be
cause more i c e forms as the temperature of the system relaxes to that 
at point U. Upon f u r t h e r c o o l i n g beyond point U, i c e formation and 
f r e e z e - c o n c e n t r a t i o n continue as the system proceeds along the l i q u i 
dus curve to point W. V i t r i f i c a t i o n of the Tg'-Cg' gla s s occurs at 
poin t W, and f u r t h e r c o o l i n g of t h i s glass can continue to p o i n t Y 
without a d d i t i o n a l i c e formation i n r e a l time. Rewarming of the k i -
n e t i c a l l y - m e t a s t a b l e glass from point Y to point X f o l l o w s the path 
YWUSVX, which passes through the Tg'-Cg' point at W. The above de
s c r i p t i o n s of the various cooling/warming paths i l l u s t r a t e d i n Figure 
3 demonstrate the c r i t i c a l f a c t that, regardless of cooling/warming 
rates ( w i t h i n p r a c t i c a l l i m i t s ) , every aqueous system of i n i t i a l con
c e n t r a t i o n < Cg ' , cooled to Τ £ Tg', must pass through i t s own char
a c t e r i s t i c and o p e r a t i o n a l l y i n v a r i a n t Tg'-Cg' point (20). I f , i n 
commercial p r a c t i c e , a food product i s not cooled to Τ < Tg' a f t e r 
f r e e z i n g , but rather i s maintained w i t h i n the temperature range be
tween poin t s V and W, that system would t r a c k back and f o r t h along 
the l i q u i d u s curve as Tf f l u c t u a t e s during storage. 

The t e c h n o l o g i c a l s i g n i f i c a n c e of Tg' to the storage s t a b i l i t y 
of f r o z e n food systems, i m p l i c i t i n the preceding d e s c r i p t i o n of F i g 
ure 3, w i l l be discussed l a t e r with regard to C r y o s t a b i l i z a t i o n tech
nology (1-3.18-22) . S u f f i c e i t to say f o r now that Tg' (of the 
freeze-concentrated s o l u t i o n ) , rather than Tg (of the o r i g i n a l s o l u 
t i o n ) , i s the only glass t r a n s i t i o n temperature relevant to f r e e z e r -
storage s t a b i l i t y at a given f r e e z e r temperature Tf (20), because 
almost a l l "frozen" products contain at l e a s t some i c e . Consistent 
w i t h the d e s c r i p t i o n of the c o o l i n g path XVQSUWY, most commercial 
f o o d - f r e e z i n g processes, regardless of co o l i n g r a t e , induce i c e f o r 
mation beginning at point Q ( v i a heterogeneous n u c l e a t i o n a f t e r some 
extent of undercooling). Since the temperature at poi n t Q ( g e n e r a l l y 
i n the neighborhood of -20°C (42)) i s w e l l above that at po i n t A, the 
lower Tg, that of the glass with the o r i g i n a l s o l u t e ( s ) c o n c e n t r a t i o n 
i n a t y p i c a l high moisture product, i s never a t t a i n e d and t h e r e f o r e 
has no p r a c t i c a l relevance (2β). Once i c e formation occurs i n a f r o 
zen product, the predominant system-specific Tg' becomes the one and 
only glass t r a n s i t i o n temperature that c o n t r o l s the product's behav
i o r during f r e e z e r storage at any Tf below Tm and e i t h e r above or 
below Tg' (20). 

The E f f e c t of Molecular Weight on Tg 

For pure s y n t h e t i c polymers, i n the absence of d i l u e n t , Tg i s known 
to vary w i t h MW i n a c h a r a c t e r i s t i c and t h e o r e t i c a l l y p r e d i c t e d fash
i o n , which has a s i g n i f i c a n t impact on r e s u l t i n g mechanical and T h e o 

l o g i c a l p r o p e r t i e s (5.10). For a homologous s e r i e s of amorphous l i n 
ear polymers, Tg increases with i n c r e a s i n g Mn, due to decreasing f r e e 
volume co n t r i b u t e d by chain ends (1Q), up to a pl a t e a u l i m i t f o r the 
region of "entanglement coupling" i n r u b b e r - l i k e v i s c o e l a s t i c random 
networks ( t y p i c a l l y at Mn = 1.25 χ 10 3 to 10 5 daltons) (5_7) , then lev-
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e l s o f f w i t h f u r t h e r increases i n Μη (10.12). Below the entanglement 
Mn l i m i t , there i s a t h e o r e t i c a l l i n e a r r e l a t i o n s h i p between i n c r e a s 
ing Tg and__de créa sing inverse Mn (11). [For polymers w i t h constant 
values of Mn, Tg increases w i t h i n c r e a s i n g weight-average MW (Mw), 
due to i n c r e a s i n g l o c a l v i s c o s i t y (21). This c o n t r i b u t i o n of l o c a l 
v i s c o s i t y i s reported to be e s p e c i a l l y important when comparing d i f 
f e r e n t MWs i n the range of low MWs (10).] The d i f f e r e n c e i n three-
dimensional morphology and r e s u l t a n t mechanical and r h e o l o g i c a l prop
e r t i e s between a c o l l e c t i o n of non-entangling, low MW polymer chains 
and a network of entangling, high MW, randomly c o i l e d polymer chains 
can be imagined as analogous to the d i f f e r e n c e between masses_of e l 
bow macaroni and spaghetti (5). For s y n t h e t i c polymers, the Mn at 
the boundary of the entanglement plateau o f t e n corresponds to about 
600 backbone chain atoms (H). Since there are t y p i c a l l y about 20-50 
backbone chain atoms i n each polymer segmental u n i t i n v o l v e d i n the 
cooperative t r a n s l a t i o n a l motions at Tg (18), entangling high poly
mers are those w i t h at l e a s t about 12-30 segmental u n i t s per chain 
(1)̂  Figure 4 (H) i l l u s t r a t e s the c h a r a c t e r i s t i c dependence of Tg 
on Mn (expressed i n terms of DP) f o r s e v e r a l homologous s e r i e s of 
sy n t h e t i c amorphous polymers. In t h i s semi-log p l o t , the Tg values 
f o r each polymer re v e a l three d i s t i n g u i s h a b l e i n t e r s e c t i n g l i n e a r 
regions: I I I ) a steepl y r i s i n g region f o r non-entangling small o l i g o 
mers; I I ) an intermediate region f o r non-entangling low polymers; and 
I) the h o r i z o n t a l p l a t e a u region f o r entangling high polymers (59). 
From extensive l i t e r a t u r e data f o r a v a r i e t y of s y n t h e t i c polymers, 
i t has been concluded that t h i s three-region behavior i s a general 
f e a t u r e of such Tg vs. log Mn p l o t s , and demonstrated that the data 
i n the non-entanglement regions I I and I I I show the t h e o r e t i c a l l y 
p r e d i c t e d l i n e a r r e l a t i o n s h i p between Tg and inverse Mn (19). 

W i t h i n a homologous food polymer f a m i l y (e.g. from the glucose 
monomer through maltose, m a l t o t r i o s e , and higher malto-oligosacchar
ides (e.g. maltodextrins) to the amylose and amylopectin high poly
mers of s t a r c h ) , Tg' increases i n a c h a r a c t e r i s t i c f a s h i o n w i t h i n 
c r e a s i n g s o l u t e MW (1.2.18). This f i n d i n g has been shown to be i n 
f u l l accord w i t h the e s t a b l i s h e d v a r i a t i o n of Tg wi t h MW f o r homolo
gous f a m i l i e s of pure s y n t h e t i c amorphous polymers (10.12.13). de
sc r i b e d above. The i n s i g h t s r e s u l t i n g from t h i s f i n d i n g have proved 
p i v o t a l to the c h a r a c t e r i z a t i o n of s t r u c t u r e - f u n c t i o n r e l a t i o n s h i p s 
i n many d i f f e r e n t types of completely amorphous and p a r t i a l l y c r y s 
t a l l i n e food polymer systems (1-7.14-29). The r e l a t i o n s h i p between 
Tg' and solu t e MW has been e s t a b l i s h e d from DSC measurements of Tg' 
values f o r over 150 d i f f e r e n t food carbohydrates (1.2.18.19). E i g h t y 
four of these were small carbohydrates ( r e f e r r e d to as PHCs) of 
known, monodisperse MWs ( i . e . Mw/Mn - 1). These PHCs represented a 
comprehensive but non-homologous s e r i e s of mono-, d i - , and small o l i 
gosaccharides and t h e i r d e r i v a t i v e s , i n c l u d i n g many common sugars, 
p o l y o l s , and gl y c o s i d e s , covering a MW range of 62-1153 daltons. 
Ninety one others were SHPs, i n c l u d i n g monomeric, o l i g o m e r i c , and 
high-polymeric saccharides, representing a homologous f a m i l y of g l u 
cose polymers. These SHPs represented a spectrum of commercial prod
ucts ( i n c l u d i n g modified starches, d e x t r i n s , m a l t o d e x t r i n s , corn syr
up s o l i d s , and corn syrups), with polydisperse MWs ( i . e . Mw/Mn » 1), 
covering a very broad range of DE values (where DE - 100/(Mn/180.2)) 
from 0.3-100. [For tabulated Tg' values f o r s p e c i f i c SHPs and PHCs, 
see (1.2.18.19).] 
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Figure 3. Schematic state diagram of temperature vs. weight percent solute 
for an aqueous solution of a hypothetical small carbohydrate (representing 
a model frozen food system), illustrating various cooling/heating paths and 
associated thermal transitions measurable by low temperature differential 
scanning calorimetry (e.g. as shown by the thermograms in Figure 2). See 
the text for explanation of symbols. (Reproduced with permission from 
reference 20. Copyright 1989 Gordon & Breach.) 

1 1 0 1 0 0 D P 1 0 0 0 

Figure 4. Plot ofTg as a function of log DP (degree of polymerization) [a 
measure of Mn], for poly(alpha-methyl-styrene) (open circles); 
poly(methylmethacrylate) (open triangles); poly(vinyl chloride) (solid 
circles); isotactic polypropylene (solid triangles); atactic polypropylene 
(circles, top half solid); and poly(dimethylsiloxane) (circles, bottom half 
solid). (Reproduced with permission from reference 13. Copyright 1986 
Wiley-Interscience.) 
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For the SHPs, a homologous s e r i e s of glucose oligomers and poly
mers, Tg' values range from -43°C f o r glucose (the monomer i t s e l f , of 
DE - 100) to -4°C f o r a 0.5 DE m a l t o d e x t r i n . A p l o t of Tg' vs. DE 
(shown i n Figure 5 (1)) revealed a l i n e a r c o r r e l a t i o n between i n 
c r e a s i n g Tg' and decreasing DE ( r - -0.98) f o r a l l SHPs w i t h manufac
t u r e r - s p e c i f i e d DE values (1). Since DE i s i n v e r s e l y p r o p o r t i o n a l to 
DPn and Mn f o r SHPs (6fl) » these r e s u l t s demonstrated that Tg' i n 
creases w i t h i n c r e a s i n g s olute Mn (from Mn - 180 f o r glucose to 36000 
f o r 0.5 DE maltodextrin) (1). Such a l i n e a r c o r r e l a t i o n between Tg 
and 1/Mn i s the general r u l e f o r any homologous f a m i l y of pure, 
glass-forming polymers (11). The equation of the r e g r e s s i o n l i n e i s 
DE - -2.2(Tg', °C) - 12.8, and the p l o t of Tg' vs. DE i n Figure 5 has 
proved u s e f u l as a c a l i b r a t i o n curve f o r i n t e r p o l a t i n g DE values of 
new or "unknown" SHPs (2). 

Res u l t s f o r polymeric SHPs have demonstrated that Tg' depends 
r i g o r o u s l y on l i n e a r , weight-average DP (DPw) f o r such h i g h l y poly
disperse s o l u t e s , so that l i n e a r polymer chains (e.g. amylose) give 
r i s e to a higher Tg ' than branched chains (e.g." amylopectin, w i t h 
m u l t i p l e chain ends) of equal MW (1.2). Due to the v a r i a b l e p o l y d i s -
p e r s i t y and s o l i d s composition of commercial SHPs (60.61) . the range 
of Tg' values f o r SHPs of the same s p e c i f i e d DE can be q u i t e broad. 
This behavior was shown by s e v e r a l p a i r s of SHPs (1.2). For each 
p a i r , of the same DE and manufacturer, the hydrolysate from waxy 
s t a r c h ( a l l amylopectin) had a lower Tg' than the corresponding one 
from normal s t a r c h (containing amylose). This behavior was a l s o ex
e m p l i f i e d by the Tg' data f o r t h i r t e e n 10 DE maltodextrins (1.2). f o r 
which Tg' ranged from -7.5°C f o r a normal s t a r c h product to -15.5°C 
f o r a product derived from waxy s t a r c h , a ATg' of 8°C. Such a ATg' 
i s g reater than that between maltose (DP 2) and m a l t o t r i o s e (DP 3) 
(IS). Further evidence was gleaned from Tg' data f o r s e l e c t e d g l u 
cose oligomers (2). Comparisons of the s i g n i f i c a n t Tg' d i f f e r e n c e s 
among maltose (l-*4-linked dimer) , gentiobiose (l-»6-linked) , and i s o -
maltose ( l->6-linked) , and among m a l t o t r i o s e (l-»4-linked t r i m e r ) , pan
ose (l-*4, l-»6-linked) , and i s o m a l t o t r i o s e (l-*6, l->6-linked) , have 
suggested that l->4-linked ( l i n e a r amylose-like) glucose oligomers 
manifest greater " e f f e c t i v e " l i n e a r chain lengths i n s o l u t i o n (and, 
consequently, l a r g e r hydrodynamic volumes) than oligomers of the same 
MW which contain l-*6 (branched a m y l o p e c t i n - l i k e ) l i n k s (2£) . These 
r e s u l t s have a l s o been used to i l l u s t r a t e the s e n s i t i v i t y of the Tg' 
parameter to molecular c o n f i g u r a t i o n , i n terms of l i n e a r chain 
length, as i n f l u e n c e d by the nature of the g l y c o s i d i c l inkages i n 
v a r i o u s non-homologous saccharide oligomers (not l i m i t e d to glucose 
u n i t s ) and the r e s u l t a n t e f f e c t on s o l u t i o n conformation (1£) · Fur
ther evidence was seen i n the Tg' values f o r other PHCs, where, f o r 
sugars of equal MW (e.g. 164), ATg' i s as large as 10°C, a spread 
even l a r g e r than f o r the t h i r t e e n 10 DE maltodextrins (lâ). Another 
i n t e r e s t i n g comparison was that between Tg' values f o r the l i n e a r and 
c y c l i c a-( l->4) - l i n k e d glucose hexamers, maltohexaose (-14.5°C) and cr-
c y c l o d e x t r i n (-9°C). In t h i s case, the higher Tg' of the c y c l i c o l i 
gomer led to a suggestion (3) that the r i n g of α-cyclodextrin appar
e n t l y has a much l a r g e r hydrodynamic volume (due to i t s r e l a t i v e r i 
g i d i t y ) than does the l i n e a r chain of maltohexaose, which i s r e l a 
t i v e l y f l e x i b l e and apparently can assume a more compact conformation 
i n aqueous s o l u t i o n . The above comparisons have been discussed i n 
the past to emphasize the s u b t l e t i e s of s t r u c t u r e - p r o p e r t y analyses 
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16. LEVTNE & SLADE Characterization of Oligosaccharides 233 

DE 

Figure 5. Variation of a glass transition temperature, Tg', for maximally 
frozen 20 w% solutions against DE value for an extensive series of 
commercial SHPs. (Reproduced with permission from reference 1. 
Copyright 1986 Elsevier.) 
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234 BIOTECHNOLOGY OF AMYLODEXTRIN OLIGOSACCHARIDES 

of SHPs and PHCs by our DSC c h a r a c t e r i z a t i o n method (22) . The un
avoidable c o n c l u s i o n , concerning the choice of a s u i t a b l e carbohy
drate i n g r e d i e n t f o r a s p e c i f i c product a p p l i c a t i o n , i s that one SHP 
(or PHC) i s not n e c e s s a r i l y interchangeable w i t h another of the same 
nominal DE (or MW). C h a r a c t e r i z a t i o n of fundamental s t r u c t u r e - p r o p 
e r t y r e l a t i o n s h i p s , i n terms of Tg', has been s t r o n g l y advised before 
s e l e c t i o n of such ingredients f o r f a b r i c a t e d foods (1.2). 

The Tg' r e s u l t s f o r the commercial SHPs demonstrated e x a c t l y the 
same Tg vs. Mn behavior as described e a r l i e r f o r s y n t h e t i c amorphous 
polymers. Tg ' values f o r t h i s s e r i e s of SHPs (of p o l y d i s p e r s e MWs i n 
the range from 180 f o r glucose to about 60000 f o r a 360-DP polymer) 
thus demonstrated t h e i r c l a s s i c a l behavior as a homologous f a m i l y of 
amorphous glucose oligomers and polymers (1.2). The p l o t of Tg' vs. 
s o l u t e Mn i n Figure 6 (1) c l e a r l y e x h i b i t s the same th r e e - r e g i o n be
h a v i o r as shown i n Figure 4: I) the plateau region i n d i c a t i v e of the 
c a p a b i l i t y f o r entanglement coupling by high polymeric SHPs of DE £ 6 
and Tg' £ -8°C; I I ) the intermediate region of non-entangling, low 
polymeric SHPs of 6 < DE < 20; and I I I ) the s t e e p l y r i s i n g r e gion of 
non-entangling, small SHP oligomers of DE > 20 (j>) . The p l o t of Tg' 
vs. 1/Mn i n the i n s e t of Figure 6, w i t h a l i n e a r c o r r e l a t i o n c o e f f i 
c i e n t r - -0.98, demonstrates the t h e o r e t i c a l l y p r e d i c t e d l i n e a r re
l a t i o n s h i p f o r a l l the SHPs i n regions I I and I I I , w i t h DE values > 
6. _The p l a t e a u region evident i n Figure 6 i d e n t i f i e d a lower l i m i t 
of Mn « 3000 (DPn « 18) f o r entanglement leading to v i s c o e l a s t i c net
work formation (8.62) by such polymeric SHPs i n the freeze-concen
t r a t e d glass formed at Tg' and Cg'. This Mn i s w i t h i n the t y p i c a l 
range of 1250-19000 f o r minimum entanglement MWs of many pure synthe-
t i c amorphous l i n e a r high polymers (17). The corresponding DPn of 
about 18 i s w i t h i n the range of 12-30 segmental u n i t s i n an entan
g l i n g high polymer chain, thus suggesting that the glucose repeat i n 
the glucan chain (with a t o t a l of 23 atoms/hexose r i n g ) may represent 
the mobile backbone u n i t involved i n cooperative s o l u t e motions at 
Tg' (J>) . The entanglement c a p a b i l i t y has been suggested to c o r r e l a t e 
w e l l w i t h various f u n c t i o n a l a t t r i b u t e s (see the l a b e l s on the p l a 
teau region i n Figure 6) of low DE SHPs, i n c l u d i n g a p r e d i c t e d (1) 
and subsequently demonstrated (2) a b i l i t y to form thermoreversible, 
p a r t i a l l y c r y s t a l l i n e gels from aqueous s o l u t i o n (63-72.114) . I t has 
been suggested that SHP g e l a t i o n occurs by a mechanism i n v o l v i n g 
c r y s t a l l i z a t i o n - p l u s - e n t a n g l e m e n t i n concentrated s o l u t i o n s under-
cooled to Τ < Tm, as described elsewhere (3). 

In c o n t r a s t to the commercial SHPs, the s e r i e s of quasi-homolo
gous , monodisperse PHCs, i n c l u d i n g a homologous set of m a l t o - o l i g o 
saccharides from glucose up to DP 7, was found to manifest Tg' values 
which f a l l below the Tg' l i m i t defined by SHPs f o r entanglement and 
the onset of v i s c o e l a s t i c r h e o l o g i c a l p r o p e r t i e s and to be incapable 
of g e l l i n g from s o l u t i o n (2.19). The p l o t of Tg' vs. MW f o r a l l the 
PHCs i n Figure 7 (2), drawn c o n v e n t i o n a l l y as a smooth curve through 
a l l the p o i n t s (12), can e a s i l y be v i s u a l i z e d to represent two i n t e r 
s e c t i n g l i n e a r regions ( I I I f o r MW < 300 and I I f o r 300 < MW < 1200) 
(5). From the f a i r l i n e a r i t y of the Tg' vs. 1/MW p l o t f o r a l l the 
data i n the i n s e t of Figure 7, i t was concluded that these d i v e r s e 
low MW sugars, p o l y o l s , and glycosides show no evidence of entangle
ment i n the freeze-concentrated glass at Tg'. The corresponding re
s u l t s f o r glucose and malto-oligosaccharides of DP 2-7 (shown i n F i g 
ure 8 (2)) demonstrated a be t t e r l i n e a r c o r r e l a t i o n , w i t h r - -0.99 
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238 BIOTECHNOLOGY OF AMYLODEXTRIN OLIGOSACCHARIDES 

f o r a p l o t of Tg' vs. 1/MW, shown i n the i n s e t of Figure 8. This 
l i n e a r dependence (9) of the Tg' r e s u l t s f o r the malto-oligosacchar
ides i n aqueous s o l u t i o n exemplified the t h e o r e t i c a l glass-forming 
behavior ( i . e . d i l u e n t - f r e e Tg vs. 1/MW) c h a r a c t e r i s t i c of a homolo
gous f a m i l y of non-entangling, l i n e a r , monodisperse oligomers (10. 
12). For a l l the PHCs, none l a r g e r than a heptamer of MW 1153, the 
main p l o t s i n Figures 7 and 8 show that region I , representing the 
entanglement plateau where Tg remains constant w i t h i n c r e a s i n g MW, 
has not been reached, i n accord with the MW (and corresponding DP) 
range c i t e d above as the lower l i m i t f o r polymer entanglement. 

Saccharide Polymers: Entanglement and Network Formation - Network Tg 

There i s a profound t e c h n o l o g i c a l importance of MWs above the entan
glement MW l i m i t , as i l l u s t r a t e d e a r l i e r f o r commercial SHPs (as a 
model f o r other homologous f a m i l i e s of amorphous saccharide oligomers 
and polymers) by the s t r u c t u r e - f u n c t i o n r e l a t i o n s h i p s defined by the 
entanglement plateau i n Figure 6 (I.2). Ferry (1Q) has described the 
generic behavior observed f o r a l l polymer systems w i t h respect to the 
r e l a t i o n s h i p s between l i n e a r DP of the backbone chain, polymer con
c e n t r a t i o n , and v i s c o s i t y . MW i s a r e l a t i v e measure of l i n e a r DP of 
the primary chain, when the polymer has a uniform s t r u c t u r e along i t s 
e n t i r e length. At any given concentration, there i s a minimum DP 
required f o r entanglement and network formation. For very d i l u t e 
s o l u t i o n s (such that the s o l u t i o n v i s c o s i t y , measured as a r e l a t i v e 
flow r a t e , i s s i m i l a r to that of the solvent alone), high MW polymers 
are necessary to form gels or networks ( c h a r a c t e r i z e d by very high 
macroscopic v i s c o s i t y , measured as a r e l a t i v e f i r m n e s s ) . For exam
p l e , 1.5 w% g e l a t i n s o l u t i o n s i n water can form f i r m g e l networks 
(which e x h i b i t r e s i s t a n c e to dehydration, due to mechanical r e s i s t 
ance to shrinkage (7)), through entanglement followed by c r y s t a l l i 
z a t i o n of j u n c t i o n zones, i f the l i n e a r DP i s ~ 1000 (MW ~ 105) (71). 
S i m i l a r l y , 1.5 w% amylose s o l u t i o n s i n water can form f i r m g e l net
works i f the l i n e a r DP i s about 3000 (Mw - 5 χ 105) (70.71) . At i n 
termediate chain lengths, greater concentrations of chains are re
quired f o r entanglement and network formation. In the case of SHPs, 
such as the low DE maltodextrins patented as p a r t i a l l y c r y s t a l l i n e , 
fat-mimetic gels (63.64.69). concentrations must be increased to at 
l e a s t about 20-25 w% i n water ( i . e . t y p i c a l of Cg' of the freeze-con-
centrated glass at Tg') as l i n e a r DP i s decreased to approach 18 g l u 
cose u n i t s (MW - 3000) (2.3). In c o n t r a s t , oligomers of hydrolyzed 
g e l a t i n (peptones) or hydrolyzed s t a r c h (corn syrup s o l i d s or higher 
DE maltodextrins with MW ~ 3000) are incapable of g e l network forma
t i o n v i a entanglement at any concentration (2.3.24). However, r e c r y s 
t a l l i z a t i o n of such oligomers can occur due to conc e n t r a t i o n above 
the s a t u r a t i o n l i m i t or to a change of solvent. For carbohydrate 
polymers based on primary chains of a-1,4 glucans, the c r i t i c a l DP 
required f o r network formation v i a entanglement i s ~ 18 (1) . 

Network formation, e s p e c i a l l y i n the absence of c r y s t a l l i z a t i o n , 
depends on the a b i l i t y of f l e x i b l e chains to entangle (10). [The 
c o n t r i b u t i o n of c r y s t a l l i z a t i o n to network formation and g e l a t i o n , 
described elsewhere (3-7) . w i l l be discussed below i n the s p e c i f i c 
context of saccharide polymers, with regard to the question - when i s 
rétrogradation synonymous with r e c r y s t a l l i z a t i o n and w i t h g e l a t i o n ? ] 
One convenient d i a g n o s t i c t e s t f o r entanglement r e l i e s on the f a c t , 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

A
R

IZ
O

N
A

 o
n 

A
ug

us
t 1

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
30

, 1
99

1 
| d

oi
: 1

0.
10

21
/b

k-
19

91
-0

45
8.

ch
01

6

In Biotechnology of Amylodextrin Oligosaccharides; Friedman, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1991. 



16. LEVTNE & S LADE Characterization of Oligosaccharides 239 

previously illustrated in Figures 4 and 6, that the Tg values of a 
homologous family of polymers increase with increasing linear DP up 
to the chain length sufficient to allow entanglement. Entanglement 
networks consist of internode chains and network junction zones 
(nodes) that are transient topological constraints to chain motion 
(57.74). The probability of formation of (non-crystalline) junctions 
depends on chain length and concentration. The greater the number of 
junctions, the shorter the inter-node chain length (for a fixed par
ent chain length). Thus, there is a limiting length for any chain 
that exhibits translational freedom, and a limiting molecular Tg for 
that DP (7). 

A second important diagnostic test for entanglement (7) is i l 
lustrated in Figure 9 (1Q), a log-log plot of viscosity vs. MW for a 
series of synthetic polymers. For undiluted polymers or for polymer 
solutions studied at constant total concentration, a critical chain 
length can be demonstrated, above or below which the dependence of 
viscosity on MW changes dramatically (1Q). Above the critical chain 
length, entanglement results in a drastic sensitivity of viscosity to 
chain length. In the absence of entanglement, chains shorter than 
the critical length show solution behavior with relative insensitivi-
ty of viscosity to chain length. The topological constraints of the 
(non-crystalline) entanglement network are not due to any particular 
chemical interactions (such as hydrogen bonds or dipolar or charge 
interactions), nor to any particular structural features (i). As 
demonstrated in Figure 9, entanglement is a generic behavior of poly
mers of sufficient chain length and can be seen equally in poly
ethylene glycol) and in non-polar, structurally featureless polymers 
such as poly(iso-butylene). The important lesson to be learned from 
Figure 9 has been described as follows (2). The entanglement MW lim
it, coinciding with the critical linear DP required for intermolecu
lar network formation, corresponds to the point at which the slope 
changes abruptly. In the region of MW above the critical DP, the 
slope of log viscosity vs. log MW is 3.4. In this region, cutting 
molecules (e.g. SHPs) of DP 300 in half, to obtain the same total 
concentration of molecules with DP 150, would result in a 10-fold 
reduction in viscosity. In contrast, in the absence of entanglement, 
the slope of log viscosity vs. log MW in the region below the criti
cal DP is 1. In this region, cutting molecules of DP * 18 in half 
would result in only a 2-fold reduction in viscosity. 

It has been pointed out (23) that the low values of local vis
cosity typically found in glass-forming polymer systems at Τ - Tg + 
100°C (12) compare to a macroscopic viscosity of about 109 Pa s for 
an entanglement network, and even higher viscosities if the network 
is crosslinked (H)). This point has been used to underline the im
portance of research on small PHC-water systems (71), based on a poly
mer science approach (23). Synthetic high polymers, as well as many 
high-polymeric food materials, often suffer from the handicaps of un
known, polydisperse MW and MW distribution, and MWs above their en
tanglement limit, in which case local viscosity is not equivalent to 
macroscopic viscosity. For such cases of MWs above the entanglement 
limit, as mentioned above, a halving of MW results in a 10-fold re
duction in the macroscopic viscosity of the network (12). In con
trast, small PHCs have known, monodisperse values of MW, all below 
the entanglement limit, so that local viscosity is equivalent to ma
croscopic viscosity, and a halving of MW results only in a halving of 
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L O G M W + NORMALIZATION CONSTANT 
Figure 9. Plot of log viscosity + constant vs. log MW + normalization 
constant for a series of synthetic polymers, illustrating the generic behavior 
of polymers with MWs above and below the critical DP required for 
intermolecular entanglement and network formation. (Reproduced with 
permission from reference 10. Copyright 1980 John Wiley & Sons.) 
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l o c a l v i s c o s i t y (as a l s o i l l u s t r a t e d i n Figure 9 f o r s y n t h e t i c poly
mers wit h MWs below t h e i r entanglement l i m i t s ) (IÛ). Such small PHCs 
o f f e r a great v a r i e t y and s e l e c t i o n of glass-forming m a t e r i a l s f o r 
the study of various aspects of the non-equilibrium behavior of foods 
(23). 

In the context of st a r c h rétrogradation as a c o l l a p s e process 
Q ) , rétrogradation of g e l a t i n i z e d s t a r c h involves the r e c r y s t a l l i z a 
t i o n of both amylopectin and amylose (76-80.117.118). I t has been 
demonstrated f o r SHPs that the minimum l i n e a r chain length required 
f o r i n t e r m o l e c u l a r entanglement upon concentration to Cg' corresponds 
to DPn · 18 and Mn - 3000 (I). S u f f i c i e n t l y long l i n e a r chain length 
(DPn ~ 15-20) has a l s o been c o r r e l a t e d w i t h i n t e r m o l e c u l a r network 
formation and thermoreversible g e l a t i o n of SHPs (2.3.68.114) and 
amylopectin ( 8 ! ) , and w i t h s t a r c h ( r e ) c r y s t a l l i z a t i o n (78.79.81-83). 
I t has been suggested that, i n a p a r t i a l l y c r y s t a l l i n e s t a r c h , SHP, 
or amylopectin g e l network, the existence of random i n t e r c h a i n entan
glements i n amorphous regions and "f r i n g e d m i c e l l e " (3) or c h a i n - f o l d 
ed m i c r o c r y s t a l l i n e j u n c t i o n zones (68) each represents a manifesta
t i o n of s u f f i c i e n t l y long chain length ( i ) . This suggestion was sup
ported by other work (70.71.79.120) which has shown that amylose 
g e l s , which are p a r t i a l l y c r y s t a l l i n e (83), are formed by c o o l i n g 
s o l u t i o n s of entangled chains. For aqueous s o l u t i o n s of both high MW 
amylose (70.71.84) and amylopectin (81.85). i n t e r m o l e c u l a r entangle
ment and network formation have been evidenced by l o g - l o g p l o t s of 
v i s c o s i t y vs. concentration with a c h a r a c t e r i s t i c break i n the curve 
(analogous to the break i n the curves of log v i s c o s i t y vs. log MW f o r 
the s y n t h e t i c polymers i n Figure 9), such that the slope of the l i n 
ear p o r t i o n above the s o - c a l l e d " c o i l overlap" c o n c e n t r a t i o n i s steep
er than the slope of the other l i n e a r p o r t i o n at lower concentra
t i o n s . From such a p l o t , Miles et a l . (7£>) have i d e n t i f i e d a c r i t i 
c a l minimum concentration (~ 1.5 w% amylose) f o r entanglement of 
high-polymeric amylose (Mw « 5 χ 10 5). These workers have s t a t e d 
that amylose g e l a t i o n requires network formation, and t h i s network 
formation requires entanglement, and they have concluded that "poly
mer entanglement i s important i n understanding the g e l a t i o n of amy
lo s e " (ZÛ)· A more recent study of aqueous amylose g e l a t i o n by Gid-
l e y et a l . (84.86.87). using nearly monodisperse amyloses of DP 250-
2800, has i d e n t i f i e d a somewhat lower c r i t i c a l g e l l i n g c o n c e n t r a t i o n 
of - 1.0 w%. This f i n d i n g has been corroborated i n a subsequent The
o l o g i c a l study by Doublier and Choplin (120). G i d l e y et a l . , while 
accepting the concept of intermolecular entanglement i n " s e m i - d i l u t e " 
amylose s o l u t i o n s advanced by Miles et a l . (70), have suggested that 
the lower g e l l i n g concentration of 1.0 w% r e s u l t s from the predomi
nant c o n t r i b u t i o n of c r y s t a l l i n e j u n c t i o n zone formation to the gela
t i o n mechanism f o r amylose (84.86.87). 

The time-dependent g e l a t i o n of amylose from d i l u t e aqueous s o l u 
t i o n i s g e n e r a l l y agreed to occur i n two stages: a r e l a t i v e l y f a s t 
but f i n i t e stage due to v i s c o e l a s t i c network formation v i a entangle
ment (which i s r e v e r s i b l e by d i l u t i o n but not thermoreversible) ; f o l 
lowed c l o s e l y by a slower, but c o n t i n u a l l y maturing, c r y s t a l l i z a t i o n 
( i n a chain-f o l d e d or extended-chain morphology) process (which i s 
thermoreversible above 100°C) (70.71.78.79.81.88-90.120). In con
t r a s t , i n p a r t i a l l y c r y s t a l l i n e , thermoreversible (below 100°C), aque
ous amylopectin g e l s , v i s c o e l a s t i c network formation (which i s r e l a 
t i v e l y slow and time-dependent) i s more c l o s e l y r e l a t e d to the près-
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ence of m i c r o c r y s t a l l i n e j u n c t i o n s than to entanglements, although 
entanglement does occur (78.81.82.117.118). Since most normal 
starches are 70-80% amylopectin (91), t h e i r g e l a t i n i z a t i o n and r e t r o -
g r a d a t i o n processes are dominated by the non-equilibrium m e l t i n g and 
r e c r y s t a l l i z a t i o n behavior of amylopectin (15.77.117.118). although 
c o n t r i b u t i o n s due to amylose can be observed (80.92.120). G e n e r a l l y , 
the e a r l y stages of s t a r c h rétrogradation are dominated by chain-
f o l d e d amylose (of DP from about 15 to about 50 and f o l d length about 
100 À (78.81.93)) : the l a t e r stages by extended-chain amylopectin 
(41) outer branches (of DP about 12-16 (81.94)) (1£). 

Experimental evidence, which supports these conclusions about 
the thermoreversible g e l a t i o n mechanism f o r p a r t i a l l y c r y s t a l l i n e 
polymeric gels of s t a r c h , amylopectin, amylose, and SHPs, has come 
from DSC studies (H), the favored technique f o r e v a l u a t i n g s t a r c h 
rétrogradation (95). A n a l y s i s of 25 w% SHP g e l s , set by overnight 
r e f r i g e r a t i o n , has revealed a small c r y s t a l l i n e m e l t i n g endotherm 
w i t h Tm - 60°C (3), s i m i l a r to the c h a r a c t e r i s t i c m e l t i n g t r a n s i t i o n 
of retrograded B-type wheat s t a r c h gels (H). S i m i l a r DSC r e s u l t s 
have been reported f o r 20 w% amylopectin (from waxy maize) gels (82. 
96). The small extent of c r y s t a l l i n i t y i n SHP gels can be increased 
s i g n i f i c a n t l y by an a l t e r n a t i v e two-step temperature-cycling g e l a t i o n 
p r o t o c o l (12 hr at 0°C, followed by 12 hr at 40°C) (15), adapted from 
the one o r i g i n a l l y developed by Ferry (71) f o r g e l a t i n g e l s , and sub
sequently a p p l i e d by Slade et a l . (29) to retrograded s t a r c h g e l s . 
In many fundamental respects, the thermoreversible g e l a t i o n of aque
ous s o l u t i o n s of polymeric SHPs, amylopectin, amylose, and g e l a t i n 
i z e d s t a r c h i s analogous to the g e l a t i o n - v i a - c r y s t a l l i z a t i o n of syn
t h e t i c homopolymer and copolymer-organic d i l u e n t systems, described 
elsewhere (3.15). For the l a t t e r p a r t i a l l y c r y s t a l l i n e g e l s , the 
p o s s i b l y simultaneous presence of random i n t e r c h a i n entanglements i n 
amorphous regions (97) and m i c r o c r y s t a l l i n e j u n c t i o n zones (£g) has 
been reported. However, controversy e x i s t s (97.98) (as i t a l s o does 
i n the case of amylose (70.84.86.87.120)) over which of the two con
d i t i o n s ( i f e i t h e r alone) might be the necessary and s u f f i c i e n t one 
p r i m a r i l y responsible f o r the s t r u c t u r e - v i s c o e l a s t i c property r e l a 
t i o n s h i p s of such polymeric systems. Part of t h i s controversy could 
be resolved by a simple d i l u t i o n t e s t (£9), which could a l s o be ap
p l i e d to polysaccharide gels (e.g. amylose); i . e . entanglement gels 
can be dispersed by d i l u t i o n at room temperature, while m i c r o c r y s t a l 
l i n e gels cannot be when room temperature i s < Tm (3). In the con
t e x t of SHPs as i n h i b i t o r s of c o l l a p s e processes (1), i t i s worth 
mentioning that the l i t e r a t u r e on SHPs as a n t i - s t a l i n g i n g r e d i e n t s 
f o r starch-based foods (reviewed elsewhere (H)) includes a report by 
K r u s i and Neukom (1QQ) that (non-entangling) SHP oligomers of DPn 3-8 
( i . e . w i t h i n the intermediate region I I of Figure 6) are e f f e c t i v e i n 
i n h i b i t i n g , and not p a r t i c i p a t i n g i n , s t a r c h r e c r y s t a l l i z a t i o n . 

An important consequence of entanglement and network formation 
i s the e f f e c t on the Tg that determines a l l d i f f u s i o n - l i m i t e d s t r u c 
t u r a l and mechanical r e l a x a t i o n processes of the system. As shown 
s c h e m a t i c a l l y i n Figure 10 (7), while the molecular or segmental Tg 
remains constant above the entanglement MW l i m i t , the network Tg, 
i . e . the macroscopic, c o n t r o l l i n g Tg of the supramolecular network 
(that would a f f e c t I n s t r o n measurements of the modulus, f o r instance 
( 5 ) ) , continues to increase w i t h i n c r e a s i n g MW above the entanglement 
MW, because of the increased p r o b a b i l i t y of c r o s s l i n k s (97.101). 
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This f a c t has major s t r u c t u r a l and t e x t u r a l i m p l i c a t i o n s f o r food 
polymer systems, because such systems wi t h MWs above the entanglement 
l i m i t are capable of forming f i b e r s , networks, and g e l s : i . e . macro
scopic s t r u c t u r e s that can r e i n f o r c e and support t h e i r own weight 
against g r a v i t y Q ) . A noteworthy example i s the g e l a t i n i z e d wheat 
s t a r c h - g l u t e n matrix of baked bread. The e f f e c t i v e network Tg respon
s i b l e f o r mechanical firmness of f r e s h l y baked bread would be near 
room temperature f o r low extents of network formation ( i . e . the con
t r i b u t i o n due to low extents of st a r c h rétrogradation), w e l l above 
room temperature f o r mature networks ( i . e . greater extents of r e t r o -
g r a d a t i o n ) , and equivalent to Tgel (gel melting temperature) near 
60°C f o r s t a l e d bread ( i . e . Tm of f u l l y retrograded B-type wheat 
s t a r c h ) , even though the underlying Tg f o r segmental motion (of e i 
ther s t a r c h or gluten at p l a s t i c i z i n g moisture contents > Wg'), re
sponsible f o r the predominant second-order thermal t r a n s i t i o n , re
mains below 0°C at Tg' (4.5). 

Saccharide Oligomers and Polymers as Moisture Management Agents. The 
r e l a t i o n s h i p between the solute concentration and l i n e a r DP re q u i r e 
ments f o r entanglement and network formation, and i t s r e s u l t a n t ef
f e c t on Tg (molecular vs. network), a l s o has important i m p l i c a t i o n s 
f o r moisture management by saccharide oligomers and polymers (6.7). 
As e x e m p l i f i e d f o r the homologous f a m i l y of amorphous glucose o l i g o 
mers and polymers represented by the commercial SHPs i n Figure 6, 
there are three d i s t i n g u i s h a b l e regimes of moisture management, which 
are analogous to the three regions of Tg vs. MW behavior shown i n 
Figure 4 and mirrored i n Figure 6. Aspects of moisture management 
rele v a n t to these three regimes of f u n c t i o n a l behavior i n c l u d e , e.g., 
h y d r a t i o n , f r e e z i n g , d r y i n g , moisture m i g r a t i o n , and b i o l o g i c a l s t a 
b i l i t y ( 6). The f i r s t regime includes non-entangling s o l u t e s of l i n 
ear DP < 3. For such small sugars at a given water c o n c e n t r a t i o n , 
t h i s moisture management regime i s c h a r a c t e r i z e d by low apparent 
(non-equilibrium) r e l a t i v e vapor pressure (RVP) ( 3 ) , very large os
motic d r i v i n g force to take up water, low l o c a l v i s c o s i t y , and only a 
small b a r r i e r to l o c a l t r a n s l a t i o n a l and r o t a t i o n a l d i f f u s i o n . The 
second regime, f o r non-entangling solutes of DP - 3 to 17, i s charac
t e r i z e d by high apparent RVP, small osmotic d r i v i n g f o r c e to take up 
water, high l o c a l v i s c o s i t y , and a large b a r r i e r to l o c a l t r a n s l a 
t i o n a l and r o t a t i o n a l d i f f u s i o n . The t h i r d regime, f o r en t a n g l i n g 
s o l u t e s of DP » 17, i s c h a r a c t e r i z e d by very high apparent RVP, very 
large local osmotic d r i v i n g force to s w e l l , very low l o c a l v i s c o s i t y , 
and e s s e n t i a l l y no b a r r i e r to l o c a l t r a n s l a t i o n a l and r o t a t i o n a l d i f 
f u s i o n (7). In t h i s context, i t i s i n t e r e s t i n g to note that our f i n d 
ing of DPn - 18 f o r the minimum DP f o r entanglement and network f o r 
mation by commercial SHPs, a r e s u l t i d e n t i f i e d from the polymer char
a c t e r i z a t i o n a n a l y s i s represented by Figure 6, has been confirmed by 
a r e v e a l i n g f i n d i n g r e c e n t l y reported by Radosta et a l . (114). From 
t h e i r study of the water s o r p t i o n behavior of m a l t o d e x t r i n s , they 
concluded that "the t r a n s i t i o n between "polymer" and "oligomer" be
hav i o r under s o r p t i o n conditions i s located i n the region of DPn v a l 
ues between 60 and 16. In t h i s DPn region, the s h i f t i n g from re
s t r i c t e d s w e l l i n g [by what Radosta et a l . r e f e r to as a " s o r p t i o n 
gel"] to s o l u t i o n under s o r p t i o n conditions takes place" (114). 

A conceptual representation of the three regimes of moisture 
management i s shown i n Figure 11 (7). For a given temperature (e.g. 
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y NETWORK Tg 

Ο 
• 

0 
— SEGMENTAL Tg 

f ENTANGLEMENT 

— SEGMENTAL Tg 

/ REGION 

ο / 
/ MW - 3000 

DP ~ 18 
-50 / DE < 6 

MOLECULAR WEIGHT 

Figure 10. Schematic plot of Tg (or Tg') vs. molecular weight (modeled 
after the data plot for SHPs in Figure 6), which illustrates that, while the 
segmental Tg remains constant with increasing MW for MWs above the 
entanglement limit, the network Tg continues to increase monotonically 
with increasing MW above the entanglement MW limit. (Reproduced with 
permission from reference 7. Copyright 1991 Plenum.) 

Ill NETWORK Tg > Τ > Tg 

Figure 11. Conceptual representaion of the three regimes of moisture 
management by a homologous family of saccharide polymers (e.g. the SHPs 
in Figure 6):I. at Τ >> Tg of a concentrated solution of non-entangling 
saccharide oligomers of linear DP < 3; II. at Τ > Tg of a less concentrated 
solution of non-entangling saccharide polymers of linear DP = 3 to 17.; III. 
at network Tg > Τ > Tg of a dilute solution (but above the critical 
concentration for entanglement) of entangling saccharide high polymers of 
linear DP >> 17. (Reproduced with permission from reference 7. 
Copyright 1991 Plenum.) 
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room temperature) and time (e.g. a p r a c t i c a l experimental time 
frame), Τ i s w e l l above Tg f o r concentrated s o l u t i o n s of regime I 
s o l u t e s , and such a system would be subject to viscous l i q u i d flow 
due to g r a v i t y . In regime I I at Τ > Tg, apparent RVP i s not depress
ed as much as i n regime I , because there are fewer s o l u t e molecules 
i n s o l u t i o n . However, t h e i r higher l i n e a r DP r e s u l t s i n higher l o c a l 
v i s c o s i t y , which i n turn r e s u l t s i n a l a r g e r b a r r i e r to l o c a l d i f f u 
s i o n and reduced viscous l i q u i d flow due to g r a v i t y . In regime I I I 
( f o r a so l u t e concentration high enough to allow entanglement), at 
network Tg > Τ > molecular Tg, there i s e l a s t i c r e s i s t a n c e to flow, 
and the g e l i s able to support i t s own weight against the f o r c e of 
g r a v i t y (2). In t h i s regime, there i s e s s e n t i a l l y no b a r r i e r to 
l o c a l d i f f u s i o n , so a small molecule such as water or a dye molecule 
can d i f f u s e f r e e l y i n the g e l network (102). Hence, regime I I I mani
f e s t s very high apparent RVP. Despite t h i s , however, there i s a very 
large l o c a l osmotic d r i v i n g force to take up water, not only v i a hy-
g r o s c o p i c i t y but v i a s w e l l i n g , the l a t t e r due to the mechanical re
s i s t a n c e of the entangled network to shrinkage (2)· This mechanical 
r e s i s t a n c e to shrinkage, which i s analogous to h y d r a u l i c r e s i s t a n c e 
to water removal, has an e f f e c t on the l o c a l chemical p o t e n t i a l of 
the s o l v e n t , analogous to an a d d i t i o n to the osmotic pressure (103). 
Thus, while there i s a very large d r i v i n g force to take up water v i a 
s w e l l i n g i n regime I I I , and a normal, c l a s s i c a l osmotic d r i v i n g f o r c e 
to take up water v i a h y g r o s c o p i c i t y i n regime I , there i s a much low
er d r i v i n g f orce to take up water v i a c l a s s i c a l osmotic pressure ef
f e c t s i n regime I I , because of the absence of a s w e l l i n g f o r c e due to 
entanglement (2). 

To i l l u s t r a t e the consequences of the three regimes of f u n c t i o n 
a l behavior of saccharide moisture management agents, one could use 
r e s u l t s from, e.g., drying or f r e e z i n g experiments. Drying and f r e e z 
ing are equivalent d i f f u s i o n - l i m i t e d processes i n the sense that both 
i n v o l v e removal of water v i a phase separation; i n dr y i n g by i n c r e a s 
ing the temperature to produce water vapor, and i n f r e e z i n g by de
cre a s i n g the temperature to produce i c e (6.7). Muhr and Blanshard 
(104) have measured the r e l a t i v e rates of l i n e a r i c e f r o n t advance
ment at subzero temperatures i n aqueous s o l u t i o n s of 35 w% sucrose 
w i t h and without added polysaccharide " s t a b i l i z e r s " . T h e i r r e s u l t s 
showed c o n c l u s i v e l y that the rates depend c r i t i c a l l y on the presence 
or absence of a gel network, even f o r e x a c t l y the same f o r m u l a t i o n . 
For the s o l u t i o n of sucrose alone at Τ » Tg' [regime I ] , the r e l a 
t i v e r a te of i c e f r o n t advancement was 6.0. [ I t would have been es
s e n t i a l l y zero at Τ < Tg'.] At the same temperature, the rate was 
4.1 i n a sucrose s o l u t i o n containing 0.75 w% non-entangling ( i . e . 
n o n - g e l l i n g ) Na a l g i n a t e [regime I I ] , but only 1.0 i n a sucrose s o l u 
t i o n c o n t a i n i n g 0.75 w% entangling ( i . e . g e l l i n g ) Ca a l g i n a t e [regime 
I I I ] . Thus, when there was a hy d r a u l i c r e s i s t a n c e to water removal, 
due to the r e s i s t a n c e of the Ca a l g i n a t e g e l network to shrinkage, 
the rate of i c e f r o n t advancement was d r a m a t i c a l l y reduced (2). 

By analogy to other moisture management problems i n v o l v i n g d i f 
f u s i o n - l i m i t e d processes (e.g. "water a c t i v i t y " c o n t r o l , t e x t u r a l 
s t a b i l i z a t i o n ) , entangling, network-forming saccharide high polymers 
from regime I I I can be used as f u n c t i o n a l a d d i t i v e s t o , e.g., r e t a r d 
moisture m i g r a t i o n i n baked goods, r e t a i n crispness of breakfast ce
r e a l s , and reduce sogginess of p a s t r i e s and pie c r u s t s (6.7) . 
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C r v o s t a b i l i z a t i o n Technology - Collapse Phenomena - F u n c t i o n a l i t y of 
Saccharide Polymers as Collapse I n h i b i t o r s 

" C r v o s t a b i l i z a t i o n technology" (1.2.18-22) represents a new conceptu
a l approach to a p r a c t i c a l i n d u s t r i a l technology f o r the s t a b i l i z a 
t i o n during processing and storage of frozen, f r e e z e r - s t o r e d , and 
f r e e z e - d r i e d foods. This technology emerged from our food polymer 
science research approach and developed from a fundamental understand
ing of the c r i t i c a l physicochemical and thermomechanical s t r u c t u r e -
property r e l a t i o n s h i p s that u n d e r l i e the behavior of water i n a l l 
n o n - e q u i l i b r i u m food systems at subzero temperatures (38.40). Crvo
s t a b i l i z a t i o n provides a means of p r o t e c t i n g products, stored f o r 
long periods at t y p i c a l f r e e z e r temperatures (e.g. Tf - -18°C), from 
d e l e t e r i o u s changes i n texture (e.g. " g r a i n growth" of i c e , s o l u t e 
c r y s t a l l i z a t i o n ) , s t r u c t u r e (e.g. c o l l a p s e , shrinkage), and chemical 
composition (e.g. enzymatic a c t i v i t y , o x i d a t i v e r e a c t i o n s such as f a t 
r a n c i d i t y , f l a v o r / c o l o r degradation). Such changes are exacerbated 
i n many t y p i c a l f a b r i c a t e d foods whose formulas are dominated by low 
MW saccharides. The key to t h i s p r o t e c t i o n , and r e s u l t i n g improve
ment i n product q u a l i t y and storage s t a b i l i t y , l i e s i n c o n t r o l l i n g 
the s t r u c t u r a l s t a t e , by c o n t r o l l i n g the physicochemical and thermo
mechanical p r o p e r t i e s , of the freeze-concentrated amorphous m a t r i x 
surrounding the i c e c r y s t a l s i n a frozen system. As a l l u d e d to ear
l i e r , the importance of the glassy state of t h i s maximally f r e e z e -
concentrated solute-UFW matrix and the s p e c i a l t e c h n o l o g i c a l s i g n i f i 
cance of i t s p a r t i c u l a r Tg, i . e . Tg', r e l a t i v e to Tf, have been de
s c r i b e d and i l l u s t r a t e d by solute-water s t a t e diagrams such as the 
i d e a l i z e d one i n Figure 12 (i£). Upon a foundation of p i o n e e r i n g 
studi e s of the low temperature thermal p r o p e r t i e s of f r o z e n aqueous 
model systems by Luyet, MacKenzie, Rasmussen (32.34.47-49.105). and 
Franks (31.38-41), an extensive c r y o s t a b i l i z a t i o n technology data 
base of DSC r e s u l t s f o r carbohydrate and p r o t e i n food i n g r e d i e n t s has 
been b u i l t (1-5.18-23.26). As reviewed e a r l i e r , DSC r e s u l t s f o r the 
c h a r a c t e r i s t i c Tg ' values of i n d i v i d u a l saccharide s o l u t e s have dem
onstrated that Tg' i s a f u n c t i o n of MW f o r both homologous and quasi-
homologous f a m i l i e s of water-compatible monomers, oligomers, and high 
polymers. Examples of how the s e l e c t i o n and use of appropriate i n 
gredients (e.g. low DE SHPs) i n a f a b r i c a t e d product have allowed the 
food t e c h n o l o g i s t to manipulate the composite Tg', and thus d e l i b e r 
a t e l y formulate to elevate Tg' r e l a t i v e to Tf and so enhance product 
s t a b i l i t y , have been described (1-5.18-23.26-28). as reviewed below. 

Much of our understanding of the thermal and thermomechanical 
p r o p e r t i e s of concentrated aqueous s o l u t i o n s has been deri v e d from 
extensive studies of small glass-forming saccharides at subzero tem
peratures. These s t u d i e s , which began over 50 years ago w i t h the 
seminal work of Luyet (105). have e s t a b l i s h e d that Tr, the microscop
i c a l l y observed temperature of i r r u p t i v e i c e r e c r y s t a l l i z a t i o n i n 
such glass-forming systems of low MW sugars and p o l y o l s (31.32.38.47-
49), c o i n c i d e s w i t h the s o l u t e - s p e c i f i c Tg' measured by thermal or 
thermomechanical a n a l y s i s ( 1.2.19.22.40.42.106.107). I t has a l s o 
been recognized that i c e r e c r y s t a l l i z a t i o n i s but one of many p o s s i 
ble m a n i f e s t a t i o n s ( r e f e r r e d to as c o l l a p s e phenomena) of the dynami
c a l l y c o n t r o l l e d behavior of aqueous glasses and rubbers, which e x i s t 
at subzero temperatures i n k i n e t i c a l l y constrained, metastable s t a t e s 
r a t h e r than e q u i l i b r i u m thermodynamic phases (1-5.18-23). Generic 
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Figure 12. Schematic state diagram of temperature vs. w% solute for an 
aqueous solution of a hypothetical small carbohydrate (representing a 
model frozen food system), illustrating the critical relationship between Tg' 
and freezer temperature (Tf), and the resulting impact on the physical state 
of the freeze-concentrated amorphous matrix. (Reproduced with 
permission from reference 18. Copyright 1988 Cambridge.) 
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use of the term "rubber" i n t h i s context describes a l l glass-forming 
l i q u i d s at Tg < Τ < Tm, i n c l u d i n g both molecular rubbers (viscous 
l i q u i d s ) of low MW monomers and oligomers and v i s c o e l a s t i c network-
forming rubbers of entangling high polymers. 

A comparison of l i t e r a t u r e values of subzero c o l l a p s e t r a n s i t i o n 
temperatures (Tc) f o r an extensive l i s t of water-compatible monomers 
and polymers has e s t a b l i s h e d the fundamental i d e n t i t y of Tg' w i t h the 
minimum onset temperatures observed f o r various s t r u c t u r a l c o l l a p s e 
and r e c r y s t a l l i z a t i o n processes (1.2.115), f o r both model s o l u t i o n s 
and r e a l systems of foods, as w e l l as pharmaceuticals and b i o l o g i c a l s 
(38.42.106.108.109). The Tc and Tr values of frozen or v i t r i f i e d 
samples, tabulated elsewhere (1.2.22). are t y p i c a l l y determined by 
cryomicroscopy, thermal a n a l y s i s , or e l e c t r i c a l r e s i s t e n c e measure
ments (22 and r e f s . t h e r e i n ) , on an experimental time s c a l e s i m i l a r 
to that f o r Tg' by our DSC method (106.109). A comprehensive l i s t of 
c o l l a p s e processes (Table I ) , a l l of which are governed by Tg' of 
frozen systems (or a higher Tg p e r t a i n i n g to low moisture systems 
processed or stored at Τ > 0°C) and involve p o t e n t i a l l y d e t r i m e n t a l 
p l a s t i c i z a t i o n by water, has been i d e n t i f i e d and e l u c i d a t e d (1-5.18-
22.26). The two parts of Table I , taken together, emphasize how the 
Tg values relevant to both low and high temperature c o l l a p s e process
es are s y s t e m a t i c a l l y r e l a t e d through the corresponding water con
t e n t s , thus i l l u s t r a t i n g how t h i s i n t e r p r e t a t i o n of c o l l a p s e phenome
na has been generalized to include both high temperature/low moisture 
and low temperature/high moisture food products and processes (1.2. 
22.26) . Previous versions of Table I (22 . 26) contained extensive 
references from the food science and technology l i t e r a t u r e to s p e c i f 
i c examples of both low temperature/high moisture and high tempera
ture/low moisture c o l l a p s e processes. In a l l cases, a p a r t i a l l y or 
completely amorphous system i n the mechanical s o l i d s t a t e at Τ < Tg 
and l o c a l v i s c o s i t y > n g at Tg would be st a b l e against c o l l a p s e , w i t h 
i n the pe r i o d of experimental measurements of Tg, Tc, and/or Tr. 
Increased moisture content (and concomitant p l a s t i c i z a t i o n ) would 
lead to decreased s t a b i l i t y and s h e l f - l i f e , at any p a r t i c u l a r storage 
temperature (37.115). The various phenomenological t h r e s h o l d temper
atures f o r the diverse c o l l a p s e processes l i s t e d i n Table I a l l cor
respond to the p a r t i c u l a r Tg' or other Tg relevant to the s o l u t e ( s ) 
system and i t s content of p l a s t i c i z i n g water. 

Our i n t e r p r e t a t i o n of the physicochemical basis of c o l l a p s e has 
al s o provided i n s i g h t s to the e m p i r i c a l countermeasures t r a d i t i o n a l l y 
employed to i n h i b i t c o l l a p s e processes (2). In p r a c t i c e , c o l l a p s e i n 
a l l i t s d i f f e r e n t manifestations can be prevented, and food product 
q u a l i t y , s a f e t y , and s t a b i l i t y maintained, by the f o l l o w i n g measures 
(1): 1) storage at a temperature below or s u f f i c i e n t l y near Tg (110): 
2) d e l i b e r a t e formulation to increase Tc ( i . e . Tg) to a temperature 
above or s u f f i c i e n t l y near the processing or storage temperature, by 
i n c r e a s i n g the composite Mw of the water-compatible s o l i d s i n a prod
uct mixture, o f t e n accomplished by adding "polymeric ( c r y o ) s t a b i l i z 
ers" (1.2.18) such as low DE SHPs or other high MW carbohydrates, 
p r o t e i n s , or c e l l u l o s e and polysaccharide gums to formulations domi
nated by low MW solutes such as sugars and/or p o l y o l s (35-37.110); 
and 3) i n hygroscopic glassy s o l i d s and other low moisture amorphous 
food systems e s p e c i a l l y prone to the detrimental e f f e c t s of p l a s t i c i 
z a t i o n by water ( i n c l u d i n g various forms of "candy" glasses) (110). 
a) reduction of the r e s i d u a l moisture content to ~ 3% during process-
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i n g , b) packaging i n superior m o i s t u r e - b a r r i e r f i l m or f o i l to pre
vent moisture uptake during storage, and c) avoidance of excessive 
temperature and humidity (~ 20% R.H.) conditions during storage (36. 
HO). The su c c e s s f u l p r a c t i c e of the p r i n c i p l e s of c r y o s t a b i l i z a t i o n 
technology has o f t e n been shown to r e l y on the c r i t i c a l r o l e of high-
polymeric saccharides and proteins i n preventing c o l l a p s e (by r a i s i n g 
the composite Mw and r e s u l t i n g Tg' of a frozen product r e l a t i v e to 
Tf) and to apply equally w e l l to low moisture foods, such as amor
phous, f r e e z e - d r i e d powders (1-5.18-22.26-28.42). 

Collapse processes during f r e e z e r storage are promoted by the 
presence of high contents of low MW saccharides of c h a r a c t e r i s t i c a l l y 
low Tg' and high Wg' i n the composition of many fr o z e n foods (e.g. 
desserts) (1.2.18-22). The fundamental physicochemical b a s i s of the 
c r y o s t a b i l i z a t i o n of such products has been i l l u s t r a t e d by the i d e a l 
i z e d s t a t e diagram (modeled a f t e r one f o r fructose-water Q ) ) shown 
i n Figure 12, which has a l s o been used to e x p l a i n why Tg' i s the key
stone of the conceptual framework of t h i s technology (18-22). As 
shown i n Figure 12, the matrix surrounding the i c e c r y s t a l s i n a max
i m a l l y frozen s o l u t i o n i s a supersaturated s o l u t i o n of a l l the s o l u t e 
i n the f r a c t i o n of water remaining unfrozen. This matrix e x i s t s as a 
glass of constant composition at any temperature below Tg', but as a 
rubbery f l u i d of lower concentration at higher temperatures between 
Tg' and the Tm of i c e . I f t h i s amorphous matrix i s maintained as a 
mechanical s o l i d , as at T f l < Tg' and l o c a l v i s c o s i t y > V at Tg, then 
d i f f u s i o n - l i m i t e d processes that t y p i c a l l y r e s u l t i n reduced q u a l i t y 
and s t a b i l i t y can be v i r t u a l l y prevented or, at l e a s t , g r e a t l y i n h i b 
i t e d . This p h y s i c a l s i t u a t i o n has been i l l u s t r a t e d by scanning e l e c 
t r o n microscopy photographs (Ifi) of frozen model s o l u t i o n s , which 
show sm a l l , d i s c r e t e i c e c r y s t a l s embedded and immobilized i n a con
tinuous amorphous matrix of freeze-concentrated solute-UFW which ex
i s t s as a gla s s y s o l i d at Τ < Tg'. The s i t u a t i o n has been described 
by analogy to an un y i e l d i n g block of window glass w i t h captured a i r 
bubbles (18). In contrast, storage s t a b i l i t y i s reduced i f a n a t u r a l 
m a t e r i a l i s improperly stored at too high a temperature, or a f a b r i 
cated product i s improperly formulated, so that the m a t r i x i s allowed 
to e x i s t as a rubbery f l u i d at Tf2 > Tg' (see Figure 12), i n and 
through which d i f f u s i o n i s free to occur. Thus, the Tg' g l a s s has 
been recognized as the manifestation of a k i n e t i c b a r r i e r to any d i f 
f u s i o n - l i m i t e d process (1.40). i n c l u d i n g f u r t h e r i c e formation (with
i n the experimental time frame), despite the continued presence of 
UFW at a l l temperatures below Tg'. The delu s i v e "high a c t i v a t i o n 
energy" of t h i s k i n e t i c b a r r i e r to r e l a x a t i o n processes has been iden
t i f i e d as the extreme temperature dependence that governs changes i n 
l o c a l v i s c o s i t y and free volume j u s t above Tg (22). This p e r s p e c t i v e 
on the glass at Tg'-Cg' as a mechanical b a r r i e r has provided a long-
sought t h e o r e t i c a l explanation of how undercooled water can p e r s i s t 
(over a r e a l i s t i c time period) i n a s o l u t i o n i n the presence of i c e 
c r y s t a l s (18.20.22). Recognizing these f a c t s , and r e l a t i n g them to 
the conceptual framework described by Figure 12, one can appreciate 
why the temperature of t h i s glass t r a n s i t i o n i s so important to as
pects of frozen food technology i n v o l v i n g f r e e z e r storage s t a b i l i t y , 
f r e e z e - c o n c e n t r a t i o n , and freeze-drying (38.40.42.107.115.116). which 
are a l l subject to various r e c r y s t a l l i z a t i o n and c o l l a p s e phenomena 
at Τ > Tg' (1.2). 

The optimum Tf f o r a n a t u r a l m a t e r i a l or optimum formula f o r a 
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f a b r i c a t e d product i s d i c t a t e d by the Tg' c h a r a c t e r i s t i c of a p a r t i c 
u l a r combination of solutes and UFW i n the matrix composition of the 
glass at Tg'-Cg' (1.2.18-22). Tg' i s governed i n turn by the Mw of 
t h i s p a r t i c u l a r matrix combination i n a complex food system (1.23. 
40). Moreover, the dynamic behavior of rubbery frozen food products 
during storage above Tg' i s d r a m a t i c a l l y temperature-dependent, and 
the rates of d i f f u s i o n - l i m i t e d d e t e r i o r a t i o n processes are q u a n t i t a 
t i v e l y determined by the temperature d i f f e r e n c e ΔΤ - Tf - Tg' ( i n °C) 
(3.18). These rates have been shown to increase e x p o n e n t i a l l y w i t h 
i n c r e a s i n g ΔΤ, i n agreement with WLF, rather than Arrhenius, k i n e t i c s 
(18-22) . Results of a cryomicroscopy experiment (1£)» i n which the 
increase i n i c e c r y s t a l diameter was measured as a f u n c t i o n of Tg' 
f o r a s e r i e s of model sugar/maltodextrin s o l u t i o n s (Tg' range -9.5 to 
•31°C) a f t e r 4 weeks of storage i n a -18°C home f r e e z e r , i l l u s t r a t e d 
t h i s dynamic behavior and the c r y o s t a b i l i z i n g ( i . e . Tg'-elevating) 
e f f e c t of a high MW SHP (1.2). When Tf was below Tg' (-18 < -9.5°C), 
the i c e c r y s t a l s i z e remained nearly the same as f o r the i n i t i a l l y 
f r o z e n samples. When Tf was above Tg', the increase i n i c e c r y s t a l 
s i z e ( i . e . decreasing s t a b i l i t y ) demonstrated a s t r i k i n g c o r r e l a t i o n 
w i t h decreasing Tg' (thus, i n c r e a s i n g ΔΤ), and the temperature depen
dence was c l e a r l y greater than that expected f o r Arrhenius k i n e t i c s . 

For the c r y o s t a b i l i z a t i o n of r e a l frozen food products such as 
i c e cream (with d e s i r a b l e smooth, creamy texture) against i c e c r y s t a l 
growth over storage time (at Tf > Tg'), i n c l u s i o n of polymeric cryo-
s t a b i l i z e r s such as low DE maltodextrins elevates the composite Tg' 
of a mix of soluble s o l i d s that i s t y p i c a l l y dominated by low MW sug
ars (1.18). In p r a c t i c e , a retarded rate of migratory i c e r e c r y s t a l 
l i z a t i o n ("grain growth" of p r e - e x i s t i n g i c e c r y s t a l s ) (47) at Tf and 
an increase i n observed Tr r e s u l t . Such behavior has been documented 
i n s e v e r a l " s o f t - s e r v e " i c e cream patents (27.28.111). In such prod
ucts (and i n a v a r i e t y of other frozen foods and aqueous model sys
tems), i c e r e c r y s t a l l i z a t i o n has been shown to in v o l v e a d i f f u s i o n -
l i m i t e d maturation process with a mechanism analogous to "Ostwald 
r i p e n i n g " , whereby l a r g e r c r y s t a l s grow wit h time at the expense of 
smaller ones which eve n t u a l l y disappear (18.20.22 and r e f s . t h e r e i n ) . 
The r i p e n i n g rate at Tf i s reduced (due to reduced ΔΤ above Tg') by 
fo r m u l a t i o n with low DE maltodextrins of high Tg' (1.18). Low DE 
maltodextrins have also been used to s t a b i l i z e frozen d a i r y products 
against l a c t o s e c r y s t a l l i z a t i o n during storage (112). another c o l 
lapse process (see Table I) which can occur i n a p r a c t i c a l time frame 
at Tf > Tg'. In f a c t , as i n d i c a t e d by the footnote to Table I (22. 
26), high-polymeric SHPs have been used as e f f e c t i v e s t a b i l i z e r s 
against c o l l a p s e i n the maj o r i t y of the l i s t e d c o l l a p s e processes. 
As noted e a r l i e r , whether f o r c r y o s t a b i l i z a t i o n , encapsulation, thermo
mechanical s t a b i l i z a t i o n , or f a c i l i t a t i o n of drying processes, the 
u t i l i t y of such SHPs derives from the s t r u c t u r e - f u n c t i o n r e l a t i o n s h i p 
defined by the entanglement plateau region i n Figure 6. 

The c r y o s t a b i l i z i n g f u n c t i o n a l i t y of saccharide polymers has 
als o been demonstrated by DSC measurements of Tg' values f o r v a r i o u s 
d i a g n o s t i c three-component aqueous s o l u t i o n s as model systems f o r 
froze n foods (18.20.22). These r e s u l t s i l l u s t r a t e d very c l e a r l y the 
dependence of Tg' on the weight-average composition of a compatible, 
m u l t i - s o l u t e mixture (1). In t h i s context, an i n t e r e s t i n g i l l u s t r a 
t i o n of what has been gleaned from an a n a l y s i s of glass curves f o r 
such complex aqueous mixtures i s shown i n Figure 13 (3.) . In t h i s 
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100% Solute 1 0% Solute 1 
0°/o Solute 2 100% Solute 2 
0% Plasticizer 3 0% Plasticizer 3 

Figure 13. A schematic 3-dimensional state diagram for a hypothetical 3-
component aqueous system. The two solutes (e.g. polymer + monomer) 
are both non-crystallizing, interacting, and plasticized by water, which is the 
crystallizing solvent. The diagram illustrates the postulated origin of a 
sigmoidal curve of Tg' vs. w% solute composition. (Reproduced with 
permission from reference 3. Copyright 1988 Cambridge University Press.) 
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a r t i s t ' s rendering of a three-dimensional s t a t e diagram f o r a hypo
t h e t i c a l three-component system, both solutes (e.g. a polymer, 2, and 
i t s monomer, 1) are n o n - c r y s t a l l i z i n g , i n t e r a c t i n g ( i . e . compatible), 
and p l a s t i c i z e d by water, which i s the c r y s t a l l i z i n g s o l v e n t , 3. The 
diagram revealed the postulated o r i g i n of a sigmoidal Tg'(c) curve, 
i . e . the Tg' glass curve ABCDEF (3). In f a c t , s i m i l a r sigmoidal 
curves of Tc vs. w% concentration, f o r c o l l a p s e during f r e e z e - d r y i n g 
of analogous three-component aqueous systems, had p r e v i o u s l y been re
ported (Figure 5 i n MacKenzie (24.)), but "the basis f o r [ t h e i r non-
l i n e a r i t y ] ha[d] not been determined" (3£.). Four s e r i e s of model 
s o l u t i o n s at 10 w% t o t a l s o l i d s composed of mixtures w i t h v a r y i n g 
r a t i o s of maltodextrins (0.5-15 DE) to fru c t o s e demonstrated an ex
perimental v e r i f i c a t i o n of the postulated sigmoidal shape of Tg'(c) 
curves, as shown by the p l o t s of Tg' vs. w% ma l t o d e x t r i n i n Figure 14 
( I S ) . I t has been found that such sigmoidal glass curves represent 
the general behavior of compatible mixtures of both homologous and 
non-homologous polymeric ( i n c l u d i n g Na caseinate p r o t e i n ) and low MW 
( i n c l u d i n g various sugars and acids) solutes (U£)· In a l l such 
curves, the low- and high-Tg' t i e points were determined by the Tg' 
values of the i n d i v i d u a l low and high MW s o l u t e s , r e s p e c t i v e l y . F i g 
ure 14 i l l u s t r a t e d that the composite Tg' value c h a r a c t e r i s t i c of a 
given amorphous solute(s)-UFW composition i s governed by the Mw of 
the p a r t i c u l a r combination of compatible water-soluble s o l i d s i n a 
complex frozen system.. I t has also been used to i l l u s t r a t e the p r i n 
c i p l e of polymeric c r y o s t a b i l i z a t i o n : the s t a b i l i z i n g i n f l u e n c e on 
the s t r u c t u r a l s t a t e of a complex amorphous matrix derives from the 
high MW of polymeric c r y o s t a b i l i z e r s and the r e s u l t i n g e l e v a t i n g ef
f e c t on Tg' of a food product (1.18). 

Saccharide Polymers as Collapse I n h i b i t o r s i n Low Moisture Systems. 
As explained elsewhere (23.), i f the r e l a t i v e shapes of the polymer-
d i l u e n t glass curves are s i m i l a r w i t h i n a homologous polymer s e r i e s , 
increases i n MW (of the d i l u e n t - f r e e polymer) lead to p r o p o r t i o n a l 
increases i n both Tg and Tg'. This f a c t has been r e c e n t l y demonstra
ted by the aqueous glass curves f o r maltose, m a l t o t r i o s e , and malto-
hexaose published by Orford et a l . (113). coupled w i t h Tg'-Wg' values 
f o r these o l i g o s a c c h a r i d e s (1 ) . P r i o r to t h i s c o n f i r m a t i o n , i t had 
been assumed that a p l o t of Tg vs. MW f o r dry PHCs or SHPs would re
f l e c t the same fundamental behavior as that of Tg' vs. so l u t e MW 
shown i n Figures 6, 7, and 8 (26). E a r l i e r evidence supporting t h i s 
assumption had been provided by To and F l i n k (3J>), who reported a 
p l o t of Tc vs. DP f o r a se r i e s of low moisture, f r a c t i o n a t e d SHP o l i 
gomers of 2 £ DP < 16 ( i . e . non-entangling ( I ) ) , s i m i l a r i n shape to 
the p l o t of Tg' vs. MW f o r the non-entangling PHCs i n Figure 7. I t 
had been pointed out that Tc f o r low moisture SHPs, which increases 
monotonically w i t h i n c r e a s i n g DP, represents a good q u a n t i t a t i v e ap
proximation of dry Tg (!). The basic assumption was v e r i f i e d f o r the 
homologous s e r i e s of glucose and i t s pure malto-oligomers of DP 2-7 
(2£). A p l o t of Tg vs. MW showed that dry Tg increases monotonically 
w i t h i n c r e a s i n g MW of the monodisperse sugar, from Tg - 31°C f o r g l u 
cose ( i n good agreement with several other published values (2 and 
r e f s . t h e r e i n ) ) to Tg - 138.5°C f o r maltoheptaose (26). The p l o t 
showed the same q u a l i t a t i v e curvature (and absence of an entanglement 
plateau) as the corresponding Tg' p l o t i n Figure 8, and the p l o t of 
dry Tg vs. 1/MW showed the same l i n e a r i t y and r value as the corre-
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sponding Tg' p l o t i n the i n s e t of Figure 8 (lé). [These r e s u l t s were 
subsequently corroborated by Orford et a l . (113). who r e c e n t l y report
ed a s i m i l a r curve of dry Tg vs. DP f o r glucose and i t s m a l t o - o l i g o -
mers of DP 2-6.] Further v e r i f i c a t i o n of the assumption was demon
s t r a t e d by a p l o t (shown i n Figure 15 (26)) of Tg vs. w% composition 
f o r a s e r i e s of spray-dried, low moisture powders (about 2 w% water) 
prepared from s o l u t i o n blends of commercial SHPs, Lodex 10 and Mal-
t r i n M365. This p l o t showed that Tg increases from 58°C f o r M a l t r i n 
M365 (36 DE, Tg ' - -22.5°C) to 121°C f o r Lodex 10 (11 DE, Tg' - -11.5°C) 
f o r these SHPs at about 2 w% moisture. Here again, the c h a r a c t e r i s 
t i c monotonie increase of Tg with Mw (s i n c r e a s i n g composition as w% 
Lodex 10) and curvature expected and t h e o r e t i c a l l y p r e d i c t e d f o r ho
mologous (mixtures of) oligomers with Mw values below the entangle
ment pl a t e a u l i m i t were evident. 

As mentioned e a r l i e r , the p r i n c i p l e s of c r y o s t a b i l i z a t i o n tech
nology have a l s o been a p p l i e d s u c c e s s f u l l y to the prevention of c o l 
lapse processes i n low moisture, glass-forming food systems, through 
the use of saccharide polymers as s t a b i l i z i n g i n g r e d i e n t s to r a i s e 
the composite Mw and r e s u l t i n g Tg of a mixture of water-compatible 
s o l i d s , otherwise t y p i c a l l y dominated by low MW, low Tg components 
such as sugars and acids (26). As i l l u s t r a t e d i n Figure 16 (data 
from Fouad Saleeb, General Foods Corp., personal communication, 1984.), 
the thermomechanical s t a b i l i z a t i o n of amorphous food powders by low 
DE SHPs has been demonstrated i n model system studies of spr a y - d r i e d , 
three-component mixtures. Figure 16 shows that t y p i c a l low MW g l a s s -
formers (e.g. common food ingredients such as maltose monohydrate, 
mannose, and c i t r i c a c i d ) , at low moisture contents, o f t e n have low 
Tg values, around and even below room temperature. For t h i s reason, 
such amorphous food m a t e r i a l s are p a r t i c u l a r l y s e n s i t i v e to moisture 
uptake and prone to co l l a p s e (e.g. caking) during ambient s h e l f s t o r 
age. However, as shown i n Figure 16, i n mixed glasses c o n t a i n i n g a 
polymeric s t a b i l i z e r such as 10 DE malt o d e x t r i n , the composite Tg 
increases d r a m a t i c a l l y with i n c r e a s i n g w% s t a b i l i z e r , due to in c r e a s 
ing Mw. Thus, i n general, 10 DE maltodextrin i s an e x c e l l e n t thermo
mechanical s t a b i l i z e r , which i s capable of e l e v a t i n g the Tg of an 
amorphous mixture to a "safe" temperature w e l l above room tempera
t u r e , and thereby i n h i b i t i n g c o l lapse processes during ambient s t o r 
age and i n c r e a s i n g product s h e l f - l i f e . 

Conclusion 

In t h i s chapter, we have reviewed the development and h i g h l i g h t e d 
some t e c h n o l o g i c a l a p p l i c a t i o n s of a polymer c h a r a c t e r i z a t i o n method, 
based on low temperature DSC and derived from a food polymer science 
research approach, to analyze the structure-physicochemical property 
r e l a t i o n s h i p s of l i n e a r , branched, and c y c l i c mono-, o l i g o - , and poly
saccharides. Through the use of t h i s DSC c h a r a c t e r i z a t i o n method, 
important s u b t l e t i e s of the structure-property r e l a t i o n s h i p s of SHPs 
and PHCs have been revealed. Our DSC r e s u l t s have emphasized the un
avoidable conclusion, concerning the choice of a s u i t a b l e saccharide 
i n g r e d i e n t f o r a s p e c i f i c food a p p l i c a t i o n , that one SHP (or PHC) i s 
not n e c e s s a r i l y interchangeable with another of the same nominal DE 
(or MW). We have shown that c h a r a c t e r i z a t i o n of fundamental s t r u c 
ture-property r e l a t i o n s h i p s , i n terms of Tg', i s h i g h l y a d v i s a b l e 
before s e l e c t i o n of such ingredients f o r use i n f a b r i c a t e d food prod-
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Ueight κ Maltodextrin 

Figure 14. Variation of the glass transition temperature, Tg', for maximally 
frozen solutions against weight % maltodextrin in 10 w% total solids 
solutions of maltodextrin + fructose, for four different low DE 
maltodextrins. (Reproduced with permission from reference 18. Copyright 
1988 Cambridge.) 

138 

50-1 1 1 1 1 1 1 1 1 1 1 
0 10 20 30 40 50 60 70 80 90 100 

Composition as wx Lodex 10 

Figure 15. Variation of the glass transition temperature, Tg, against weight 
% composition for spray-dried, low moisture powders prepared from 
aqueous solution blends of Lodex 10 (10 DE maltodextrin) and Maltrin 
M365 (36 DE corn syrup solids) SHPs. (Reproduced with permission from 
reference 26. Copyright 1989 Elsevier.) 
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0 20 40 60 80 100 

COMPOSITION 
WEIGHT % LODEX 10 

Figure 16. V a r i a t i o n of the glass t r a n s i t i o n temperature, Tg, 
against weight % composition f o r spray-dried, low moisture powders 
prepared from aqueous s o l u t i o n blends of Lodex 10 and a low MW, 
glass-forming food i n g r e d i e n t , such as c i t r i c a c i d , mannose, or 
maltose monohydrate. 
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u c t s . The studies reviewed i n t h i s chapter have a l s o served to dem
onstrate the major opportunity o f f e r e d by the food polymer science 
approach to expand not only our q u a n t i t a t i v e knowledge but a l s o , of 
broader p r a c t i c a l value, our q u a l i t a t i v e understanding of, and a b i l i 
t y to c o r r e c t l y p r e d i c t , the s t r u c t u r e - f u n c t i o n r e l a t i o n s h i p s of l i n 
ear, branched, and c y c l i c mono-, o l i g o - , and polysaccharides i n a 
wide v a r i e t y of food products and processes. 
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Chapter 17 

Solution Properties and Composition 
of Dextrins 

Gordon G. Birch, M. Nasir Azudin1, and John M. Grigor 

Department of Food Science and Technology, University of Reading, 
Whiteknights, P.O. Box 226, Reading, Berkshire RG6 2AP, United Kingdom 

Solution properties of dextrins, such as NMR, apparent specific 
volume and intrinsic viscosity, are similar to those of their 
components, glucose maltose and higher saccharides. However, fine 
differences between the individual components of glucose syrups can 
be precisely monitored by modern solution chemistry techniques and 
usefully employed to elucidate their mode of interaction with water 
structure and to predict their behaviour in food systems. Examples 
are the determination of DE by high resolution NMR and "equivalent 
DE" (in hydrogenated glucose syrups) by combined measurement of 
refractometric solids and osmotic pressure, without, recourse to 
volumetric chemical methods. Solution measurements of glucose 
syrups or dextrins derived from glucose syrups are based on average 
molecular weight. In a DE17 glucose syrup, for example, the 
average apparent specific volume of the dextrin increases from 0.62-
0.63 cm3/g as the concentration increases from 5-50% w/w. These 
figures are high compared to glucose (0.615cm3/g) and maltose 
(0.612cm3/g) but low compared to β-cyclodextrin (0.668cm3/g). 1 H -
pmr pulse relaxation analysis of the 17 DE dextrin in concentrated 
solution (65% w/w) allows ring protons, hydroxyl protons and water 
to be distinguished, and in this regard the dextrin behaves 
similarly to sucrose. Thus solution properties provide a useful 
insight of solute-water interaction. 

1Current address: Faculty of Food Science and Biotechnology, University Pertanian Malaysia, 
Serdang 43400 UPM, Selangor, Malaysia 

0097-6156/91/0458-0261$06.00/0 
© 1991 American Chemical Society 
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Some solution properties of carbohydrates in homologous series 
(eg. densities) appear to be similar among the members of that 
series, whereas others (eg. specific rotations) vary markedly and 
systematically with degree of polymerisation. It is recognised 
(1,2) that water stabilises the pyranose ring which, along with 
the helical order of the amylodextin, contributes to the value of 
the observed specific rotation [α] D. Thus, a plot of [α] D 
against DP, for the lowest members of the linear maltodextrin 
series (Table 1), gives a curve which approaches a limiting value 
of [α] D of about +200. 

Table 1 

S p e c i f i c Rotations and DP 
f o r lowest members of the l i n e a r m a l t o d e x t r i n s e r i e s (3) 

DP Γβ{1 D 1 5 ( H2 0 ) 

1 +52.6 
2 +136.0 
3 +160.0 
4 +177.0 
5 +180.3 
6 +184.7 
7 +186.4 

Computations from t y p i c a l glucose syrup compositions would p r e d i c t 
s i m i l a r r e s u l t s f o r dextrose e q u i v a l e n t (DE) a g a i n s t le^lot as 
a c t u a l l y observed. Such f i n d i n g s i l l u s t r a t e the i n s i g n i f i c a n t 
c o n t r i b u t i o n s t o f ο(]η of successive c o i l s i n the amylose h e l i x ; 
p o l a r i m e t r i c measurements are always made a t low c o n c e n t r a t i o n o f 
s o l u t e t o avoid d i s t o r t i o n s due t o s o l u t e - s o l u t e i n t e r a c t i o n . 
P o l a r i m e t r y has been t r a d i t i o n a l l y used by carbohydrate chemists 
f o r i d e n t i f i c a t i o n and determination of sugar molecules and i s a 
s e n s i t i v e t o o l f o r f o l l o w i n g the k i n e t i c course of h y d r o l y s i s (4). 
I t has the advantage of p r o v i d i n g a property of a small amount of 
s o l u t e i n a l a r g e amount o f s o l v e n t (water), but the disadvantage 
of not i d e n t i f y i n g the r o l e o f water i t s e l f makes p o l a r i m e t r y l e s s 
a t t r a c t i v e to the chemist than spectrometry i n studying s o l u t i o n 
p r o p e r t i e s of d e x t r i n s and r e l a t e d substances. 

Determination of DK by High Resolution Nuclear Magnetic Resonance 
(NMK) 
High r e s o l u t i o n NMR a l l o w s i n d i v i d u a l protons of the glucose 
moiety i n glucose syrups t o be d i s t i n g u i s h e d . I f the NMR spectrum 
i s obtained f i r s t i n D2O and second i n D2O/D2SO4 s o l u t i o n the o(-
and /3-anomeric proton doublets (from the f r e e reducing groups) 
can be e a s i l y d i s t i n g u i s h e d from the m u l t i p l e t s o f remaining 
protons. The r a t i o o f the areas of the doublets to the m u l t i p l e t s 
thus g i v e s a measure of the degree of h y d r o l y s i s and DE (5). 
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Table 11 summarises some t y p i c a l successes w i t h t h i s type of 
approach. 

Table 11 - DE of Glucose Syrups by NMR (5) 

DE by Lane & Eynon ί DE by NMR 
Ti trat ion ί 

21.0 I 21.5 
31.0 ! 29.0 
40.0 ! 38.5 
50.0 I 50.0 
65.0 ; 66.5 

Obviously the time-saving o f an instrumental technique over a wet 
chemical method i s of i n t e r e s t f o r i n d u s t r i a l c o n t r o l but D2O 
s o l u t i o n i s necessary t o avo i d overlapping problems from OH 
s i g n a l s . 

Determination of DE by Refractive Index/Osmotic Pressure 

An obvious method f o r determining DE r a p i d l y i s t o u t i l i z e a 
c o l l i g a t i v e property such as osmotic pressure. As DE of a glucose 
syrup increases so does the t o t a l number of molecules. Cryoscopic 
determination of osmotic pressure, combined w i t h t o t a l s o l i d s 
determination w i t h a refractometer, s u f f i c e t o determine DE (6) 
w i t h i n a t o t a l time o f about 3 minutes. 

Nowadays hydrogenated glucose syrups c o n s t i t u t e important d e x t r i n 
d e r i v a t i v e s used f o r manufacturing products w i t h s p e c i a l i s e d 
t e c h n o l o g i c a l and b i o l o g i c a l p r o p e r t i e s . Since hydrogenated 
glucose syrups by d e f i n i t i o n possess no DE, i t i s important t o be 
abl e t o assess t h e i r "equivalent DE", o r i n other words the type 
of parent syrup from which they were d e r i v e d . The above method, 
u t i l i s i n g o n l y r e f r a c t o m e t r y and cryoscopy provides an e x c e l l e n t 
combination of s o l u t i o n p r o p e r t i e s t o achieve t h a t end. 

Precision Densitometry and Apparent Specific Volume 

Although d e x t r i n s resemble a l l carbohydrates i n t h e i r s i m i l a r 
s o l u t i o n d e n s i t i e s , there i s good reason t o suppose t h a t 
d i f f e r e n c e s i n s t r u c t u r e should cause f i n e d i f f e r e n c e s i n s o l u t i o n 
packing c h a r a c t e r i s t i c s of s o l u t e s and hence d e n s i t y d i f f e r e n c e s . 

Modem p r e c i s i o n densitometry a l l o w s measurements o f d e n s i t y 
y i e l d i n g s i x s i g n i f i c a n t f i g u r e s and thus r e v e a l s f i n e d i f f e r e n c e s 
between sugars possessing d i f f e r e n t arrangements of a x i a l and 
e q u a t o r i a l hydroxyl groups. E q u a t o r i a l hydroxyl groups are more 
e a s i l y hydrated than a x i a l and the r e s u l t i n g hydrated s t r u c t u r e i s 
b e t t e r a b l e t o ' f i t * w i t h surrounding bulk water s t r u c t u r e . 
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The ' f i t ' of a so Lute with surround nig water s t r u c t u r e i s orobablv 
a prime determinant oi* apparent molar volume ( V ) which i s 
c a l c u l a t e d from so Lution d e n s i t y using the expression: 

I'l _Vn\ 

apparent molar volume l- mol. wt {s } 
w2 

where s = d e n s i t y of sample 
where = d e n s i t y of water a t 20°C 
where Wi = mass f r a c t i o n of water 
where to2 = mass f r a c t i o n of s o l u t e 

Apparent Molar volume (V) increases a c c o r d i n g l y w i t h MVvt so a 
more u s e f u l measure of degree of ' f i t 1 w i t h water s t r u c t u r e i s 
Apparent S p e c i f i c Volume (Y/M\vt) which a l l o w s d i r e c t comparison of 
d i f f e r e n t molecular a r c h i t e c t u r e s on a weight b a s i s . The apparent 
s p e c i f i c volumes of a l l simple sugars l i e w i t h i n the range 0.68-
0.62 cm 3g- 1 and remarkably good agreement occurs between analogues 
with corresponding a x i a l arid e q u a t o r i a l arrangements of hydroxy 1 
groups. Among the aldopvranose p a i r s D- g 1 ucose:D-xy.)ose, D-
galactose:!,- arabinose and D-fruotose:D-arabinose, f o r example, 
the r a t i o s of apparent s p e c i f i c volumes of hexose t o pentose i s 
alwavs 1.2 i n accordance with molecular weight (/). 

Apparent molar volumes of s o l u t e s r e s u l t from the p o s i t i v e 
displacement of water molecules (depending on molecular s i z e and 
shape) and the negative électrostriction e f f e c t caused by the 
hydr a t i o n of s u i t a b l y disposed hydroxy! groups ( 8 ) . For t h i s 
reason h e a v i l y hydrated s t r u c t u r e s , such as sugars and 
o l i g o s a c c h a r i d e s , have much sm a l l e r apparent s p e c i f i c volumes than 
p o o r l y hydrated s t r u c t u r e s , such as benzene or tetrahydropyran. 

Moreover, the hydroxy1 s u b s t i t u e n t s a t d i f f e r e n t p o s i t i o n s around 
the sugar r i n g c o n t r i b u t e d i f f e r e n t l y to the o v e r a l l apparent 
s p e c i f i c volume (7). In gluoopvranose types of s t r u c t u r e , as found 
i n the d e x t r i n s , i t i s the 3,4 e(-glvool system which f u l f i l l s t h i s 
r o l e , i n d i c a t i n g t h a t t h i s i s the mosty h e a v i l y hydrated r e g i o n of 
the molecule. I t i s a l s o s i g n i f i c a n t t h a t the 3,4o(-glycol system 
appears t o be re s p o n s i b l e f o r sweetness (9). This i s whv the 
sweetness of malto-oligosaochandes decreases w i t h i n c r e a s i n g DP 
(10). The 3,4<<-glyool group of the t e r m i n a l non-reducing residue 
of the malto-oligosacoharide appears t o s t i m u l a t e the sweet 
receptor and the remainder of the molecule i s n e i t h e r i n v o l v e d nor 
s t e r i call.y excluded from the receptor. 'J'able i l l l i s t s some 
vaJues of sweetness of malto-oligosacoharides according t o DP. 
Al "1 of the ol i go saccharides appear to be sweeter than D-glucose on 
a molar b a s i s but m a l t o t r i o s e appears t o be anomalously l e s s sweet 
than the other members of the s e r i e s . 
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Table 111 Sweetness equivalents of Malto-oligosaccharides 
in 0.33 M solution 

DP Sweetness 
Equivalent Sucrose 
c o n c e n t r a t i o n (M) 

1 0.090 
2 0.126 
3 0.115 
4 0.136 
5 0.133 
6 0.133 

Solute-Solute Interaction as revealed by solution studies 

As the co n c e n t r a t i o n of a sugar in c r e a s e s i n s o l u t i o n , s o l u t e -
s o l u t e i n t e r a c t i o n g r a d u a l l y replaces s o l u t e - s o l v e n t i n t e r a c t i o n 
and apparent s p e c i f i c volumes increase a c c o r d i n g l y . Although the 
apparent s p e c i f i c volumes o f simple sugars are g e n e r a l l y below 
0.62 cm3 g- 1 when measured a t low concentrâtionsJthey may r i s e 
above t h i s f i g u r e f o r s o l u t i o n s of 50% (w/v) or more. The s o l u t e -
s o l u t e i n t e r a c t i o n deprives the sugar molecule of water of 
hydra t i o n and a correspondingly g r e a t e r disturbance of water 
s t r u c t u r e occurs. 

Table IV l i s t s some apparent s p e c i f i c volumes (V/MWT) f o r glucose, 
maltose, m a l t o d e x t r i n (DE=17) and ^ g-cyclodextrin a t d i f f e r e n t 

Table IV Apparent Specfic Volumes and Concentrations 
of Sugars and dextrins * 

Solute V/MWT cm3 fT 1 

0.2% 0.4% 0.6% 5.0% 50.0% 
w/w w/w w/w w/w w/w 

D-glucose - - - 0.615 0.634 
Maltose - - - 0.612 0.646 
M a l t o d e x t r i n - - - 0.620 0.630 
(DE=17) 
β-Cyclodextrin 0.651 0.651 0.668 - -
S o r b i t o l - - - 0.655 0.667 

* Measured wit h an Anton-Parr Density Meter as i n e a r l i e r 
p u b l i c a t i o n s (11) 
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concentrations but comparisons are impossible with β - C y c l o d e x t r i n 
a t h i g h c o n c e n t r a t i o n due t o i t s low s o l u b i l i t y . 

The markedly high apparent s p e c i f i c volume of β - C y c l o d e x t r i n 
r e f l e c t s poor c o m p a t i b i l i t y w i t h water s t r u c t u r e . Apparent 
s p e c i f i c volumes of sugars i n s o l u t i o n r e f l e c t the packing 
c h a r a c t e r i s t i c s of sugar molecules among water molecules mediated 
by hydrogen-bonding networks, i d e a l measurements ( f r e e of s o l u t e -
s o l u t e i n t e r a c t i o n s ) are made a t low c o n c e n t r a t i o n s but high 
c o n c e n t r a t i o n measurements provide important t e c h n o l o g i c a l 
i n f o r m a t i o n as w e l l as data f o r b i o l o g i c a l a p p l i c a t i o n s . In the 
microenvironment of a t a s t e receptor, f o r example, water a c t i v i t y 
may be minimal and s o l u t e - s o l u t e i n t e r a c t i o n may p l a y a l a r g e p a r t 
i n the receptor response. 

F i n a l l y , Table IV shows a high apparent s p e c i f i c volume f o r 
s o r b i t o l . This must be due to l a c k of c y c l i c s t r u c t u r e r a t h e r 
than l a c k of an anomeric c e n t r e i n the molecule because the 
apparent s p e c i f i c volume of m y o i n o s i t o l i s s m a l l e r than th a t of 
the sugars, i . e . 0.560 (3m3 g- 1 (11). 

Low r e s o l u t i o n 1 Η NMR Pulse R e l a x a t i o n Studies o f D e x t r i n s and 
Related sugars 

In e x p l o r i n g the h y d r a t i o n c h a r a c t e r i s t i c s of s o l u t e s , NMR pulse 
r e l a x a t i o n s t u d i e s provide information about l o s s o f energy of 
protons depending on t h e i r immediate environment. Low r e s o l u t i o n 
NMR spectrometers, such as the Bruker Minispec, g i v e average s p i n -
s p i n r e l a x a t i o n times (T2 values) and s p i n - l a t t i c e r e l a x a t i o n 
times (Ti v a l u e s ) . At low c o n c e n t r a t i o n s , these mainly r e f l e c t the 
average s t a t e of water protons under the i n f l u e n c e of the s o l u t e , 
i n F i g . l the Ti values of a 17 DE m a l t o d e x t r i n (M) are shown, 
together with enzymic d i g e s t s of the d e x t r i n , A ( a f t e r 1 hour) and 
Ε ( a f t e r 5 hours), a t i n c r e a s i n g c o n c e n t r a t i o n s . Obviously the Tj 
values drop as the s o l u t e protons g r a d u a l l y c o n s t i t u t e a g r e a t e r 
p r o p o r t i o n of t o t a l protons. This i s l i k e l y because the hydrated 
s o l u t e hydroxyl groups exchange protons l e s s r e a d i l y than do bulk 
water molecules and the O-H protons of the s o l u t e do not exchange 
a t a l l . 

In Fig.2 the same t r e n d i s observed f o r T2 values, but there are 
no c l e a r d i f f e r e n c e s between the values o f the d e x t r i n and i t s 
d i g e s t s . This i s because f i n e d i f f e r e n c e s between 
o l i g o s a c c h a r i d e s are obscured by t h e i r average d i s t r i b u t i o n s . 
Fig,3 shows the Ti and T2 values of i n d i v i d u a l o l i g o s a c c h a r i d e s 
(at 3% w/v) and i l l u s t r a t e s an i n t e r e s t i n g peak f o r m a l t o t r i o s e . 
This i n d i c a t e s t h a t m a l t o t r i o s e i s d i s t u r b i n g water s t r u c t u r e more 
than the other members of the s e r i e s and p a r a l l e l s i t s anomalous 
sweetness shown i n Table 111. I t may be s i g n i f i c a n t t h a t the 3,4 -
g l y c o l group of these o l i g o s a c c h a r i d e s i s r e s p o n s i b l e f o r t h e i r 
sweetness and t h a t i t a l s o c o n s t i t u t e s the most h e a v i l y hydrated 
re g i o n of the molecule. For some reason i n m a l t o t r i o s e the 
c o m p a t i b i l i t y w i t h water s t r u c t u r e i s lower than the other members 
of the s e r i e s . 
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• M 

• A m Ε 

Concentration % 

F i g 2 T2 V a l u e s o f d e x t r i n (M) and d i g e s t s (as i n F i g 1) 
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F i g . 4 shows that β/, β and ^ - c y c l o d e x t r i n s vary n e i t h e r i n ΊΊ 
values i n the range \ - ' Λ % w/v nor among themselves. A l s o o n l y i n 
the case of c y c l o d e x t r i n (Fig.5} does the T2 value t u r n out t o 
be s i g n i f i c a n t l y lower than the others, i t should be noted t h a t 
the T i and Ta values shown i n F i g s . 3,4 and 5 r e l a t e t o q u i t e 
d i l u t e s o l u t i o n s and the proton s i g n a l s measured are t h e r e f o r e 
mainly due t o water protons. The Figures thus r e f l e c t changes i n 
water s t r u c t u r e due t o the e f f e c t s o f the s o l u t e . When NMR pulse 
r e l a x a t i o n s t u d i e s are c a r r i e d out i n more concentrated s o l u t i o n s , 
i t can be observed (12) t h a t the l o g s p i n echo amplitude i s not 
monophasic over the course of time. Fig.6 shows one such curve 
f o r the DE17 m a l t o d e x t r i n and Fig.7 i l l u s t r a t e s i t s separate 
components. These equate c l e a r l y to the d i f f e r e n t types of proton 
(exchange-rates) of the s o l u t e as w e l l as the water protons. 

Fastest decay occurs f o r the r i n g C-H protons of each 
o l i g o s a c c h a r i d e . Then come the hydroxyl protons, w i t h the s i g n a l 
f o r water protons decaying most s l o w l y . 

Conclusion 

C h a r a c t e r i s t i c s of d e x t r i n s and glucose syrups can be explored by 
combinations o f d i f f e r e n t s o l u t i o n p r o p e r t i e s . Although the 
s o l u t i o n p r o p e r t i e s of each d e p i c t d i f f e r e n t aspects of d e x t r i n 
behaviour they are probably a l l mediated by hydrogen-bonding and 
are of d i r e c t relevance to the a p p l i c a t i o n s of these molecules i n 
food and biotechnology. 

• T2 
• T1 

F i g 3 and T 2 V a l u e s o f O l i g o s a c c h a r i d e s 
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Chapter 18 

Linear Dextrins 
Solid Forms and Aqueous Solution Behavior 

S. G. Ring and M. A. Whittam 

Institute of Food Research, Colney Lane, Norwich, 
Norfolk NR4 7UA, United Kingdom 

This article reviews physical and physico - chemical 
studies on linear malto - dextrins. The various 
crystalline forms of the dextrins are described and the 
melting and glass transition behavior discussed. Solution 
conformations and the viscous behavior of dilute and 
concentrated aqueous solutions are considered. In addition 
factors affecting the interaction of small solutes with 
the dextrins in aqueous solution are discussed and 
compared with the known behavior of cyclodextrins. 

A m y l o d e x t r i n s a r e c o n v e n i e n t l y p r e p a r e d by t h e l i m i t e d h y d r o l y s i s 
o f s t a r c h t o p r o d u c e f r a g m e n t s r a n g i n g i n d e g r e e o f p o l y m e r i z a t i o n 
f r o m 2 t o a p p r o x i m a t e l y 60. A l t h o u g h b r a n c h e d and c y c l i c f o r m s may 
be p r o d u c e d , i n t h i s a r t i c l e we w i s h t o c o n s i d e r t h e aqueous 
s o l u t i o n b e h a v i o r o f l i n e a r d e x t r i n s . T h e s e d e x t r i n s may be 
p r o d u c e d i n a number o f ways f o r example by t h e l i m i t e d a c i d 
h y d r o l y s i s o f s o l i d f o r m s o f s t a r c h , more p a r t i c u l a r l y s t a r c h 
g r a n u l e s . A l t e r n a t i v e l y t h e y may be p r o d u c e d by l i m i t e d 
o t - a m y l o l y s i s o f s o l u b l e f o r m s o f s t a r c h . More r e c e n t l y w i t h t h e 
p r o d u c t i o n o f t h e d e b r a n c h i n g enzymes p u l l u l a n a s e and i s o a m y l a s e 
and w i t h t h e i d e n t i f i c a t i o n o f α - a m y l a s e s w h i c h p r o d u c e 
o l i g o s a c c h a r i d e s o f f i x e d l e n g t h f r o m t h e i r h y d r o l y s i s o f s t a r c h 
(1.2) t h e r e i s i n c r e a s e d o p p o r t u n i t y f o r t h e p r o d u c t i o n o f d e f i n e d 
d e x t r i n s f r o m s t a r c h . In a d d i t i o n t h e r e i s p o t e n t i a l , t h r o u g h t h e 
a p p l i c a t i o n o f g e n e t i c a p p r o a c h e s and m o l e c u l a r b i o l o g y t o 
m a n i p u l a t e enzyme s t r u c t u r e and hence f u n c t i o n t o o b t a i n a w i d e r 
r a n g e o f p r o d u c t s more e f f e c t i v e l y . T h e s e m o l e c u l e s have a v a r i e t y 
o f i n d u s t r i a l u s e s b o t h i n t h e f o o d i n d u s t r y and e l s e w h e r e . T h e y 
may be u s e d as a g e n t s f o r t h e m a n i p u l a t i o n o f l i q u i d t e x t u r e and 
a l s o t h e m e c h a n i c a l p r o p e r t i e s o f s o l i d - l i k e m a t e r i a l s . In b o t h 
o f t h e s e i n s t a n c e s t h e i n t e r a c t i o n o f t h e d e x t r i n w i t h w a t e r 
i n f l u e n c e s u s e f u l n e s s . C y c l o d e x t r i n s have v e r y many p o t e n t i a l u s e s 
as a g e n t s f o r m o l e c u l a r e n c a p s u l a t i o n , t h e e n c a p s u l a t e d s p e c i e s 
o c c u p y i n g t h e c y c l o d e x t r i n c a v i t y . D e x t r i n s c a n a l s o f o r m m o l e c u l a r 
c o m p l e x e s w i t h g u e s t m o l e c u l e s . In a d d i t i o n i t i s p o s s i b l e t o 

0097-6156/91/0458-0273$06.25A) 
© 1991 American Chemical Society 
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274 BIOTECHNOLOGY OF AMYLODEXTRIN OLIGOSACCHARIDES 

e n c a p s u l a t e a c t i v e i n g r e d i e n t s i n g l a s s y m a t r i c e s o f t h e d e x t r i n ; 
i n t h e s e m a t r i c e s i t i s p o s s i b l e t o p r o t e c t a c t i v e s p e c i e s and 
s u b s e q u e n t l y o b t a i n r e l e a s e on p l a s t i c i z a t i o n . F o r t h e s e 
a p p l i c a t i o n s i n t e r a c t i o n o f t h e d e x t r i n w i t h w a t e r a g a i n i n f l u e n c e s 
u s e f u l n e s s . C u r r e n t r e s e a r c h on t h e s e d e x t r i n s i s e x a m i n i n g t h e 
e f f e c t o f w a t e r on m a t e r i a l and m o l e c u l a r p r o p e r t i e s as a f u n c t i o n 
o f c o m p o s i t i o n , t e m p e r a t u r e and d e g r e e o f p o l y m e r i z a t i o n . In t h i s 
way i t i s hoped t o e s t a b l i s h p r e d i c t i v e r e l a t i o n s h i p s f o r s t r u c t u r e 
and f u n c t i o n w h i c h w i l l h e l p t a r g e t t h e a p p l i c a t i o n o f 
b i o t e c h n o l o g y t o t h e i r p r o d u c t i o n . 
C r y s t a l l i n e Forms 
S o l i d a m y l o d e x t r i n s may be i n t h e g l a s s y / r u b b e r y o r c r y s t a l l i n e 
s t a t e ; c o n s i d e r a b l y more s t u d i e s have been c a r r i e d o u t on t h e 
l a t t e r , s o c r y s t a l s t r u c t u r e s a r e q u i t e w e l l u n d e r s t o o d . W h i l s t 
a m y l o p e c t i n i s t h o u g h t t o be t h e main c r y s t a l l i n e component i n 
s t a r c h g r a n u l e s , a m y l o s e f r a c t i o n s r a n g i n g i n d e g r e e o f 
p o l y m e r i z a t i o n f r o m DP100 t o DP2700 have been c r y s t a l l i z e d f r o m 
w a t e r i n t h e f o r m o f f i b r i l s ( 3 ) . S h o r t e r c h a i n a m y l o s e s o f DP15 
and 35 have been shown t o f o r m more p e r f e c t s i n g l e c r y s t a l s (4). 
O l i g o m e r s o f g l u c o s e however between h e p t a m e r and t r i m e r a r e v e r y 
d i f f i c u l t t o c r y s t a l l i z e . A l t h o u g h o l i g o m e r s as s h o r t as 
m a l t o h e x a o s e have been c o - c r y s t a l l i z e d i n t h e p r e s e n c e o f l o n g e r 
c h a i n s , t h e minimum c h a i n l e n g t h n e c e s s a r y f o r d o u b l e h e l i x 
f o r m a t i o n a p p e a r s t o be DP10 ( 5 . 6 ) . C r y s t a l s t r u c t u r e s o f g l u c o s e 
and m a l t o s e have l o n g been known, b u t i t i s o n l y r e c e n t l y t h a t a 
c r y s t a l l i n e s t r u c t u r e f o r m a l t o t r i o s e has been r e p o r t e d (2). D e g r e e 
o f c r y s t a l l i n i t y c a n v a r y w i d e l y , f r o m r e t r o g r a d e d a m y l o s e w h i c h i s 
p r e d o m i n a n t l y amorphous, c o n t a i n i n g p e r h a p s 10% c r y s t a l l i n e 
m a t e r i a l , t o h i g h l y c r y s t a l l i n e s i n g l e c r y s t a l s (4) o r s p h e r u l i t e s 
(δ) p r e p a r e d f r o m s h o r t e r c h a i n a m y l o s e s . S i m i l a r l y , s i n g l e 
c r y s t a l s o f V am y l o s e have been r e p o r t e d (4^9) as w e l l as amorphous 
a m y l o s e c o m p l e x e s w h i c h do n o t g i v e r i s e t o X - r a y d i f f r a c t i o n 
p a t t e r n s (Ifi). S i n c e t h e f i r s t p u b l i c a t i o n o f X - r a y 
d i f f r a c t i o n p a t t e r n s o f A , Β and C s t a r c h e s s i x t y y e a r s ago (H), 
s e v e r a l m o d e l s have been p r o p o s e d f o r t h e i r c r y s t a l s t r u c t u r e s . 
U n t i l r e c e n t l y , a r i g h t handed, p a r a l l e l s t r a n d e d a r r a n g e m e n t o f 
d o u b l e h e l i c e s , w i t h a n t i p a r a l l e l p a c k i n g o f t h e h e l i c e s t h e m s e l v e s 
was f a v o r e d f o r b o t h A and Β s t r u c t u r e s ( 1 2 . 1 3 ) . In t h e l a s t two 
y e a r s , however, s t u d i e s c o m b i n i n g X - r a y and e l e c t r o n d i f f r a c t i o n 
methods on s i n g l e c r y s t a l s o f a m y l o s e DP15, t o g e t h e r w i t h c o m p u t e r 
e n e r g y c a l c u l a t i o n s have been c a r r i e d o u t ( 1 4 . 1 5 ) . From t h e s e 
s t u d i e s , a l e f t handed, p a r a l l e l s t r a n d e d d o u b l e h e l i x f o r m a t i o n 
seems more l i k e l y , w i t h h e l i c e s p a c k e d p a r a l l e l t o one a n o t h e r i n 
t h e c r y s t a l . L e f t handed o r r i g h t handed, i t i s g e n e r a l l y a c c e p t e d 
t h a t A and Β s t r u c t u r e s c o n s i s t o f s i m i l a r d o u b l e h e l i c e s ; t h e 
d i f f e r e n c e l i e s i n t h e s p a t i a l a r r a n g e m e n t o f t h e s e d o u b l e h e l i c e s 
w i t h i n t h e c r y s t a l . In t h e Β s t r u c t u r e , s i x d o u b l e h e l i c e s a r e 
h e x a g o n a l l y a r r a n g e d a r o u n d a c e n t r a l c a v i t y c o n t a i n i n g w a t e r 
m o l e c u l e s . A i s more compact, t h e c e n t r a l c a v i t y c o n t a i n i n g a n o t h e r 
d o u b l e h e l i x , l e a d i n g t o a c r y s t a l s t r u c t u r e i n c l u d i n g l e s s w a t e r 
t h a n t h a t o f B. 

L e s s c o n t r o v e r s y s u r r o u n d s t h e s t r u c t u r e o f V a m y l o s e , now 
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18. RING & WHTTTAM Linear Dextrins 275 

w i d e l y a c c e p t e d as a s i x f o l d s i n g l e h e l i x , a l t h o u g h w i t h i n t h e 
c l a s s i f i c a t i o n "V" s e v e r a l c r y s t a l l i n e v a r i a n t s a r e f o u n d . Vh and 
Va, t h e h y d r a t e d and a n h y d r o u s f o r m s o f c o m p l e x e d a m y l o s e , c a n be 
i n t e r c o n v e r t e d by m a n i p u l a t i n g m o i s t u r e o r h u m i d i t y c o n d i t i o n s . 
When 1 - b u t a n o l i s u s e d as t h e c o m p l e x i n g a g e n t , a t h i r d c r y s t a l 
s t r u c t u r e i s o b s e r v e d ( 1 6 ) , w h i l s t s e v e n f o l d and e i g h t f o l d 
h e l i c a l c o n f o r m a t i o n s have been r e p o r t e d f o r a m y l o s e c o m p l e x e s w i t h 
b r a n c h e d c h a i n a l c o h o l s and α-naphthol r e s p e c t i v e l y ( 9 ) . One 
q u e s t i o n w h i c h r e m a i n s t o be r e s o l v e d i s t h a t o f t h e e x a c t l o c a t i o n 
o f t h e c o m p l e x i n g a g e n t w i t h i n t h e V s t r u c t u r e . In s o l u t i o n , t h e r e 
i s a body o f e v i d e n c e t o s u g g e s t t h a t t h e a m y l o s e h e l i x 
e n c a p s u l a t e s t h e c o m p l e x i n g " g u e s t " m o l e c u l e w i t h i n i t s c o r e , 
g i v i n g r i s e , f o r example, t o t h e f a m i l i a r b l u e c o l o r o f t h e 
a m y l o s e - i o d i n e c o m p l e x . E v i d e n c e f r o m X - r a y and e l e c t r o n 
d i f f r a c t i o n t h a t s e v e n and e i g h t f o l d h e l i c e s a r e f o r m e d when 
i n c r e a s i n g l y l a r g e c o m p l e x i n g m o l e c u l e s a r e u s e d (2) l e n d s w e i g h t 
t o t h e i n c l u s i o n t h e o r y . However, an a l t e r n a t i v e e x p l a n a t i o n f o r 
t h e l a r g e r u n i t c e l l s ( a s c r i b e d t o s e v e n and e i g h t f o l d h e l i c e s ) i s 
t h a t t h e c o m p l e x i n g m o l e c u l e s a r e p r e s e n t i n t h e i n t e r s t i c e s 
between t h e i n d i v i d u a l h e l i c e s (lé). 

X - r a y d i f f r a c t i o n a n a l y s i s has g i v e n l i t t l e i n f o r m a t i o n on t h e 
l o c a t i o n o f t h e c o m p l e x e d m o l e c u l e s . T h i s may be b e c a u s e t h e s e 
m o l e c u l e s a r e r a n d o m l y p l a c e d and c o n s e q u e n t l y f o r m no r e g u l a r 
l a t t i c e f o r d i f f r a c t i o n , o r i t may be t h a t d e s p i t e b e i n g c o n f i n e d 
w i t h i n t h e h e l i c e s g u e s t m o l e c u l e s p o s s e s s t o o much r o t a t i o n a l and 
t r a n s l a t i o n a l f r e e d o m t o be i d e n t i f i a b l e by X - r a y d i f f r a c t i o n . I f 
c o m p l e x i n g m o l e c u l e s a r e removed f r o m t h e a m y l o s e c r y s t a l s by 
d r y i n g , t h e V s t r u c t u r e r e m a i n s i n t a c t , i n d i c a t i n g t h a t t h e 
c o m p l e x a n t i s n o t a n e c e s s i t y f o r c r y s t a l s t a b i l i t y . However t h e r e 
i s some e v i d e n c e f r o m X - r a y d i f f r a c t i o n t o g e t h e r w i t h p o t e n t i a l 
e n e r g y c a l c u l a t i o n s t h a t d i m e t h y l s u l p h o x i d e m o l e c u l e s a r e l o c a t e d 
i n s i d e t h e a m y l o s e h e l i x w i t h one DMSO m o l e c u l e f o r e v e r y t h r e e 
g l u c o s e r e s i d u e s (1Z). F u r t h e r work i s o b v i o u s l y needed t o 
d e t e r m i n e u n e q u i v o c a l l y where t h e i n c l u d e d m o l e c u l e s a r e s i t u a t e d 
w i t h i n t h e V a m y l o s e s t r u c t u r e . Computer m o d e l l i n g i s 
b e i n g u s e d i n c r e a s i n g l y t o g a i n i n s i g h t i n t o t h e e n e r g i e s o f 
d i f f e r e n t m o l e c u l a r c o n f o r m a t i o n s . H e l i c a l f o r m s o f a m y l o d e x t r i n s 
have been m o d e l l e d u s i n g t h e d i m e r m a l t o s e as t h e s t a r t i n g u n i t 
( 1 8 ) . Minimum e n e r g y c o n f o r m a t i o n s o f t h e d i s a c c h a r i d e a r e f o u n d by 
c a l c u l a t i n g t h e e n e r g y as t h e two s u g a r r i n g s a r e r o t a t e d a b o u t t h e 
g l y c o s i d i c l i n k a g e . P o l y m e r s b u i l t up f r o m t h e s e low e n e r g y m a l t o s e 
u n i t s a r e f o u n d t o have h e l i c a l s t r u c t u r e s w h i c h c o r r e s p o n d t o 
c o n f o r m a t i o n s o b s e r v e d f o r m a l t o d e x t r i n s i n t h e c r y s t a l l i n e s t a t e . 
T h us c o m p u t e r s t u d i e s complement X - r a y a n a l y s i s , and may h e l p i n 
t h e f u t u r e t o r e s o l v e t h e q u e s t i o n o f where c o m p l e x e d m o l e c u l e s a r e 
l o c a t e d w i t h i n c r y s t a l l i n e V a m y l o s e . 

The p o l y m o r p h i c f o r m o f a m y l o s e o r a m y l o d e x t r i n d e p e n d s on 
s e v e r a l f a c t o r s . F o r an a m y l o d e x t r i n o f a g i v e n l e n g t h i n aqueous 
s o l u t i o n , f o r m a t i o n o f t h e A c r y s t a l t y p e i s f a v o r e d o v e r Β a t h i g h 
t e m p e r a t u r e and h i g h c o n c e n t r a t i o n . C h a i n l e n g t h a l s o has an 
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e f f e c t , s h o r t e r c h a i n s g i v i n g r i s e t o A s t r u c t u r e s and l o n g e r 
c h a i n s ( i n c l u d i n g a m y l o s e r e t r o g r a d e d u n d e r o r d i n a r y c o n d i t i o n s ) 
f o r m i n g Β s t r u c t u r e s . I n t e r m e d i a t e c o n d i t i o n s g i v e r i s e t o C - t y p e 
c r y s t a l f o r m a t i o n . Below DP10, s o l u t i o n s o f a m y l o d e x t r i n s do n o t 
c r y s t a l l i z e e v e n a t 4°C and 5 0 % w/w, i m p l y i n g a l o w e r l i m i t o f 
c h a i n l e n g t h n e c e s s a r y f o r d o u b l e h e l i x f o r m a t i o n ( 5 ) . The 
c r y s t a l l i z a t i o n , m e l t i n g and d i s s o l u t i o n b e h a v i o r o f a m y l o d e x t r i n s 
may g i v e i n s i g h t i n t o t h e b e h a v i o r o f w h o le s t a r c h e s , S i n c e i t i s 
t h e s h o r t c h a i n s o f a m y l o p e c t i n w h i c h g i v e r i s e t o t h e c r y s t a l l i n e 
r e g i o n s w i t h i n s t a r c h g r a n u l e s and w h i c h a r e b e l i e v e d t o m e l t and 
r e c r y s t a l l i z e d u r i n g g e l a t i n i z a t i o n and r é t r o g r a d a t i o n 
r e s p e c t i v e l y . T h e s e t r a n s i t i o n s a r e i m p o r t a n t i n t e r m s o f 
f u n c t i o n a l p r o p e r t i e s o f d e x t r i n s and s t a r c h e s . 

A d d i t i o n o f an a l c o h o l , f o r example e t h a n o l o r i s o - p r o p a n o l , 
t o an a m y l o d e x t r i n s o l u t i o n e n c o u r a g e s t h e f o r m a t i o n o f A- r a t h e r 
t h a n B- t y p e c r y s t a l s . Above a c e r t a i n a l c o h o l c o n c e n t r a t i o n , 
V - t y p e c r y s t a l s t h e n b e g i n t o f o r m p r e f e r e n t i a l l y . W h i l s t i t i s 
d i f f i c u l t t o p r e p a r e h i g h l y c r y s t a l l i n e s a m p l e s o f A and Β 
s t r u c t u r e u s i n g l o n g c h a i n a m y l o s e , V amy l o s e c r y s t a l s w i l l f o r m 
r e l a t i v e l y e a s i l y u n d e r t h e r i g h t c o n d i t i o n s . S u i t a b l e c o m p l e x i n g 
a g e n t s i n c l u d e f a t t y a c i d s , l i n e a r and b r a n c h e d a l c o h o l s , 
m o n o g l y c e r i d e s and v a r i o u s o t h e r o r g a n i c compounds. C a r e i s 
r e q u i r e d when c r y s t a l l i z i n g h i g h m o l e c u l a r w e i g h t a m y l o s e 
c o m p l e x e s ; f o r example a r a p i d c o o l i n g r a t e c a n l e a d t o f o r m a t i o n 
o f amorphous as w e l l as c r y s t a l l i n e m a t e r i a l ( 1 0 ) . S u c c e s s f u l 
t e c h n i q u e r e s u l t s i n p l a t e l e t - l i k e c r y s t a l s c o n s i s t i n g o f s t a c k e d 
l a m e l l a e , t h e m s e l v e s f o r m e d f r o m a m y l o s e m o l e c u l e s f o l d e d b a c k and 
f o r t h between t h e b o t t o m and t o p s u r f a c e s o f t h e l a m e l l a ( 9 . 1 0 ) . 
F o r s y n t h e t i c p o l y m e r c r y s t a l l i z a t i o n i t i s f o u n d t h a t l a m e l l a r 
t h i c k n e s s , and hence c r y s t a l s t a b i l i t y , d e pends s t r o n g l y on 
p r e p a r a t i o n c o n d i t i o n s s u c h as t e m p e r a t u r e o f c r y s t a l l i z a t i o n and 
c o o l i n g r a t e . F u t u r e s t u d i e s may i n d i c a t e s i m i l a r r e l a t i o n s h i p s f o r 
t h e s e b i o p o l y m e r c r y s t a l s . 

I f i t i s a c c e p t e d t h a t t h e c o m p l e x e d m o l e c u l e s i n V am y l o s e 
a r e i n c l u d e d w i t h i n t h e h e l i x , t h e n t h e c o m p l e x a t i o n p r o c e s s c a n be 
t h o u g h t o f as m o l e c u l a r e n c a p s u l a t i o n . S t a b i l i t y o f t h e s e c o m p l e x e s 
has been s t u d i e d by o b s e r v a t i o n o f t h e m e l t i n g / d i s s o l u t i o n b e h a v i o r 
o f amorphous and c r y s t a l l i n e c o m p l e x e s . D i f f e r e n t i a l s c a n n i n g 
c a l o r i m e t r y (DSC) shows an e n d o t h e r m i c t r a n s i t i o n on h e a t i n g 
a m y l o s e c o m p l e x e s ; t h e v a l u e a t w h i c h i t o c c u r s d e p e n d s on t h e 
n a t u r e o f t h e c o m p l e x . T h i s t r a n s i t i o n c o r r e s p o n d s t o m e l t i n g and 
d i s s o c i a t i o n o f t h e a m y l o s e - g u e s t c o m p l e x . Amorphous c o m p l e x e s have 
been shown t o m e l t a t l o w e r t e m p e r a t u r e s t h a n t h e i r c r y s t a l l i n e 
c o u n t e r p a r t s , d e m o n s t r a t i n g t h e s t a b i l i z i n g i n f l u e n c e o f t h e 
c r y s t a l l a t t i c e ( T a b l e I ) . 

The n a t u r e o f t h e g u e s t m o l e c u l e a l s o a f f e c t s complex 
s t a b i l i t y ; f o r example c o m p l e x e s f o r m e d u s i n g g u e s t m o l e c u l e s o f 
i n c r e a s i n g h y d r o c a r b o n c h a i n l e n g t h d i s s o c i a t e a t i n c r e a s i n g l y 
h i g h e r t e m p e r a t u r e s . Thus t h e l o n g e r h y d r o c a r b o n c h a i n s c o n f e r 
g r e a t e r s t a b i l i t y on t h e a m y l o s e complex s t r u c t u r e . 

D
ow

nl
oa

de
d 

by
 C

O
L

U
M

B
IA

 U
N

IV
 o

n 
A

ug
us

t 1
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

30
, 1

99
1 

| d
oi

: 1
0.

10
21

/b
k-

19
91

-0
45

8.
ch

01
8

In Biotechnology of Amylodextrin Oligosaccharides; Friedman, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1991. 



18. RING & WHTTTAM Linear Dextrins 277 

T a b l e I . M e l t i n g t e m p e r a t u r e s f o r c r y s t a l l i n e and amorphous 
c o m p l e x e s o f a m y l o s e w i t h l i n e a r a l c o h o l s 

A l c o h o l M e l t i n g T e m p e r a t u r e (K) 
C h a i n 

L e n g t h 
C r y s t a l 1 i ne Amorphous 

C4 341 321 
C5 354 334 
C6 364 344 
C7 368 348 
C8 372 352 
CIO 377 358 

A t t e m p t s have been made t o d e s c r i b e t h e d i s s o l u t i o n o f s t a r c h 
c r y s t a l l i t e s on g e l a t i n i z a t i o n u s i n g t h e F l o r y e q u a t i o n f o r 
p o l y m e r / d i l u e n t s y s t e m s (H): 

1 _ 1 = R V Γ 
XV, (1) 

where Tm i s t h e o b s e r v e d m e l t i n g t e m p e r a t u r e , Tm° i s t h e m e l t i n g 
t e m p e r a t u r e o f t h e u n d i l u t e d p o l y m e r , AHu i s t h e e n t h a l p y o f f u s i o n 
o f t h e r e p e a t i n g u n i t ( g l u c o s e ) , vyV- i s t h e r a t i o o f t h e m o l a r 
volume o f t h e r e p e a t i n g u n i t ( g l u c o s e ; t o t h a t o f t h e d i l u e n t 
( w a t e r ) , ν i s t h e volume f r a c t i o n o f t h e d i l u e n t and χ i s t h e 
F l o r y - H u g g i n s p o l y m e r - s o l v e n t i n t e r a c t i o n p a r a m e t e r . W h i l s t 
m e e t i n g w i t h l i m i t e d s u c c e s s , t h e a p p l i c a t i o n o f t h e F l o r y e q u a t i o n 
t o w h o l e s t a r c h must be v i e w e d w i t h c a u t i o n s i n c e i t i s v a l i d o n l y 
f o r e q u i l i b r i u m m e l t i n g o f p u r e c r y s t a l l i n e p h a s e s . The p r e s e n c e o f 
g l a s s y o r amorphous m a t e r i a l w i t h i n t h e g r a n u l e w o u l d t e n d t o 
a f f e c t c r y s t a l l i t e m e l t i n g t e m p e r a t u r e , t h u s j e o p a r d i z i n g t h e 
a p p l i c a b i l i t y o f t h e F l o r y e q u a t i o n . S p h e r u l i t e s o f a m y l o d e x t r i n s 
i n A o r Β f o r m may be c o n s i d e r e d m o d e l s o f a m y l o p e c t i n 
c r y s t a l l i t e s , and i n t h i s c a s e a p p l i c a t i o n o f t h e F l o r y e q u a t i o n i s 
more j u s t i f i e d . S t u d i e s a r e c u r r e n t l y i n p r o g r e s s on t h e m e l t i n g 
b e h a v i o r o f A- and B - t y p e c r y s t a l s and t h e e f f e c t o f w a t e r as a 
d i l u e n t . 

B i o t e c h n o l o g y w i l l s oon p e r m i t t h e b r e e d i n g o f p l a n t s w i t h 
s t a r c h e s o f p r e - d e t e r m i n e d m o l e c u l a r c o m p o s i t i o n . In a d d i t i o n t o 
v a r i a t i o n s i n a m y l o s e / a m y l o p e c t i n r a t i o , i t w i l l be p o s s i b l e t o 
v a r y t h e l e n g t h o f t h e a m y l o p e c t i n c h a i n s . I t has a l r e a d y been 
shown t h a t v a r i a t i o n i n a m y l o p e c t i n c h a i n l e n g t h has a s i g n i f i c a n t 
e f f e c t on s t a r c h r é t r o g r a d a t i o n b e h a v i o r ( 2 0 ) . In o r d e r f o r 
t e c h n o l o g y t o e x p l o i t t h e s e v a r i a t i o n s f u l l y , i t i s i m p o r t a n t t o 
u n d e r s t a n d t h e u n d e r l y i n g m o l e c u l a r p r o c e s s e s . T h i s w i l l p e r m i t a 
r a t i o n a l a p p r o a c h t o t h e use o f g e n e t i c a l l y m a n i p u l a t e d s t a r c h e s 
and w i l l l e a d t o i m p r o v e d u n d e r s t a n d i n g o f c r y s t a l l i z a t i o n b e h a v i o r 
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o f a m y l o d e x t r i n s i n g e n e r a l . An example m i g h t be f r a c t i o n a t i o n o f 
a m y l o d e x t r i n s u s i n g knowledge o f t h e i r r e s p e c t i v e c r y s t a l l i z a t i o n 
t e m p e r a t u r e s i n a g i v e n s o l u t i o n . 
Amorphous Forms 
W h i l e d e x t r i n s c a n o f t e n be e n c o u n t e r e d as c r y s t a l l i n e s o l i d s i n 
many c a s e s t h e y c a n be p r e p a r e d as p a r t i a l l y c r y s t a l l i n e o r w h o l l y 
amorphous m a t e r i a l s . F o r t h e s e m a t e r i a l s , t h e g l a s s t r a n s i t i o n 
b e h a v i o r o f t h e amorphous r e g i o n s i s r e l e v a n t . A g l a s s has many o f 
t h e c h a r a c t e r i s t i c s o f a l i q u i d e x c e p t t h a t o f m o b i l i t y , i t s 
i m p o r t a n c e t o t e c h n o l o g i c a l a p p l i c a t i o n stems f r o m t h e d r a m a t i c 
c h a n g e s i n m a t e r i a l p r o p e r t i e s e . g . m e c h a n i c a l and d i f f u s i v e 
b e h a v i o r , w h i c h o c c u r i n t h e r e g i o n o f t h e g l a s s t r a n s i t i o n . The 
t e c h n o l o g i c a l i m p o r t a n c e o f t h e g l a s s t r a n s i t i o n f o r p o l y m e r i c 
m a t e r i a l s , i n o r g a n i c g l a s s e s and more r e c e n t l y b i o m a t e r i a l s has 
been r e v i e w e d ( 2 1 - 2 4 ) . An example on how i t m i g h t a f f e c t t h e u s a g e 
o f d e x t r i n s w i l l i l l u s t r a t e some o f t h e p r i n c i p l e s . G l a s s y m a t r i c e s 
may be u s e d f o r e n c a p s u l a t i o n and p r o t e c t i o n o f a c t i v e i n g r e d i e n t s . 
The mechanism o f p r o t e c t i o n i s somewhat d i f f e r e n t t o t h a t o b t a i n e d 
f r o m t h e f o r m a t i o n o f m o l e c u l a r i n c l u s i o n c o m p l e x e s and d o e s n o t 
r e l y upon t h e m o l e c u l a r r e c o g n i t i o n o f a c t i v e i n g r e d i e n t and h o s t . 
In t h e g l a s s , t h e r a t e o f d i f f u s i o n o f compounds i s s e v e r e l y 
h i n d e r e d . Hence, t h e g l a s s y m a t r i x c a n p r o t e c t t h r o u g h l i m i t i n g 
t h e d i f f u s i o n a l e n c o u n t e r o f r e a c t i n g s p e c i e s . W i t h p l a s t i c i z a t i o n 
o f t h e m a t r i x d i f f u s i o n w i l l a c c e l e r a t e ; t h r o u g h m a n i p u l a t i o n o f 
p l a s t i c i z a t i o n c o n t r o l l e d r e l e a s e i s p o s s i b l e . 

A l t h o u g h a g l a s s i s m e t a s t a b l e w i t h r e s p e c t t o t h e c r y s t a l l i n e 
f o r m , i t c a n r e m a i n i n a g l a s s y f o r m f o r many y e a r s ; above t h e 
g l a s s t r a n s i t i o n c r y s t a l l i z a t i o n i s much more r a p i d . G l a s s e s a r e 
t h e r e f o r e p r e p a r e d by c o o l i n g a t r a t e s s u f f i c i e n t l y f a s t t o a v o i d 
c r y s t a l l i z a t i o n . The r e q u i r e d c o o l i n g r a t e d epends on t h e m a t e r i a l . 
F o r example, t o v i t r i f y w a t e r , c o o l i n g r a t e s i n e x c e s s o f 10 5 Ks" 1 

a r e n e c e s s a r y ( 2 5 . 2 6 ) . P o l y m e r i c m a t e r i a l s c r y s t a l l i z e l e s s 
r e a d i l y and c o o l i n g r a t e s o f < l K s - 1 a r e o f t e n s u f f i c i e n t f o r 
v i t r i f i c a t i o n . As a l i q u i d i s s u p e r c o o l e d , m o l e c u l a r m o t i o n and t h e 
l o c a l r e a r r a n g e m e n t o f m o l e c u l e s becomes p r o g r e s s i v e l y s l o w e r and 
t h e v i s c o s i t y i n c r e a s e s . F o r D - g l u c o s e t h e v i s c o s i t y i n c r e a s e s by 
13 o r d e r s o f m a g n i t u d e on c o o l i n g f r o m a m e l t a t 413K t o t h e g l a s s 
a t 290K ( 2 7 . 2 8 ) . W i t h c o o l i n g , t h e p r o b a b i l i t y o f a m o l e c u l e 
o v e r c o m i n g an a c t i v a t i o n e n e r g y t o e s c a p e f r o m i t s n e i g h b o r s 
d e c r e a s e s . A t t h e g l a s s t r a n s i t i o n t h e r e i s a sudden " f r e e z i n g ' O f 
m o t i o n w i t h a c o n s e q u e n t s h a r p f a l l i n h e a t c a p a c i t y . The g l a s s 
t r a n s i t i o n t e m p e r a t u r e , T g , i s a f f e c t e d by c o o l i n g r a t e , t h e 
" f r e e z i n g i n " o f l i q u i d s t r u c t u r e w i l l o c c u r a t p r o g r e s s i v e l y l o w e r 
t e m p e r a t u r e s as t h e c o o l i n g r a t e d e c r e a s e d , a l w a y s a s s u m i n g t h a t 
c r y s t a l l i z a t i o n d o e s n o t i n t e r v e n e . The o b s e r v e d Tg i s t h u s 
p r o f o u n d l y a f f e c t e d by k i n e t i c f a c t o r s ( 2 1 ) . However, i t i s a r g u e d 
i n v a r i o u s t h e o r e t i c a l a p p r o a c h e s (£9) t h a t u n d e r l y i n g t h e 
e x p e r i m e n t a l l y o b s e r v e d t r a n s i t i o n i s a t r u e p h a s e t r a n s i t i o n . 

The Tg o f amorphous m a t e r i a l s c a n be d e t e r m i n e d by m e a s u r i n g 
h e a t c a p a c i t y as a f u n c t i o n o f t e m p e r a t u r e and o b s e r v i n g t h e s h a r p 
i n c r e a s e i n h e a t c a p a c i t y , i n d i c a t i v e o f a g l a s s t r a n s i t i o n , w h i c h 
o c c u r s a t T g . A t t h e p r e s e n t t i m e t h i s i s c o n v e n i e n t l y p e r f o r m e d 
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u s i n g d i f f e r e n t i a l s c a n n i n g c a l o r i m e t r y t o d e t e r m i n e Tg and ACp 
( f i g u r e 1 ) . In a d d i t i o n by v a r y i n g b o t h h e a t i n g and c o o l i n g r a t e s 
and o b s e r v i n g t h e change i n Tg i t i s p o s s i b l e t o o b t a i n an 
" a c t i v a t i o n e n t h a l p y " f o r t h e r e l a x a t i o n p r o c e s s a t Tg ( 3 0 . 3 1 ) . 
T h i s e n t h a l p y c a n be u s e f u l l y compared w i t h t h a t f r o m v i s c o s i t y 
d a t a (3Û). 

The g l a s s t r a n s i t i o n b e h a v i o r o f c a r b o h y d r a t e s i n g e n e r a l i s 
r e c e i v i n g r e c e n t a t t e n t i o n . The T g ' s o f amorphous mal t o o l i g o m e r s 
f r o m m a l t o s e t o m a l t o h e x a o s e was r e c e n t l y d e t e r m i n e d (32) and 
r a n g e d f r o m 364K f o r m a l t o s e t o 448K f o r m a l t o h e x a o s e . D a t a f o r 
h i g h e r o l i g o m e r s was n o t o b t a i n a b l e due t o t h e r m a l d e g r a d a t i o n , t h e 
h i g h m o l e c u l a r w e i g h t l i m i t o f Tg o b t a i n e d by e x t r a p o l a t i o n was 
50 0 ± 1 0 K . A t low d i l u e n t c o n c e n t r a t i o n s t h e a d d i t i o n o f w a t e r 
s t r o n g l y d e p r e s s e d T g, f o r example t h e Tg f o r m a l t o h e x a o s e f e l l 
100K on a d d i t i o n o f 10% w/w w a t e r . The c o m p o s i t i o n a l v a r i a t i o n o f 
Tg w i t h w a t e r c o n t e n t was i n v e s t i g a t e d a t w a t e r c o n t e n t s <20% where 
t h e Tg o f t h e c a r b o h y d r a t e w a t e r m i x t u r e was above 273K. From a 
knowledge o f Tg and À C p a t t h e g l a s s t r a n s i t i o n o f p u r e components 
i t i s p o s s i b l e t o p r e d i c t t h e Tg o f t h e m i x t u r e u s i n g a 
t h e r m o d y n a m i c a p p r o a c h d e v e l o p e d by Couchman (29) 

Tg - w / C p J g , + w^Cp.Tg, ( 2 ) 

w 1ACp 1 + WgACpg 
where w i s t h e mass f r a c t i o n and s u b s c r i p t s 1 and 2 r e f e r t o t h e 
two components, i n t h i s c a s e m a l t o - o l i g o m e r and w a t e r . Agreement 
between e x p e r i m e n t a l and p r e d i c t e d v a l u e s was s a t i s f a c t o r y f o r t h e 
h i g h e r o l i g o m e r s , t h e o r y a l w a y s o v e r - e s t i m a t i n g T g . F o r t e r n a r y 
m i x t u r e s e . g . m a l t o h e x a o s e / g l u c o s e / w a t e r a g reement between 
e x p e r i m e n t and t h e o r y was l e s s good ( 3 1 ) . 

I f a c a r b o h y d r a t e / w a t e r m i x t u r e i s c o o l e d v e r y s l o w l y t o w e l l 
b e l o w t h e f r e e z i n g p o i n t o f w a t e r b o t h t h e w a t e r and t h e 
c a r b o h y d r a t e s h o u l d e v e n t u a l l y c r y s t a l l i z e . I f c o o l e d v e r y r a p i d l y , 
f o r example by s p r a y i n g o n t o a l i q u i d h e l i u m c o o l e d c r y o p l a t e , t h e 
s o l u t i o n w i l l v i t r i f y ( £ 6 ) . Between t h e s e two e x t r e m e s o f c o o l i n g 
r a t e , most c o o l i n g r a t e s w h i c h a r e p r a c t i c a l l y o b t a i n a b l e w i l l 
r e s u l t i n t h e f o r m a t i o n o f a c a r b o h y d r a t e / w a t e r g l a s s and i c e (M). 
The c o m p o s i t i o n d e p e n d e n c e , u s u a l l y e x p r e s s e d a s t h e mass f r a c t i o n 
o f w a t e r i n t h i s g l a s s y f o r m , and t h e Tg o f t h i s g l a s s have been 
i n v e s t i g a t e d i n d e t a i l ( 3 £ ) . Some g e n e r a l t r e n d s have been n o t e d 
e . g . Tg i n c r e a s e s on g o i n g f r o m m a l t o s e (253.5K) t o m a l t o h e p t a o s e 
( 2 5 9 . 5 K ) . The w a t e r c o n t e n t s o f t h e s e m i x t u r e s show no c o n s i s t e n t 
t r e n d w i t h c h a i n l e n g t h ( 3 5 . 3 6 ) . 

F u r t h e r r e s e a r c h i s n e c e s s a r y t o p u t t h e g l a s s t r a n s i t i o n 
b e h a v i o r o f c a r b o h y d r a t e s i n g e n e r a l , and t h e i r m i x t u r e s , on a 
p r e d i c t i v e b a s i s . A d d i t i o n a l l y s t u d i e s on t h e r e l a x a t i o n b e h a v i o r 
and m e c h a n i c a l p r o p e r t i e s and f a c t o r s a f f e c t i n g t h e s o r p t i o n o f 
w a t e r w i l l g i v e u s e f u l i n f o r m a t i o n r e l e v a n t t o t h e t e c h n o l o g i c a l 
u s e o f t h e s e m a t e r i a l s . 
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ι 1 1 1 1 1 1 1 
260 270 280 290 300 310 320 330 

Temperature (K) 

F i g u r e 1. P l o t o f h e a t c a p a c i t y v e r s u s t e m p e r a t u r e o b t a i n e d a t a 
s c a n n i n g r a t e o f 10K/min, f o r amorphous D - g l u c o s e , s h o w i n g 
p o s i t i o n o f g l a s s t r a n s i t i o n t e m p e r a t u r e (Tg) and h e a t c a p a c i t y 
i n c r e m e n t ( A C p ) . 
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Aqueous S o l u t i o n B e h a v i o r 
In t h i s s e c t i o n we examine t h e aqueous s o l u t i o n b e h a v i o r o f l i n e a r 
a,1-4 l i n k e d D - g l u c a n s . I m p o r t a n t i n f o r m a t i o n c a n be g a i n e d by 
s t u d y i n g b e h a v i o r as a f u n c t i o n o f d e g r e e o f p o l y m e r i z a t i o n and 
c o m p o s i t i o n . The aqueous s o l u t i o n b e h a v i o r o f d i l u t e s o l u t i o n s o f 
a m y l o s e has been i n v e s t i g a t e d u s i n g a r a n g e o f p h y s i c o - c h e m i c a l 
t e c h n i q u e s i n c l u d i n g t o t a l i n t e n s i t y l i g h t s c a t t e r i n g , 
q u a s i - e l a s t i c l i g h t s c a t t e r i n g and v i s c o m e t r y . R e s e a r c h up u n t i l 
1975 has been r e v i e w e d by Banks and Greenwood ( 3 7 ) . The a m y l o s e s 
s t u d i e d have e i t h e r been e x t r a c t e d f r o m raw g r a n u l a r s t a r c h (38.39) 
o r more p r e f e r a b l y (40) t h e y have been e n z y m i c a l l y s y n t h e s i z e d . In 
t h e l a t t e r c a s e t h e y a r e m o n o d i s p e r s e and l i n e a r , t h e r e b y a v o i d i n g 
t h e i n t e r p r e t i v e p r o b l e m s c a u s e d by p o l y d i s p e r s i t y and l i m i t e d 
c h a i n b r a n c h i n g . T h e r e i s a g r o w i n g c o n s e n s u s i n p u b l i s h e d work 
( 4 1 ) . F i r s t l y , w a t e r a t a m b i e n t t e m p e r a t u r e s i s an i n d i f f e r e n t 
s o l v e n t f o r a m y l o s e , w h i c h w i l l p r e c i p i t a t e even f r o m d i l u t e 
s o l u t i o n s . S e c o n d l y t h e l i n e a r d e p e n d e n c e o f m o l e c u l a r w e i g h t , M, 
on t h e s q u a r e o f r a d i u s o f g y r a t i o n , Rg and t h e s q u a r e r o o t o f 
d i f f u s i o n c o e f f i c i e n t , Dt, and i n t r i n s i c v i s c o s i t y i n d i c a t e s t h a t 
a m y l o s e i n n e u t r a l aqueous s o l u t i o n b e h a v e s as a n o n - f r e e d r a i n i n g 
f l e x i b l e c o i l . A d d i t i o n a l l y t h e s e measurements p r o v i d e i n f o r m a t i o n 
on t h e l o c a l s t i f f n e s s o f t h e p o l y m e r c h a i n . V a l u e s o f t h e 
c h a r a c t e r i s t i c r a t i o f o r a m y l o s e d e f i n e d as 

C - 6 < RQ> (3) 
<n> l 2 

where η i s t h e d e g r e e o f p o l y m e r i z a t i o n and 1 t h e l e n g t h o f t h e 
monomer u n i t , a r e i n t h e r a n g e 4.5 - 5.9. T h i s v a l u e i s c o m p a r a b l e 
t o t h a t f o u n d f o r s y n t h e t i c p o l y m e r s w h i c h a d o p t f l e x i b l e 
c o n f o r m a t i o n s i n s o l u t i o n . I n f o r m a t i o n on p o l y d i s p e r s i t y c a n be 
o b t a i n e d (38) by c o m p a r i n g t h e a v e r a g e q u a n t i t i e s Rw, Rg, and D T. 
The r e c e n t u s e o f l i g h t s c a t t e r i n g d e t e c t o r s w i t h g e l p e r m e a t i o n 
c h r o m a t o g r a p h y has become t h e p r e f e r r e d method f o r o b t a i n i n g 
m o l e c u l a r w e i g h t d i s t r i b u t i o n s ( 4 2 ) . W h i l e a m y l o s e i n n e u t r a l 
a queous s o l u t i o n b e h a v e s as a f l e x i b l e c o i l i t i s a c c e p t e d f r o m 
m o l e c u l a r m o d e l i n g s t u d i e s (43) t h a t s u c c e s s i v e r e s i d u e s have a 
p r e f e r r e d o r i e n t a t i o n w i t h r e s p e c t t o e a c h o t h e r . I f t h e p r e f e r r e d 
o r i e n t a t i o n p e r s i s t s o v e r many r e s i d u e s a h e l i x i s g e n e r a t e d . A t 
any i n s t a n t t h e r e f o r e , i n t h e c o n s t a n t l y f l u c t u a t i n g s t r u c t u r e o f 
t h e a m y l o s e c h a i n , p a r t s o f t h i s s t r u c t u r e may have a h e l i c a l 
c o n f o r m a t i o n . 

W h i l e t h e r e has been s u s t a i n e d r e s e a r c h on t h e s o l u t i o n 
p r o p e r t i e s o f a m y l o s e , t h e s o l u t i o n b e h a v i o r o f l i n e a r d e x t r i n s has 
been l e s s i n v e s t i g a t e d . F o r t h e s e m o l e c u l e s l i g h t s c a t t e r i n g 
s t u d i e s become more d i f f i c u l t as t h e i n t e n s i t y o f t h e l i g h t 
s c a t t e r e d by t h e d e x t r i n i s much l e s s t h a n t h a t o f t h e 
m a c r o m o l e c u l e . Y i s c o m e t r i c s t u d i e s have, however, been p e r f o r m e d 
b o t h on d i l u t e and c o n c e n t r a t e d s o l u t i o n s . F o r t h e d i l u t e s o l u t i o n s 
i t i s p o s s i b l e t o o b t a i n by e x t r a p o l a t i o n v a l u e s o f t h e i n t r i n s i c 
v i s c o s i t y . One a p p r o a c h (44-46) t o i n t e r p r e t i n g t h i s v a l u e i s t o 
c o n s i d e r t h e d e x t r i n as a p a r t i c l e immersed i n a c o n t i n u o u s f l u i d . 
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I t c a n be d e s c r i b e d by t h e r e l a t i o n s h i p f o r t h e v i s c o s i t y o f d i l u t e 
s u s p e n s i o n s 

1 - ri0(l + νφ) (4) 

where η i s t h e v i s c o s i t y o f t h e s o l u t i o n , η t h e v i s c o s i t y o f t h e 
s o l v e n t φ t h e volume f r a c t i o n o f t h e p a r t i c l e and ν a c o n s t a n t 
d e p e n d i n g on p a r t i c l e asymmetry, h a v i n g a v a l u e o f 2.5 f o r 
s p h e r i c a l p a r t i c l e s . I t i s q u e s t i o n a b l e w h e t h e r t h i s a p p r o a c h i s 
a p p r o p r i a t e when t h e s i z e o f t h e s o l u t e p a r t i c l e i s a p p r o a c h i n g 
t h a t o f t h e s o l v e n t . N e v e r t h e l e s s i t f o r m s a u s e f u l s t a r t i n g p o i n t . 
T a b l e ( I I ) shows a c o m p a r i s o n o f t h e i n t r i n s i c v i s c o s i t i e s f o r 
m a l t o s e t h r o u g h t o m a l t o h e x a o s e (L.Botham, P.S.Bel t o n , S.G.Ring, 
u n p u b l i s h e d d a t a ) and f o r a d e x t r i n o f DP18. T h e s e a r e compared 
w i t h t h e v a l u e s o b t a i n e d f o r c e l l o d e x t r i n s ( 4 4 . 4 5 ) . 
T a b l e I I . I n t r i n s i c v i s c o s i t i e s o f m a l t o and c e l l o d e x t r i n s 
( 2 i * 4 0 ) 

[η] 25°C (ml/g) [η] 25°C (ml/g) 

D - G l u c o s e 2.5 
M a l t o s e 2.6 C e l l o b i o s e 2.74 
M a l t o t r i o s e 2.7 C e l l o t r i o s e 3.03 
M a l t o h e x a o s e 3.6 C e l l o h e x a o s e 4.70 
D e x t r i n (DP18) 6.0 

T a b l e I I I . E v a l u a t i o n o f h y d r a t e d volumes and a s y m m e t r i e s o f 
m a l t o - d e x t r i n s 

Assume S p h e r i c a l Assume no h y d r a t i o n 
S p e c i f i c volume/g c a r b o h y d r a t e C o n s t a n t i / , ( s e e Eq. 1) 

D - G l u c o s e 1.0 4.0 
H a l t o s e 1.04 4.1 
M a l t o t r i o s e 1.08 4.3 
M a l t o h e x a o s e 1.44 5.7 

A t a f i x e d DP t h e i n t r i n s i c v i s c o s i t i e s o f t h e m a l t o d e x t r i n s 
a r e l e s s t h a n t h o s e o f t h e c e l l o d e x t r i n s . I f i t i s assumed t h a t t h e 
p a r t i a l m o l a r volume a c c u r a t e l y d e s c r i b e s t h e volume o c c u p i e d by 
t h e " s o l u t e p a r t i c l e " t h e n i t 1s p o s s i b l e t o o b t a i n I n f o r m a t i o n on 
p a r t i c l e s hape t h r o u g h c a l c u l a t i o n o f t h e v a l u e o f v. A l t e r n a t i v e l y 
a s p h e r i c a l s h a p e may be assumed and a volume c a l c u l a t e d w h i c h 
r e p r e s e n t s t h e e f f e c t i v e h y d r o d y n a m i c volume o f t h e m a l t o - o l i g o m e r 
and " a s s o c i a t e d " w a t e r m o l e c u l e s ( t a b l e I I I ) . F o r example, t h e 
e x t r a p o l a t e d i n t r i n s i c v i s c o s i t y o f m a l t o h e x a o s e i n w a t e r a t 25°C i s 
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3.6 m l / g , a s s u m i n g a s p h e r i c a l s h a p e . The s p e c i f i c volume o f t h e 
m a l t o h e x a o s e i s 1.44 ml/g c a r b o h y d r a t e , i n d i c a t i n g t h a t t h e 
e f f e c t i v e h y d r o d y n a m i c volume o f t h e h e x a o s e c o n t a i n s 40 - 50 
w a t e r m o l e c u l e s . 

A l t e r n a t i v e l y , i t c a n be assumed t h a t t h e r e i s no h y d r a t i n g 
w a t e r and t h e i n c r e a s e i n i n t r i n s i c v i s c o s i t y o v e r t h a t e x p e c t e d 
f o r s p h e r i c a l p a r t i c l e s i s e n t i r e l y due t o p a r t i c l e asymmetry. F o r 
t h e m a l t o - o l i g o m e r s t h e c o n s t a n t ν r a n g e s f r o m 4.1 t o 5.7, on g o i n g 
f r o m d i m e r t o hexamer and has a v a l u e o f 4 f o r t h e monomer. T h i s 
w o u l d i n d i c a t e a x i a l r a t i o s i n t h e r a n g e 3-4 ( 4 7 ) , w h i c h w h i l e 
p l a u s i b l e f o r t h e h i g h e r o l i g o m e r s w o u l d n o t be c o n s i s t e n t w i t h t h e 
a x i a l r a t i o o f t h e g l u c o s e m o l e c u l e ( 4 4 . 4 5 ) . The i n c r e a s e i n 
s p e c i f i c volume on g o i n g f r o m g l u c o s e t o m a l t o h e x a o s e a l s o 
i n d i c a t e s t h a t h y d r a t i o n a l o n e c a n n o t a c c o u n t f o r t h e o b s e r v e d 
v a l u e s o f i n t r i n s i c v i s c o s i t y . From t h e s t u d y o f d i f f u s i v e and 
v i s c o u s b e h a v i o r i t has been p o s s i b l e t o i s o l a t e t h e s e e f f e c t s f o r 
t h e c e l l o d e x t r i n s . F o r t h e m a l t o d e x t r i n s c u r r e n t e x p e r i m e n t s 
i n d i c a t e t h a t h y d r a t i o n and asymmetry i n f l u e n c e d i l u t e s o l u t i o n 
v i s c o s i t y . The l o w e r v a l u e s o f i n t r i n s i c v i s c o s i t y f o r 
m a l t o d e x t r i n s when compared w i t h t h e e q u i v a l e n t c e l l o d e x t r i n 
i n d i c a t e t h a t t h e f o r m e r have a l e s s e x t e n d e d c o n f o r m a t i o n i n 
s o l u t i o n . 

I t i s a l s o o f i n t e r e s t t o examine t h e v i s c o u s b e h a v i o r a t 
h i g h e r c o n c e n t r a t i o n s . In an i n v e s t i g a t i o n o f t h e aqueous s o l u t i o n 
v i s c o s i t i e s o f aqueous s o l u t i o n s o f f r u c t o s e , g l u c o s e and s u c r o s e 
(4S) i t was f o u n d t h a t t h e m easured v i s c o s i t y had an e x p o n e n t i a l 
d e p e n d e n c e on mole f r a c t i o n o f s a c c h a r i d e . A u s e f u l c o r r e l a t i o n was 
f o u n d o f t h e f o r m 

U ( x ) - a e x p [ f c V ( x ) ] (5) 
where V ( x ) » ( l - x ) V e + x V m where α and κ a r e c o n s t a n t s and Vs and Vm 
r e f e r t o t h e m o l a r v o lumes o f s o l v e n t and s o l u t e r e s p e c t i v e l y . 
U s i n g t h e same a p p r o a c h (L.Botham, P . S . B e l t o n , S.G.Ring, 
u n p u b l i s h e d d a t a ) t h e s o l u t i o n b e h a v i o r o f t h e m a l t o - o l i g o m e r s was 
e x a m i n e d and a r e shown i n f i g u r e 2 where l o g v i s c o s i t y i s p l o t t e d 
as a f u n c t i o n o f V ( x ) . The r e l a t i o n s h i p shown i n E q . ( 5 ) d e s c r i b e s 
t h e v i s c o u s b e h a v i o r o f t h e m a l t o - o l i g o m e r s and D - g l u c o s e . I t 
d e m o n s t r a t e s t h a t t h e main d e t e r m i n a n t o f s o l u t i o n v i s c o s i t y i n 
t h i s c o n c e n t r a t i o n r a n g e i s r e l a t e d t o t h e volume o c c u p i e d by t h e 
s a c c h a r i d e ; p a r t i c l e a s s y m e t r y has a s m a l l e r i n f l u e n c e . W i t h 
i n c r e a s i n g c o n c e n t r a t i o n t h e v i s c o s i t y o f t h e s o l u t i o n w i l l 
i n c r e a s e ; t h e v i s c o s i t y o f g l a s s y m a t e r i a l s i s t h o u g h t t o be » 1 0 1 2 -
1 0 1 3 Pa s " 1 . As t h e g l a s s t r a n s i t i o n t e m p e r a t u r e o f t h e 
m a l t o - o l i g o m e r s c h a n g e s by 80K on g o i n g f r o m d i m e r t o hexamer i t i s 
t o be e x p e c t e d t h a t t h e v i s c o u s b e h a v i o r o f t h e m a l t o - o l i g o m e r s 
w i l l d i v e r g e , f r o m t h a t p r e s e n t e d i n f i g u r e 2, a t h i g h e r 
c o n c e n t r a t i o n s . 
C o m p l e x a t i o n 
L i n e a r D e x t r i n s . B o t h l i n e a r and c y c l i c m a l t o d e x t r i n s i n aqueous 
s o l u t i o n c a n f o r m m o l e c u l a r c o m p l e x e s w i t h o t h e r s m a l l m o l e c u l e s , 
p o s s i b l y t h e most commonly known example b e i n g t h e b l u e 
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F i g u r e 2. P l o t o f l o g v i s c o s i t y v e r s u s V ( x ) ( f o r e x p l a n a t i o n s e e 
t e x t ) f o r D - g l u c o s e ( • ) , m a l t o s e ( • ) , and m a l t o h e x a o s e ( · ) . D
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i o d i n e - a m y l o s e complex. A w i d e r a n g e o f o r g a n i c m o l e c u l e s e x h i b i t 
t h i s c o m p l e x a t i o n b e h a v i o r , i n c l u d i n g f r e e f a t t y a c i d s and t h e i r 
s a l t s ( 4 9 ) , l i n e a r and b r a n c h e d a l c o h o l s (5Q)> m o n o - g l y c e r i d e s and 
o t h e r c o m m e r c i a l e m u l s i f i e r s (51), l y s o l e c i t h i n s and even s m a l l e r 
m o l e c u l e s s u c h as d i m e t h y l s u l p h o x i d e ( 5 2 ) , t h e 4 - n i t r o p h e n o l a t e 
i o n , t h e dye m e t h y l o r a n g e and cr - n a p h t h o l (51). The g e n e r a l 
r e q u i r e m e n t f o r a good c o m p l e x i n g a g e n t a p p e a r s t o be a 
h y d r o p h o b i c , non p o l a r g r o u p a t t a c h e d t o a more p o l a r m o i e t y , 
a l t h o u g h i o d i n e f o r m s an e x c e p t i o n t o t h i s r u l e . I o d i n e , however i s 
f a i r l y h y d r o p h o b i c i n c h a r a c t e r and i t i s t h o u g h t t o be t h e 
p o l y i o d i d e i o n r a t h e r t h a n i o d i n e i t s e l f w h i c h c o m p l e x e s w i t h 
a m y l o s e i n s o l u t i o n . F o r a l i n e a r o l i g o m e r , t h e r e q u i r e m e n t f o r 
complex f o r m a t i o n i s a c h a i n l e n g t h o f g r e a t e r t h a n 5 u n i t s ( M ) . 
C y c l i c o l i g o m e r s ( c y c l o d e x t r i n s ) do n o t e x i s t w i t h f e w e r t h a n 6 
g l u c o s e u n i t s , p r e s u m a b l y due t o s t e r i c e f f e c t s p r o d u c i n g a h i g h l y 
s t r a i n e d s t r u c t u r e . The b r a n c h e d m o l e c u l e a m y l o p e c t i n may complex 
t o a l i m i t e d e x t e n t , b u t i t does n o t g e n e r a l l y e x h i b i t t h e 
p r o n o u n c e d c h a n g e s i n m o l e c u l a r p r o p e r t i e s s e e n w i t h l i n e a r 
o l i g o m e r s . In g e n e r a l t h e c o m p l e x e s a r e n o t s t a b l e i n s o l u t i o n , 
p r e c i p i t a t i n g o u t a f t e r a p e r i o d o f t i m e w h i c h d e p e n d s on a v a r i e t y 
o f f a c t o r s i n c l u d i n g t e m p e r a t u r e , c o n c e n t r a t i o n and d e g r e e o f 
p o l y m e r i z a t i o n o f amylo s e o l i g o m e r and t h e n a t u r e o f t h e c o m p l e x i n g 
m o l e c u l e . 

The o c c u r e n c e o f c o m p l e x a t i o n w i t h c e r t a i n m o l e c u l e s i s 
i m m e d i a t e l y a p p a r e n t . F o r example, w i t h s t a r c h t h e r e 1s an 
im m e d i a t e c o l o r change on a d d i t i o n o f i o d i n e . S i m i l a r l y t h e 
s p e c t r u m o f m e t h y l o r a n g e s h i f t s when a l i n e a r m a l t o d e x t r i n DP20 i s 
added ( f i g u r e 3 ) . F o r o t h e r m o l e c u l e s , c o m p l e x a t i o n i n s o l u t i o n i s 
n o t o b s e r v a b l e v i s u a l l y and must be i n f e r r e d u s i n g o t h e r 
t e c h n i q u e s . The c o n f o r m a t i o n o f l i n e a r a m y l o s e o l i g o m e r s i n aqueous 
s o l u t i o n i s now w i d e l y a c c e p t e d t o be t h a t o f a f l e x i b l e c o i l . 
C o m p l e x a t i o n i n d u c e s a c o i l - h e l i x t r a n s i t i o n w h i c h c a n be 
m o n i t o r e d , f o r example, by m e a s u r i n g t h e o p t i c a l r o t a t i o n o r 
v i s c o s i t y o f t h e s o l u t i o n ( 5 5 ) . V e r y e a r l y e x p e r i m e n t s on f l o w 
d i c h r o i s m o f a m y l o s e - i o d i n e s o l u t i o n s s u g g e s t e d t h a t a m y l o s e a d o p t s 
a h e l i c a l c o n f o r m a t i o n on c o m p l e x a t i o n , w i t h t h e i o d i n e m o l e c u l e s 
o c c u p y i n g t h e c e n t r a l c o r e o f t h e h e l i x (56). T h i s model has s i n c e 
been c o n f i r m e d by o t h e r t e c h n i q u e s s u c h as NMR (51). 

W h i l s t a c o i l - h e l i x t r a n s i t i o n i s g e n e r a l l y b e l i e v e d t o o c c u r 
on c o m p l e x a t i o n due t o e n c a p s u l a t i o n o f t h e g u e s t , o t h e r 
e x p l a n a t i o n s have been p u t f o r w a r d t o a c c o u n t f o r t h e o b s e r v e d 
c h a n g e s . One i s t h a t a m y l o s e e x i s t s i n s o l u t i o n as l o o s e h e l i c e s 
w h i c h t h e n c o n t r a c t on e n t r a p m e n t o f i o d i n e (5Ζ)· A n o t h e r i s t h a t 
t h e g u e s t m o l e c u l e a f f e c t s t h e s o l v e n t s t r u c t u r e ( i n t h i s c a s e 
w a t e r ) t h u s a f f e c t i n g t h e s o l u t e c o n f o r m a t i o n ( i n t h i s c a s e t h e 
l i n e a r a m y l o d e x t r i n ) . The f o r m e r h y p o t h e s i s i s u n l i k e l y i n v i e w o f 
t h e o p t i c a l r o t a t i o n c hange w h i c h a c c o m p a n i e s t h e c o m p l e x a t i o n 
p r o c e s s ; t h e l a t t e r , h o w e v e r , s h o u l d n o t be d i s r e g a r d e d . 
I n t e r e s t i n g l y , o p t i c a l r o t a t i o n s t u d i e s a p p e a r t o f a v o r a 
r i g h t - h a n d e d h e l i c a l s t r u c t u r e i n s o l u t i o n (5S), compared t o t h e 
l e f t - h a n d e d s t r u c t u r e p r e d i c t e d by X - r a y d i f f r a c t i o n o f c r y s t a l l i n e 
a m y l o s e c o m p l e x e s . 

The d r i v i n g f o r c e s b e h i n d t h e c o m p l e x a t i o n p r o c e s s a r e s t i l l 
n o t c o m p l e t e l y u n d e r s t o o d . The h y d r o p h o b i c e f f e c t w o u l d a p p e a r t o 
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be a m a j o r I n f l u e n c e . A g a i n i n e n t r o p y b e i n g a c h i e v e d by t h e 
r e m o v a l o f h y d r o p h o b i c s o l u t e s f r o m t h e aqueous s o l v e n t t o t h e l e s s 
p o l a r , n o n - h y d r o g e n b o n d i n g h e l i x I n t e r i o r . S u r f a c e t e n s i o n s t u d i e s 
s u p p o r t t h i s t h e o r y ; a d d i t i o n o f a l i n e a r m a l t o d e x t r i n i n c r e a s e s 
t h e s u r f a c e t e n s i o n o f a s o l u t i o n o f SDS ( s o d i u m d o d e c y l s u l p h a t e ) 
( f i g u r e 4 ) , e f f e c t i v e l y r e m o v i n g t h e SDS m o l e c u l e s f r o m s o l u t i o n 
and p r e v e n t i n g t h e i r s u r f a c e a c t i v i t y . A n o t h e r f o r m o f i n t e r a c t i o n 
between g u e s t and h o s t m o l e c u l e m i g h t be e l e c t r o s t a t i c i n n a t u r e , 
i n t h e f o r m o f d i p o l e - d i p o l e i n t e r a c t i o n (42). The a m y l o s e h e l i x 
must p o s s e s s a d i p o l e moment as a r e s u l t o f t h e c o m b i n e d d i p o l e 
moments o f e a c h o f i t s c o n s t i t u e n t g l u c o s e u n i t s . G u e s t m o l e c u l e s 
m i g h t t h e n be o r i e n t e d w i t h i n t h e h e l i x , t h e i r own d i p o l e s d i r e c t e d 
a n t l p a r a l l e l t o t h a t o f t h e h e l i x . In t h e c a s e o f i o d i n e , w h i c h has 
no permanent d i p o l e , t h e h i g h m o l e c u l a r p o l a r i z a b i l i t y m i g h t l e a d 
t o d i p o l e - i n d u c e d d i p o l e i n t e r a c t i o n s between h e l i x and g u e s t 
m o l e c u l e . F a c t o r s a f f e c t i n g s t a b i l i t y o f c o m p l e x e s may a l s o 
i n d i c a t e t h e t y p e o f i n t e r a c t i o n s w h i c h l e a d t o c o m p l e x f o r m a t i o n . 
S e v e r a l s t u d i e s have shown t h a t an i n c r e a s e i n h y d r o c a r b o n c h a i n 
l e n g t h o f t h e g u e s t m o l e c u l e r e s u l t s i n a h i g h e r m e l t i n g 
t e m p e r a t u r e f o r t h e complex. The i n c r e a s e d t h e r m a l s t a b i l i t y may be 
due e i t h e r t o a g r e a t e r h y d r o p h o b i c e f f e c t , o r p e r h a p s t o an 
i n c r e a s e i n van d e r Waal s i n t e r a c t i o n between t h e l o n g e r 
h y d r o c a r b o n c h a i n and t h e s u r r o u n d i n g h e l i x . The e f f e c t o f t h e 
f u n c t i o n a l g r o u p , o r p o l a r p a r t o f t h e g u e s t m o l e c u l e i s l e s s w e l l 
d o cumented. T h e r e i s some e v i d e n c e , however, t h a t i t i s t h e 
e l e c t r o s t a t i c c h a r g e r a t h e r t h a n t h e s p e c i f i c g r o u p w h i c h 
d e t e r m i n e s s t a b i l i t y o f c o m p l e x e s , n e u t r a l i z e d f a t t y a c i d c o m p l e x e s 
s h o w i n g q u i t e d i f f e r e n t m e l t i n g b e h a v i o r f r o m t h a t o f t h e i r c h a r g e d 
c o u n t e r p a r t s ( 5 0 ) . The o l i g o s a c c h a r i d e c h a i n l e n g t h a l s o has an 
i m p o r t a n t i n f l u e n c e on complex f o r m a t i o n . Once a g a i n , an 
i m m e d i a t e l y o b s e r v a b l e e f f e c t i s t h e c o l o r o f i o d i n e c o m p l e x e s w i t h 
a m y l o s e o l i g o m e r s o f v a r y i n g d e g r e e s o f p o l y m e r i z a t i o n . The c o l o r 
v a r i e s f r o m r e d ( f o r DP15) t h r o u g h p u r p l e ( f o r DP50) t o b l u e ( f o r 
DP 1 0 0 ) . No c o l o r i s o b s e r v e d f o r DP 12 (52). The i o d i n e b i n d i n g 
c a p a c i t y , m easured as w e i g h t o f i o d i n e bound p e r w e i g h t o f 
o l i g o s a c c h a r i d e i n c r e a s e s w i t h o l i g o m e r c h a i n l e n g t h , a l t h o u g h 
above DP100 i t c h a n g e s v e r y s l o w l y ( 6 0 ) . D i s s o c i a t i o n c o n s t a n t s and 
s t o i c h i o m e t r y o f t h e i n c l u s i o n c o m p l e x e s a r e d i f f i c u l t t o d e t e r m i n e 
f o r s e v e r a l r e a s o n s . F i r s t l y , b i n d i n g a p p e a r s t o be c o o p e r a t i v e f o r 
l o n g e r o l i g o m e r s o f a m y l o s e , so a s i n g l e b i n d i n g o r d i s s o c i a t i o n 
c o n s t a n t i s n o t s u f f i c i e n t t o c h a r a c t e r i z e t h e i n t e r a c t i o n . 
S e c o n d l y , i t i s d i f f i c u l t t o i s o l a t e p u r e s a m p l e s o f complex t o 
d e t e r m i n e s t o i c h i o m e t r y s i n c e w a s h i n g t h e s o l i d p r e c i p i t a t e ( i n 
o r d e r t o remove e x c e s s c o m p l e x i n g a g e n t ) 1s l i k e l y a l s o t o remove 
c o m p l e x e d m o l e c u l e s . R e c e n t l y a s u r f a c e t e n s i o n and o p t i c a l 
r o t a t i o n s t u d y p r o v i d e d e v i d e n c e t h a t more t h a n one c o o p e r a t i v e 
p r o c e s s t a k e p l a c e on b i n d i n g o f f a t t y a c i d t o a m y l o s e . The f i r s t , 
a t l ow f a t t y a c i d c o n c e n t r a t i o n , was c l a i m e d t o I n d u c e a c o m p l e t e 
c o i l - h e l i x t r a n s i t i o n ; t h e s e c o n d mode o f b i n d i n g was l e s s c l e a r 
(61) . P r e v i o u s p o t e n t i o m e t r i c s t u d i e s i n d i c a t e d t h a t 
n o n - c o o p e r a t i v e b i n d i n g , i n t h i s c a s e o f s o d i u m d o d e c y l s u l p h a t e , 
d o m i n a t e d f o r DP 57 whereas f o r DP 76 c o o p e r a t i v i t y was o b s e r v e d 
(62) . Thus i t may be p o s s i b l e f o r f u t u r e i n v e s t i g a t i o n s t o 
c h a r a c t e r i z e t h e b i n d i n g b e h a v i o r more f u l l y f o r a w i d e r v a r i e t y o f 
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F i g u r e 3. P l o t o f a b s o r b a n c e v e r s u s w a v e l e n g t h f o r m e t h y l o r a n g e 
( 2 . 9 x l 0 " 5 M ) w i t h (•) added d e x t r i n (0.8 mM) and w i t h o u t ( · ) . 
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4. P l o t o f s u r f a c e t e n s i o n v e r s u s c o n c e n t r a t i o n o f SDS 

(•) and w i t h added a m y l o s e 5mg/ml ( • ) . 
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c o m p l e x i n g m o l e c u l e s . D e t e r m i n a t i o n s o f complex s t o i c h i o m e t r y have 
been c a r r i e d o u t by m o n i t o r i n g v i s c o s i t y c h a n g e s w i t h i n c r e a s i n g 
amounts o f f a t t y a c i d added t o an am y l o s e s o l u t i o n , and u s i n g e t h e r 
e x t r a c t i o n t o d e t e r m i n e c o m p l e x e d l i p i d ( 6 3 ) . The r e s u l t s showed 
t h a t s a t u r a t i o n o f t h e am y l o s e h e l i c e s o c c u r e d , a t a r a t i o o f f a t t y 
a c i d t o a m y l o s e w h i c h c o u l d be p r e d i c t e d f r o m t h e c h a i n l e n g t h o f 
t h e f a t t y a c i d . Such a r e l a t i o n s h i p w o u l d t e n d t o s u p p o r t t h e 
t h e o r y t h a t t h e f a t t y a c i d m o l e c u l e s a r e , i n d e e d , p r e s e n t w i t h i n 
t h e a m y l o s e h e l i c e s . 
C v c l o d e x t r i n s . C y c l o d e x t r i n s , l i k e l i n e a r m a l t o d e x t r i n s , a r e 
c a p a b l e o f c o m p l e x a t i o n w i t h a v a r i e t y o f g u e s t m o l e c u l e s i n 
s o l u t i o n . U n l i k e t h e i r l i n e a r c o u n t e r p a r t s , c y c l o d e x t r i n s have been 
t h e s u b j e c t o f e x t e n s i v e r e s e a r c h , d r i v e n l a r g e l y by t h e i r 
p o t e n t i a l as m o l e c u l a r e n c a p s u l a t i n g a g e n t s and as m o d e l s f o r t h e 
s t u d y o f m o l e c u l a r r e c o g n i t i o n p r o c e s s e s . M o l e c u l e s r e p o r t e d t o 
f o r m c o m p l e x e s w i t h c y c l o d e x t r i n s i n c l u d e d r u g s , hormones, dye 
m o l e c u l e s , f l a v o r i n g s , p e s t i c i d e s and i n s e c t i c i d e s . R e c e n t r e v i e w s 
g i v e an up t o d a t e a c c o u n t o f t h e c o m p l e x a t i o n b e h a v i o r o f 
c y c l o d e x t r i n s and t h e i r t e c h n o l o g i c a l u s e i n p r o c e s s e s s u c h as 
d e c a f f e i n a t i o n o f c o f f e e and remov a l o f b i t t e r components f r o m 
f r u i t j u i c e s ( 6 4 . 6 5 ) . The most commonly f o u n d c y c l o d e x t r i n s a r e 
t h o s e c o n t a i n i n g 6,7 o r 8 g l u c o s e u n i t s j o i n e d by t h e same or, 1-4 
l i n k a g e s w h i c h f o r m l i n e a r m a l t o d e x t r i n . The m a j o r d i f f e r e n c e 
between c y c l i c and l i n e a r d e x t r i n s i s t h a t w h i l s t c y c l o d e x t r i n s a r e 
c o n s t r a i n e d t o t h e w e l l known 'doughnut' c o n f o r m a t i o n w i t h l i t t l e 
i n t r a m o l e c u l a r f l e x i b i l i t y , l i n e a r o l i g o m e r s i n s o l u t i o n have 
c o n s i d e r a b l e c o n f o r m a t i o n a l m o b i l i t y . T h e h e l i c a l c o n f o r m a t i o n 
a d o p t e d by l i n e a r c h a i n s i n t h e p r e s e n c e o f c o m p l e x i n g m o l e c u l e s 
r e s e m b l e s more c l o s e l y t h a t o f t h e c y c l o d e x t r i n , where t h e i n t e r i o r 
c a v i t y i s l e s s p o l a r t h a n t h e e x t e r i o r s u r f a c e , b e i n g more o r l e s s 
d e v o i d o f h y d r o x y l g r o u p s . T h i s s i m i l a r i t y s u g g e s t s t h a t a t l e a s t 
p a r t o f t h e mechanism o f i n t e r a c t i o n between h o s t and g u e s t 
m o l e c u l e may be common t o b o t h c y c l i c and l i n e a r g l u c a n s . Due t o 
t h e w i d e v a r i e t y o f m o l e c u l e s w h i c h a r e a b l e t o f o r m c o m p l e x e s w i t h 
c y c l o d e x t r i n s , i t i s u n l i k e l y t h a t a s i n g l e e f f e c t i s r e s p o n s i b l e 
f o r t h e i n t e r a c t i o n . A number o f i n t e r a c t i o n mechanisms have been 
s u g g e s t e d , t h e m a j o r i t y i n v o l v i n g w a t e r e i t h e r as a s o l v e n t o r as a 
h i g h e n t h a l p y f o r m w i t h i n t h e n o n - p o l a r c y c l o d e x t r i n c a v i t y . The 
p o s s i b l e d r i v i n g f o r c e s f o r c o m p l e x a t i o n i n c l u d e t h e h y d r o p h o b i c 
e f f e c t ( r e m o v a l o f n o n - p o l a r c o m p l e x i n g m o l e c u l e s f r o m t h e aqueous 
s o l v e n t p r o d u c i n g an i n c r e a s e i n e n t r o p y o f t h e w a t e r m o l e c u l e s ) 
and t h e e f f e c t o f r e t u r n i n g t h e h i g h e n t h a l p y w a t e r w i t h i n t h e 
c a v i t y t o t h e b u l k p h a s e and r e p l a c i n g i t w i t h t h e g u e s t m o l e c u l e . 
The h y d r o p h o b i c e f f e c t i s l i k e l y t o be common t o b o t h l i n e a r and 
c y c l i c m a l t o d e x t r i n c o m p l e x a t i o n b u t t h e c o n c e p t o f h i g h e n t h a l p y 
w a t e r i s l e s s v a l i d f o r t h e l i n e a r d e x t r i n , s i n c e i n aqueous 
s o l u t i o n i t f o r m s no permanent c a v i t y . 

The h i g h e n t h a l p y w a t e r t h e o r y may e x p l a i n , a t l e a s t i n p a r t , 
t h e r e a s o n why c y c l o d e x t r i n s t e n d t o have h i g h e r a f f i n i t i e s f o r 
g u e s t m o l e c u l e s t h a n do l i n e a r d e x t r i n s . A n o t h e r r e a s o n may be t h a t 
o f s t r a i n r e l a x a t i o n w i t h i n c y c l o d e x t r i n m o l e c u l e s . S a e n g e r has 
s u g g e s t e d (66) t h a t i n a c y c l o d e x t r i n t h e uncomplexed m o l e c u l e i s 
i n a s l i g h t l y s t r a i n e d c o n f o r m a t i o n due t o r o t a t i o n o f one o f t h e 
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g l u c o s e u n i t s . On c o m p l e x a t i o n t h i s s t r a i n i s r e l e a s e d . The s t r a i n 
e n e r g y p r o b a b l y has o n l y a s m a l l i n f l u e n c e on c o m p l e x a t i o n , 
however, s i n c e no o t h e r c y c l o d e x t r i n m o l e c u l e s a p p e a r t o have a 
s t r a i n e d c o n f o r m a t i o n , y e t t h e i r complex f o r m i n g a b i l i t i e s a r e 
c o m p a r a b l e t o t h o s e o f a c y c l o d e x t r i n . In a d d i t i o n t o t h e 
h y d r o p h o b i c e f f e c t , a n o t h e r i n t e r a c t i o n mechanism l i k e l y t o be 
common t o b o t h l i n e a r and c y c l i c d e x t r i n s i s t h e d i p o l e - d i p o l e 
i n t e r a c t i o n . Q u i t e a l a r g e d i p o l e moment has been c a l c u l a t e d f o r a 
c y c l o d e x t r i n (fiZ)> so g u e s t m o l e c u l e s may o r i e n t t h e m s e l v e s i n s i d e 
t h e c y c l o d e x t r i n c a v i t y w i t h t h e i r own d i p o l e moment o r i e n t e d 
a n t i p a r a l l e l t o t h a t o f t h e c y c l o d e x t r i n m o l e c u l e , w i t h a r e s u l t i n g 
a t t r a c t i v e d i p o l e - d i p o l e f o r c e . In c a s e s where t h e g u e s t m o l e c u l e 
has no permanent d i p o l e moment, i t s p o l a r i z a b i l i t y w i l l d e t e r m i n e 
t h e s i z e o f d i p o l e moment i n d u c e d by t h e permanent d i p o l e o f t h e 
c y c l o d e x t r i n m o l e c u l e and t h u s i n f l u e n c e t h e s t r e n g t h o f 
i n t e r a c t i o n between t h e two. Van d e r Waal s' f o r c e s , i n c l u d i n g b o t h 
d i p o l e - d i p o l e i n t e r a c t i o n and London d i s p e r s i o n f o r c e s , a r e t h u s 
l i k e l y t o p l a y a p a r t i n t h e i n c l u s i o n p r o c e s s . E v i d e n c e f o r t h i s 
comes f r o m t h e f a r g r e a t e r a f f i n i t y o f α c y c l o d e x t r i n f o r t h e 
4 - n i t r o p h e n o l a t e a n i o n t h a n f o r 4 - n i t r o p h e n o l (68) L i n e a r 
m a l t o d e x t r i n h e l i c e s p r e s u m a b l y a l s o p o s s e s s a d i p o l e moment, 
a l t h o u g h t h e e f f e c t m i g h t be e x p e c t e d t o be s m a l l e r t h a n t h a t o f 
t h e c y c l o d e x t r i n due t o t h e more e x t e n d e d f o r m o f t h e l i n e a r 
m a l t o d e x t r i n . 

A c l o s e s p a t i a l f i t between c y c l o d e x t r i n and g u e s t m o l e c u l e i s 
g e n e r a l l y r e c o g n i z e d as i m p o r t a n t f o r good c o m p l e x a t i o n , w h i c h 
s u p p o r t s t h e e v i d e n c e t h a t van d e r Waal s' i n t e r a c t i o n s , w h i c h a r e 
s h o r t r a n g e , may s t a b i l i z e t h e compl e x . B e c a u s e o f t h i s r e q u i r e m e n t 
f o r a c l o s e f i t between g u e s t and h o s t , p e r h a p s , c y c l o d e x t r i n s o f 
d i f f e r e n t s i z e s c omplex p r e f e r e n t i a l l y w i t h d i f f e r e n t g u e s t 
m o l e c u l e s and may be u s e d f o r t h e s e p a r a t i o n o f s p e c i f i c m o l e c u l e s 
f r o m a m i x t u r e . L i n e a r m a l t o d e x t r i n s , on t h e o t h e r hand, show l e s s 
s p e c i f i c " r e c o g n i t i o n " o f m o l e c u l e s , and a r e b e l i e v e d t o f o r m 
h e l i c a l c o m p l e x e s w i t h 6,7 o r 8 g l u c o s e u n i t s p e r t u r n , d e p e n d i n g 
on t h e s i z e o f t h e g u e s t m o l e c u l e . No s i n g l e mode o f i n t e r a c t i o n , 
t h e r e f o r e , seems t o be r e s p o n s i b l e f o r c o m p l e x a t i o n , b u t a v a r i e t y 
o f i n t e r a c t i o n s a r e o p e r a t i o n a l , t h e i r r e l a t i v e c o n t r i b u t i o n s 
v a r y i n g w i t h t h e n a t u r e o f t h e g u e s t m o l e c u l e . T h i s e x p l a i n s why 
s u c h a wide r a n g e o f m o l e c u l e s c a n f o r m i n c l u s i o n c o m p l e x e s w i t h 
e i t h e r c y c l i c o r l i n e a r g l u c a n s , and may a l s o h e l p t o sh e d l i g h t on 
why, f o r example t h e c o m p l e x i n g a b i l i t i e s o f c y c l o d e x t r i n s a r e 2-3 
o r d e r s o f m a g n i t u d e h i g h e r t h a n t h o s e o f t h e c o r r e s p o n d i n g 
n o n - c y c l i c a n a l o g s ( 6 9 ) . 
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Chapter 19 

Molecular Specificity of Cyclodextrin 
Complexation 

Ching-jer Chang1, Hee-Sook Choi1, Yu-Chien Wei1, Vivien Mak1, 
Adelbert M. Knevel1, Kathryn M. Madden2, Gary P. Carlson2, 

David M. Grant3, Luis Diaz3, and Frederick G. Morin3 

1Department of Medicinal Chemistry and Pharmacognosy and 2Department 
of Pharmacology and Toxicology, School of Pharmacy and Pharmacal 

Sciences, Purdue University, West Lafayette, IN 47907 
3Department of Chemistry, University of Utah, Salt Lake City, UT 84112 

The most remarkable molecular feature of cyclodextrins is their ability to 
form inclusion complexes with numerous guest molecules without a 
covalent bond being formed. Molecular specificity of cyclodextrin inclusion 
complexation was elucidated by determining the dynamics of molecular 
motion and relaxation, and local electric field gradient in the solid state as 
well as by analyzing the chemical shifts and couplings of high resolution 
NMR, and fast atom bombardment mass spectral data. The molecular 
specificities with benzaldehyde and tolbutamide provided fundamental 
information for understanding the molecular mechanisms involved in the 
enhancement of in vitro antitumor activity of benzaldehyde in human tumor 
cell lines and in vivo hypoglycemic effects of tolbutamide in rabbits. 

It is widely recognized that regiospecificity and stereospecificity of most chemical and 
biochemical reaction specificities are governed by a prior "complexation" process (host-guest 
or intermolecular recognition). In recent years, our understanding of the molecular specificity 
in the intermolecular recognition has been greatly enhanced by many newly developed 
physical and chemical methods. In particular, NMR spectroscopy has developed into a 
perpetually expanding and exciting research method by the remarkable improvements in both 
hardware and software designs which take advantage of the versatile computer capabilities 
and high field superconducting technology. 

Studies on the intermolecular complexations in solution have, however, often 
encountered some intrinsic difficulties. Firstly, the complexation processes in solution can be 
highly complicated due to dynamic chemical exchanges, solvent interference and 
conformational fluctuation. Secondly, the solubility of complexes may be limited which 
greatly reduces the sensitivity of detection. Thirdly, chemical decomposition and 
rearrangement may occur in solution Most of these problems can be circumvented/simplified 
by studying the complexation process in the solid state. This restricts stringently the 
intramolecular motion and intermolecular exchange, and simultaneously overcome solubility 
and stability problems. Therefore, one of the primary methods employed by us in 
investigating the molecular specificity of cyclodextrin complexation was solid state carbon-13 
nuclear magnetic resonance (^CNMR) spectroscopy using the combined techniques of high 
power proton decoupling, magic angle spinning (MAS) and carbon-hydrogen cross-
polarization (CP) (1,2). 

0097-6156/91/0458-0296$06.25/0 
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19. CHANG ET AL Molecular Specificity of Cyclodextrin Complexation 297 

SOLID STATE C-13 NMR of a-CYCLQDEXTRIN 

The merits of this new methodology can be clearly illustrated in the ^CNMR analyses of 
cyclodextrin-water complexes. The solution C-13 spectrum of α-cyclodextrin shows only six 
signals for the six carbon resonances of the glucose units. This indicates the rapid motion of 
α-cyclodextrin and fast exchange of water molecules. Thus it provides a non-specific and 
time-averaged spectrum. However, this motion and exchange are largely restricted in the 
solid state. The solid state CP/MAS C-13 spectrum of α-cyclodextrin (recrystallized from 
water) distinctly displays resolved C-l and C-4 resonances from different oc-(l —> 4)-linked 
glucose units in the macrocycle, indicative of the molecular asymmetry and specificity of <x-
cyclodextrin-water complex (Figure 1 A). One of the C-l (100.1 ppm) and one of the C-4 
(80.3 ppm) signals occurring at relatively higher field are likely attributable to the resonances 
of a conformationally strained glucosidic bond (3). The earlier work of Saito et al, (4) and 
Inoue et al. (5) described spectra of limited resolution. The high resolution spectra of cc-
cyclodextrin were recently reported by Furo et al (δ) and Gidley and Bociek (2). Our 
spectrum is significantly different from those reported spectra in the C-l, C-4 and C-6 
resonance regions. These differences probably resulted from the polymorphic variation and 
degree of hydration. Thus far, at least three different crystalline forms of α-cyclodextrin 
have been determined by x-ray or neutron diffractions (2JL2). Our studies suggest that the 
C-13 CP/MAS spectral pattern is intimately dependent on the degree of hydration (Figure 
IB). The spectrum of this dehydrated α-cyclodextrin is also surprisingly different from that 
of the anhydrous α-cyclodextrin (©. It appears evident that the solid state C-13 NMR spectra 
of cyclodextrins are much more intricate than we expected. A precaution might have to be 
taken to prevent partial dehydration occurring during high speed spinning. A direct 
comparison of samples used in the solid state NMR measurements and those utilized in 
single-crystallographic analyses would be helpful in the elucidation of the molecular structure 
specificity of cyclodextrin in the solid state. 

Our studies of the molecular host-guest interactions are primarily directed toward 
understanding the cyclodextrin inclusion effect on the molecular motion, local electron density 
and molecular relaxatioa 

MOLECULAR MOTION 

A stereospecific acceleration of the hydrolysis of nitrophenol acetates by cyclodextrins has 
generated a great deal of interest in studying cyclodextrins as enzyme models (10-121 The 
crystal structure of a-cyclodextrin-p-nitrophenol 1:1 complex was determined by the x-ray 
method (12). This served as a molecular basis for analyzing solid state C-13 NMR spectral 
data of cyclodextrin inclusion complexes by Inoue et al (14) and by us. The most 
extraordinary change for the spectrum of p-nitrophenol (Figure 2) is the disappearance of the 
protonated aromatic carbons after formation of the cyclodextrin inclusion complex. One of 
the plausible interpretations for this spectral change is that it is due to the increase of carbon-
proton dipole-dipole coupling from the free form to the complex form. A higher decoupling 
power (40 KHz -> 56 KHz) resulted in the same spectral feature, suggesting that dipole-
dipole coupling itself may not be the direct cause. An alternative explanation was suggested 
by Inoue et al. (14) based on the earlier studies of Rothwell and Waugh (15). The C-13 
resonances could be greatly broadened by inefficient decoupling because the motion 
frequency of the aromatic ring is close to the nutation frequency of the proton decoupling 
field. X-ray crystallographic data clearly indicate that p-nitrophenol cannot undergo 180° 
rotation within the cavity (3). Thus, the flip motion must take place within a small range 
between two C-3 protons or C-5 protons of the neighboring glucoses. 

This observation has profound implications in the studies of host-guest (enzyme-
substrate/inhibitor) recognition by solid state C-13 NMR. Further substantiation of this 
implication was therefore conducted. The most direct approach to perturb the dynamic efect 
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2 
5 

Figure 1. Solid state CP/MAS 25 MHz 1 3CNMR spectra of (A) a-cyclodextrin, 
recrystallized from water and, (B) dehydrated α-cyclodextrin, 50°C under vacuum for 
10 nr. 
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A 

1)0 ' IÉO ' IÉO ' 110 

Figure 2. Solid state CP/MAS 25 MHz 1 3CNMR spectra of (A) a-cyclodextrin-
p-nitrophenol inclusion complex I and, (B) p-nitrophenol, recrystallized from water. 
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of molecular motion is to freeze the freedom of motioa Indeed, the protonated carbon signals 
were recovered by conducting the NMR experiment at -120° (Figure 3). 

LOCAL ELECTRONIC DENSITY 

A second a-cyclodextrm-p-nitrophenol 1:1 powdery complex was also obtained during the 
preparation of the crystalline inclusion complex. Its solution C-13 NMR spectra were 
identical. However, the solid state C-13 NMR spectrum (Figure 4) appears remarkedly 
different Most of the protonated carbon resonance signals are still retained whereas the nitro-
attached carbon is changed from a doublet to a singlet The initial splitting of this carbon 
resonance is due to the C-13 and N-14 quadrupole coupling which cannot be fully reduced in 
the magic angle spinning mode at the magnetic field strength of 2.35T (25MHz). The 
magnitude of this splitting is inversely proportional to the ratio (Z/A) of the Zeeman frequency 
(Z) to the quadrupole coupling constant (A=e2Qq/h) (16). Since the spectra of p-nitrophenol 
and its complex are measured at constant field, the Zeeman frequency remains unchanged. 
Then the reduction of this quadrupole splitting is most likely ascribed to the reduction of the 
quadrupole coupling constant. This surprising finding indicates the decrease of the local 
electric field gradient (q) after the inclusion complex with α-cyclodextrin is formed because all 
other factors (e: electronic charge, Q: N-14 electric quadrupole moment, and h: Planck's 
constant) involved in the quadrupole coupling constant are invariable. This directly manifests 
that the perturbation of the local electric field gradient in the non-covalent host-guest complex 
can be detected by a direct NMR method. 

One of the possible complexation probabilities is that the second complex may be a 
non-specific adsorbed complex formed primarily by intermolecular hydrogen-bonding. An 
independent procedure was designed for preparing the adsorbed complex by mixing a 
methanol solution of p-nitrophenol directly with α-cyclodextrin and then quickly removing 
methanol under reduced pressure. The solid state C-13 NMR spectrum of the resulting 
adsorbed complex (Figure 5A) looks somewhat similar to that of the second complex. 
However, p-nitrophenol in this adsorbed complex is completely removed by washing with 
cold ether or methylene chloride (Figure 5B) since p-nitrophenol is not included in the cavity. 
A similar washing process failed to remove p-nitrophenol from the second complex, strongly 
suggesting that the second complex is very likely an inclusion complex. The most plausible 
structure for the second inclusion complex is that, in contrast to the first inclusion complex, 
the nitro group of p-nitrophenol is oriented toward the outside of the α-cyclodextrin cavity. 

MOLECULAR RELAXATION 

The degree of free motion of the substrate in the active site is critical in determining the 
stereospecificity of a biochemical reaction. It is thus important to study the freedom of motion 
of the guest molecule in the inclusion complex. Adamantane has been shown to possess 
plastic crystal structures with high freedom of motion in the solid state. Thus, its carbon 
signals in the solid state are extremely sharp (Wi/2 < 1Hz) (12). The solid state spectrum of 
the β-cyclodextrin-l-adamantanecarboxylic acid complex revealed the asymmetric structure of 
the dimeric carboxylic acid (IS) in the inclusion complex (Figure 6A). A unique way for 
quantitatively assessing the freedom of motion is to measure the relative rate of losing carbon 
magnetization after the C-13/H-1 spin-locked process is terminated. This dipolar dephasing 
experiment is performed by turning off the proton decoupler for a short period prior to the 
acquisition of carbon signals (12). The dipolar dephasing spectrum of the complex shows that 
all the cyclodextrin peaks are almost diminished whereas all the l-adamantenecarboxylic acid 
signals are still retained (Figure 6B). This result indicates that the guest molecule in the cavity 
of β-cyclodextrin has much greater freedom of motion than that of the host molecule. This 
technique provides a new approach to monitor selectively the variations of guest or 
substrate/inhibitor in the biochemical intermolecular complexes. 

D
ow

nl
oa

de
d 

by
 C

O
R

N
E

L
L

 U
N

IV
 o

n 
A

ug
us

t 2
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

30
, 1

99
1 

| d
oi

: 1
0.

10
21

/b
k-

19
91

-0
45

8.
ch

01
9

In Biotechnology of Amylodextrin Oligosaccharides; Friedman, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1991. 



19. CHANG ET A L Molecular Specificity of Cyclodextrin Complexation 301 

Figure 3. Solid state CP/MAS 50 MHz 1 3CNMR spectra of a-cyclodextrin-p-
nitrophenol inclusion complex I at (A) room temperature and, (B) -120°C. 
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A 

ΊΙο ' - 1 - 1 ι - ' •'- ' 150 130 110 

N02 

Figure 4. Solid state CP/MAS 25 MHz 1 3CNMR spectra of (A) a-cyclodextrin-
p-nitrophenol inclusion complex Π and, (B) p-nitrophenol, recrystallized from water. 
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Figure 5. Solid state CP/MAS 25MHz 1 3CNMR spectra of (A) a-cyclodextrin-
p-nitrophenol adsorbed complex and, (B) after washed with cold ether. 
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Figure 6. Solid state CP/MAS 25 MHz 1 3 C N M R spectra of β-cyclodextrin-l-
adamantane carboxylic acid inclusion complex; (A) Regular acquisition, (B) Dipolar 
dephasing acquisition (dephasing time: 40 usee). 
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MOLECULAR ENCAPSULATION AND BIOAVAILABILITY 

Each guest molecule in a cyclodextrin inclusion complex is encapsulated by cyclodextrin. 
This molecular encapsulation can profoundly modify the chemical and physical properties of 
the guest molecules. Its potential applications have been shown in (1) stabilization of air- or 
light sensitive substances, (2) enhancement of water solubility, (3) suppression of unpleasant 
taste or odor and (4) improvement of bioavailability (20.21). Our primary interest focuses on 
elucidating the structure specificity in cyclodextrin complexation and thereby providing a 
definite basis for understanding their molecular mechanisms. 

INCLUSION COMPLEXATION OF BENZALDEHYDE 

Previous interest in the antitumor activity of fig (Ficus carica L.) fruit led to the isolation of 
benzaldehyde as a major active component (22). Its carcinostatic effect was attributed to 
selective inhibition of the uptake of nucleosides and carbohydrates, and the reduction of 
intracellular adenosine 5'-triphosphate level (22). However, benzaldehyde is an oilly liquid 
and only sparingly water soluble. Its instability in air and light presented considerable 
problems in the delivery and formulatioa Takeuchi et al. (24) first prepared the complex with 
α-, β- and γ-cyclodextrin. More importantly, the x-ray structure of a-cyclodextrin-
benzaldehyde 1:1 complex was subsequently determined (25) , providing a working basis for 
uncovering its structure in solution. 

NMR ANALYSIS: The 470 MHz 1HNMR spectra of benzaldehyde before and after the 
formation of α-cyclcdextrin displayed a first-order pattern. The results are summarized in 
Table I. Spectra of α-cyclodextrin before and after inclusion of benzaldehyde clearly showed 
a second-order pattern (Figure 7). A rigorous computer spin-simulation allowed us to 
determine their chemical shifts and coupling constants (Tables I and Π). The calculated values 
appear in reasonable agreement with those reported by Wood et al. (26) except for the H-6' 
protons. The discrepancy which appears is presumably due to the limited resolution of the 
previously measured 220 MHz ^HNMR spectrum. A 500 MHz spectrum of α-cyclodextrin 
recently reported by Yamamoto and Inoue (27) is almost identical to our spectrum. However, 
no attempt was reported to calculate the accurate chemical shifts and coupling constants. 

INCLUSION STRUCTURES: The single-crystal x-ray analysis of the a-cyclodextrin-
benzaldehyde (1:1) complex (25) indicates that the phenyl ring of benzaldehyde is the leading 
group inserted into the center of the α-cyclodextrin cavity from the broader end and the 
aldehyde group protrudes from the cavity (structure A). However, the ortho proton chemical 
shift change (Δδ=32.4 Hz) is larger than the para (Δδ=21.6 Hz) or meta (Δδ=21.2 Hz) 
proton chemical shift change upon formation of α-cyclodextrin inclusion complex (Table I). 
This suggests that in solution the aldehyde group is the leading group included into the cavity 

(structure B). This tentative structure is corroborated by the solution ^CNMR results. The 
upfield shift for the aldehyde carbon (-23.8 Hz) and C-l (-16.1 Hz) resonances is a good 
indication for the changes of dielectric environment from the high dielectric water medium to 
the low dielectric cavity of cyclodextrin. Furthermore, the nuclear Overhauser effect (Figure 
8) between the aldehyde proton and the H-5' protron of α-cyclodextrin strongly favors 
structure Β for the a-cyclodextrin-benzaldehyde inclusion complex in solution. 
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1 5 4 . 0 3.9 3.8 3.7 3.6 3.5 

Figure 7. 470 MHz 1HNMR spectra of α-cyclodextrin-benzaldehyde inclusion 
complex in pD 7.4 phosphate buffer solution . (A) measured, (B) calculated based on 
Raccoon spin simulation program. 

D
ow

nl
oa

de
d 

by
 C

O
R

N
E

L
L

 U
N

IV
 o

n 
A

ug
us

t 2
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

30
, 1

99
1 

| d
oi

: 1
0.

10
21

/b
k-

19
91

-0
45

8.
ch

01
9

In Biotechnology of Amylodextrin Oligosaccharides; Friedman, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1991. 



19. CHANG ET A L Molecular Specificity of Cyclodextrin Complexation 307 

Table I. 470 MHz 1HNMR chemical shift of benzaldehyde before and after 
complexation with α-cyclodextrin in pD 7.4 phosphate buffer solution 

(DMSO-d6 was used as an external reference) 

CHO 

4 

Protons 

a-Cyclodextrin 
benzaldehyde 1:1 
Complex (ppm) 

a-Cyclodextrin 
(ppm) 

Benzaldehyde 
(ppm) 

Difference 
(Hz) 

CHO 9.9680 9.9350 15.5 
2,6 8.0280 7.9590 32.4 
3,5 7.7670 7.6250 21.2 
4 7.8060 7.7600 21.6 
r 5.0330 5.0510 - 8.5 
2' 3.6080 3.6300 -10.3 
3' 3.8880 3.9820 -44.2 
4' 3.5703 3.5830 - 6.0 
5' 3.8110 3.8370 -12.2 
6'a 3.9000 3.9070 - 3.3 
6'b 3.8535 3.8640 - 4.9 

Table Π. 470 MHz 1HNMR coupling constants (Hz) of α-cyclodextrin and a-
cyclodextrin-benzaldehyde complex in pD 7.4 phosphate buffer solution 

Coupling a-Cydodextrin a-Cyclodextrin-Benzaldehyde 

Jl2 3.4 3.5 
Jl5 -0.7 -0.5 
J23 10.1 9.8 
J34 9.2 9.2 
J45 9.5 9.4 
J46a -0.6 -0.7 
J46b -0.5 -0.7 
J56a 2.0 1.8 
J56b 4.4 4.3 
J6a6b -11.5 -12.5 
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Figure 8. 200 MHz two-dimensional nuclear Overhauser enhancement spectrum 
of α-cyclodextrin-benzaldehyde complex in pD 7.4 phosphate buffer solution. 

D
ow

nl
oa

de
d 

by
 C

O
R

N
E

L
L

 U
N

IV
 o

n 
A

ug
us

t 2
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

30
, 1

99
1 

| d
oi

: 1
0.

10
21

/b
k-

19
91

-0
45

8.
ch

01
9

In Biotechnology of Amylodextrin Oligosaccharides; Friedman, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1991. 



19. CHANG ET A L Molecular Specificity of Cyclodextrin Complexation 309 

6-OH i ' g I 1 

AIJTQXIDATTON: The autoxidation rates of free benzaldehyde and its inclusion complex 
with α-cyclodextrin in neutral solution at 70°C were measured by HPLC. The half-life for the 
a-cyclodextrin-benzaldehyde was 6.2 nr., 3.6 times longer than that for benzaldehyde alone 
(1.7 nr.), indicating that the aldehyde group is included into the cyclodextrin cavity which 
prevents oxidation by air. 

ANTITUMOR CYTOTOXICITY: The stabilization effect of benzaldehyde by a-
cyclodextrin is also reflected in the in vitro antitumor cytotoxicity against human tumor cell 
lines: A-549 (non-small-cell lung carcinoma), MCF-7 (breast adenocarcinoma) and HT-29 
(colon adenocarcinoma) (Table III). α-Cyclodextrin-benzaldehyde inclusion complex is 
about 5-8 fold more cytotoxic than free benzaldehyde. 

Table HI. In vitro antitumor cytotoxicity against human tumor cell lines 

ED50 (μ mole/ml) 

A-549 MCF-7 HT-29 
Compound (lung) (breast) (colon) 

Benzaldehyde 0.19 0.68 0.50 
a-Cyclodextrin 0.98 0.88 0.59 
a-Cyclodextrin-Benzaldehyde 0.04 0.08 0.06 

INCLUSION COMPLEXATION OF TOLBUTAMIDE 

Tolbutamide [l-butyl-3(p-tolylsulfonyl)urea] is a first-generation hypoglycemic drug used 
clinically in the treatment for insulin-dependent diabetic patients in whom the pancreas retains 
the capacity to secrete insulin (2S) . Its poor water solubility and dissolution rate are 
considered to be the rate-limiting steps in the gastrointestinal absorption. The low water 
solubility and dissolution rate are likely due to the strong intermolecular hydrogen-bonding 
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between the sulfonylurea groups, which is then encircled by two hydrophobic end groups. 
Modification of tolbutamide dissolution properties by water-soluble polymers has been used to 
improve oral bioavailability (29-321 Cyclodextrin complexation of tolbutamide was first 
reported in 1978 to enhance its water solubility (22). The improvement of the bioavailability 
of tolbutamide by β-cyclodextrin was recently demonstrated by Vila-Jato et al. (24). 

Results of most previous experiments suggested that tolbutamide forms inclusion 
complexes with β-cyclodextrin in a 1:1 ratio (34-36V However, tolbutamide consists of two 
hydrophobic end groups (tolyl and butyl) and can potentially form a 2:1 complex which 
should provide maximum enhancement of water solubility. The complex was prepared by 
dissolving both β-cyclcdextrin (2 mmoles) and tolbutamide (1 mmole) in pH 11.0, 0.05M 
phosphate buffer solution (160 ml) at room temperature. Slow precipitation occurred after 
neutralization to pH 7.0 and then concentration by vacuum evaporation. The precipitate was 
further recrystallized from water. The *HNMR spectra of die initial precipitate and the 
recrystallized solid (mp: 268°Q showed a molar ratio of 2:1. 

FAST ATOM BOMBARDMENT MASS SPECTROMETRY ANALYSIS: Using 
ditrdotrireitoVditWoeiytrm (3:1) as a matrix, the protonated molecular ion (m/z: 2540) for the 
recrystallized β-cyclodextrin-tolbutamide complex, together with strong potassium adduct 
(m/z: 2578) and weak sodium adduct (m/z: 2562) peaks are clearly detected (Figure 9). This 
is a strong indication of a 2:1 complex which is consistent with the integration data of 
1HNMR. 

FOURIER TRANSFORM INFRARED SPECTRAL ANALYSIS: The ureido functional 
group of tolbutamide shows two characteristic IR absorptions (Figure 10), at 1662.4 
(carbonyl stretching band) and 1559.6 (NH bending band) cm - 1. This indicates a strong 
intermolecular hydrogen-bonding as is shown by the x-ray crystallographic data (22). This 
hydrogen-bonding can be disrupted by the formation of cyclodextrin complex as is revealed by 
a shift in the carbonyl stretching band and NH bending band to 1701.2 and 1542.1 cm"1, 
respectively. The absorption intensity of the complex is also significantly reduced. It 
probably results from some part of tolbutamide being bound to cyclodextrin, thereby 
restricting its freedom of vibration. However, these changes do not exclusively indicate the 
formation of an "inclusion" complex. A more informative variation should be furnished by the 
changes of the phenyl or butyl group. However, the IR absorptions of these hydrophobic 
groups cannot be unambiguously determined due either to the weak absorption or the overlap 
with the cyclodextrin absorption 

NMR ANALYSIS: Inoue et al. recently reported the relative chemical shift and coupling 
constant assignments of β-cyclodextrin at pD 3 and pD 10 with the aid of two-dimensional 
500 MHz *H COSY experiments (38). These data provide initial values for computer spin 
calculation (Figure 11) although only approximate data based on the first-order analysis were 
shown. All spectral data were measured in 0.2N NaOD solution because of the limited 
solubility in neutral solution. Upon complexation with β-cyclodextrin marked spectral 
changes were observed. The precise chemical shifts and coupling constants calculated from 
computer spin simulation are summarized in Tables IV and V. 
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3-CD+Na+ 

1157 

β-CD+H* 
1135 

P-CD+K+ 

1173 

TBA-p-CD+H+ 

1405 

ΤΒΑ-β-CD+Na-1 

TBA-p-CD+K+ 

1443 
Î427L 

TBA-(p-CD)2+K+ 

(p-CD)2+H+ 
2270 TBA-(|1-CD)2+H+ 2 5 7 8 

ι 2292 (p-CD)2+Na+ 2 5 * ° i 
\ A2?0S (p-CD)2+K+

 t TBA-(p-CD)2+Na; ^2562j\^^ 

Figure 9. Fast atom bombardment mass spectrum of β-cyclodextrin-tolbutamide 
2:1 inclusion complex using dithiothreitol/dithioerythritol (3:1) matrix. 
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ι 1 1 1 1 1 1 1 

1800 1600 1400 1200 1000 600 cm'1 600 

Figure 10. Fourier transform IR spectra of (A) tolbutamide, (B) β-cyclodextrin, 
( Q β-cyclodextrin and tolbutamide mixture (2:1) and, (D) β-cyclodextrin-tolbutamide 
2:1 inclusion complex. 
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Figure 11. 470 MHz 1HNMR spectra of β-cyclodextrin in 0.2N NaOD solution 
(A) calculated based on Raccoon simulation porogram, (B) measured. 
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Table IV. 470 MHz 1HNMR chemical shifts (ppm) of tolbutamide, β-cyclodextrin 
and β-cyclodextrm-tolbutamide in 0.2N NaOD Solution 

Protons β-Cyclodextrin- β-Cyclodextrin Tolbutamide Chemical shift 
Tolbutamide (2:1) (ppm) (ppm) (ppm) Differences (Hz) 

r 4.9480 4.9460 0.9 
τ 3.5095 3.5040 2.6 
3' 3.8470 3.8640 -8.0 
4' 3.4440 3.4370 3.3 
5' 3.7420 3.8060 -30.0 
6'a 3.8172 3.8200 -1.3 
6'b 3.7600 3.7775 -8.2 
1 0.8170 0.8030 6.6 
2 1.2180 1.2000 8.4 
3 1.3370 1.3250 5.6 
4 2.9650 2.9560 4.2 
7 7.6595 7.6720 -5.9 
δ 7.2760 7.3255 -23.2 
9 2.3690 2.3590 4.7 

Table V. 470 MHz 1HNMR coupling constants (Hz) of β-cyclodextrin and β-
cyclodextrin-tolbutamide complex in 0.2N NaOD Solution 

Coupling β-Cyclodextrin β-Cyclodextrin-Tolbutamide (2:1) 

J12 3.5 3.8 
Jl5 -0.6 -0.7 
J23 9.6 9.4 
J34 9.3 9.4 
J45 9.2 8.7 
J46a -1.0 -0.7 
J46b -1.3 -1.4 
J56a 2.0 2.0 
J56b 3.8 4.4 
J6a6b -12.0 -11.0 

INCLUSION STRUCTURE: The upfield shifts for the H-3' and H-5' of β-cyclodextrin 
upon the formation of tolbutamide inclusion complex are attributed to the anisotropic shielding 
of the phenyl ring. This anisotropic shielding offers a direct approach to elucidate the spatial 
disposition of the aromatic group in the complex by comparing the relative magnitude of 
chemical shift changes between H-3' and H-5' (2L32). The larger shift of H-5' (30 Hz), 
relative to the shift of H-3' (8.0 Hz), suggests that the aromatic ring extends from the primary 
hydroxyl rim or from the secondary hydroxyl rim but penetrates deeply into the cavity. In 
0.2N NaOD solution, both the ureido group of tolbutamide (pKa: 5.4) (4Q) and the secondary 
hydroxyl groups of β-cyclodextrin (pKa: 12.2) (?6.41.42) should all be ionized. The electric 
repulsion between the ureido group and the secondary hydroxyl groups should hinder the 
tolbutamide entry in β-cyclodextrin past its secondary hydroxyl rim. Therefore, it is more 
likely that tolbutamide enters β-cyclodextrin from the primary hydroxyl rim. The hydrogen-
bonding between the sulfonyl group and the primary hydroxyl group may further strengthen 
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complex formation. Previous NMR studies also suggested this favorable structure (22,25). 
The chemical shift changes for the aromatic protons induced by cyclodextrin complexation are 
very different from those observed for other aromatic substrates, such as benzaldehyde. In 
most cases, the aromatic protons undergo a downfield shift (22). The upfield shift for the 
ortho-protons (H-7) may be ascribed to steric interference by cyclodextrin of the coplanarity 
between the sulfonyl group and the aromatic ring. However, this steric effect could not 
account for the large upfield shift (23.2 Hz) of the mete-protons (H-8). One of the most 
plausible explanations may be the anisotropic shielding of the ether oxygen (0-4*) of β-
cyclodextrin. 

HYPOGLYCEMIC EFFECT: The modulation of the bioavailability of tolbutamide by β-
cyclodextrin was monitored by measuring its hypoglycemic effect with and without β-
cyclodextrin in male New Zealand white rabbits. Seven rabbits were used in order to eliminate 
individual differences. Before administering the drug, rabbits were denied food for 24 hours. 
Blood samples were taken before administering the drug, 30 minutes after oral administration 
into the stomach directly, and at 1 hour intervals for eight hours. A Beckman glucose analyzer 
was used to assay the plasma glucose level. The plasma glucose levels versus time after 
administration of the drugs are shown in Figure 12. When tolbutamide was given alone, the 
lowest plasma glucose level was obtained after six to seven hours, while tolbutamide 
administered in the β-cyclodextrin inclusion complex resulted in the lowest plasma glucose 
level after four to five hours. The decrease in plasma glucose was significantly greater when 
the rabbits were treated with β-cyclodextrin complex than when given the tolbutamide alone. 
Clearly, β-cyclodextrin can significantly improve the bioavailability of tolbutamide. These 
results were similar to the previously reported results of Vila-Jato et al. (24) except our dosage 
was only half the size of theirs. 

Blood glucose 
levels (mg/dl) 

140-

120-

100-

80· 

60 

— · — Tolbutamide 
— • — Tolbutamide-p-CD 

Time (hour) 

Figure 12. Modulation of plasma glucose levels in rabbits after oral administration 
of tolbutamide and its β-cyclodextrin inclusion complex. 
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Chapter 20 

Preparation and Characterization 
of Cyclodextrin Complexes of Selected 

Herbicides 

Oliver D. Dailey, Jr. 

Agricultural Research Service, U.S. Department of Agriculture, Southern 
Regional Research Center, P.O. Box 19687, New Orleans, LA 70179 

Recently, concern over the contamination of groundwater by pesticides 
has increased. The β-cyclodextrin (BCD) complexes of a number of 
herbicides most frequently implicated in groundwater contamination 
have been prepared in an attempt to develop formulations that prevent 
entry of the chemical into the groundwater while maintaining effective 
pest control. In this paper, the methods of preparation of the BCD 
complexes will be described. In addition, evidence confirming the 
formation of true inclusion complexes (solubility properties, elemental 
analyses, UV spectra) will be presented. Two of the herbicides studied 
failed to form BCD complexes. Computer model studies indicated that 
these potential guest molecules are too bulky to fit even partially 
into the BCD central cavity. Formation of complexes of these molecules 
with the larger γ-cyclodextrin (GCD) was investigated, and the 
results will be presented. 

Recently, concern over the contamination of groundwater by pesticides has mounted. 
In 1986, the U. S. Environmental Protection Agency disclosed that at least 17 
pesticides used in agriculture had been found in groundwater in 23 states (1). 
According to a 1988 interim report, 74 different pesticides have been detected in the 
groundwater of 38 states from all sources. Contamination attributable to normal 
agricultural use has been confirmed for 46 different pesticides detected in 26 states 
(2). The chief objectives of our research are to develop pesticide formulations that 
will maintain or increase efficacy on target organisms when applied and that will not 
adversely impact on the environment or groundwater while mamtaining effective pest 
control. 

Cyclodextrins are macrocyclic torus-shaped polymers consisting of six or more D-
glucose residues. They are formed by enzymatic starch degradation. β-Cyclodextrin 
(BCD) is composed of seven D-glucose units connected by acetal bonds between the 
1 and 4 carbon atoms of adjacent glucose units. The high electron density internal 
cavity (inside diameter approximately 7.8 A) consists of glycosidic oxygen atoms and 
axial protons. Seven primary hydroxyl groups project from one outer edge of the 
BCD molecule, and fourteen secondary hydroxyl groups from the other. Consequently, 
the BCD molecule has a hydrophobic cavity and relatively hydrophilic outer surface. 
The γ-cyclodextrin (GCD) molecule consists of eight D-glucose monomers and has an 
inside diameter of about 9.5 A. In aqueous solution, the cyclodextrin molecule can 

This chapter not subject to U.S. copyright 
Published 1991 American Chemical Society 
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318 BIOTECHNOLOGY OF AMYLODEXTRIN OLIGOSACCHARIDES 

readily accept a guest molecule in its hydrophobic central cavity, forming a stable 
complex. It is necessary for only a portion of the molecule to fit in the cavity for an 
inclusion complex to form (3-7). 

Many synthetic pesticides can form inclusion complexes with cyclodextrins, often 
resulting in improvements in the properties of the complexed substances. 
Cyclodextrins have found particular application for the formulation of poorly water 
soluble, volatile, or unstable herbicides. Among the advantages of cyclodextrin 
complexes of pesticides are enhanced stabilization, reduced volatility, masked bad 
odor, enhanced wettability, solubility and bioavailability, and controlled release 
properties. Of the cyclodextrins, BCD is the only one available at a reasonable price, 
and its use may be economically feasible within a few years (4). Several herbicides 
that have been frequently implicated in groundwater contamination (1-2) were selected 
as candidates for complexation with BCD in an attempt to develop formulations that 
could prevent entry of the chemical into the groundwater while mamtaining effective 
weed control. 

Materials and Methods 

Preparation of BCD Complexes. The following herbicides were selected for 
complexation with BCD: atrazine, simazine, metribuzin, alachlor, and metolachlor 
(Fig. 1). Typical reaction conditions for the formation of BCD complexes of these 
herbicides are shown in Table I. 

TABLE I. Cyclodextrin complexation of selected herbicides 

Herbicide Complex 
Formation? 

Reaction Conditions 
(Aqueous solution) 

Analysis' 

Metribuzin Yes 65-75 °C, 20 min.-6 h 1:1:5 

Atrazine No 60 °C, 45 min. ... 

Atrazine Yes 100 °C, 7-18 days 1:1:5 

Alachlor No 100 °C, 7 days ... 

Simazine Yes 100 °C, 11 days; 2:1:5 
100 °C, 2 days after 
adding 10% (v/v) dioxane 

*Herbicide:BCD:water molar ratio as determined by elemental analysis. (Analysis of 
the BCD used in the preparations indicated the presence of 5 moles of water per 
mole of BCD). 

The BCD complex of atrazine was prepared by adding technical grade atrazine to 
a solution of an equimolar amount of BCD in water at 60-80 °C and then refluxing 
under an argon atmosphere until all solid had dissolved. The reaction mixtures were 
allowed to cool to room temperature, and any precipitate was filtered. The solid 
BCD complex was isolated from the filtrate by removal of water at 1-2 torr and 30-
40 °C) for characterization purposes. Reaction times varied, with longer periods of 
time required for more concentrated solutions. 
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Figure 1. Herbicides frequently found in groundwater. 
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In the preparation of the BCD complex of metribuzin, a solution of 1.28 g (6.00 
mmol) of metribuzin in 2.5 ml of methanol (60 °C) was added to a solution of 6.81 
g (5.56 mmol) of BCD in 350 ml of water at 70 °C. The mixture was heated at 65-
75 °C under argon for 20 min., at which time all solids had dissolved. After cooling 
overnight, the solvent was removed from the clear solution in vacuo. Some material 
was lost during solvent removal. The isolated white solid was dried further over 
phosphorus pentoxide in a vacuum desiccator at 1 torr, yielding 6.97 g of crude 
complex, mp 280 °C (dec). Recrystallation from water gave the analytical sample, 
mp 281.4-284.0 °C (dec). A mechanical mixture of metribuzin and BCD showed 
partial localized melting at 125 °C [mp of metribuzin: 125.5-126.5 °C (8)] and 
complete melting with decomposition at ça. 300 °C. 

In the preparation of the BCD complex of simazine, a mixture of 5.00 g (24.8 
mmol) of technical grade simazine and 30.4 g (24.8 mmol) of BCD in 500 ml of 
water was heated at 100 °C for 11 days. There was no significant dissolution of the 
simazine. Fifty ml of 1,4-dioxane was added as a co-solvent, and the mixture heated 
at 100 °C for 2 days, yielding a clear solution. After cooling to room temperature 
392 mg of white precipitate (unreacted simazine) was isolated; after refrigeration of 
the filtrate at 4 °C for 5 days, 12.99 g of unreacted BCD came out of solution. 
Removal of solvent from the remaining solution followed by vacuum drying provided 
22.12 g of BCD complex, mp 150-162 °C. Elementary analysis (Table I) of the 
material indicated a 2:1:5 simazine/BCD/H20 molar ratio (24.8% simazine). 

Preparation of GCD Complexes. Gamma-cyclodextrin (GCD) complexes of alachlor 
and metolachlor were prepared as outlined in Table Π. 

Table II. Preparation of ganima-cyclô extrin complexes 

Herbicide Reaction Conditions Analysis* 
(Aqueous solution) 

Alachlor 70-85 °C, 16 hours 1:1:2 

Metolachlor 60-90 °C, 16 hours 1:1:3 

'Herbicide:GCD:water molar ratio as determined by elemental 
analysis. (Analysis of the GCD used in the preparations 
indicated the presence of 7 moles of water per mole of GCD). 

Alachlor 62.4 mg (0.231 mmol) was added to a solution of 300 mg (0.211 mmol) 
of GCD7HJO in 30 ml of water. The stirred mixture was heated under argon to 85 
°C over a 1.5 h period, then at 70-85 °C for 16 h. The resulting clear solution was 
allowed to cool to room temperature, and 212.1 mg (62.8%) of complex, mp 226-228 
°C (dec), was obtained upon filtration and drying. The filtrate yielded an additional 
31.8 mg (9.4%) of complex upon cooling to 4 °C. 

A mixture of 65.2 mg (0.230 mmol) of metolachlor and 298 mg (0.209 mmol) of 
GCD7H20 in 25 ml of water was stirred under argon at room temperature for 1 h, 
during which time the mixture remained milky cloudy. The mixture was then heated 
at 60-90 °C for 16 h. The resulting clear solution was allowed to cool to room 
temperature, and 249.2 mg (72.8%) of complex, mp 225-231 °C (dec), was obtained 
upon filtration and drying. 
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Characterization of BCD and GCD Complexes. All of the BCD and GCD complexes 
were characterized by physical properties, NMR, IR, and UV spectra, and elemental 
analysis (Tables I and II). All of the BCD complexes contained 5 molecules of 
water per molecule of BCD. Elemental analysis of the BCD used in the complex 
preparations also showed a 5:1 water/BCD ratio. Elemental analysis of the GCD 
indicated a 7:1 water/GCD ratio. 

Proton nuclear magnetic resonace OH NMR) spectra were recorded in DMSO-d* 
or trifluoroacetic acid (TFA-dx) solution on a Varian EM-360L 60-MHz NMR 
spectrometer, chemical shifts are reported in parts per million from internal 
tetramethylsilane (TMS). Ultraviolet (UV) spectra were recorded on a Gilford 
Response UV-visible spectrometer using deionized water as solvent Infrared (IR) 
spectra were recorded on a Beckman AccuLab 8 spectrometer and were calibrated 
with the 3027.9, 1601.8, and 1028.3 cm1 bands of polystyrene. Potassium bromide 
(KBr) disks of herbicide-cyclodextrin complexes and of proportional mechanical 
mixtures of herbicide and cyclodextrin were prepared for the analysis. 

Results and Discussion 

In the preparation of the BCD complexes, there was excellent correlation of the 
experimental results with computer molecular model studies (Dailey, O. D.; French, 
A. D., unpublished data). These studies indicated that the entire metribuzin molecule 
can be accommodated inside the BCD central cavity with relative ease. Indeed, a 
metribuzin-BCD complex was formed under mild conditions. Model studies of the 
atrazine-BCD complex indicated that at least part of the atrazine molecule and 
probably the entire molecule (with some crowding) can fit inside the BCD central 
cavity. One would predict formation of an atrazine-BCD complex, but with greater 
difficulty man the metribuzin complex. Experimentally, atrazine was recovered 
unchanged under mild reaction conditions (60 °C, 45 min.) but a complex was formed 
under more forcing conditions (100 °C, 7 days). Model studies of the alachlor-BCD 
complex indicated that at best only a small portion of the alachlor molecule can fit 
inside the BCD central cavity. Experimentally, no BCD complex was formed under 
the most forcing conditions (100 °C, 7 days). 

Physical Properties of BCD and GCD Complexes. A number of physical properties 
were taken into account in determining whether or not the aforementioned herbicides 
did indeed form true cyclodextrin inclusion compounds. 

In general, BCD complexes are less soluble in water than either BCD or the 
guest molecule. The BCD complexes of atrazine and metribuzin, however, were 
considerably more soluble in water. In a typical preparation of the atrazine-BCD 
complex, a mixture of 5.00 g (23.2 mmol) of atrazine and 28.4 g (23.2 mmol) of 
BCD in 500 ml of water was heated at 100 °C for nine days. Upotf cooling to 
21 °C, only 1.05 g of insoluble material was isolated, and the presumed complex 
remained in solution. The solubility of BCD in water at 25 °C is 1.85 g/100 ml 
(5,6) and that of atrazine is 28 mgA (8). Based on these solubilities, one would 
expect only 14 mg of atrazine and 9.25 g of BCD to remain in solution. In a large 
scale preparation of the metribuzin-BCD complex, a mixture of 5.00 g (23.3 mmol) 
of metribuzin and 28.58 g (23.3 mmol) of BCD in 500 ml of water was heated at 
70-75 °C for 5.75 h resulting in a clear solutioa Upon cooling to 21 °C, only 54 mg 
of insoluble material was isolated, and the presumed complex remained in solutioa 
The solubility of metribuzin is 1.2 g/1 at 20 °C (8). Based on solubilities, one would 
expect only 0.60 g of metribuzin and 9.25 of BCD to remain in solutioa The 
concentration of BCD in the above preparations is approximately 5.6%. Turbidity 
studies show that crystallization of BCD from a less concentrated 4% aqueous 
solution begins at 28 °C and is essentially complete at 26 °C (9). The pronounced 
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changes in the solubilities of atrazine, metribuzin, and BCD are consistent with 
complex formation. 

There is the possibility of herbicide decomposition under the conditions of BCD 
complex formation, particularly hydrolysis of atrazine to its hydroxy derivative (8). 
Accordingly, in separate control experiments, a solution of 5.68 g of BCD in 100 ml 
of water and a suspension of 1.00 g of atrazine in 100 ml of water were heated at 
reflux under argon for seven days (conditions identical to those under which the 
presumed atrazine-Β CD complex was formed). The BCD was recovered unchanged, 
and 92% of the atrazine was recovered unchanged upon cooling to room temperature 
and filtration of the undissolved solid. 

Further evidence of the formation of a metribuzin-BCD complex stems from the 
observation that metribuzin has a pronounced odor and the presumed complex was 
odorless. 

Infrared (IR) spectra. In general, IR spectroscopy is not useful in the characterization 
of cyclodextrin complexes owing to little or no observable change due to complex 
formation (6,7). However, in the cases of the BCD complexes of metribuzin, 
atrazine, and simazine, there are definite observable changes. Figure 2 gives a 
comparison of the IR spectra of a mechanical mixture of metribuzin and BCD and 
the metribuzin-BCD complex. The differences are generally small with the most 
significant ones occurring in the 1300-1460 cm*1 range. As can be seen in Figure 3, 
there are considerable differences between the IR spectra of the atrazine-BCD mixture 
and the atrazine-BCD complex. Most significantly, a band present at 795 cm'1 in the 
spectrum of the mixture is absent in the spectrum of the complex, and a prominent 
band at 1740 cm"1 appears in the spectrum of the complex. The most dramatic 
differences occur between the IR spectra of the simazine-BCD mixture and the 
simazine-BCD complex (Figure 4). A prominent band at 800 cm"1 in the spectrum of 
the mixture is absent in the spectrum of the complex, and a band appears at 1735 
cm1 in the spectrum of the complex. IR spectra of an alachlor-GCD mixture and 
alachlor-GCD complex were also recorded, but there were no observable differences 
between the two. 

Ultraviolet (UV) spectra. The results of the UV analyses of the BCD complexes of 
metribuzin, atrazine, and simazine and the GCD complexes of alachlor and 
metolachlor are summarized in Table m. All solutions were prepared in deionized 
water and analyzed 2-3 days later unless otherwise noted. Metribuzin samples were 
scanned over the 200-400 nanometer (ran) range at 2 nm increments. The UV 
spectra of metribuzin, a metribuzin-BCD mixture, and metribuzin-BCD complex were 
essentially identical. A solution of metribuzin-BCD complex analyzed immediately 
after preparation (15 min.) afforded the same spectrum as the 3-day 
sample. These results indicate that either the metribuzin-BCD complex dissociates 
rapidly and completely in dilute aqueous media or BCD complexation has no effect 
on the UV spectrum of metribuzin. Atrazine samples were scanned over the 200-325 
nm wavelength range at 0.5 nm increments. A composite of the UV spectra of the 
atrazine samples is shown in Figure 5. The UV spectra of atrazine and an atrazine-
BCD mixture were essentially identical with a large broad peak at 220-222.5 nm and 
a smaller peak at 264.5 nm. Two different samples of the atrazine-BCD complex 
exhibited the same spectra with peaks at 204.5 and 240.5 nm, indicating 
reproducibility in the preparation of the complex. A solution of atrazine-BCD 
complex analyzed immediately after preparation (15 min.) afforded the same 
spectrum as the 3-day sample. Simazine, alachlor, and metolachlor samples were 
scanned over the 190-290 nm wavelength range. As was the case with the atrazine 
samples, the UV spectrum of simazine was markedly different than that of the 
simazine-BCD complex. These large differences suggest that the BCD complexes of 
atrazine and simazine are unusually strong. There were only small differences 
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WAVB4UMBER CM"' 

Figure 3. Comparison of the IR spectra of atrazine-BCD mixture (upper) 
atrazine-BCD complex (lower). 
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Figure 4. Comparison of the IR spectra of simazine-BCD mixture (upper) and 
simazine-BCD complex (lower). 
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Table IH. UV Spectra of Selected Herbicides and Their 
BCD or GCD Complexes 

Sample (Concentration) Wavelength, nm Absorbance 
(Lambda max) 

Metribuzin (0.14 mM) 214 1.5019 
230 1.4420 
294 1.2212 

Metribuzin-BCD 212 1.3973 
Complex (0.14 mM) 230 1.3036 
(3 days) 294 1.0963 

Metribuzin-BCD 212 1.3696 
Complex (0.14 mM) 230 1.2739 
(15 min.) 294 1.0655 

Metribuzin-BCD 214 1.8655 
Mixture (0.14 mM) 230 1.7803 

296 1.5042 

Atrazine (0.14 mM) 220.0 3.5243 
264.5 0.5032 

Atrazine-BCD Complex 205.0 1.6870 
1 (0.14 mM) (3 days) 240.0 2.1408 

Atrazine-BCD Complex 204.5 1.7042 
1 (0.14 mM) (15 min.) 240.5 2.1621 

Atrazine-BCD 204.5 2.5042 
Complex 2 (0.14 mM) 240.5 3.0272 

Atrazine-BCD 222.5 3.5322 
Mixture (0.14 mM) 264.5 0.5048 

Simazine (0.042 mM) 222.2 1.0837 

Simazine-BCD 205.2 0.8144 
Complex (0.025 mM) 239.6 1.0157 

Alachlor (0.11 mM) 201.4 3.0630 

Alachlor-GCD 199.0 2.9203 
Complex (0.11 mM) 

Metolachlor (0.11 mM) 196.4 2.5875 

Metolachlor-GCD 199.6 3.0204 
Complex (0.10 mM) 
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Figure 5. Composite of U V spectra of atrazine and its BCD complex. 
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between the UV spectra of alachlor and its GCD complex and between the UV 
spectra of metolachlor and its GCD complex, but these differences are thought to be 
real since they are reproducible. 

Proton NMR Spectra. The proton NMR spectra of BCD and GCD in DMSO-d6 at 
60 °C have been reported by Vincendon QO) and were recorded $at 38 °C in this 
work. Pertinent data from the two studies are given in Table IV. 

Table IV. Proton NMR Spectra of BCD and GCD in DMSO-<V 

H-1 OH-2 OH-3 OH-6 Remaining H 

BCDb 4.82 5.51 5.50 4.26 3.29-3.64 
BCD1 4.84 5.77 5.66 4.45 3.32-3.65 

GCDb 4.89 5.55 5.61 4.36 <3.32-3.65 
GCD6 4.92 5.72 5.79 4.57 3.56 (broad) 

"Chemical shifts are recorded in ppm from internal TMS. 
bData of Vincendon (10). This work. 

In order to further substantiate complex formation, the proton NMR spectra of 
metribuzin, atrazine, simazine, alachlor, and metolachlor and their BCD or GCD 
complexes were recorded. The solvent for all except the simazine samples was 
DMSO-αγ The spectra of BCD, GCD, and all complexes were complicated by the 
presence of water peaks which appeared at 3.5-4.2 ppm in the spectra of BCD-
œntaining samples and at 3.5-3.6 ppm in the spectra of GQ>-containing samples. In 
general, changes in the chemical shifts of protons of the guest molecules were small 
(<0.05 ppm) but reproducible, hi the spectra of complexes, the signals of the BCD 
and GCD protons were usually shifted upfield, the most dramatic shifts being those of 
the OH-2 and OH-3 protons. An upfield shift is indicative of complexation with 
BCD (11). 

In the NMR spectrum of atrazine, the methyl group protons were observed at 
1.10 and 1.14 ppm and the NH signal appeared at 7.60 ppm. In the spectrum of the 
BCD complex, the corresponding signals appeared at 1.14, 1.20, and 8.33 ppm and 
the BCD signals were shifted upfield to the 3.07-5.03 ppm range. The spectrum of a 
mechanical mixture of BCD and atrazine exhibited no change in the signals of either 
the BCD or atrazine protons. In the NMR spectrum of metribuzin, the CH3 signals 
appeared at 1.37 and 2.48 ppm. In the spectrum of the BCD complex, the CH3 

signals appeared at 1.34 and 2.44 ppm (a slight upfield shift) and the OH-2, OH-3, 
H-1, and OH-6 BCD protons appeared at 5.80, 5.69, 4.81, and 4.58 ppm, respectively 
(a slight downfield shift). 

As can be seen in Table V, GCD complexation of alachlor and metolachlor has 
only a slight influence on the chemical shifts of the protons of the guest molecule, 
with the most significant change being a 0.05 ppm upfield shift of the OCH3 protons 
of alachlor. However, the GCD proton chemical shifts were considerably different, 
with broad peaks appearing at 3.53, 4.57, and 4.92 ppm in the spectrum of the 
alachlor-GCD complex and at 3.55, 4.29, and 4.94 ppm in the spectrum of the 
metolachlor-GCD complex. 

Finally, the NMR spectra of simazine and its BCD complex were recorded, using 
TFA-dj as solvent. In the spectrum of the complex, the simazine CH3 signal was 
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shifted from 1.35 to 1.30 ppm and the CH2 signal was shifted from 3.68 to 3.62 
ppm. The spectrum of BCD exhibited broad signals at 4.07, 4.22, and 5.28 ppm. 
The spectrum of the complex showed broad signals at 3.87, 4.00, and 5.12 ppm, a 
general upfield shift. 

Table V. NMR Spectra of Alachlor and Metolachlor and GCD Complexes* 

Alachlor 1.20 (t) 2.53 (q) 3.43 (s) 3.81 (s) 4.87 (s) 7.30 (m) 
GCD Complex 1.18 2.53 3.38 3.82 4.87 7.33 

Metolachlor 1.06 (d) 1.20 (t) 2.22 (s) 2.54 (q) 3.17 (s) 3.37 (d) 
GCD Complex 1.06 1.20 2.20 2.52 3.17 b 

Metolachlor 3.69 (s) 4.15 (m) 7.26 (s) 
GCD Complex 3.71 b 7.29 

"Chemical shifts are recorded in ppm from internal TMS. s = singlet; d = doublet; 
t = triplet; q = quartet; m = multiplet. 'Obscured by GCD proton signals. 

Conclusions 

The BCD complexes of atrazine, metribuzin, and simazine and GCD complexes 
of alachlor and metolachlor have been prepared. BCD complexes of atrazine and 
simazine were prepared only under forcing reaction conditions over lengthy periods of 
time. Both atrazine and simazine have very low solubilities in water. Apparently, 
these compounds must first dissolve in water before complexing with BCD, 
accounting for the long reaction times. Once formed, the BCD complexes of atrazine 
and simazine are highly stable and impervious to disassociatioa Metribuzin forms a 
complex with BCD with relative ease under mild reaction conditions. The BCD and 
GCD complexes were characterized by their physical properties and their IR, UV, and 
NMR spectra in order to establish them as true inclusion complexes. Although there 
were some atypical results (such the UV and NMR spectra of the metribuzin-BCD 
complex), the bulk of the evidence supports the formation of true inclusion complexes 
of all five herbicides. 

As demonstrated by the present article, not all potential guest molecules readily 
form complexes. Furthermore, when a stable complex is formed, not only is it not 
necessarily crystalline, but it also may be highly water soluble. 
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Subject Index 
A 

oc(l->4) oligosaccharides, characteristics, 
172,174/,175f 

a(l->6) oligosaccharides, characteristics, 
172,174/175* 

α/β-barrel domains of starch-degrading 
enzymes, 36-39 

A-B chain binding in amylopectins 
chain length distribution of Ba chain 

fragments, 216 
determination of number of A chains 

binding to Β chain, 214 
enzymic analysis limitations, 216,218 
experimental procedure, 212,214 
maltosyl-Ba chain fragments, 216,217/ 
ratio of nonreducing to reducing 

residues, 214-216 
theory, 214 

Acarbose, inhibition of amylases, 30,31/ 
Acetolysis for structural analysis of 

amylodextrins, 164 
Actinomycetes, description, 73 
Active site of cyclodextrin 

glycosyltransferase 
enzymatic incubation procedures, 46 
experimental materials, 45-46 
postulated enzyme-substrate complex in 

subsites around catalytic site, 45,47/ 
specificity of subsites, 46,47f,49 

Active site residues of amylases, 
elucidation of roles, 30-33,35 

Alachlor-cyclodextrin complexes, 321-322 
Alkaline degradation for structural 

analysis of amylodextrins, 164 
Amino acid residues 
functional roles in amylases, 30-33 
in loops of α-β-barrel domains, 38r 

Amorphous forms of amylodextrins, glass 
transition behavior, 278-279,28Qf 

Amylase(s) 
activity on pullulan, 77,79-80 
alignment of short segments, 32,35/ 
C-terminal starch binding sequences, 39,4Qf 
classes, 28,29; 
classification of activity, 28 
hydrolysis of starch granules, 

80,81/82 

Amylase(s)—Continued 
identification by mapping procedure with 

l-14C-labeled oligosaccharides, 60 
maltohexaose production, 77,111-124 
maltopentaose production, 76-77 
maltose production, 73-74,75/76 
maltotetraose production, 76 
maltotriose production, 76 
microbial, major types, 72-82 
pseudooligosaccharide inhibitors, 30,31/ 
sequences, 28,29r 
sources, 72 
structural characteristics, 29 
structure-function relationships, 29-41 
three-dimensional structures, 28-29 

ct-Amylase(s) 
functional roles of amino acid residues, 

30-32 
maltose production, 74,75/76 
production of high-conversion syrups, 72 
structure-function relationships, 28-42 

p-Amylase(s) 
applications in biotechnology, 93 
biochemical characteristics, 87-88,89; 
gene coding, 88 
maltose production, 73 
occurrence, 88 
purification, 88 
starch hydrolytic activity, 88 

Amylase of Bacillus circulans F-2, 
maltohexaose producing, 116-124 

Amylases with novel properties, sources of 
Bacillus, 73 

Amylodextrins 
amorphous forms, 278-279,28Qf 
analysis, 140-169 
applications, 140 
aqueous solution behavior, 281,282*,283 
complexation, 283-289 
crystalline forms, 274-278 
description, 140 
linear oligosaccharides, enzymatic 

synthesis, 51-69 
polymorphic form, 275-276 
production, 273 
specific labeling strategies, 98-109 
structural analysis, 141-166 
uniformly labeled, synthesis, 98-109 
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Amylolytic enzymes, production of sugars 
from starch, 86 

Amylopectin 
A-B chain binding, 212-218 
autoradiogram, 119,120/" 
cluster models, 212,213/ 
composition, 212 
crystalline structure, 274 
gel filtration of hydrolysates, 116,118/ 
hydrolysis, 119,12Qf 
hydrolysis time course, 116,117/ 
reducing value vs. iodine stain during 

hydrolysis, 166,118/ 
Amylopullulanase 
activity on pullulan, 80 
applications in biotechnology, 94-96 
biochemical characteristics, 89-94 
catabolic repression, 89-90 
effect of source properties, 92-93,94* 
effect of temperature on stability and 

activity, 90,91/ 
function, 89 
gene coding, 90,92 
purification, 90 
substrate specificity, 90,92* 

Amylose(s) 
composition, 212 
crystalline structure, 274 
extended helix contraction to tight helix, 3,5/ 
hypothesis for molecular conformation in 

aqueous solution, 3,5/ 
low-molecular-weight, phosphorolytic 

synthesis, 191-202 
polymorphic form, 275-276 

Amylose complexes, 276,277* 
Amylosucrase, to synthesize uniformly 

labeled amylodextrins, 98-109 
Anion pellicular columns for structural 

analysis of amylodextrins, 158,160 
Apparent specific volume 
dextrins, 263-264,265* 
sugars, 265r,266 

Aqueous size exclusion chromatography, 
maize starch sample preparation, 205-217 

Aqueous solution behavior of amylodextrins 
hydrated volumes and asymmetries, 

282*,283 
intrinsic viscosities, 282* 
measurement methods, 281-282 
viscosities, 283,284/ 

Aspergillus niger, functional roles 
of amino acid residues, 30-32 

Atraine-cyclodextrin complexes, 321-322 
Autoclave-sonication method for starch 

solubilization, 206-208 

Β 

Bacillus, sources, 73 
Bacillus circulons, 126 
Bacillus circulans F-2, 111 
Bacillus circulans F-2 amylase, 116-124 
Bacillus macérons, 126 
Bacillus ohbensis, 126 
Bacteriophage cloning vectors 
advantages, 14,21 
cloning procedure, 14,20£21 
from filamentous phages, 21 
replacement vectors from bacteriophage 

λ, 14,20£21 
Benzaldehyde, cyclodextrin inclusion 

complexation, 305-309 
Binding of oligosaccharide, definition, 45 
Bioavailability, cyclodextrin 

complexes, 305 
Bond conformation, simple sugars, 2,4f 
Broad host range cloning vectors, 22-23 

C 

Carbohydrates, glass transition behavior, 
278-279,28QT 

Catalytic domain of amylases 
amino acid residues in loops of α/β-

barrel domains, 36,38r,39 
organization, 39,40-41/ 
schematic representation, 36,37/ 

Cellobiose, trans conformation, 2,4/ 
CGTase, See Cyclodextrin glucotransferase, 

Cyclomaltodextrin glucanotransferase 
Chemical methods for structural analysis 

of amylodextrins 
acetolysis, 164 
alkaline degradation, 164 
colorimetry, 163 
methylation analysis, 163-164 
periodate oxidation, 164 
structure elucidation, 163 
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Chromatographic characterization of 
dextrins and starch, 172-187 

Chromatographic methods for structural 
analysis of amylodextrins 

GLC, 142-146 
liquid chromatography, 146-160 
planar chromatography, 160 
supercritical fluid chromatography, 160-161 

cis conformation of disaccharide, 2-3,4/ 
Cloned genes, controlling expression, 21-22 
Cloning 
generation of DNA fragments, 12 
procedure, 11-12,13/ 
vectors, 12-23 

Clostridia, description, 73 
Collapse phenomena, saccharide polymers as 

inhibitors, 246-254 
Colorimetry for structural analysis of 

amylodextrins, 163 
Complexation of amylodextrins 
cyclodextrins, 288-289 
influencing factors, 285-286,288 
linear dextrins, 283,285-288 

Conformation, cc-l,4-linked glucopyranoside 
polymers in neutral aqueous solutions, 2-9 

Controlled-expression cloning vectors, 21-22 
Cosmids, 21 
Coupling sugars 
applications, 60,65 
composition, 65 
effect on dental caries formation, 60-61 
synthesis, 60 

Cryostabilization technology, 246-255 
Crystalline forms of amylodextrins 
biotechnological manipulation, 277-278 
complex formation, 276,277* 
effect of alcohol, 276 
structures, 274-276 

Cyclic conformation hypothesis, a-1,4-
linked glucopyranoside polymers, 2-9 

Cyclic dextrins, See Cyclodextrins 
Cyclodextrin(s) 
cavity volumes in capsules, 7,8/ 
characteristics, 177* 
complexation, 288-289 
complexes of herbicides, 317-329 
crystals of complexes, 57/62 
description, 317 
elution pattern from cellulose column, 

59/62 

Cyclodextrin(s)—Continued 
experimental procedure, 61-62 
formation via cyclomaltodextrin 

glucanotransferases, 125-136 
GPC, 177,179 
host-guest interaction, 7,8/ 
HPLC, 179,180,184/ 
inclusion complexes, 7-9,52,54 
industrial applications, 7 
molecular encapsulation applications, 

273-274 
preparation, 3,5/51-52,58-όΌ 
reactions catalyzed by macerans amylase, 

62,63/64 
relaxation times, 268,269/ 
schematic representation of cylinder, 7,8/ 
SEC, 177,178/ 
structures, 3,6/53/62 
synthesis, 3,5/51-52,58-60 
use as herbicides, 317 

Cyclodextrin glycosyltransferase (CGTase) 
active site investigations, 45-49 
catalysis of reversible transfer 

reaction of glucosyl units between 
maltodextrins, 44-45 

Cyclodextrin-benzaldehyde inclusion 
complexation 

antitumor cytotoxicity, 309* 
autoxidation, 309 
fast atom bombardment MS analysis, 

310,311/ 
Fourier-transform IR analysis, 310,312/ 
hypoglycemic effect, 315/ 
inclusion structures, 308-309,314-315 
NMR analysis, 305-306,308,310,313-314 
nuclear Overhauser enhancement, 

305,307/ 
preparation, 310 

α-Cyclodextrin, solid-state 1 3C NMR, 
297,298/ 

^Cyclodextrin, composition, 317 
β-Cyclodextrin-herbicide complexes, 321 
Ή-NMR spectra, 328*,329 
IR spectra, 322,323-325/ 
physical properties, 321-322 
structures of herbicides, 318,319/ 
synthesis, 318*,320 
UV spectra, 322,326*,327/,328 

γ-Cyclodextrin 
composition, 317-318 
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γ-Cyclodextrin—Continued 
formation by addition of high-affinity 

guest compound, 132-136 
γ-Cyclodextrin-lierbicide complexes 
characterization procedure, 321 
Ή-NMR spectra, 328-329* 
IR spectra, 322 
physical properties, 321-322 
preparation, 320* 
UV spectra, 322,326*,328 

Cyclodextrinase 
applications in biotechnology, 96 
biochemical characteristics, 93,95* 

Cyclomaltodextrin(s), labeled maltosyl 
branched, synthesis, 108,109/ 

Cyclomaltodextrin glucanotransferases 
(CGTases) 

adsorption on starch, 127* 
classification, 125 
effect of enzyme concentration on 

cyclodextrin formation, 130,132,133/ 
effect of incubation temperature on 

cyclodextrin formation, 130,131/ 
effect of pH on cyclodextrin formation, 

128,130,131/ 
effect of substrate concentration on 

cyclodextrin formation, 130,131/ 
enhanced formation of γ-cyclodextrin via 

high-affinity guest compound 
addition, 132-136 

formation of cyclodextrins, 125-126 
properties, 127*,128 
purification of enzyme from Bacillus 

sp., 126 
substrate specificity, 128,129/ 
time course of cyclodextrin formation, 

128,129f 

D 

Degree of polymerization, determination 
via GLC, 145 

Dental caries formation, effect of 
coupling sugars, 60-61 

Dextrin(s) 
apparent specific volumes, 263-264,265* 
chromatographic characterization, 

171-187 
composition, 261-271 

Dextrin(s)—Continued 
linear, solid forms and aqueous 

solution behavior, 273-292 
low-resolution Ή-NMR pulse relaxation 

studies, 266,267-271/ 
solute-solute interaction, 265f,266 
solution properties, 261-271 

α-Dextrin 
molecular model structure, 52,53/ 
preparation, 56,57/ 
structure, 52,53/ 

β-Dextrin 
preparation, 56 
structure, 52,53/ 

γ-Dextrin, preparation, 56 
α-Dextrin complexes, crystals, 57/,62 
Dextrose equivalents 
determination by high-resolution NMR, 

262,263* 
determination by refractive 

index-osmotic pressure, 263 
Differential scanning calorimetric (DSC) 

characterization method, polymer 
physicochemical characterization, 219-257 

Disaccharide, bond conformation, 2,4/ 
DNA fragments for cloning, generation, 12 

Ε 

Echo amplitudes, maltodextrin, 268,270-271/ 
Electrophoresis for structural analysis of 

amylodextrins, description, 165 
Electroporation, description, 24 
Entanglement, effect on network formation, 

238-244 
Enzymatic syntheses 
cyclic dextrins of amylodextrin type, 51-69 
phosphorolytic synthesis of low-molecular-

weight amyloses, 189-202 
regioselectively modified cyclodextrins, 

45-49 
thermostable saccharidases, 86-96 

Enzyme(s) 
α-amylases, structure-function 

relationships, 28-42 
amylase, maltohexaose-producing, 111-124 
cyclodextrin glycosyltransferase (CGTase), 

substrate-based investigations of 
active site, 44-49 
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Enzyme(s)—Continued 
cyclomaltodextrin glucanotransferase 

(CGTase), properties and production 
of cyclodextrins, 125-136 

in synthesis of cyclic dextrins, 51-69 
starch-degrading, struOure-function 

relationships, 28-42 
starch-hydrolyzing, major types, 72-82 

Enzymic methods for structural analysis of 
amylodextrins, description, 164-165 

Escherichia coli cloning system, 22-23 

F 

Filamentous phage vectors, advantages, 21 
Food polymer science, 220-221 

G 

Gas-liquid chromatography (GLQ for 
structural analysis of amylodextrins 

degree of polymerization, 145 
limitation, 142-143 
routine quantitative analysis, 143,145 
separation of D and L enantiomers, 

145-146 
structural elucidation, 143,144/ 

Gel permeation chromatography (GPC) 
definition, 146 
starch characterization, 185 
structural analysis of amylodextrins, 

146,147/148 
Gene cloning 
generation of DNA fragments, 12 
procedure, 11-12,13/ 
vectors, 12-23 

Gene manipulation, in vitro, See In vitro 
gene manipulation 

General-purpose cloning vectors, 14 
Gene synthesis, polymerase chain reaction, 

24-25 
Genetic engineering, in vitro gene 

manipulation, 11-25 
Glass dynamics, theory, 221-225 
Glass transition behavior of carbohydrates, 

278-279,28Qf 
Glass transition temperature, effect of 

molecular weight, 229-238 

Global binding site, definition, 45 
Glucoamylase(s) 
activity on pullulan, 77 
dual specificity, 34,35/ 
effect of mutation on substrate 

specificity, 32,34f,35/ 
mutants, kinetic parameters and change 
in activation energy, 30r,32 

ρΛΓβ values for catalytic groups, 32f 
sequence analysis, 30 

Glucopyranoside, a-l,4-linked, polymers 
in neutral aqueous solutions, 
conformation, 2-9 

Glucose, crystalline structure, 274 
Glucose syrups 
dextrose equivalent determination, 

262,263i 
preparation, 72 

a-Glucosidase 
applications in biotechnology, 96 
biochemical characteristics, 93,95r 

Glucose-arabinose trisaccharide 
furanose-pyranose forms, 61 
GLC pattern, 65,69/70 
structure, 65,67/ 

Glycyrrhizic acid, effect on 
γ-cyclodextrin formation, 132,135-136/ 

Groundwater contamination by pesticides, 
occurrence, 317 

Η 

Helical conformation hypothesis, 
a-l,4-linked glucopyranoside 
polymers, 2-9 

Herbicide-cyclodextrin complexes, See 
Cyclodextrin-herbicide complexes 

High-maltose syrups, properties, 72 
High-performance liquid chromatography 
(HPLQ, oligosaccharide separation, 179-184 
High-pressure ion-exchange chromatography 

for structural analysis of amylodextrins, 
156-158,159/ 

High-pressure liquid chromatography for 
structural analysis of amylodextrins 

affinity chromatography, 160 
anion pellicular columns, 158,160 
high-pressure IEC, 156-159 
high-pressure SEC, 153-156 
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High-pressure liquid chromatography for 
structural analysis of amylodextrins— 
Continued 

normal-phase chromatography, 
148-149,150-151/ 

reversed-phase chromatography, 
149,152-153 

High-pressure SEC for structural analysis 
of amylodextrins, 153-156 

High-resolution NMR spectrometry, dextrose 
equivalent determination, 262,263* 

Inclusion complexes) 
amylose, 3,5/ 
cyclodextrins, 52,54 

Intermediate molecule, definition, 212 
Intermolecular complexations in solution, 

difficulties in studying, 296 
In vitro gene(s), synthesis, 24-25 
In vitro gene manipulation 
cloning vectors, 12-23 
gene cloning procedures, 11-12,13/ 
generation of DNA fragments for 

cloning, 12 
introduction of recombinant DNA into new 

hosts, 23-24 
synthesis of genes, 24-25 

In vivo genetic engineering, 23 
Ion-exchange chromatography for structural 

analysis of amylodextrins, 148 
Isomaltodextrins 
nonreducing-end labeled, 105/108 
reducing-end labeled, 103,105-106/ 
uniformly labeled, 99 

Isomaltosyl-Sepharose 
applications, 68 
elution pattern of mouse serum, 68,69/ 
gel electrophoretic patterns and agar 

diffusion results for proteins, 61 
synthesis, 61 

Isopullulanase, activity on pullulan, 77,79 

L 

Labeled, branched maltodextrins, synthesis, 
103,106/ 

337 

Labeled, maltosyl-branched cyclomalto-
dextrins, synthesis, 108,109/ 

Labeling, specific, amylodextrins, 98-109 
Linear dextrins, complexation, 

283,285-288 
Linear maltodextrin series, 262* 
Linear oligosaccharides 
applications, 54,64-65 
identification, 64,66/ 
map of glucoamylase action, 65,66/" 
preparation from cyclodextrins, 60 
reactions catalyzed by macerans amylase, 

62,63/64 
synthesis via macerans amylase, 52 

cc-l,4-Linked glucopyranoside polymers 
in neutral aqueous solutions, 
conformation, 2-9 

Liquefaction, dextrin production, 72 
Liquefying enzymes from Bacillus, 

properties, 72 
Liquid chromatography for structural 

analysis of amylodextrin 
HPLC, 14&-160 
low-pressure column chromatography, 

146,147/148 
Local electronic density, cyclodextrin 

complexes, 300,302-303/ 
Low-molecular-weight amyloses 
advantages and disadvantages of 

preparation methods, 190-191 
degree of polymerization, 190 
phosphorolytic synthesis, 191-202 

Low-pressure column chromatography for 
structural analysis of amylodextrins 

GPC, 146,147/148 
ion-exchange chromatography, 148 

Low-resolution Ή-NMR pulse relaxation 
studies of dextrins and sugars 

spin-lattice relaxation times, 266,267-271/ 
spin-spin relaxation times, 266,267-271/ 

M 

Macerans amylase 
applications, 54 
catalysis of cyclodextrin synthesis, 51-52 
preparation, 54-55 
reactions catalyzed, 62,63/64 
synthesis of linear oligosaccharides, 52 
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Maize starch sample preparation using 
microwave energy 

advantages, 21 Of ,211 
comparison to other methods, 21 Of ,211 
component distribution patterns, 

208,209/211 
experimental procedure, 206-207 
sample preparation observations, 206 

Maltodextrins 
characteristics, 172,175f,177f 
echo amplitudes, 268,270-271/ 
HPLC, 179̂ -184 
labeled and branched, synthesis, 103,106/ 
linear, physical and physicochemical 

studies, 273-292 
nonreducing-end labeled, 103,107/108 
partition coefficients, 172,174/ 
reducing-end labeled, 99,101/103,104/ 
SEC, 172,173/ 
uniformly labeled, 98-99,10Qf,102f 

Maltohexaose-producing amylase(s), 77 
Maltohexaose-producing amylase of Bacillus 

circulans F-2 
action on oligosaccharides, 119,121/,122/i 
action on soluble polysaccharides, 

116,117-118/119,12(y 
action pattern, 113,114/119,122/ 
anomeric form of hydrolyzed products, 

119,123/124 
experimental procedure, 112-113 
kinetic parameters toward 

maltooligosaccharides, 119,122r 
mutarotation of reaction products, 

119,123/124 
properties, 111-112,116,117r 
purification, 113,114/115/f,l 16 
sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis, 113,115/116 
starch digestive activity, 116,117/ 

Maltooligosaccharides, sweetness 
equivalents, 264,265* 

Maltopentaose-producing amylase, 76-77 
Maltose 
cis conformation, 2,4/ 
crystalline structure, 274 

Maltose-producing enzymes, 73-76 
Maltosyl-Sepharose 
applications, 68 
synthesis, 61 

[l-13C]Maltotetraose, synthesis, 99,10Qf 

Maltotetraose syrups, properties, 72 
Maltotetraose-producing amylases, 76 
Maltotriose, crystalline structure, 274 
Maltotriose-producing amylases, 76 
Mass spectroscopy for structural analysis 

of amylodextrins, 161 
Membrane techniques for structural 

analysis of amylodextrins, 165-166 
Methylation analysis for structural 

analysis of amylodextrins, 163-164 
Metribuzin-cyclodextrin complexes, See 

tyclodextrin-herbicide complexes 
Microbial amylases, major types, 72-82 
Microorganisms, importance of genetic 

manipulation, 22 
Microwave energy, maize starch sample 

preparation for aqueous SEC, 205-211 
Microwave energy method for starch 

solubilization, 206-211 
Moisture management agents, saccharide 

oligomers and polymers, 243,244/245 
Molecular encapsulation by cyclodextrins, 

industrial applications, 7,305 
Molecular motion, cyclodextrin complexes, 

297^99/300,301/ 
Molecular relaxation, cyclodextrin 

complexes, 300,304/ 
Molecular specificity of cyclodextrin 

complexation 
bioavailability, 305 
determination, 296 
inclusion complexation of benzaldehyde, 

305-309 
inclusion complexation of tolbutamide, 

309-315 
local electronic density, 300,302-303/ 
molecular encapsulation, 305 
molecular motion, 297,299/300,301/ 
molecular relaxation, 300,304/ 

Molecular weight, effect on glass 
transition temperature, 229-238 

Multidetection for chromatographic 
characterization of dextrins and 
starch, 171-187 

Muscle phosphorylase 
chain-length distribution, 

193,195i,198-199/200 
disproportionation activity, 200,201/202 
effect on conversion of glucose 1-phosphate 

in phosphorolytic synthesis, 192f 
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Ν 

Neopullulanase, activity on pullulan, 79 
Network formation, effect of ability to 

entangle, 238-244 
NMR spectroscopy for structural analysis of 

amylodextrins, 161-162 
Nonreducing-end-labeled isomaltodextrins, 

synthesis, 105/,108 
Nonreducing-end-labeled maltodextrins, 

synthesis, 103,107/,108 
Normal-phase chromatography for structural 

analysis of amylodextrins, 148-151 

Ο 

Oligonucleotide-directed mutagenesis, 24 
Oligosaccharides 
effect of amylase, 119,121/,122/,* 
experimental procedures for 

chromatographic separation, 187 
polymer physicochemical 

characterization, 220-255 
relaxation times, 266,268/ 
separation via HPLC, 179-184 
separation via SEC, 172-179 

Optical rotation detector, use with HPLC 
for oligosaccharide separation, 179-185 

Ρ 

pBR vectors, advantages, 14 
Periodate oxidation for structural 

analysis of amylodextrins, 164 
Pesticides, concern over groundwater 

contamination, 317 
Phosphorolytic synthesis of low-molecular-

weight amyloses 
chain-length distribution, 193,195-200 
degree of polarization maxima for 

products, 193* 
disproportionation activity, 

200,201/202 
effect of enzyme conversion of glucose 

1-phosphate, 192* 
molecular-weight distribution, 193,194/ 
product characterization by SEC, 192-193 
reaction, 191 

Physical and physicochemical studies, linear 
dextrins, 273-292 

Planar chromatography for structural 
analysis of amylodextxins, 160 

Plasmid-based vectors, advantages, 14 
Polymerase chain reaction, 24-25 
Polymer physicochemical characterization 

of oligosaccharides 
collapse phenomena, 246-255 
dynamics map, 221,224/ 
effect of molecular weight on glass 

transition temperature, 229-238 
entanglement and network formation of 

saccharide polymers, 238-246 
glass dynamics, 221-225 
physicochemical basis of DSC method, 

225-229,231 
theoretical basis, 221 

Potato phosphorylase 
chain-length distribution, 

193,195*,196-197/200 
disproportionation activity, 200,201/202 
effect on conversion of glucose 1-phosphate 

in phosphorolytic synthesis, 192* 
preparation, 191-192 

Precision densitometry, density 
measurements, 263 

Promoter cloning vectors, 21 
Pseudomonas, description, 73 
pUC vectors, advantages, 14 
Pullulan, 77,79-80 
Pullulan-degrading enzymes, 89,90* 
Pullulanase, activity on pullulan, 77,79 

R 

Recombinant DNA, introduction into new 
hosts, 23-24 

Reducing-end-labeled isomaltodextrins, 
synthesis, 103,105-106/ 

Reducing-end-labeled maltodextrins, 
synthesis, 99,101/103,104/ 

Refractive index-osmotic pressure, 
dextrose equivalent determination, 263 

Regioselectively modified cyclodextrins, 
enzymatic syntheses, 44-49 

Reversed-phase chromatography for 
structural analysis of amylodextrins, 
description, 149,152-153 
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Saccharidases, thermostable, synthesized 
from thermoanaerobes, 86-96 

Saccharide oligomers, moisture management 
agents, 243244/245 

Saccharide polymers 
collapse inhibitors in low-moisture 

systems, 252-253,254-255/ 
entanglement and network formation, 

238-244 
functionality as collapse inhibitors, 

246-252,254 
moisture management agents, 243,244/245 

Schardinger dextrins, structure, 51 
Simazine-cyclodextrin complexes, See 

Cyclodextrin-herbicide complexes 
Single-crystal X-ray effraction analysis, 

molecular structure determination of 
low-molecular-weight amyloses, 190 

Site-directed mutagenesis, 24 
Size exclusion chromatography (SEC), 

aqueous 
description, 205 
maize starch sample preparation, 205-217 
oligosaccharide separation, 172-179 
universal calibration curve for 

oligosaccharide, 172 
Solid forms, linear dextrins, 273-292 
Solid-state 13C-NMR spectroscopy, 

determination of molecular specificity 
of cyclodextrin complexation, 296-315 

Solubilization methods for starch, 205-211 
Soluble polysaccharides, effect of 

amylase, 116-120 
Solution properties of dextrins 
apparent specific volume, 263-264,265* 
dextrose equivalents, 262-263* 
examples, 261 

Solvent method for starch solubilization, 
206-208 

Special-purpose cloning vectors 
broad host range type, 22-23 
controlled-expression type, 21-22 
cosmids, 21 
promoter type, 21 
suicide type, 23 
terminator type, 21 

Specific labeling of amylodextrins 
enzyme sources, 99,102* 

Specific labeling of amylodextrins— 
Continued 

synthesis of labeled, branched 
maltodextrins, 103,106/ 

synthesis of labeled, maltosyl-branched 
cyclomaltodextrins, 108,109/ 

synthesis of nonreducing-end-labeled 
isomaltodextrins, 105/108 

synthesis of nonreducing-end-labeled 
maltodextrins, 103,107/108 

synthesis of reducing-end-labeled 
isomaltodextrins, 103,105-106/ 

synthesis of reducing-end-labeled 
maltodextrins, 99,101/103,104/ 

synthesis of uniformly labeled 
isomaltodextrins, 99 

synthesis of uniformly labeled 
maltodextrins, 98-99,10QT,102r 

Spectroscopic methods for structural 
analysis of amylodextrins, 161-162 

Starch(es) 
bioprocessing, 86-87 
chromatographic characterization, 171-187 
complexation, 285287/ 
components, 212 
hydrolysis products, effect of 

molecular weight on glass transition 
temperature, 230-238 

hydrolysis via amylases, 80,81/82 
oc-l,4-linked glucopyranoside polymers, 

conformation, 2-9 
need for solubilization method, 205 

Starch hydrolases 
complete sequences, 29t 
domain level organization, 39,41/ 
structure-function relationships, 28-42 

Structural analysis of amylodextrins 
acetolysis, 164 
alkaline degradation, 164 
colorimetry, 163 
electron spin resonance spectroscopy, 162 
electrophoresis, 165 
enzymic methods, 164-165 
GLC, 142-146 
HPLC, 148-160 
importance, 141-142 
IR spectroscopy, 162 
liquid chromatography, 146-160 
low-pressure column chromatography, 

146,147/148 
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Structural analysis of amylodextrins— 
Continued 

membrane techniques, 165-166 
methylation analysis, 163-164 
MS, 161 
NMR spectrometry, 161-162 
periodate oxidation, 164 
planar chromatography, 160 
Raman spectroscopy, 162 
steps, 142 
supercritical fluid chromatography, 160-161 

Stmcture-function relationships in amylases 
catalytic domain architecture, 36,37/,38*,39 
domain level organization, 39,40-41/ 
elucidation of roles of active site 

residues, 30-33,35 
prospects, 39 
tailoring of substrate specificity, 

32,34*,35/ 
Stuffer, definition, 14 
Substrate specificity of amylases 
dual specificity, 34,35/ 
effect of mutation, 32,34i 

Sugars 
apparent specific volume, 265*,266 
low-resolution Ή-NMR pulse relaxation 

studies, 266,267-271/ 
Suicide vectors, example, 23 
Supercritical fluid chromatography for 

structural analysis of amylodextrins, 
description, 160-161 

Τ 

Terminator cloning vectors, 21 
Thermoactinomyces vulgaris, 79 

Thermoanaerobes to synthesize 
thermostable saccharidases, 86-96 

Thermostable saccharidases from 
thermoanaerobes 

applications in biotechnology, 93-96 
biochemical characteristics, 87-95 
examples, 87* 
need, 86-87 

Third component, definition, 212 
Tolbutamide 
cyclodextrin inclusion complexation, 309-315 
properties, 309-310 
structure, 310 

trans conformation of disaccharide, 2-4 

U 

Uniformly labeled isomaltodextrins, 
synthesis, 99 

Uniformly labeled maltodextrins, 
synthesis, 98-99,10Qf,102* 

V 

V amylose, crystalline structure, 273-274 
Vectors for cloning 
bacteriophage type, 14,20£21 
construction, 12 
definition, 12 
examples, 14,16-19* 
functional parts, 12,14 
general-purpose type, 14 
physical and genetic map, 14,15/ 
properties, 14,16-19* 
special-purpose type, 21-23 

Production: Kurt Schaub 
Indexing: Deborah Steiner 
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