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I. INTRODUCTION

It 1s generslly recognized that knowledge of the physical
gonfiguration of starch would be of conglderable value in
interpretation of the physical and chemlcal phenomena asgo-
clzted with this high molecular welght gubstance. VWheress
starch hag been fzirly extensively investigated from the
organo-chenlical point of view, it has been the nurpose of this
investigation to apply physical methoés tc the problem of
starch structure, supplemented by such chemical methods as
were congldered necessary. The use of x-rgy diffrasction,
which ig the moast dirsct method for the determination of
physicel configuration, forms the foundstlon of this research.
Optical properties have been of great assistance, esgpeclally
in determining genersal molecular orlentations in crystsls or
other oriented preparations,

Some problems of starch chemigtry which may be st least
partlally explained by a more conplete knowledge of starch
configuration are the phenomens of soclubllity behavior of
starch, the nature of the atarch granule, the blue lodine
addltion compound, and the varlaticn of behavior of starches
from different plant and animal sources. It was wlth these
problems in mind that the investigation here reported was

undertaken.



Since starch is a high molecular weight substance of
great complexity, 1t has been consldered expedlent to examine
gome of the simpler and more homogeneous preparationsg such as
the crystalline degradation products of starch, Glucose and
simpler products of degradation have not been examined hers,
the goope of the investigation covering only the gross fea-
tures of gtarch configuration at the expense of attention to
the finer detalls.

Maltose may be congldered to be the bullding unit of
starch, as celleoblose 1s of celluloge. HMaltose containg the
ahﬁraeteristia££~1,4~g1ucoaid1c linkage which differentistes
starch from cellulvge. Thus a detalled examination of the
stmcture of maltose might be expected to yleld much worth-
while informmatlion regarding the ultimste configurstion of
starch. Since this compound is of fairly high molecular
welght and pregents little aymmetry, the experimental dif-
ficultles of a complete investigation by means of X-ray 4if-
fraetion place such a study outside the range of practica-
bility. However, a few useful facts have been found by a
brief examination of maltose hydrate.

The non-reducling cyclic dextrins dlscovered by Scherdinger
have been given a place of impertance in this etudy, Although
thege compounds are of gufficlent interest in themaslves %o
have exclited conslderable chemical study, the fact that they
fdrm stable, intensely blue crystalline lodine addition pro-
ducta which sppear to be quite analogous to the gtarch-lodine



addition product nore than justifles a detailed physical
investigation,

Other low molecular weight crystalline degradation
products filling the gap betwsen starch and maltose would
be of great value., Such few as have been renorted in the
literature have elther completely falled to nroduce single
crystals, or have presented crystals of such exceedingly
gnaell glize that methoda of examining single cryvsiasls were
ugelegs. It egheould be emphasized that much is to be hoped
for from gingle crystalg of, say, hexaamylose.

Finally, it should be pointed out that raw starch is a
mixture of at lesst two components which are congldersbly
dlfferent in thelr chemlcal and physical propertles. In
order to interpret the properties of whole starch, it has
been congldered necessary to examine the properties of its
unlike components. A feilure to recognize the need for work-
ing on a homogeneous frection of starch has caused con-
siderable confuslon in the older literature. However, with
inproved methoda of fractionstion which are now availsgble,
the investigstor may hope to tackle problems one =t a time
rather than be confused by the heterogeneity of the material

used.



I1. THE DEVELOPEMENT OF IDEAS
REGARDIHG THE CONFIGURATION OF STARCH
AND ITS CRYSTALLINE DEGRADATION PRODUCTS
Although our knowledge of the chemical structure of
starch hag been rather indefinite and incomplete, especlally
until rather recently, any definite informetion of the con-
figuration of the starch molecule is even more fragmentary.
In contrast to the situstion wlth cellulose, the use of x-ray
diffraction methods has not resulted in a setisfactory plcture
of starch configurstion (1). Undoubtedly the difference is
due to the faet that cellulose forms fibers, from which
excellent orlented xeray diffraction patterns may be obitzined.
On the other hand, native starch occurs ss tiny srherocrystals
which are not capable of giving orlented diffraction patterns.
Neither is 1t possible to form oriented fibers from starch
pastes, or at least all attempts have been unguccesaful (2).
Partially compenagating for the lack of oriented preparations
has been the variety of crystalline forms pregented by
starch (3), but even here any evidence for the orientstion of
the molecules within the unlt cell has been completely lacking.
8ince nmost attempts to arrive at the confipuration of
starch by physical methods have been ungatisfactory, more
rellance has come to be placed on chemicel methods of attack
on this problem. The method of methylstion hes been of

primzry importance in thias connection. The glucose polymer



belng investigated ls Tiret completely methylated, snd the
resultiné product ig hydrolyzed to the corresponding par-
tlally methylated glucogea. By separation and identification
of the hydrolytic products, it is possible to determine the
position of linkage in the originsl substance. 1In sl atarch
subgtances thus far investigated by thisg method, the bulk of
the hydrolysls product is 2,3,6-trimethyl glucose. Other
products, guch as 2,3,4, 6~tetranethyl glucose and dimethyl
glucoge, are present in smaller amounts, The large pro-
portion (usually more than 90%) of 2,3,6-trimethyl glucose

is most simply interpreted on the basis of & chein structure
for the starch molecule (4). Each 2,3,4,6~tetramethyl
glucoge is produced by the glucose residue at the non-redue-
ing end of the gtarch chain, and therefore the proportion of
tetramethyl glucose is an indieatlion of the aversge chaln
‘length of the starch molecule (5). 7The fact that small
quantitiee of dimethyl glucose are produced indlcates that
starch has a branched structure. On hydrolysis, each branch
point in completely methylated starch results in 2,3-dimethyl
glucose {8).

Methylation studles on raw starch have indicated an
averagze chain length of about 24--30 glucoase residues, in-
dependent of the kind of gtarch exemined (7). Reocently,
however, Heyer (8) has prepared starch fractions which pro-
duce a very small amount of Setramethyl glucose, Indicating
sn average chaln length of about 260 glucose units. Meyer
ghowed that this stralght-chain fraction of starch 1s
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completely degraded to maltose by the action of beta-
amylase, whereas ordinary whole starch digests only to the
extent of szbout 60%,

The portilon of the starch remaining affer removal of
the siraight chein component repregents the bulk of the
gptareh (85 - 95%) and has chemical properties similar to
those of raw starch. Methylatlon experiments by Meyer indi-
cate an average chaln length of about 25 glucose reasidues
for this component, and the degradation by beta amylase
proceeds to the extent of about 55%. Evidence for the
high melecu;ar welght of this fraction is 1ts very low re-
ducing power to the ordinary reagents {alkaline copper,
silver, and iron). Although 1t ig not poasible to measure
very low reducing values with any great degree of precision,
the vaslues for moleculer welghts 30 obtzined are probably
about as relisble as thoge obtained from osmotic pressure
determinations, etc. (9). The very low reducing power indi-
cetes an average molecular magnlitude in excess of 1000
glucose units. In order to account for the apparent disg~
crepancy between chain length determined by methylation and
molecular gize as determined by reducling power and other
methods, 1t 1s necessary to assume a branched chain structure
{10), It should be pointed ocut that for the straight chain
fraction estimates of molecular size by methylation and by
reducing power agree falrly closely (8).

Hethylation sgtudles on glycogen indicste an even more



highly branched st{ructure. Although the molecular weight is
known to be very high (100,000 to 1,000,000), the average
chain length as determined by methylation is about 12 glucose
units (11). On degradation by beta amylase, about 50% of the
material 1s converted to maltose (12),

It 12 evident that there is a considerable degree of
correlation between the results of methylation and digestion
with betz amylase, Therefore, the degree of degradation by
beta amylase may be tsken ag a criterion of the relative

amount of branching in starch chaing (13).

The Crystallization of Starch

It hss long been known that starch granules are capable
of giving crystalline x-ray patterns. The birefringence of
these tiny particles also indlcates a crystalline structure.
Katz (14) was able to show that the type of x-ray pattemn
obtained varied according to the type of starch used, and
that there were three main types which he designated "AW,
"B%, and "C", The A patterns weré obtzined from the cersal
gstarcheg and represent one extreme, while the B patterns
were obtalned from the tuber starches and lle at the other
extreme. Patterns whose characteristics were in between the
A and B types were called C.

A different type of x~ray pattern was obtained when
gtarch pastes were rapldly precipltated with alcohol. This
pattern was considerably more simple then the A--B type of
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patterns and was designated "V" (Verkleisterungspektrum) by
Katz (15). Starch precipltated in this way was found to be
more readlly soluble than the granular gtarch.

An advance was made when Katz (16) prepared specimens
giving A, B, or C type patterns by drying starch paetesg slowly
at different temperatures. Pastes crystallized below 30°
gave the typicel B pattern; between 40° and 60° C type
patterns were obtained, and sbove 50° starch crystallized in
the A modificstion, Thus it appears that the type of pattemrn
obtained with atarch granuleg 1s dependent on the conditions
~ under which the starch granules are formed, rather than on
any genetic charscteristics of the starch. Thisg is further
conflrmed by the fact that starch removed from solution by
freezing, or retrogradatlion, always exhiblts the B type
pattern, regardliess of the type or source of the gtarch.

Frey-Wyssling (17) has shown that the birefringence of
native starch granules is in accord with a radisl arrange-
ment of extended starch chaing, rather than helices as pro-
posed by Hanes (41) and Freudenberg (20). It is therefore
evident that the A-~B modification of starch represents an
extended chain configurastion (3).

Katz showed that amylodextirin was capable of giving A,
B, and V type patterns. Since the amylodextrin molecule 1is
much gmaller than gtarch, and probably contains no branching,
it is evident that the starch x-ray dlegrams are produced

by crystallites which sre quite amall in size and include



only the stralght chain portion of starch. The fact that

all fractions of gtarch give the same types of X-ray pattern
indicates the presence of the same stiructural unit. Glycogen,
however, could not he induced to zive cerystalline x-ray dla-
grams under any condition (18). As Meyer (9) has pointed
out, this is probably due to the fact thaet the chains in
glycogen are too short to form crystallites.

In a preliminary investlgation, Bear (19) arrived at
the conclusion that the V pattern repregents s hellcal con-
figuration of the starch chain. The similarity of the V
pattern to the pow&er pattern of the Schardinger alpha dextrin
was pointed out by Katz (15), and starch-iodine precipitated
by ammonium gsulphate gives a2 semi-crystalline pattern regembl-
ing the V pattern, 8ince the alpha dextrin was considered to
be & ring shaped molecule and a helicsl configuration had
been postulated for the starch-iodine addition compound (20),
the similarity of their pastterns with the V pattern was con-
sidered to be atrong evidence of a sgimilarity of structure.

A new type of crystellization of starch was discovered
by Schoch (21), When starch pastes are treated with butanol,
a portion of the starch crystallizes out in the form of six
glded rosettes or dumbbell shaped platelets. These crystals
give an entirely new type of crystalline x-ray pattern, which
gomewhat resembles the V pattern but is much sharper and more
complex (19). On removal of the volatile material from these

crystals, the x-reoy dlagram becomes almogt identlcal to the V
vattern.
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Interpretation of the X-ray patterng in terms of corvstal
11t cellg.

Although several early writers had attempted to inter-
prat the x-ray patterns of native starch granules in terms
of‘cryst&l unit cells, no great amount of success wes net.
The main difficulty wes that the crystallline interferences
were relatively wesk and diffuse, and it wag difficult to
assign exasot spacing values to the diffraction rings. Hore-
over, the number of clearly resolved lines on the powder
pattern was ingufficlent for the use of accurate analytical
me thod 8.

Bear and French (3) were able to obtain improved patterns
of native gtarch by ueing wet starch granules and finer 4if-
fraction methods. The resolution of broad lines into close
doublets and the sharpening of weaker lines made 1t possible
to observe gbout 24 1lines in the powder pattern. Using
- patterns obtalined from potato starch, it was possible to
determine interplanar spaclngé with a degree of ascocuracy
hitherto impogsible, and thus apply anslytical methods to the
determinetion of the unit cell constants. By using a serles
of starches of the A, B, and C types it wag found that the
indices assigned for the potato starch unit cell could be
trangferred directly to all other patterns, and the agreement
between observed and calculated interplanar spacings. indicated
the correctness of the unlt cell asgsignments. There are four

glucoge reslidues or two maltose residues per unit cell, but
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due to a lack of orlented preperntiong it wes impogsible to
deternine the arrangement of molecules in the cell, The
pregence of four glucose residues 1ls analogous to the case
with cellulosge, and probably the A--B type of crystallization
ig similar to celluloge. On the other hand, a helical con-
figuratlon of the starch molecule would requlre some multiple
of gix or geven glucose residues per cell,

The only sattempt to asslin 2 unit cell or other crystal
gymmetry to the V pattern has been made by Bear (15), The
gimple V pattern containg cnly ebout four rings, which are,
however, falrly sharp and gtrung. By comparlison with powder
patterns of the Schardinger slpha dextrin 1t was declded
thet the pattern wag most like that of the hexagonal modifi-
catlon of the alpha dextrin. HMoreover 1t was possible to
observe g qﬁé relatlonship between the gpacings of two of
the lineg. These conslderations indlecated the possibility
that the V pattern represents gome sort of s hexagonal struc-

ture which is related in a simnle way to the alpha dexirin,.

Degradation Products of Starch

Glucoge.

| After many years of exploratory work by Cox and others
(22), any exact knowled-e of the configuration 6f the gluco=
pyranose ring was still lacking. Althongh the general slze
and shape of the pyranose ring had been deduced by Astbury
and Marwick (23), the difficulties involved in a complete
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englysis of gtructure prohibited a detalled examination of
any simple sugar. Using chitoseamine hydrochloride and
hydrobromide, Cox and Jeffrey (24) were zble to carry out
complete Fourier crystal structure analyses. They found
that in these compounds the glucose ring has a chair conw
figuration, rather than the planar configuration ssrlier
propoged by Cox (22).

Maltose.

Crystalline meltose hydrate (25) has been known since
1819, but nothing has been nublished concerning its crystal

structure or confisurstion (28).

Heducing dextring.

Crystalline hexaoges The hexsose described by Wald-

gchnidt~Leltz and Reichel (27) wes reported to crystallize
in tabular aggregates. No crystallographic propertics were
given by these wrlters, however, and subsequent efforts to
produce the oompound in the crystalline state have not
gucceeded.

Amylodextrin. The amylodextrins descrlibed by A. Meyer

(28), Konler-Hollander (29), and other writers have very
sinllar properties and are undoubtedly very similar chemlcesally.
Thelr molecular welghts (as determined by reducing power)
corregpond to a chain length of 14~-25 glucose residues. By

the action of beta amylase they are converted to maliose to

#
the extent of at least 75%, according to Klason and Sjoberg
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(30), leaving & residue containing about 4 or 5 glucose
residues., Amylodextrin crystallizes in the form of srhero-
crystals which are similar in sppesrance to starch granules
(28), ziving the cheracteristic dark cross between crossed
Nicols and having the ssme sign of birefrinpgence (31). By
careful crystallization, amylodextrin may be made to crystal-
lize in the form of microscoplc nesdles.

Since amylodextrin gives rigse to x~ray patterns which
are ldentical with those obtained fro: starch, 1t may be
sasigned the game configurstlon as that prevalling in starch

erystzllites,

Non-redueine dextring (Schardingey dextrina).

The cryatalline non-reducin:: dexirinsg discovered by
Schardinger (32) have been investigated from the chemical
point of view by Pringsheim (33), Irvine (34), Karrer {35),
and Freudenberg (36). Hudson end Tilden (37) showed thet
the dextrins can be produced in falrly high yield by the
action of an enzyme from B. msacerans on gtarch. Although
early theories of the girmicture of these compounds were bad-
ly confused, partly because of unreliable molecular weight
deterninetiong and partly because of the pronounced poly-
morphiasm of one of the dextring, Freudenberg (36-s) has
greatly clarifled the problem by Aintroducing a systematic
method of fractionation of the enzymolysis mixture. The

main product, alpha dextrin, wag charascterized by a falrly
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high solubility in water, a specific rotastion of about 148°,
the formation of crystalline greenish needles on the addition
of lodine, and the low solubility of the crystalline acetate
in toluene and ethyl acetate. On the basls of approximate
molecular welght determinatlions and methylation evidence,

the compound was assigned a ring gtructure having sbout flve
glucose residues arranged in the form of a ring and connected
by ~1,4-glucosidic linkages (36-b)., A second product, the
beta dextrin, was thought to be a similar ring-shaped molecule
contalining six glucose residues. The beta dextrin is much
less soluble in water, has a higher specific rotation ([4]5.
158°%), and forms reddish brown prisms on the addition of iodine.
Other dextrins, called gamma, delta, and epsilon, were not ob-
tained in sufflocient quantit& to characterize very definltely,
Eut they were tentatively assumed to be simllar rings of high-
er nolecular welight.

The crystalline lodine and bromine addition products of
the alpha and beta dextrins were prepared and analyzed by
Pringsheim and Steingrover (38). According to their analyses,
there 1s about one halogen molecule for every six glucogse
residues. A small smount of halide wag slso found. Since the
reducin; dextrins of gimilar size do not form lodine addition
products, Freudenberg (20) has inferred that each ring shaped
molecule encloses an 1odine molecule, thus making a stable

complex.
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Hess, Trogus and Ulmann (39) examined by means of x-ray
powder dlapgrams the different forms in which the alpha dextrin
crystallizes. By varying the sclvent or the condltions of
crystallization, it was found possgible to obtain at least 10
different tyves of crystal patterna. A few of the crystal
modifications were obtalned in the form of single crystals,

but these were not investigated by single crystal methods.

In view of the importance of thig class of compounds,
and the unrellebility of molecular welghts determined from
colligative properties, Kratky and Schneldmesser (40) attempt-
ed to determine the molecular welght of the alpha dextrin by
the x=-ray method. -Although these writers clsim to check
Freudenberg's molecular weight, it is apparent that a serious
error was made in the crystal space groun interpretation. The
unit cell given is sald to contain two five-membered molecules,
while the space group reaquires thsat each molecule have a
two~f0ld axis of symmetry. Such symmetry 1s clearly imnosgsible
for a five-membered ring molecule. Since the validity of all
molecular welght determinetions on the Schardinger dextrins
ig in serioug doubt, the problem of the molecular welightas of
the Schardinger dextrins and thélr configuratlons remains

incompletely solved,
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The Hellcel Configurstion of Starch and the
Starch~-Iodine Reaction.

The concept of the helical ("spiral) configuration
for gtareh wag first introduced by Hanes (41) to explsin
gome of the peculiarities of the digeastion of starch by alpha
smylagse. He alsgo obgerved that such a configurstion might
explain the lodine reactlon with atarch send dextrins, with
more than one complete turn of the helix being required for
the production of the characteristic color. Although there
is conslderable evidence that his mechanism for the attack
of starch by alphs amylase ig incorrect, the concent of
the helleal configuration appears to be useful in explain-
ing certain other propertlies of starch.

Freudenberg (20) has extended the theory to include the
decradation of starch br B, macerans amylagse with the forma-
tion of cyeclic dextring (Schardinger dextrins). On the in-
spection of agpace £f1lling models 1t was obgerved that the
gtarch chain had a ﬁatural tendency to form a helix wlth a
periodicity of about six g¢lucose regidues, and thet such a
helix had a lining esgentially hydrocarbon in nature, i. e.,
protected from hydroxyl or other gtrongly polar groups.
Since 1odine produces a color in stafch gimilar to that pro-
duced in hydrocarbon solvents, Freudenberg concluded that
the iodine in starch-iodine was assocliated with or "dlgsolved"

in the hydrocarbon phase. Freudenberg alao postulated a
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similar mechanism for the formatlon of 1odine addition
products with the Schardinger dextring.

Interesting es the heliczl hypothesis 1s, it has not
met with complete spproval. Caesar and Cushing (42) propose
an extended hellx configurstion rather than the tightly
packed structure of Freudenberg. On the other hand, Heyer
(43) belleves 1t 1s possible to account for the fomstion of
starch~1lodine on s micellar hasis. By comparison with
colloidal preciplitates which take up 1odine, 1t 1s assumed
that the iodine ig adborbed in the interstices of the crystal-
1ites, Accordingly, the degree of 1odine coloration ghould
vary with the crystallizing pvower of the preparation.

The role of water and certaln negative lons in the
formatlion of starch-lodlne 1g rather obscure. At various
tlmes 1t haa been claimed that each 1lg necegsary to the forma-
tion of the blue color. Heyer claims that lodide lons are
not essentlal, and may be replaced effectively by acetate,
bromlde, and other negative ilona. He aasserts that water 1is
necesgary,; since starch loges 1is power to become colored

by lodine vapor when thoroughly dried.

Conflguration and the Fractionation of 9tarch

In studying a complex mixture such as starch, 1t hss
long been recognized to be advantageous to desl wlth the

simpler constituents. Methods of fractionating starch into
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unlike components have been invented which differentiate
gtarch on many bages: solubility, phosphorous content, ease
of crystallization, digestion by enzymes, iodine coloration,
and various others. It 1s now apparent that all these met ods
are in fact dependent on the difference in configuration of
the starch fractlions, the go-called basls of separstion be-
ing a logicsl congequence of the differense in behavior he-

tween streight and brenched chsin starch.

Electrophoresis (flectrodialysis).

On attempting to remove lnorpanic ions from starch
pastes by electrodlzlysis, it was noted (44) that & consider-
able amount of the starch deposited at the anode, while the
remalinder of the starch had no tendency to misrate in the
electrical field. Undoubtedly the most important negative'
ion sttached to starch is the phosrhate ion, which occurs
only to the extent of one phosphorous for every 250 - 50O
glucose resldéues (45). It 1g probable that the phosphorous
lg concentrated in the complex, high moleculcor welight branched
chain fraction. Thus the eleciro sepasration results in draw-
ing a compllicated dragnet of interlaced and interlinked starch
cheing towards the anode, while the simple molecules of low
molecular welght and simple atructure are left in solution

(48),

Freezing of gtarch pagtes.

8terch pastes which have been frozen and thawed form
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voluninous sediments, which when filtered off and dried are
difficult to redissolve (47), There remains in the filtrate
g snell portion of the atarch which 1s nmore readlly soluble.
Here it ig not obvious thet a separastion of straisht chains
from branched molecules 1s effected, since hoth fractions con-
tain straight and branched chaing., In the freezing procegs
the straight chaln materisl of high molecular weilght becones
closely assoclated with the lsrge branched molecules, whille
the smaller branched molecules as well as straicht chains are

free to dlssolve on thawing of the mass.

On the warm weter swelllng of the starch granule, a loose
network of interlaced gtarch chains is formed, through which
the moleculea of gimple gtructure are free to pass and diffuse
into solution (48). By continued extraction of the swollen
granules with hot water it is rossible %W remove approximstely
10% of the starch substance. Although the ot water extract
is apparently more soluble than the rest of the granule, after
it has been geparated from solution and dried it becomes quite
ingoluble, Apparently the straight chains are able %o form
super-molecular aggregates of higher organizstion than that
existing in the starch granule, and being more sitable are

extremely difficult to redisperse in water (9).

Lellulogg adgorptlon of gtarch.

On treating starch pastes with cellulose (cotton or
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filter paper) one fraction of the gtarch 1s strongly ad-
gorbed, ag evidenced by the change in lodine coloration of
the resulting solution (49) (50). The blue-staining compo-
nent ig fixed to the cellulose, while a red-stalning materisal
remains in solution. Since cellulose 1s a straight chaln
carbohydrate similar to gtarch, 1t 1s possible that the
straight chains tend to crystallize out on the cellulose or

otherwise be held by secondary vslence forceas.

Algohol arvstallizetion of gterch.

Among the more recent techniquee for fractionating
atargh, the crystallization with higher alcohols, e. g
butanol and pahtanol, appears most promising (21) (13).

In this method, starch is autoclaved with a saturated
butanel golution and allowed to cool slowly. One fraction
of the gtarch crystallizes out with the butanol, apparently
producing a'fairly clean~cut geparation, The straight chains
- are gble to form falrly perfect hellces which then pack to-
gether to form a crystal (12). A highly brenched chain
gtructure 1s unsble to participate in this type of crystal-
lizatlon because the side chains are %too short to asllow the
formetion of helices of sufflclent length to have the same
packing characteristics ss helices formed from long stralght
chains.



21

III. THE RELATIONSHIP BETWEEN STRUCTURE
AND CPTICAL PRCOPERTIES

Birefringence

Pregsent views on the relationshlp between structure
and the index of refrasction are developed from the principles
1zid down by Yilberstein (51). Bragg (52) was able to calcu-
late the indices of refraction for calcite and a few other
simple compounds of well known gtructure. Wooster (53) has
correleted optiecal and x-rsy data for s number of crystal-
line orgenic compounds. The known facts concerning the re-
latlonghip between crystal struoture and index of refrzction
may be summarized as follows: The higher index of refraction
corregponds to the direction of higher polarizability in the
molecule, widch for most molecules 1s 2long the greater

averzsge length of the molecules.

Pleochrolism

The relstionghip between crystal structure and double
abgorntion of light has received little attention, Krisghnan
and co~workers (54) have investipaeted the pleochrolsm of
several crystals in the ultraviolet region, and Ramen (55)
has investlgated the relationship between pleochrolsm and

gtructure of some colored organic compounds.
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A knowledge of the double abgorption of light by halogens,
egpeclisily lodline, 1o of consglderable importance In the inter-
nretation of the dichrolism of lodine addltion products of
starch and related compounds. $Svedding (56) found thet the
meximum absorption of light by helogen crystals (bromine and
iodine) tekes place when the slectric vector is parellel to
the directlon of greatest average length of the halogen mole-
guleg. Almost no absorption occurs when the electric vector
is normel to sll the halosen molecules. Obgervatlions in this
laboratory show that light 1s strongly abgorbed by armonium
triiodide crystals when the electric vector isg coplansr with
the linesr trilodide lons and only weakly absorbed when the

electric vector 1s normal to the trilodide plane.

Optlcel Rotation

The principle of pdditivity of moleculzr rotatlon, get
forth by Hudson (57), has been developed and employed by
Freudenberg (58) to relste the specifilc rotaztions of compounds
in the cellulose and amylose series. The so-called Freuden-
berg equation

[aly = [u],= (n-2)-[M], /oo
formulates the relationghip between the molecular rotation
of an n-membered dextrin and the molecular rotations of the
appropriate dlsaccharide and infinite glucose chaln., Foster
{66) has successfully applied the equation to relate reducing

valueg and gpeclific rotetions of variousg corn-syrmup dexiring.
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IV, HOMENCLATURE

In view of the confused system of nomenclature used at
present by carbohydrate chemist, the terminology uged through-
out the remsinder of thig thesis 1g here defined. The writer
hes followed Meyer's suspestion that the terminology be based

on chemical constitution.

Amyloge.

The term amyloge is used to designate s chein of glucose
residues linked together execlusively by o -1, 4-glucogidic
bondas The term is used without any implleation of physical
nropertles such as solubility, viscosity; or tendency to
retrograde; no reference is ‘ntended concerning the method
of preparstion, nor 1ls the term supposed to imply any chemieal
or blochemlicel propertles, such as the abllity to convert in
100% yleld to meltose,

In order to deflne the number of glucoce regiducs in
the enylose chain, the avpropriazte Greek prefix or Arabilc
numersl noy he uged, e. g., heramanylose, deksanmyloge, HO-
emylose, ete. The term gnylose with no delimiting prefix
mey be used to represent a straight amylose cliisln of sguf-
ficient length to form a blue color on the addition of dilute
lodine solution, while an anylose chain too short to glve the

charscteristic blue color may he designated amylodexirin.




Isoemvloge (Amylopectin).

A substance which departs irom ldeal anmylose in that
occasional linkspges of other tyves are nresent, 1s desig-

nated igsoanylose. The foreiyn linkages may be sassuned to be

thogse that give rigse to branching in starch. Thig term ls

proposed in place of anylovectin for the followins reasgons,

Pectin infers that the subgtance will set to a gel, but the

gel-forming tendency is now bellieved to he a cherscteristic
ol strsight-chein amyloze, vhereze the branched-chain fractlon
lacks rigidity even in solutions of falrly high concentration.

Horeover, the term gmylopectin as orlginelly deflned was

understood to name a compound thet was not depraded by beta
amylase, It iz now knowm thot no fraction of starch is
entirely resigtant to the action of thls enzyne.

On the other hand, isosmylose implies no guch chemloal

or physiecal properties, but only thet the substesnce ig like
smylose in many respects. By definition, amylose 1s much
simfler than isocamylose, 2nd vhen the chemicsl gtructure of
the latter is better understood, 4t will be appropriate to
change the name entlrely or add qualifying end descriptive

termas to the bese 1socamylose,

Gvel g"ﬁﬂ 0ses (ﬁg hardl neer dextrin s) .

The cyclic non-reducings dextring are named cyclopenta-
amylose, cyclohexasamylose, cycloheptaamylose, etec., accord-

ing to the number of glucose residues in the molecules In
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case the number of glucose residues per molecule is in
doubt, the proposed nomenclature may be supplemented by the

nomenclature of Freudenberg end Jacobl (36-a).



Ve EXPERIMENTAL PART

Hethods Used

X-rsy Giffractlion methodg.

Laue Qattegg +» Laue patterng were teken uging a tung~
aten target and a peak voltage of about 456 K.V, Higher
voltages were not consldered necessary becesuse of the large
gize of the unlt cells involved in this Investigstion. The
wave length range wes limited to the shorter wave-lengths by
placing a sheet of sluminum .5 mm. thick between the film and
erystal. By thls device, all wave lengths above A = 1 }.
were reduced to less than 15% of their original intensity.

A Tlat film wag uged at a dlastsnce of & cm. from the sample.
Gnomonlc prolectiong were made using a gnomonic ruler and

2 projection distance of 1 om. Murdock's (59) suggestions for
the examination of Laue vatterns were followed.

Osclllestion pstterng. Oscillatlion patterng were made

usging s cylindricsl casmera of 5 cm. radius using copper
radiation flltered through nickel foll .015 mm. thick. The
crystal examined was mounted oh g goniometer head equipped
with centering aslides. Osclllations of 20° were effected by
means of a constent angular velocity cam. Indexing of pat~

terns was carrled out by Bernal's method (80), and primitive
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translationg were calculated by means of the Polanyl equation
nd = x pin X

where x 1s the primitlve translation and X is the layer line

angle.

Becliproecal lattlce goniometer patternsg. A reciprocal

lzttice x-rzy gonlometer of the type developed by Ciark and
Gross (61) was employed. This instrument is similer to the
one described by deJong and Bouman (62) but iz much simpler
in construction ahd algo more versatile. A brief description
of the inastrument used 1g glven in Appendix 1. Usging copper
radistion filltered through nickel foll, the relationship be-
tween lattice apacings (4 in A.) and distances measured on

the £ilm (g in cm.) is

normel incidence: 4 = 2£.617
3

60° incidence: d = 5,23
5

Reeclprocal lattice angleg, which are the gupplemente of the
lattice angleg in the monoclinic gystem and systems of hipgher
gymmetlry, may be gccurately measured directly on the x-ray
film by measguring the anglea hetween rows of points.

Powder patterns. For exploratory work, powder patterns

were teken uging a 3 cm. sample to £1lm dlstance and a flat
film. For more aécurate spacing measurements and better
resolving power, a& 10 cm. radius cylindrical camers was used,
together with a 8lit system including two .25 x 2 mm. glits

10 cm. apart. Copper radlation filtered through nickel foil
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L0165 mm. thick was used exclusively. In order fo avold changes
in molsture content or toc prevent losgs of & volatlile constituent,
gamples were gealed in thin-wslled pyrex glass capillaries.

Thias procedure wag absolutely necesssry 1n many caseg %o avoid
deterioration of the sample.

Oriented patterng. Patterns from oriented specimens

(other than single crystals) were tsken using powder pattern
equlpment by mounting the gample directly on the plnhole. The
highest degree of microaconlc oricntation of amylose obtsined
in this investigation 1s that of uniaxisl films. Althourh
1ittle work has heen done on oriented films, the pztterns are
falirly readlily interpreted if the organizztion of the specimen
approaches the ideal 1imit. A preparstion with only a asmall
emount of orlentation ig little better than s rendomly oriented
powder.

A perfectly oriented film bears the same relatlonsghip to
g Tiber that a fiber bears to 2 single crystal. In a gingle
erystal, corresnonding coordinate asxes of all crystallites are
paraliel; In the cryastslliteas of a fiber, one set of axes
11-2 parallel %o the Tlber axls, while the remaining axes are
grranged at random about the fiber axig. Thug g flber 1s
equivalent to z crystal rotating sbout a speclal crystalio-
graphic axlis. In the crystallites of a film, the only con-
straint upon the orlentation of the crystel axes 1g that one
particular axis be perallel to the film surface. / Such

orientation is equlvelent to a fiber rotating about a nomal
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to the fiber axis. A specinen containing any less orlents-
tilon, such a8 a spherocrystsl or powder, ls incspable of
producing oriented x-ray diffractlon patterns.

Projection methods. Intensity dats, vigually estimated

and corrected for polarizstion, were handled by standard
projection methods for F snd F2 geries (63). The summatlons
of terms in the Fourler aseries were carried ocut by the method

of Beevers and Lipson (64) using printed strips.

Optical methodg.

In the exagmination of 2ll orlented asnd crystallil-e
specimeng, use wag made of an ordinary polsrizing microscope
equipped with & selenite plate (551 ma retardation) and a
revolving cap type analyzer. In determining the sign of
double refrasction, an attempt was made to use only firast
order interference colors by limiting observations to the
gmallest crystals. Ugually it was possible to select a
needle~sheped crystal tapering off at one end, and thus ex-
clude the possihility of mistakin: higher order interference
coclors for the more reliable first order colorse

For observation of pleochroism (double shsornptlon)
effects, the lower Nicol {(polarizer) was removed and the
effects observed by rotating the analyzer. Thls procsiure
proved much more effective than using the polarizer aslone and

rotating the stage.



Kaltoge

Prenzration of crvstsls.

Haltose wag obtained in the form of single crystals by
adding 95% ethanol to a concentrated squecus solution of C. P,
maltose until the precipltsted maltose no longer redissolved
on shaking., The mixture was then hezted to dissolve a2ll the
precipitate and get aslde to cool, Amorphous maltose separated
out and glowly crystallized. By slow evaporation of the gol-
vent, clusters of maltose crystals were bullt up, with com-
paratively large flgkes of crystalline maltose growing out
from the clusters. The crystals uged in this investigation

were sone of the larger and more nerfect flokes.

Crystel datsg.

The crystal unit cell was found to be:

8y = 4.9 &, by =15.2 &, oy = 10.7 &., 6= 82.5°
(sin B = .991)
Honoclinic gsymmetry was indicated by the symmetry of oscill-
lation pattarns about [100] and [010] 2a well as by Laue pat-
terng taken along the b axig. 9Pince the compound is optieally
active it must belons to the point group 62~~2¢ The regulsar
abgsence of odd orders of (010) indicated that the space group
o

wasg 82~~—P21. The densglity was determined by flotetion in a

mixture of carbon tetrachloride and chloroform and wss found
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to be 1.540 = .004, The molccular weight of msltose hydrste
1s 560.2, and the number of malitose molecules ner unit cell is
H= (1,540)x(4.9)%(35,2)x(10. 732,991 )x(.808) = 2.05002
36042
The crystals were tabulzr on (0Q0l), and were elongsted slong
(100}, Some of the crystals were examined microscopicslly
end found %o e blaxlal, negative, with the acute bisectrix

parallel to’§ and the obtuse bisectrix normel to {001).
Arrangement of the moleculeg witiin the unit cell.

Astbury and Marwick (23) have pointed out that the
spztlal requirements of a glucopyranosge ring are srnroximately
éﬁiX. by 5.5 g. hy 7.5 Xc, corregponding to the thickness,
length and breadth resvectively. The length 1s taken glong a
line joining the first and fouwrth carbon atoms, this being
the long direction in a polysaccharide chain. If two such
glucose residues are linked together as in maltose, the com-
hination would reculre a space 4.5 K.by 11.0 R‘ by 7.5 R,
This 1s 8o nearly one hslf of the maltoge unit cell that it
becomes apparent that the 10.7 ):4 spacing repreaents the
length of the maltose molecule (somewhat shortened from 11
R. due to the glucosidic linkege between glucose residues),
while one half of the 15.2 R, gpacing repregents the breadth
of the molecule. Beyond doubt the 4.9 X. dimension repre-
sents the thickness of the molecule, since 1t is too small

for length or breadth.
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The optical propertles of the maltose orystal are in accord
wlth the zbove interpretation. The grestest index of refraetlon,
which ghould correspond to the length of the molecule, 1s along
the 10.7 ﬁ. axlig, or more strictly along the nomeal to the
plane (001 ). The least index l1ls along the 4.9 E. axis, which
corresponds to the thickness of the molecule.

It ig significent that the thin dimengion of the unit
cell leaves very little room for departure from a parallel
orientation of the planes of the glucose residuss in the mal-
tose molecule. If the maltose molecule pogsessed a folded
structure, it would be impossible to pack molecules into & lat-
tice having such a sgmall primitive tranalation.



Heolecular Welightas of the Cycloanmyloses

Molscular welcghte of high moleculer welght compounds
have been calculated by the use of cryoscopic methods, osmotie
pressuxé nethol s, and other methods which depend directly or
infirecctly upon the number of molecules, large or small, n a
welghed gample of the substance exemined. Values obtained by
such methods esre known to be unrelisble, egpeclally in the
case of compounds which sre difficult to obtain in a state of
complete purity or which tend to decompose. Xersy diffraction
provides a method which is particularly suitable for the exaot
determination of the molecular welghts of high molecular
welght crystalline conpounds. The slze and symmetry of the
unlt cell are first determined, and in favorable cages the
number of molecules per unit cell is detemined by the symmetry
of the gpace group. In this way, the volume occupled by eamch
nolecule may be calculeted, and 1f the orystael density 1is
determined, the molecular welght is simply cslculated. Thig
method 1s one of the most direct methods of arriving at the
molecular welght of 2 compound, and by sufficient refinement
of the unit cell and density determinations 1t is capable of

s hich degree of precislon.

Preparstion of crystals of cyclohexaamylose (alpha dextrin).

The cycloamyloges were prepared and separated by the
method of Freudenberg and Jacobl (36-a), and also by Schochs
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(65) modification of the method described by Hudson (37).
Cyclohexaamylose (designated alpha by Schardinger) is char-
acterized by 1ts fairly high solubility in water, 1ts sbility

to form greenish needles snd blue-black hexagonal plates on
the addition of lodine and potassium lodide, and itz low
specific rotation. The apecific rotation, using sodiuvm light
and sbout 1% solutions, was found %to be Exlfg =+ 151.10,

+ 151, 5°, + ‘151.8”, or an average value of [e(]:"l: +151.4B.
The value given by Freudenberg is Exjp = + 148°; perhaps
his slightly lower value ig due to Incomplete drying of the
sample,

S8ingle crystels of cyclohexasmylose were prepared by
adding 95% ethanol to a hot, aqueous solution of cyclohexa-
amylose until the alcohol concentration reached 80--80%4, On
cooling, large glasa-clesr orthorhombic prismsg were formed.
Determinations of volatile matter, ash and denglty on large
erystals gave values of 12.2%, 1.8% and 1.438 respectively.
The actual carbohydrate density was then calculated by mul$i-
plying the obgerved crystal dengity by the fraction of carbo-
hydrate in the crystal (1,436 x .862 = 1,238).

X-ray dats on gyclohexsamyloge.

The lattice constants were determined by the uase of
5 cm. oaclllation patterns. By measgurement of the layer line

geparations, the following primitive transletions were obtained:
o} o
ag= 15.49 K., by= 24.06 ., o,z 15.93 &., & b cy= 5195 cu. A.
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The crystals are orthorhomble, as evidenced by gymmetry of
ogclllation, goniometer, and Laue patterns. The compound 1ig
optilcally setive In solution so the crystal structurs must
be ilgsomorphous with the point group V---222, 0Ogcillation
patterns showed the presence of all types of reflections
except odd orders of (100), (010), and (0O1). Accordingly
reciprocal lattice goniometer patterns were taken for the
reciprocal lattice nets (hk0) snd (Okl). All odd or&ara of
{(100) through (15,0,0) were missing; all odd orders of (010)
through (0,26,0) were mlssing; all odd orders of (001) through
(0,0,13) were missing. The only space group in the ortho-
rhombilc system having these characterlistic absences 1ls the
gpace Eroup ?4-P 212124+ The unit cell for this space group

requires four molecules, regardless of molecular symmeiry.

Molecular welght of 93

The number of glucose resgidues per unit cell 1s

B . (1.238)x{5195)x(.608) = 24.03 ~ 24
162,14

where 1.238 1s the ocarbohydrate density, 5198 1s the wnit cell
volume in cu. §§, .606 1s the product of Avogadro's number
times 107°% (to convert ocu. A. to cc. ), and 162,14 is the
welght of a glucose resldue in moleoular weight unlita. Since
the unlt cell contains 24 glucose residues and requires four
molecules, there are gix glucose residues per molecule. On

thig bagls the compound celled alpha dextrin by Schardinger
and Freudenberg 1s now named cyclohexaamylose. The molecular
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welght of the compound may be found to the highest degree of
accuracy by multiplying the residue weight of glucose by six.
The moleculsar weight so obtained 1g 972.84.

Preparation of crvstals of cycloheptaamylose (beta dextrin).

The compound designated betsg dextrin by Scherdinger and
Freudenberg 1s characterized by its low golublility in water,
the formation of dark red-brown crystals on the addition of
iodine and potassium lodide, and its higher specific rotation.
Four determinations of the specific rotation of anhydrous
samples gave [«] 7% = +161.9%, + 161.8%, + 161.9°, + 162.2°;
average E*]Bgé = +161,9°. The value given by Freudenberg,

[x]; = 158°, 1s somewhat lower, as was also observed with
cyclohexaamylose.

Cycloheptaamylose may be obtained in the form of large,
clear orystals by alow eveporation of an aqueoug solution at
room temperature. The crystals present monoclinic symmetry
and are definlitely polar in habit. Vhen freshly prepared,
the crystals have a density of 1.444 % ,004 and a moiature
content of 14.18%. The carbohydrate density is therefore 1.239
g-/cce On standing in dry sir for a length of time, water 1is
lost and the crystals becone shattered in sppearance. Smaller
crystals appear perfectly stable in air, indlcating that the
water lost from large erystals may be merely interatitizl water
rather than water of crystallizatlon,
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X~ray dats on gycloheptaamylose.

The lattice constants for cycloheptaamylose are:
8g= 15.27 K., by= 10.24 X., o= 20.95 ., @ = 68.0°
(atn 8 = .9272), eboe, sin@ = 3034 cu. . The orystals
are monoclinic, as showm by the aymmetry of oseillatilon,
goninmeter, and Laue patternsg. The monoclinic crystals
nust belong to the point group cz-~2 since the compound ig
optlcaelly asctive in solution. Oseclllation patterns showed
21l possible types of reflections to be present exoept odd
orders of {(010). Accordingly an intense goniometer vattern
of the reoiproosl lattlice net (0Okl) was taken. The range
of the film included the first nine orders of (010), and all
{Ok1} planes excep’ odd orders of (01l0) were clearly registered.
The only space group isomorphous with Co~e2 which has these
cheracteristic missing absences ls ngw*le. This space

group requires the presence cof two molecules per unit cell,

regar@less of molecular gymmetry.

The number of glucose residues per unit cell 1s

N =(1.209)x(3054) x (.6068) .
165.14 = 14.050014,
8ince the unit cell requires the presence of two molecules,
each molecule contalna seven glucose residues. The exact

molecular welght of cycloheptaamylose (bete dextrin) 1g then

seven times the weirht of a glucose residue or 1134,98,
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8ince 1t 1s well known that the cycloamyloses are
ring molecules containing glucose residuss linked in o-1,4-
glucogidic bonds, it 1g now posgsible to assicn definite
gtructural formmulas to these compounds. Such a step 13 very
important in eateblisghing the sgpatial configuration of the
molecules,

Horeover, the individual compounds become valusble
gterting products for synthesls or degradation. The pos-
8ibllity of preparing heptaamyloge, a straight ochain
dextrin containing seven glucose residues, will be dis-

cugsed Iin a following section,



39

Polymorphism of Cyclohexaamylose

By various methods of preparation, 1%t has been found
possible to prepare single crystals of at lesst five dif-
ferent modifications of cyclohexaamylose. In addition it
is well known that other crystalline modifications exist;

28 well ag crystalline addltion products with many orgsnie
and inorgenic compounds. The modifications investigated hsve
been confined to those formms crystallized from water or dilute
ethanol solutions.

Hodification 1.
This modiflcetion is dlecussed in the preceding sesctlion.
Hodification 2.

Dilute aqueous alcoholic solutions of cyclohexaamylose

~ deposlt blade-shaped orthorhomblc crystels on standing at room
temperature or lower. These crystals contain slechol as well
ag water of crystallization, but are neverthelegs falrly stable.
Some small and well-formed crystala kept for over a year 1n an
unstoppered bottle have remained perfectly clear. The specifie
rotation on the~bas1§ of the undried crystals 155051 130°, and
the crystal density 1s asbout l.44. The carbohydrate density

is 1,23, found by multiplying the cryatal denslty by the ratio
of the rotations of the compound in the crystalline and anhy-

droug form.
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The unit cell dats as determined from layer line separa~
tions on osclllation patterns are! ag = 9,5 3,, bo » 38 2.,

oo = 14.4 &., a b,c = 5200 cu. A.

The c¢rysitslg show orthorhombic symmetry and the 4if-

fraction patterns have the characteristic mlasing reflections

» - 4
of the space sroup V"'Palzlzl' The number of molecules ner

unit cell s

N =1.24 x 5200 X .68068 . 400 4
972,84 = 402w

The space group V4-?2 s o Trequires 4 molecules per cell.
111

Modification 3.

Small hexagonal plates sre formed on precipitséing cold
squeous golutions of cyclohexasmylose with 95% ethanol, or by
the slow evapersztion of dilute slcoholic solutions. The
crystals were rather difficult to work with;, being very small,
ond since any evidence of the Laue aymmetry was lacking, a
determination of the space grouw was lmpossible. The uni?t
cell dimengiona obtained from oselllation patterns ares

e = 23.4 R, G = 16,9 K., (80)%0,x V3/2 2 7540 ou i

¥odiflicatlon 4.

By crystallization from water at sbout 800, cyclohexsamy-
lose forms rhombus-shaped orthorhombioc crystals. The unit cell

dimensions are?
ac - 1;3'9 X-, be - 16.1 R" 00 -~ 24:0 Xo, a@boca - 5376 {41+ 99 2-
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The crystal probably belongs to the apasce group Vé—-Pglglgl
with four molecules per cell, The crystales were of poor
appearance and quality. Because of the great imperfection of
the erystals, each diffration spot being multiple in neture,
no great reliance 1s placed on the space group determination,
There is little doubt, however, concerning the crystal class

and the true gize of the unit cell.
Hodiflcatlon 5.

On svaporation of aqueous solutlons of cyclohexasmylose
2t room temperature, large rhombus-shaped crystals are formed.
These crystals may slso be formed from dilute ethanol solu-
tiong, 1. e. at concentrations of 40% aloohols, The lattice
conatents are:

f0 = 22,0 8., b, = 15.8 ., Co = 8.3 Ae, mobpOoe 3070 cu. Ae
The unit cell is orthorhombie and conteing only two molecules
of oyclohexasmylose. Since odd orders of (100) and (010) are
gbsent whille odd orderms of (001) are definitely present, the
gpace group is Vs-anlglgﬁ The symmetry of this aspsce group
requlires the presence of four molecules per unit cell, or if
the molecule hag a two-fold axis only two molecules are re~
quired. The cryetals are bisxlal negstive, with the acute
bigectrix parallel to g and the obtuse blgectrlx perallel to b.
The optic axlal angle is very smalle.
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Configuration of the Cycleoamyloses

Cyclohexaamylose.

Hethylation studles as well asg the kinetics of hydrolysis
indicate that cyclohexaamylose is a ring shaped molecule con-
taining glucose residues linked together as in gtarch. Accu-
rate molecular welght determinations now ghow that the ring
containg slx glucose regldues. Such a molecule ig capable of
higher gymmetry than most carbohydrate molecules, and in modi-
fication 5 of the preceding section, 1t 1s evident the mole-
cule hag a two-Told axis of gymmetry. Higher symmetry, 6. g.
three-fold and six-fold, is theoretically possible for a pix-
membered molecule, but has not as yet been obaserved in any
cerystal modification or derivative of eycléhexaamslose.

The signiflcance of the two-fold axis can hardly be over-
eatimated., In addition to the novelty of being the most sym-
metrical of all saccharides thus far inveastigated (pents-
erythritol not taken as belonging to this class), the presence
of a two~fold axlie makes possible the exact orientation of the
molecule in those unit cells which require for the molscule a
two~-fold axls of symmetry. Furthermore, 1t 1s importent
supporting evidence that the glucose residues 1In cyclohexaamy-
lose are linked together 1n exactly the same way. If any
linksge other than the o -1,4- glucosidic bond 1s present, it
must be present to the extent of at least two of the gix
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linkages, The best methylatlon evidence at present indloates
that at least five of the six linkages sre « -1,4-gluco~
gidic bondg, and thers 1s no evidence for any other kind of
linkege. It 1s plain, therefore, that all the linksges in
cyclohexaamylose are the same type as t-ose in starch.

It ig posalble to deduce the approximate packing size
of cyclohaxasmylose by an inspection of the unit cell size
and symmetry of modification 5. The two-fold axis of the
ring must colincilde with s two~fold axis of the uniit cell,
The optleal properties are in accord with this arrangemsnt.

The primitive tranaslation along the Z axis is 8.3 £.,
which 1s then the packing thickness of the oyclohexaanylose
ring. This thickness is about 10% more than the breadth of
the maltose molecule. The approximate dlameter of the ring
may be found by taking half the dlagonal of the projection

of the unit cell on the xy plane. The dlagonal 1s a§,~ bi:

27.,68; the moleculsr packing dlsmeter ig then about 13.84 £,
One interesting Testure of this orystal 1z 1ts tubew
like structure. 8inoce the unit cell is only one molecule
thick, the molscular rings are superpesed producing a tube
extending the length of the crystallite. This tube structure
is of inportance in the interpretation of the reaction with

iodine vapor discussed in & following section.



A1l chemiocal evidence points to the clese similarity
between cyclohexsamylose and cycloheptasmylose. However,
the cycloheptaamylose molecule 1s inoapable of any ecrystal-
lographic symmetry (a seven-fold axis not being a crystal
symmetry element), and s further investigation of symmetry
by x~ray methods was not consldered practieal. Here 1t 1g
not posasible to show go conclusively that all the linkages
between glucose residues are o« -1,4~ glucosidic linkages,
but the molscule msy be itentatively assumed 30 be a ring of

seven glucose residues connected by «~-1,4~ glucosidic bonda,.

Other cvclosmyloges.

According to Freudenberg and Jacobi, the gamma and
delta dextring are gompounds similar to cyclohexasmylose and
cycloheptaamyloss, but of larger size. Such a conclugion 1is
gsupported in part by the higher gpecific rotations. If it
ig found possible to prepare these higher molecular weight
cycloanylosea, they would be very valuable for crystal
structure work. Cyclooctaamylose would be capable of show-
ing two-fold and four-fold axes, while cyclononamylose might

show a three-fold axis,
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The Preparation of
lLow Holecular Welght Amylodextrins
from the Cycloamylosges.

The initial product fomed in the acld hydrolysis of
8 oycloamylose is the ocorresponding amylodextrin. By using
pure cycloheptaamylose Tor example, 1t should be posaible to
prepare heptaamylose in good yield and high purlity. Assum-
ing the velooity constant of hydrolysis for the glucosldie
bond 1s the game in cyclohepteamylose as in heptaamylose, 1t
is possible to calculste the relative amounts of ¢yolohepta~
amylose, heptasmylose, and lower molecular weight depgradation
prcdﬁcts present in the hydrolysis mixture. The smount of
oycloheptaamylose (C) after a time t will be C = Coe"kt, and
Af one knows the veloeity constant, the proportion of the
astarting material may be calculated for any velve of %.

The rate of formation of heptasmylose (H) 1s the rate
of destruction of cycloheptasmylose, or Kcoe“kt. The rate
of destruction of heptaamylose depends on the amount of hepta-
amylose present as well as the veloclty congtant of hydrolyasis.
Since heptaamylose containg only six glucosidic bonds, the
velocity constant of hydrolysls‘is assumed to be 6/7 k. The
rate of increase of heptsamylose 1g then the rate of forme-
tion minus the rate of deatruétlon, or

: . =kt :
H_ . kCuye -
—%%. - Elg _g XK.

Solving, Ha 7 G %X ( e % = -e .
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Table 1 shows the relative amounts of cycloheptaamyloge,
heptaamylose, end degradation products corresponding to
varlous gteges in the hydrelysis process. As the heptasmylose

iz the degired vroduct, the amount of lower molecular weight

Table 1. Conversiorn of (ycloheptsanylosze

Amount of Anount of Amount of Per cent Time
cyclohepta- hepta- lower M. Wt. Lmpurity required
smylose emylose products in hepta~ (kt)
amylose
1.00 0 0 —— 0
«99 +010 + 00004 4 « 010
« 95 + 049 001 2.0 « 051
«30 096 « 004 4,1 + 106
+80 «181 L0198 9.8 + 224
» 70 + 256 «044 14,5 «387
+80 + 318 +0B4 20.9 «B511
+ 50 + 364 +«146 29.2 «694
+10 J272 +828 69,7 2e303
+00 +000 1.000 100,0 oo

pfoéuct is caloulated as the percentage "impurity" on the
basls of the amount of heptaamylose which hes been further
broken down. The appropriate time %o interrupt the acid
hydrolysis 1g determined by the degree of purlty of raw pro-
duct desired.
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Removal of unchanced cycloheptaamylogs. Cyclohepta-
amylose may be removed proctically completely from agueous
solutions by the acti-n of orgenie precipitants, such as
trichloroethylene, ethylene dlbromide, toluene, and xylene.
The degree of completeness of removal is 1llustrated by the
following experiment: 5 g. of cycloheptasmyloge were dils-
solved in 10C ml. of hot water and allowed to cool to room
temperature. After atanding two days at room temperature
(24°) the cryatals were filtered off (about 3 g.). The
filtrete wae put in 8 2 dn. tube and the rotztion taken
(/0 = 5,98%), The aseme solution was now stored under xylene
wlth frequent sheking for several days at room temperature.
A considerable bulk of precipitate (nlcely crystalline and
eagily filterable) was formed., After filtering off the pre-
cipltate, the rotation of the sclutlion was tsken as before.
(/"z .28%), Since the specific rotation of cyclohepta-
amylose 1s about 162°, the concentration before addition of
xylene wag about 1.85 g”/ieo ml.; after precipitation with
xylene, sbout .086 gv/loe mle Thus the xylene removed more
than 95% of the amount of cycloheptaamylose left in solu-~
tion. By using gmall volumes of golutions 1t is possible
to remove sll but an ingignificant amount of cyeloheptaw
smyloae. |

An example of the proposed axperiment. Dissolve 20 g.
of cycloheptaamylose in gbout 100 ml. of aqueous sulfuric
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acid and allow 1t %o hydrolyze to the extent of 10%, or

until the specific rotation has Incressed sbousb 2%, The
solution 1g now neutralized hy pourins Into czleium car-
bonate, the precipitated celclum sulfate together with
unchanged celeium cerbonate filtered off (hot), and the pre~
cipitate waghed with boiling water. The filtrate and wagh-
ings are now concentrated to a volume of about 50 ml, and
allowed to crystallize. The crystals are removed, and the
solution 1s covered with xylene or toluene. After standing
geveral days with frequent shseking, the precipltate is |
filtered, and the xylene 1gs separated from the filtrate.
After concentrating the asolution to a thin ayrup, slcohol

iz edded to precipitate the raw heptaamylose. Let us supposge
a quaniitative precipitation on the addition of slcohol; the
ravw product then containg 1,92 g. of heptaamylose, .08 g. of
lower degradstion products, and sbout .04 g. of oyclohepta-
amylese; or the product is about 94% pure. It is not un-
reagonable $o suppose that a product of this purity should
crystallize.

The value of heptasmyloge. If heptasmylose can be ob-
tained in the crystalline state, it would be a very valuable
compound from the viewpoint of starch structure. Crystal
gtructure work would he expected to reveal a great deasl more
sbout the intimate nature of the starch chain than has yet
been found from starch or its derivatives. 1%t should be

possible to establish the presence or sbgence of the strzsight
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chain configuration; and the amount of *kinking® in the
starch chain,

The compound would be a primary standard for the cal-
ibration of molecular weight methods depending on reducing
value or cther end-group agsays Studles with enzymes would
ba expected to revesl the nminimum chain length uwpon which
any particular asmylolytic enzyme will work. The nature of
the iodine color (1f any) and the value of the specific
rotetion would be informative.

Desirable starting produci. It 1s necessary to start
with 2 pure material, since the impurities in the starting
product are all preserved through the treatment, Cyclo-
heptaanylone ia more eesily obiained in gz atate of high
parlity than cyclohexasmylose. It is much lese soluble than
cyclohexasmylonse, and can be removed from the hydrolysils
nixture very coupletely by means of precipitants. Further-
porg, 1t can be readily obitsined in high yieid from gltarch
by =24ding toluene or other stable precipitants to the en-

zymolysls mixture.



Iodine Addition Ppoducts of Cyclohexaammylose

The lodine addition productes of the cycloamyloses,
noticed by Schardinger, are of unusual interest becsuse of
their close analogy to starch-~lodine. Therefore thres modi-
fications were prepared and anaslyzed, and other modlfica-
tiong were observed under the microscope. The conditions
under which these addition products are formed are most
important in determining the modification which regults.
Frequently more than one modification 1s present in the asame
cryatallization mixture, as for example when a golution 1s
exanined on a microscope sllde. Blue-black hexagons are
to be found around the border of the evaporating solution,
while long needles extend into the bulk of the solution.

Modiflcation 1.

This modification 1g formed when a concentrated aqueous
soluticn of cyeclohexsamylose 1s treasted with a concentrated
iodine~-potassiwm lodide solution. It is egsential to have
a hich 1odide lon concentrstion. The crystals are blue-
black hexagonal plates or prisms, and may be grown to falrly
large slze by slow evaporstion of an sppropriate solution.
For chemicsl anslysis, cryetzls were prepared by mixing to-
gether 5}g, of cyelchexasmylose in 15 ml. of water with 1.5
g. of icdine and sbout l.lg. of potassium lodide dlssolved
in 5 ml. of water. The mixture was heated until no particles
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were left undissolved, and allowed to cool., The procipltatad
sludge was filtered off, and microscoplc examination showed
1t to consist almoat entirely of short stubby hexagonal
prisms. Since these crystals decomposed at 110° C., they
were allowed to dry at room temperature.

For anaiysis, & welgched sample of about 0.3 g. was mixed
with about 10 ml, of water and heated to dissolve. The re-
sulting solution was rapidly titrated with 0,1 ¥ thlosulfate
without the use of any indicator other than the color of the
lodine itself. After determination of the free iodine in
this way, the golutlons were transferred quantitatively to
& 28 ml. volumeiric flasek and made up to volume at 24%, The
amount of cyclchexsamylose in the golution was calculated
from the rotation. The results of four determinations are

given below!

: | Per oent Per cent of Ratlo of Ig
Sample of I cyclohexa- to cyclo-

2 amylose amylose

1 16,4 62.5 « 262

2 16,7 82.5 | +267

S 16,7 62,56 « 267

4 16.4 83.1 « 260
Average 16.6 62.7 + 263

The potassium iodide was determined by ashing welghed
samples at about 500° - 800° (somewhat below the m. p. of
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potassium iodide)e The per cent ash in two samples was
11.2 and 10.5, or an average of 10.8%. The welight ratio
of potassium 1odide to iodine in the crystal is then .654,
8ince the additlion product occurs as & crystalline
compound the cyclohexaamylose, lodine and potassium lodide
mugt be pregent in definite proportions corresponding to a
chemical formula. The ratio of the molecular welight of
lodine to that of cyclohexaamylose is .2809, whlle the ob-
served weight ratio is .263. GConsidering the lack of pre-
cision in the lodine determination caused by the use of
amnall volumes and the necessity of titraﬁing'witheut an
indieator, the results are consldered to agree reasonably
well with the calculated ratio of an equimolar mixture of
iodine and cyclohexsamylsse. Likewlse, the ratio of potasge
sium lodide to lodine (.654) 1s in good agreement with the
calculated ratio for an equimolar mixture Q%g%fg% = ,6545).

The molecular formuls neglecting water of crystallization
is then (Cglyn05)g In*KIs
Por crystal structure work crystals were prepared by

slow evaporation of a solution containing a high concentration
of lodine and potassium lodlde. The crystals were found to
have a density of 1.776 ¥ .004, as measured by flotation in
2 mixture of carbon tetrachloride and ethylene dlbromlde.
The unit cell conatants are as followa:

8, = 16.00 R., co = 39.7 £., (a5)%c, [3/2 = 8810 cu. A.
The cryatal density indicates that the unit cell contains 8
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molecules each of syclohexasmylose, lodine, snd potasgsium
lodide.

Careful examination of osecillation netterns snd Lsue
patterng indlcates a Laue symmetry of Dgy. Since the crystal
is composed in part of optically active molecules, it must
belong to the point-group Dsmsz. Differentiation between
gpace groups igomorphoug with this point group must be made
on the basls of present and missing ordera of (000l). There-
fore, a gonimmeter pattern of the reciproecal lattlce net
(HORL) was taken, and orders of {(0001) examined. Although
21 orders were in position to reflect, only those orders
whose indlces were dlvisible by three asppesred on the pabt-
tern. The spasce group is therefore B64-6622 or its en-
antiomorph Easa—ﬁﬁéz. Unit cells in these gpace groups
require the presence of 12 ggymmetric molecules, or 6 mole-
cules containing two fold symmetry sxes.

Although mecroscopic crystals of thia modiflcatlon of
the iodine sddition product of cycleohexaamylose are com~-
pletely opaque, smaller cryatale have very interesting opticsal
properties. If one obaerves the tiny hexagonal prisms under
polarized light, a very strong dichroism 1s noticed. The
ordinsry ray is almost completely absorbed while the extra-
ordinary ray 1ls passed with practically no asbsorption, These
striking optical properties are due to the presence of lodine,
since crystals of cyclohexasmylose are perfectly colorless.

In view of the fact that the lodins molecule iz known to



absorb light most gtrongly when the eleetric vector 1is
parallel to the axis of the lodine molecule (cf. p.22), 1t
1s possible to assume that in this orystal she axis of the
jodine molecule iz normal to the hexagonagl axis. Such an
arrengement would aocount for the almost complete absorp-
tion of the ordinsry beam.

The two-fold axis of the oyclohexasmyloss molecule
mugt coincide with one of the two-fold axes of the crystal
in order to gatisfy the symmetry requirements of the space
groups The most probsble packing of these large ring shaped
moleculee 1g with the molecular axis coinciding with the g
axig, or a crystallographleslly equivalent arrangement.
Slnce the primitive tranalation along the g axis is 16 A.,
the packing thickness of the molecule ig about 8 A, and the
packing diameter is then about 8,3 or about 13.8 A. In this
arrangement of the cyclohexaamylose molecules, long tube-
like structures are formed, similar to those formed by modl~
fication & of cyclohexaamylose.

If the lodine moleocules are enolesea.by the cyclo-~
hexaamylose, as in Freudenberg's model, each lodine atom
lies slong the g axlis, and the symmetry requirements of the
gpace group sre fulfilled. . Such an arrangement 1ls in accord
with the obgerved dlchrolsm of the crystal.

In order to place the lodine molecules more accurately,

and perheps determine the position of the iodide ions, a
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Patterson projection on the plane (000l) was constructed
(appendix 2), Due to the rapld falling off of intenslty with
Increasing diffraction angle, the resolution was poor. Never-
theless, significant mexima are present gbout equally apaced
along each axis of the map, which 1s in agreement with the

' proposed arrangement of iodine molecules, The iodide ions as

well as the potassium ions are unresolved.
Modification 2.

Crystals of an 1lodine potessium lodlide addition product
of oyclohexsanylose are formed when a rother dilute solution
of 1odine and potassium lodide are added to a dilute syolo~
hexassmylose solution., Solutions of cyclohexssmylose contain-
ing as 1ittle as 1% dry substanos will give a voluminous pre-
ciplitate on the addition of the iodine sclution. The needle
shaped crystals appear greenish bronze by reflected light,
while under the micrescope they appeszr colorless, or at most
somewhat brown, depending on the size of the erystal, In
polarized 1ight the erystale show an extreme dichroiasm,

Falrly large crystals may he obtained by dissolving b g.
of cyclohexasamylose in 100 ml., of hot water, adding l.5 g. of
lodine and 1.1 g. of potassium lodlde, and by allowing the
mizture to cool slowly to room temperature or lower., On
examining the crystals under the microscope, no black hexa-
gonal prisms {modification 1)} are to be found, even though

the proportions of iodine, potassium lodlde and cyclchexa-
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amylose used are exsctly the game as used to prepare modifi-
cation 1, Furthemmore, crystals of modification 1 may be
dissolved in hot water, and on cooling nmodiflcation 2 48
formed. Conversely, if a concentrated solution of potas~-
sium lodlide 1g added to crystals of modiflcation 2, the
crystals diasolve and crystals of modification 1 are formed.
The corystals were analyzed in exsctly the msame manner

as that used for modification l. The reaults are as followa:!

Semple i?rzg”“* oycloheras o oyelo- 2
amyloase hexgamyloge
1 17,0 66.0 .257
2 16,9 B6.2 « 285
3 16,9 87.1 +252
4 17.1 67.1 «266
Averege 17.0 66.6 « 256

The potaasium lodide contents of two samples were 5.7%
and 6.1%; average 5.9%. The ratio of potasslum iodide to
lodine 1z then .348 (celculated for KI/I,, .327). The
moleculsar formula for the second modiflestion is thersfore
[(cghy 0567 T2] 27KTe

Crystals prepasred as shbove have not been patisfactory
for crystal structure work. The crysials are multiple in
nature, some crystals being so imperfect thet complete
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rotation patterns were obtalned from gtationary specimena.
Occasionglly crystals were found from which'goniameter
patterna could be obtalned, but even here the diffraction
gpots were highly stresked.

Inagnmuch as the crystals were of very small size and of
poor quality, no Laue patterna could be obtained, and the
symmetry is undetermined. Although the symmetry of the
goniometer patierns 1s approximately hexagonal, a micro-
scopic examination of many smaller;, more perfectly formed
crystals indicates the symmetry to be orthorhombic or lower.
the crystals are most frequently lath shaped needles, which
are approximately rectangular In oross sectlon,

The equatordial layer line of ®fiber* patterns or rota-
tion patterns about the needle axis may be indexed on the
basls of a hexagonal unit oell, a,= 13.8 K., while the
primitive tranglation along the pseudo-hexagonal axis (needle
axis) is 15.4 2. Such a pseudo-cell would contaln two mole-
culea of gyclohexaamylose and lodine and one moleculs of
potagsium iodide. The true cell is undoubtedly several times
larger.

As mentioned hefore, the crystals are extremely dichrole.
Plane polarized light with 1ts electric vector parallel to
the needle axis is completely absorbed except in the very
thinnest crystals. Such a dichroigm indicates that the lodine
molecules are aligned parallel to the needle axla.

The pseudo-cell g axls is equal to the packing dlsmeter
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of the oyclohexasmylose molecule, indicating that the two-
fold axis of the molecule may coincide with the needle axis.
Such an orilentation would account for the atrong tendenoy

to erystallize in needles (a characteristic tendency of
planar moleculeg). In support of such an arrangement, nesdles
sre sometimes observed 1o prow out from the hexagonal prisma
of modification 1 with the needle axis extending along the

g and b axes of the hexagon,

Hodification 3.

When 1odine 1s added to oyclohexasmyloge solutions con-
taining no iodide lons or gubstances which are capable of
reacting with 1cdine to form any appreciable amount of such
lons, a yellow-orange precipitate containing ilodine and cyclo-~
hexasmylose 1z fomed. Under the miocroscope the crystals ars
seen to be tiny needles tapered at both ends. Individual
crystals sre practically colorleass, but have a slight yellow
tinge. Under polarized light they are seen to be somewhat
dichroic, changing from colorless to light orange as the
plane of polarization 1s turned through 90°. The orystals
were too small to allow any single crystal x-ray diffrsction
work or other determination of symmetry.

The crystales of modification 3 were analyzed for lodine
and oyclohexaamylose by the procedure slready glven. The
results ares

iodine: 17.6%, gyolohexaamylose: 63.8%.
The ratio of lodine to cyclohexasmyloase 1s .276 {caloulated
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for sn ecuimolecular mixiure, .261), The molecular formula
is then (CgH,q0s)g Io.

When the crystals are suspended in pure water, they are
gteble and do not tend to change into other modifications.
However, 1f a trece of lodide lon is added, the suspension
Immedistely tums greenish-black with the preciplitation of
needle~gheped orystels. The lodids ion added may be in the
form of potassiwm lodide, hydrioedic acld, bariwm iodide, or
spparently any other gource of iodide iona. This simple
experiment demonstretes in a striking way the importance of
the lodide lon in the other crystal modifications.

Further modificationg.

Other interesting modificationg are formed by the sub~
stitution of other positive ioneg for potassium in the lodine-
lodide mixture. One such modificetion that ghould be of
Interest 1s the barium lodide lodine addition preoduct of
cyclohaxaamylose., At high lodide lon concentrations, small
trigonal crystals were obeerved to form. The crystals were
obsgerved to be sirongly dichroic, similar to crystels of the
hexagonal modification (modification 1) but of the opposite
slgn of dichrolsm. The ordinary rey is freely transmitted,
while the extrsordinary ray is almost completely absorbed,
Trigonal symmetry is indiceted by the pronounced tendency to
crystallize in triangulsr transparent prigms. Under polarized

light, the crystels were unlaxial, both with respect to double
refraction and dichroism,
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The Crystalline Forms of Amylose

The amylose uged in thig investigation was prepared by
8choch and Kerr by butancl precipltation of atarch or starch
frections {13) (21). This materiel has a very strong tendenoy
to crystellize out of solution, forming the charaoteristic
*retrograded? storch, Evidence that this material approaches
1desl emylose 1s 1ts high conversion wlth beta asmylase, cone
versions of about 90 - 95% being obtalned (686).

Orlented gmyloge.

The tendency of amylose solutions %o form strong ingoluble
skins was notioced by Schoch (21). When these gkinsg are care-
fully removed from the surface of the solution, rinsed well
with dilstilled water and allowed to drv on g flat gurface
(eluminum sheet or ferrotype), they appear strongly bire-
fringent under the microscope. The films are uniaxlial nega~-
tive, giving the characteristic negative unlaxisl inter-
ferehce firure., Irrerularities in the film astructure, such
as wrinkles, edges, ete., appear as especlally birefringent
- regiong, with the sign of the hirefringence being pogltlive
with respect to the irregulerity. The sign of birefrigence
of the £ilm itself indicates that the smylose molecules are
extended parallel to the film gurface.

Qriented X-Iay 3 patterng. Since the films
of amylose are anisotropic, X-ray pattemns taken with the
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x~ray beam parsllel to the surface show a congiderable
degree of orientation. Due to the diffuseness of the 4if-
fraction arcs and the lack of perfect orlentation it wes

not pogsible to index the patterns without the help of the
indices used by Bear and French (3) for B~type native granule
patterns. The sppearance of the ordented x-ray patterns
agreed clogely with that expected on the sesumption that the
9 R* axls of the B-~type unlt cell correasponds to the length
of the amylose molecule, On thls bssis, the 16 g. spacing
is the double width of the amylose chain while the 6 3.
dimenslicon 1s the packing thickness of amyloase.

The relationship to maltose. The maltose unit cell,
glven before, is approximately 5 34 by 156 . by 11 g., these
dimensions corresponding to the maltose molecule thickness,
double breadth, and length respectively. These dimensions
regsemble the amylose unit cell dimensiong quite closely,
except that dimengion which corresponds to the length of the
regpactive molegules. This dlscrepancy 1a undoubtedly due
to the cleser packing asllowed by chemical linkage between
the glucose resgidues of adjscent maltose molecules.

The gignificance of oriented smylese. By the uase of
better oriented preparastiong and finer diffraction methods,
it will undoubtedly be poasible to Investligate the con-
figuration of amylose within the unit cs}l to a higher extent.
Bowever, the mere fact that orlented semples and oriented

diffraction patterns may be obtained ig of congldersble im-
portance. |
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In the first place, oriented patterns confirm thet the
amylose A~--B difTraction pattern 1s due to a three~dimensional
lattice rather than té one or two dlmensgionsl lattices, whieh
are not capable of glving diffraction patterns showlng two-
dimengional orlentstion,

In the second place, the fact that oriented filmg are
unisxisl negative indlcstes thet the smylose molecules lle
paresllel to the film surface. As the film grows, 1% in-
creages in thickness rather than in ares. Since 1t ls a2 well
knowm tendency of highly asymmetric melécules to pack with
the large dimenglon of the molecule normal to the direction
of fastest growth of the crystsl, an extended chain con-
figuration rather than a compact helix 1s indicated. The 9
g. periodicity of amylese along the film surface cqrrespaﬂﬁs
to the 10 R. periodicity of cellulose along the fiber. Each
of these periodicities must be that of the disaccheride build-
ing unit of the corresponding polysaccharides, 1. e., maltose
and cellebiose. The difference between the melecular perio-
dicities of amyloge and cellulose is undoubtedly due to the
difference in linkages, belng approxims tely that expected on
the baslis of models.

The awelling of amylose filmg. If oriented amylose
filme are trested with o swellling apgent such asg calclum
nitrate golution, the f1lds inorezse about 504 in surface
area, while the thicknegs increases to about three to five

times 1ts origingl value. The only explanation of these
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facts which is consistent with the physical sgtructure of

the amyloge film is that the smylose molecule awells in a
dlrection normal to the axis of the molecule wlthout any
decreszse in length of the molecule. Since the smylese filp
is congtrained by the molecular valence forces of the
extrermely long amylose chains, the bulk of the awelling must
occur in a direction normsl to the film surfsce. This
direction is normel to the molecular chsing, and there 1isa

no congtraint to swelling.,



The Absorption of Iodine
by Amylose and Cyclohexasmylose

The theory of the formation of 1odine sdditlion products
of starch and the cycloamyloges is rather poorly developed
&t present. Henes (41) and Freudenberg (20) feel that the
pregence of atsrch residues which are capable of forming
helices 1s the most important eassential, while Meyer (43)
states that 1odine molecules are held In the orystal inter-
stices and that the presence of water is of utmost importancs,
gince ordinary dry etarch does not abgorb lodine vapor. The
following simple experiment shows the correctness of Freuden-
berg?s views and also that probably the function of water is

to ensble the amylose to agsume the helical configuration.

The absorption of lodine vapor by dry gtarch itypeg.

Various starch types including starch fractions, amylose
crystallized in the A~-B and V modifications, and varlous
modificationg of cyclohexaamylese were thoroughly dried in
the oven at 110°. After cooling to about 80° in ary air, 2
snmall erystal of lodlne wae added to each sample and the
nixture warmed for a few minuteg to remove excess iodine.
Although moat of the asmples remaslned white, or agsumed a
very light tan color, a few were turned deep purple or black.
The results are indicated in table 2. It is noteble that
ordinsry starch in the A-~B or extended configurstion 1ig
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incapedle of chsorbing iodine veror, whille smylose in the

V confilguratim ebgorbs a lerge smount of lodine. Of the

Pive modificationg of cyclohexeamylose examined, only modi-

Tication § abgorbed iodline to any appreclable extent.

Table 2. Abgsorption of lodine by Dry Starch

Starch Type

Iodine CGolor

Native starch granules
{comn, potato)

Retrograded starch

Anyloge films

Amorphoug anmyloae

Igoamyloge {fraction of
gtarch not pre-
cipitated by butenol)

Soluble gtarch granules

Amylodextrin spherocrystals
(A~~B configurstion)

Ethanol precipltated soluble
starch {V configuration}

Butanol precipltated amylose
(v configuration)

Cyclohexasmylose, modifioa-~
tiong 1, 2, 3, and 4

Cyclohexasamyloge, modifice-
tion 6

Amylodextrin, ethanol pre-
cipitated (V configura-
tion)

None
Light tan
Kone

None

None

Light tan

None

Dark brown

Dark blue-blaock

Ho coloxr or light tan

Dark purple--black

Dark rust-brown




It shou'd e noted that the preparationg which absorb
jodine have tube-llikc structures (the hellx in the V con-
Tigurztion and the tube in oyclohexazamylose modiflcation 5).
It iz gpparent that the tube atructure, or the gbility to -
form such a gtructure, ls the essentizl feature of the starch-
lodine sddition. Any neocessity of water, ilodide lons, etc.,
is incidental to the fomation of the tube structure, since
in thies experinent insignificant quantities of water or lodide

were present.

Dichroigm of cyclohexesamyloge B--lodine,

Although the addition products of lodine with dry
anylose showed no organilzation under the microscope, the
dry iodine addition product with cyclohexaamylese 5 had very
interesting ontical pronerticg. If the crystels are warmed
with an excess of l1odine, they become completely opaaue, but
if only a trace of 1odine ig uged the crystals hscone strongly
dichroic, similar to crystals of the additlon product formed
in golution. The dichrolsn of the dry i1odine addition com-
pound indicstsd that the lodine molecules were oriented
parellel to the crystal two-fold axis. Thig observation 1is
congidered pood aupporting evidence that in all strongly
colored lodine addition »nroducts of lodine with amylose or
cyclohexaamylose the axes of the lodine molecules coinecide

with the axis of the tube-shaped carbohydrate structure.
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The gbaorption of lodine by gqueous suspensionsg of gtarch types.

If suspensions of crystalline preparationa of amylose
types are placed under the microscope and trested with a asmell
smount of lodine solutlon, there 1s & conaidersble difference
in behavior, While amylodextrin spherocrysials (A~~B con-
figuretion) remain uncolored, native starch granules are
colored s deep blue, Although lightly stained granules are
highly birefringent, there 1g no noticeable dichrolism, indi-
cating a random orlentation of the lodine molecules. The
fazot that amylodextrin gpheroecrystels remalin uncolored is in
direct digcord with Meyer's views on the mechenism of giarch-
iodine formation. Amylodextrin 1ias a crystalline material
with corystallites about the game gilze as those of starch, and
presumably has interstices like those supposed to exiast in
starch. If the iodine coloration were dependent upon the
pregence of interstices, amylodextrin should be colored as
well as natlve starch granules.

Crystals of smylese precipitated by bubanol. Although
there 1s 11ttle external simllarity between crystalline
amylasé and cyclohexsamylose modification 5, their optieal
properties and behavior with iodine are clogely related,
Amylese crystals, which ocour as rectangular plateleta, are
approximately uniaxial negative, with the optic axis nomal
to the platelet. On the addition of a smgll amount of lodine

to a suapension of amyloge orystals, they become extremely
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dichroie, similar to the iodine additlon product of cyclo-
hexsamyloge modificstion 5. Both crystals are unlaxial in
their sbsorption charscteristicas, the optic axis of cyclo-
hexaaﬁrlose coinoiding with the acute bisectrix before add~-
ing the lodine. 8uch a eérrespondence in the optical pro-
perties isg a strong indication of a similarity of astructure.
The only structure for the amylose orystals which will explain
these optlcal properties is a packing of hellcal molecules
with the helix axis nommal to the platelet surface. On ab-
sorbing iodine, the iodine molecules are constrained to lle
normal to the platelet surface, producing the observed
dichroism. Ag before mentioned, amylose crystals when dry
glve typleal ¥V patterns, and may therefore be considered to
posaess the helicsl configuration. Further evldencs that
this 18 the case ls presented in the following section.
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The Amylose--Jodine Addition Product

When dry smylose in the V configuration 1s sllowed to
absorb iodine vapor, it may take up as much as 30% of its
welght of lodine. This amylosg--iodine additlion product now
gives a nevw Z-ray diffractlion pattern. The pattern appears
sinmllar Yo the V pattern, and although there are many more
lines present the pattern malntsins a almple appearance. The

pattern 1z in no way related to the lodine crystal pattemn.

Indexing the smylose--ioding x-ray pattern.

The smze valuea were calculsted for the first 10 lines
of the powder pattern and are given in the second column of

table 3.

Table 3. Powder Data for Amylose~~Iodine.

Relative 8in© 81529 /00469 Index
intenglity
at. «06845b 1.00 100
. .11872 3.01 110
m. +13682 4,00 200
v. at, . 18}.06 8 . o9 210
Bn. W « 208562 9,02 300
B. We « 24894 135,01 310
Vs We e 27547 15, o8 400
We « 29838 19,01 320

B, W e 31387 21.02 410
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On oaloulating the ratio of the singe values, it 1s seen
that the values are sll very close to whole numbers, This
particular aset of Aintegers 1s characterigtic of the hexagonal
lattice, being the ratioc of the aln?€>values for the priam
zone reflections (63). Since all the reflections are from the
priam zone {1 = 0), 1t is evident thet the crystal has & two-
dimengionasl structure, or rather that the reciprocsl lattice
is a two~dimensionsl net. The primltive tranglation of this
lattice 1s 13.0 X.

The fa6t that the amylose--iodine gddition product forms
& two~-dimensional hexagonsl lattice is very strong evidence
that the molecules are c¢ylindrical in form. The primitive
translation 1g approximstely equalrﬁo the diameter of a starch
helix with about six glucose residues to the turn. It is
imposaible to differentiate between trigonsl and hexagonal
two~dimensional lattices on the basis of x-ray data alone. In
fact, 1t is quite possible that the lattice 1s really a two-
dimensional orthorhombic lattice or a lattlce of even lower
symmetry. Since all the observed reflections correspond %o
a hexagonal lattice, and all the possible reflections of a
two-dimensional hexagonal lattice are present (within the
range examined), the crystal may be assumed to have at least

an effective hexagonal lattlce.

Fourier synthesls of amylogg--lodins.

If the 1odine atoms are at the two-~dimensional lattice
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polnts, the phase oonstants are 211 4 1 and & Fourder syn-
thealis of slectron denglity becomes possible. A preliminary
gynthesis along a line Joining two-dimengiocnal lattice points
indicated & large maximum at the origin and a legger maximum
4.2 ., from the origin, A complete syntheasls covering the
entire two-dimengional unit cell has not as yet been completed.
Such a syntheals is expected to demonstrate clearly the pre-

gence of the helioal amylose molecule in amylose~iodine.



The Aetion of Hacerans Amylase

Schoch has indicated that acid mnodifled starches give
much poorer yields of the eycloamyloses then uwnmodified
gtarch, In order to determine the nature of the macersnsg
amylase resction, and to find & practical substrate for the
production of oycloamyloses, seversl different starch types
were submltied to enzymolysls and the reaction product teasted
for cycloamylosea by the addlition of lodine solutlon. The
formatlon of the characteristic needles and black hexagonal
priasmg wag considered a posltive test for the production of

cyclohexasmylose.
Production %ests by ysrious gtarch types.

For the testing of starch types, 3% aqueous solutions
were prepered by autoclaving 30 mine. et 20 1b. pressure. TolO
ml. of the atarch solution were added 2 mi, of the concen-
trated enzyme solution {(activity = 0.3 Tilden scale)} and
the mlxture was lncubated 12 hr. at 40° C. Three drop por—
tlong of each digeat were withdrawn and each mixed with 1
drop .1 N iodine golution on & spot plste. After standing e
few minutes, the borders of the evaporating solutions were
examined for the charasteristie blue-black hexagons 9f oyclo-
hexaanylose~iodine addition product (modification 1). The
results are summarized in table 4., A "+" gign indicates the

formation of the characteristic orystals, while a *72% gign
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indicates that possibly the crystals were preoduced in small
quantity, and a #-" glgn indicates no crystals whatsoever.

A blank containing the szme amount of enzyme and lodine solu~
tion showed absolubtely no crystels, even on conplete evapors-

tion of the solution.

Table 4. Action of Macerans Amylase

Production Appesarance

Starch type of cyclo~ of golution
anyloses on sddition
of lodine
Whole potato atarch + Clear
Whole corn starch + Dark
Whole waxy mazize starch + Clear
Butanol precipitated amylose + Blaok g&t. ’
supemate clear
Non~-precipliated amylose + Clear
Acid solublized potato starch + S1ightly dark
Glycerocl solublized potato '

1 starch + Clzgi
Glycogen + Slightly dark
Amg’l‘.agaxtrin from potato y

starch + Clear
Beta anylase 1imit dextrin
~ from oomm starch - Dark
Oxidized corn starch ? Very dark
Corn syrup dextiring + Clear

All staroch types teated with the exception of the beta
amylase 1imit dextrin and pogsidbly aleo strongly oxidized
gtarch produced cycloamyloses. Since the most atrongly aold-
hydrolyzed preparations (amylodextrin and the corn syrup
dextring) ylelded considerable emounts of cyclohexasmylose, 1t
must be agsumed that solubillization of starch by acid treatment
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doag not bresk those units in atarch which are respongible
for the formation of cycloanyloses. A more plausible ex-
planation for the fzilure of thin-boiling astarch to give
sizable yields of the oyclosmyloses i1s 1ts high tendency to
precipitate or retrograde.

On the other hand, the 1imit dextrin i1s the only starch
tyne which lacks the presence of a non-reducing unbranched
chain. It ig therefore apparent that the macerans smylame
and bets amylase work on the same pert of the starhh molecule.
In this connectlion,. a correlation of the yields of maltose
and cycloanyloess érom various gtarch types would be of

intereast.
The use of tolusne during enzymolysig.

Toluene 1s known %o be an effective anti-mold agent as
well as 2 preoipltent of the gyoloamyloses. VWhen enzymolysis
of starch by macerans amylase is carried out in the presence
of an excess of toluene, an abnormal smount of coyclohepte~
amylose 1s produced. Whereag the normal ratlio of cyclohepia-
amylose to cyclohexasamylose produced 1s about 1:4, by the use
of toluene as a preservative during enzymolysie practically
no cyclohexaamylose is formed. In one trlsl run using potato
atarch, three 50 g. samples of starch ylelded respectively
13 g., 18 g., and 19 g. cycloheptasmylose by the use of toluene.
These yields amount to about 358% on the basia of the weight
of atarch taken, which 1s approximately the normal yleld of
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cyclohexaamylose and cycloheptaemylose combined.

Since it 1s seen possible to alter the normal course of
the enzymolysls by the addition of gultsble precipitants, 1t
iz herewith suggested that preoipitants might be found which
would induce s higher yileld of the higher members of the

cycloamylose group {oyclooctasmylose, cyclononamylose, etc.).
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Optical Rotation in the Amylose Sexrles

By the use of Freudenberg's equation {p. 22}, it is
possible to caloulate the apeclfic and moleoular rotation of
any emylodextrin 4f the apecific rotations of both amylose
end maltose are known. The molecular rotation of an amylo-
dextrin is consldsred to be the sum of the molecular rota-
tions of each glucose unit in the chain, The sum of the
molecular rotations of the first and last glucose units of
the shain 1a assumed to he equal to the molecular rotation
of maltoge, while the molecular rotatlon of any intermedlate
glucose residue iz equal to the molecular rotstion per

glucoge residue of an infinlte amylose chain,

The gpeolific rotetion of amylosg.

Values given in the literature for the speoific rotation
of whole starch range from sbout ["‘],‘-‘ +190° to «230°, A
determination of the sreoific rotation of smyloge was made
by Meyer, who dissolved amylose in alkall, neutralized with
acid and quickly messured the rotation. He reports a value
of [d]yz +220°1 5%, which 1s somewhat higher than most values
reported for whole stareh. Accordingly an amyloge solution
was prepared by dlssolving potato starch butanol precipltated
amylose in boliling water, and the solution was allowed to cool
to room temperature. The rotation was quickly teken, and
the s0l1d content of s 25 ml., sample was determined. A value
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of [4ﬂ5=2000 wae obtained for the specific rotation of this
particular aample.

The turbidity of 1% smylose solutiong in wzater makes an
accurate determination of the specifie rotation difficult and
rether inaccurate, as the wide range in values reported must
indicate. It may well be asked 1f snother method for the
datermmination of thie important velue 1lg avellable .

Since it 1s possible to calculste the specific rotation
of an amyledextrin glven the specific rotstions of maltose
and amylese, 1% is equally possible to ealculate the specific
rotation of amylose given the specific rotation and chain
length of an amyledextrin. The molecular rotation of en

emylodextrin contalning n glucose residues ia?

[n]n" M) pettose * (n-2)x M) gny10se per glucose residue
from which the value of the specific rotation of amylose may
be ealeculated. Using a value °fE(]p=-' +136° for maltose and
E!]D = +193° for an amylodextrin containing 22 glucose resi-
dues, one obtains a wvalue of E*]D = +201° for an infinite

amylose chain, or gbout +32,600° for the molecular rotation

per glucoge regldue.

The moleculsr rotationg of the sycloamyloses.

The apscific rotation of gyclohexaamylose is +151.4°,
and the molecular rotation 1a + 147,300°, The corresponding
rotations of cycloheptaamylose are +161.9° and 4183,900°.
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On the basis of Rudsont's additivity rule 1t might be

assumed that the specific rotation of the cycloamyloses would
be the same as that of amylose, since each glucose resldue

in the cyclic molescule ls sguivalent to a glucosge residue in
an inTinlte amylose chain. However, alnce the difference
hetween the molecular rotations of cycloheptasmylose and
cyclohexassmylose lg approximately the molecular rotation of

a glucoge unit in an amyloge chein, 1t gppears that the
specific rotaztion of any oycloamylose may be osloulated by a
nodification of Freudenberg's equationt

[K]cfcip-n«amylase z[ﬁ]cyelohexaamyloae + {n“s)x(ngyloga

per plucese reasidue.
or

. s | o
() 4yclo-n-amylose = 147,300° + (n-6) - 32,600,
The speelfic rotationa of higher oyclosmyloses so caloulated

are given in table 5.

Table 5.
Optieal Rotations of Cycloamyloses.

n M. Vt. [u] [«
4 648 + 82,100 + 1270
5 811 114,700 1410
& 973 147, 300 151,
7 1135 179, 900 159
8 1297 212, 500 1640
9 1469 245,100 168

10 1621 277,700 171,
20 3243 803, 700 186,
50 8107 1,881,700 1957

100 16214 3,211, 700 198
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By way of comparison with these caloulated values, the
specific rotations given by Freudenberg and Jacobi (36 ) for
the alphs, beta, gamme, delta, and epsilon dextring are re-
spectively: +148°, 4168°, +160°, +168° end +171°%.  Thess
values regsemble closely calculated values for cyclo-n-amyloses,
vhere n 1s 6, 7, 8, 9, and 10. Unfortunately the higher oyclo-
emyloses reported by Freudenberg and Jacobl were not avall-
able for accurate molecular weight determinstion or charscteri-

zatlon by means of lodine addition products.
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and 1ts %ﬁiuﬁ%ﬁﬁiﬁaii ?;ix‘-agggegmeture

Although 1t 1z well establighed that the action of
d1lute solds on starch ig to breask the primary glucesldic
linkages and bresk down the large molacules to smsller and
perhaps more simple molecules, the exact nature of the pro-
cegs deserves considerably more attention, V¥hereas the
ultimate product of hydrolysis of starch pastes 1s glucose,
starch granules are never completely hydrolyzed by dilute
aclds in the cold. The end product, called amylodextrin, -
containg asbout 20 - 25 glucose residuesn, and 1% may be ob-
tained in amounts up to about 50% of the original starch.
Another indlecation of the essentlal diffsrence in the course
of the hydrolysis reaction in starch pastes and grénulea is
the gbllity of the pertilally hydrolyzed starch to digest with
beta smylase. Amylodaxtrin has a very high converaion limit
{ 30 ), 75¢ or more being converted to maltose, whlle &
sorresponding dsxtrin obtained by acid hydrolysls of starch
paates converts only to the extent of about 30% (67 ),
Furthermorye, there is a pronounced difference in the orystal-~
linity of the two products. Amylodextrin can readily be
obtained in aphercorystals, but dextrins produced by hydrol-~
yeis of starch pastes stubbornly refuse to crystallize.

Thease Tactg polint to a congtlitutional difference beiween
amylodextrin and the ecorresponding produect from astarceh paste
degradstion. The most logical interpretation 1lg that the
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amylodextrin is esgentially a stralght-chain compound whereas
the paste dextrin has a branched structure.

Acld hydrolysis of the gtarch granule.

Quantitative meagurenmentsa of the blrefringence of starch
granules indicste that Quring the course of mlld acild hydrolysis
the blrefringence remaine unaffected, or may even lncresse
somewhat. This indloates that 1t 1s not the crystalline por-
tion of starch which is being attacked by the acid, but rather
the anmorphous naterisl which holds the crystellites together.
Since branch peints in the starch chain and other gtructural
irregularities sre inecaspsble of participating in cryatallite
formation, these amorphous régions are hydrolyzed by the acid
with the production o essily soluble low molecular welght
compounds, which di1ffuge into the bulk of the soclution. The
organization of the crystallites protects them ageinst rapld
hydrolysis, since dilute acld 1s unable to penetrate the
crystalline reglons, Only the straight chalng and astraight
nortlong of brﬁnched chains are found in ths original crystal-
lites, and so Yy recovering the crystalline portions of the
original starch granule it is possible to obtzin a purely
gtralcht chain amylodextrin. It 1z lmportant to note that
thls point of view does not require a selective rupture of the
charaoteristic bonda of branching, but rather the eventual
rupture of all bonda in the amorphous regions of the starch
granul e,
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The zction of acid on granules during the golubiliza-
tlon process may be gonsldered the firast step in the above
Process. ince the acid affects only those regions con-
talning branchea, the product resulting from brief zeid treat-
nent behaves more nesrly like amylose than the original stsrche
In thig regard, the well known tendeney of acld modified
starches to undergeo precipltstion or retrogradation may be
pointed out. Such Behavior is charscteristic of amylome,

Acld hydrolysig of gtarch pastes.

Hesgurements of the kinetics of hydrolysis of starch
indicate that there is no linkage pregent which ia hydrolyzed
more rapidly than the main type of linkage present, 1. e.,

ol -1,4« gluecosidic bonde. Therefore, the other linkages
which are khewn to occur in starch must hy&ralyze at leasgt as
slowly aa the main linksges. For the purpose of this dis-~
cussion, it will be assumed that the velocity constants for
hydrolysis of all types of glucosidic linkspes pregent are
equal.

Methylation studiss indlcate that the average "chain
length® for raw gtarch is about 286~--30 glucose‘residuea.
8ince the reducing power of sterch 1s very low, it may be
assumed thet approximately one linkege out of every 25 1s a
branch-type linkage, or the probability that any one bond
in starch will be & characteristic &-1,4-glucosidlic bond
is 24/25. The probablility that a dextrin contalning 25
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glucoge residues will contaein only o(-1,4~-linkages 1e then
{24/25)25 or .38, 1If amylodextrin is present to the extent

of only two or three per cent of the totsl scllid content of a
solution, a large amcunt of 1%t may be crystallized by freezing.
However, the dextrin from paste hydrolysis appesrs to be im-
neasible to erystalliée by this method. This indlcates that
practicslly all of the dextrin moleculess sre branched, which
In turn points to the stability of the branch linkages to acld
hydrolysise. |

Ihe relationship to gtarch granule gtructure.

The size of fregments of the originsl atarch molecules
which are 1solated by granule hydrolysis give 2 clue to the
original crystallite size. Zstinmates of the moleeular size
of various preparations of amylodextrin range from about 14
to 28 glucoge regldues, depending on the length of acid treat-
ment., Most estimates of chain length carried out in con-
nection with thls regearch range between 20 and 25 glucose
reslidues for amylodextrin from potato starch. The original
crystallite may then be gssumed to contaln gbout 25 glueeée
realdue portions of starch molecules, or assuming a length of
4.5 K. per glucose residue, the crystallite would be about
110 £. long. This value agrees well with the value of 100
%. caleulsted from the width of the x-ray dlffraction pattern
lines (9).

It may well be that the crystallite sizes of different
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starches may be quite different., For this reagon, a determina-
tion of the chaln length of amylodextrin prepared from, say,
waxy maize starch or glutinous rice starch would be of interest.
These astarches apparently contain almost no purely straight-
chain starch, as shown by thelr fallure to gtalin blue on the
addition of iodine. Howsever, the moleculsa must conteain
stralght chaln reglons, mince the granules are strongly bire-
fringent snd give good x-ray diffraction pstterns.
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vI. CONCLUSIORS

1. $Single crystels of maltoase hydrate may be prepared
by slow evaporation of a dilute alcoholic solution, The
erystzls are blaxial, negative. The unit ceil constants are
8, = 4.9 Rey Do = 15.2 &, oy = 10.7 Ay @ = 82.6% The
monoclinic unit cell containg two molecules and it belongs
to the gpace group cgg. The packing dimensions of the
maltoge molecule are approximstely 5 S. by 7.6 R, by 11 g.

2, The moleculsr weights of the Schardinger alpha and
beta dextrins are 973 and 1135, corresponding to six and
seven glucose residues per molecule. The compounds have been
naned cyclohexaamylose and cyclohaptaaé?lese, and their
gpeclfic rotations are [’(] 924 = + lﬁlqéom& [«] 3324 = * 161, 9.“>

3+ The oyclohexasmylose molecule ghows a fwo—fcld
axls of gymmetry in oune of five crystal modifiozstions examined
{modification 5). The molecule is ring~sheped with a pack~
ing dlameter of about 13,8 ﬁ. and a packing thickness of
sbout 8 K.

4, Oyclohexaamylose combinea with lodine and varyiﬁg
smounts of 1odide to formm erystalline compounds. MNodlflca-
tion 1, (CgHyp0s)g I, + KI, forms blue black hexagonal
crystals; modification 2, [(CgHyo0Os)e® Ip] 2+ KI, forms
greenigh-bronze needlee; modificstion 3, (CgHip0sle’ 1o,

forms orange-yellow needlies. Other compounds are formed in
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the presence of barium lons, ete.

5. In the strongly colored iodine addition products
1l and 2,'the oyclohexaemylose molecules form long tube-
ghaped structures, while the lodine atoms form a linear
chain through the center of the tube. Thilg structural
feature 1z regponsible for the extreme dichroiem of both
modification 1 and modification 2.

6. Oriented filma of amylose are strongly anlsotirople.
The birefringence is uniaxisl, negative. Oriented x-ray
diffraction patterns from amylose films confimm previous
unlt cell determinations for pranular starches. The 2 Z.
dimension of the unlt cell corresponds to the length of the
fundsmentsl repeating unit in the amylose chaln, 1. .,
naltose. The swelling of amylose films ig due to a lateral
expshaion ragther than to a moleoular contractilon.

7+ Dry amylose in the V conflguration and modificztlon
5 of gyclohexaamylose take up large amounts of lodine vapor.
Amylogse erystals and oyclohexasmylose modification 8 have
gimilar optieal properties before and after taking up lo-
dine, indicating a structural similarity. 1In the lodine
addition products of these pre-formed crystals, the 1lodine
nolecules enter the tube-shsped sfructures and are held on
the tube axis (helix axls of amylose and molecular axis of
cyclohexzamyloge),

8. Amyloge~iodine glves an x-rey Alffraction pattern
similar to the V pattern. The pattern may be 1ndexed on
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the basls of a two dimengional hexagonal lattice, a, =
13.63 2. A Fourler syntheais of slectron density dlstribu-
tion is in agreement with a hellcal amylose molecule with
1odine molenules lying on the helix axis.

8. B. macerans amylase acts on all starch types exocept
atrongly oxidized starch and beta amylase limlt dextrin,

B. macerans amylage and beta amylase act in the same manner
on the staréh,molacule, 1. ¢., the enzyme works from the
non-reducing end of an amylese chaln and bresks the chain
with the formation of a cycloamylose moleoule., Degradation
of the amylose chain continues in a simllar manner until the
sction 1is stopped because!
(a) the amylose chaln is degraded to a low mole-
cular welght stub or to a branch point, or
{(b) the amylose chaina are made wnavallable to
the action of the snzyme by retrogradstion or crystal-
lizatlion.

10. The speoific rotation of gtarch 1s approximately
1543324 - ¢+ 201°. The gpecific rotations of the cyclo-n-
smyloses may be calculated by a modifieation of Freudenberg's
equation.

11le Acid hydrolysis of the astarch granule resulis
ultimately in the degradation of all intercrystalline or
amorphoua starch, leaving practically intact the original
crystallites of the starch granule, Acld hydrolysis of

starch pastes tends to incresse the ratio of branch linkages
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%o amylose linkages. Acld modifilcation of starch granules
tends %o eliminate branching,and therefore to make stareh -

nore like anylose.
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APPENDIX 1,
DESCRIPTION OF THE RECIPROCAL LATTICE X-RAY GONIOMETER

Since the Clerk~-iross modification of the x-ray gonio-
meter desoribed by de Jong and Bouman (62) is considerably
more versatlile, almple, énﬁ ugeful then the originsl model,
it ig described here in sufficient detail to allow duplica-
- tion. In the‘gnniamatar congtructed by de Jong and Bouman
1t was posesible to photograph only rather high order layer
lines, but with the instrument developed by Clark and Groags
it is possible to obtain patterns from all layer lines from
the equatorisl to the highest allowed by the wave length
of the radiatlon used.

The instrument is supported by a £ in. o. d. brass
collimator, which in turn is rigidly fagtened directly to
the x~ray tube. The body of the goniometer 1lg merely a
amall brase block with four % in. holes drilled for the
ecollimator, crystal support bearing and film support bear-
ing. The bearings for cryastal support and film support are
sccurately parallel and may convenlently be placed 3 om.
apart. Two holes are provided for the ccllimator, one at
an angle of 90° to the axes of rotation of the erystal and
£1lm and another at an angle of 60°. It is important that
the axeg of all four holes be coplanar and that the axes
of the two holes for the collimator coincide at a fixed
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point on the axls of the crystal support. The erystal
support is designed %o allow the orystal to be mounted st
thig fixed point in order to enable one to uss the game
mounting of the orystsl with different orientations of the
collimator. A support 1s made for a small flat photographic
film normal to the orystal support axis and asbout 5/16 in.
above the orystal. The main film support iz 2 clreular

aisk 1/18 in. thick %o which a ciroular film may be fastened
by means of & ring-shaped clamp. The film suppert is
mounted on the film support bearing rod by means of a eailar
end set screw. The support and olamp should be so con-
atructed that the £ilm will be as flat es possible and
accurately nommal to the erystsl and fiim rotation axes.

The crystal and film ars rotated by a small synchronous
motor %o which both orystal support bearing rod and film
gsupport bearing rod are geared. It 1as esgential that both
oryetel and film rotate smoothly and synchronously.

A removable orystal support 1ls almost a necessity. The
crystal may be orlented on the orystal support by the ordi-
nary methods and the support may then be mounted ln a fixed
position on the erystal support bearing. To test for accurate
orientation of ths orystal and to enable one to cut masgks
which will sxclude the undeaired layer lines, a rotation
pattern ia taken uging the small auxiliary f1lm, If the
orystal %a acourately orlented, the pattemn congists of con-

centrio rings of 4Aiffraction aspots, each ring corresponding
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to a layer line on a cylindriesl film. A mask to remove
the undegired laysr lines is cut from thin gheet metal
{lead fo1l) using the small suxiliary film as a gulde,
Since the position of the equatorisl layer line does not
vary, a permanent magk for this layer line was tumed out
from a flat $ in. plate of brass. With this mask 1%t 1is
pogslble to resolve layer lines having a separation of
only 2%, The undiffracted x-ray beam tends to fog the
film and may be removed by a narrow strip of lead,

The correct position of the film holdsr for any layer
line is caloulated from the primitive translation along
the axls of rotation, which 1s determined by the usual
methods, or cen be found with agufficlent sccuracy Irom the
suxillary film by a graphical conatruction method,

Calcoulation of lattice congtants. The origin of the
reciprocsl lattice 1s the interseotion of the x-ray beanm
with the axis of rotation of the film. The scale of the
regiprocal lattice thus dependa on the dlatance between
this point and the crystal. For 90° incidence this is 3
cm., while for 60° inocidence it 1s 2 3 cm. Therefore, for
normal 1incidence, A /2 (.77 &. for Cu K<) is equivalent
to 6 cm. and to find the dlstance on the reciprocal secale,
divide 6 4/2 (4.62) by the distance in om. Similarly, for
860° incidsnce, /2 is equivalent to 4 /3 om., and to find
the distance on the reciprocal seale, divide 4 ,/3' 2 /2
(6.33) by the digtance 1n om. Since the reciprocal lattice
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pattern 1s a “photograph® of the reciproeal lattlce net,
the angle between reciprocal sxes may be measured directly
on the film.
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APPENDIX 2,
PATTERSON MAP OF CYCLOBEXAAMYLOSE-IODINE
ADDITION PRODUCT {MODIFICATICN 1)

Intensities of the prism zone reflections of cyclo-
hexasmylose~iodine (modification 1) were estimated visually
on a reciprocal lattice gonlometer pattern. The intengities
woere corrected for polarization and values proportional to
F° obtained.

Table 6.
F2 Valueg for the Prism Zone Heflectiona

(hk1) oF?

(100) Uncbaerved
§110}, - B,
(200 4 1.8
ig%g 0,0
’ ) 0.3
300 - 9 -
310) 0.4
1520; 0,0
. &
&
450} . 0,8
500 2.6
i5103 1.2
520) 0.0
éﬁOO 4.4
610; _ 0.7
{700 0.5
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The Fz values given in Table 8 were handled by the
method of Lipson and Beevers {(64). A contour map of the
result is shown in Pig. 1.

Fig. 1. Patterson Map of

Cyclohexaamylose-iodine Modification 1.
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